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Highlights

Highlights:

e Frozen storage and freeze-thaw cycles affect cheese rheology and microstructure

e Freezing treatments induced micro-cracks within the cheese matrix

e LAOS and SAOS could distinguish the impacts of freezing types on Gouda cheese

e Arrhenius and power-law models quantified the impact of freezing in the SAQOS
region

e L AOS quantifies the effect of freezing at practical deformation scales
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Abstract

In this study, small amplitude oscillatory shear rheology (SAOS) and large amplitude
oscillatory shear rheology (LAOS) were applied as complementary techniques to map the
impact of two different freezing schemes, i.e., multiple rapid freeze-thaw cycles (FTC; -18 +1
to 6°C) and quiescent frozen storage (FrS; -18 £1°C, 3-months), on rheological and
microstructural properties of aged (9 months) Gouda cheese. The modes of impact of FTC and
FrS treatments were different, and LAOS was found to be a powerful tool to quantify such
differences at practical deformation scales. The activation energy (Ea) of flow calculated above
and below the crossover temperature (53.2+1.6°C) and frequency-dependence of storage (G”)
modulus were used to quantify freezing-induced thermo-rheological changes in the SAOS
region. At large incremental deformations (10-360%), freezing impacted the intracycle elastic
(G’L, G’m) moduli and intracycle viscous (n 'L, n'm) moduli, resulting in strain-dependent zones
of strain-stiffening and shear-thinning in the cheese matrix. Micro-cracks observed by confocal
laser scanning microscopy (CLSM) were consistent with observed changes in the linear and
non-linear rheological responses. This study provides a critical understanding of differences in
the effects of FTC and FrS-type treatments, pertinent to practical frozen storage scenarios of

Gouda cheese and other semi-hard dairy matrices.
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1. Introduction

Global cheese production is on the rise, with an estimated growth of around 15% between
2020 to 2030, and is expected to reach a market value of $143 billion by 2032 (OECD/FAOQ,
2021; Shahbandeh, 2024). This growth is primarily driven by demand from food processors in
China and other milk deficit countries in the Southeast Asia and the Middle East. To cater to
the global markets, long distance frozen shipping of cheeses from primary producers in Europe
and the USA is sometimes carried out to extend its techno-functional (cutting, slicing,
shredding, grating, melting) shelf life (To, et al., 2020). Moreover, to address variability in
cheese quality due to seasonal milk production systems (Timlin, et al., 2024), frozen storage is
often preferred for bulk cheese procurement to provide greater flexibility in the duration of its
usage. Also, to handle surplus production stock and stabilise demand-supply fluctuations,
freezing may be applied to stop ripening at certain ages (Alinovi, Mucchetti, Wiking, &

Corredig, 2021; Digvijay, Kelly, & Lamichhane, 2023).

During frozen storage of cheese, composition and microbial growth remain unchanged,;
however, texture-functional and overall sensory attributes can be adversely affected, and the
extent of the effect varies based on the cheese type and composition (Digvijay, et al., 2023).
Freezing causes localized concentration gradient formation, cryo-concentration of soluble
components, dehydration of the casein-fat matrix, damage to the matrix due to ice
recrystallization, and readjustments in the distribution of moisture and salts, as well as uneven
reabsorption of moisture by the casein-fat network upon thawing (Alinovi, et al., 2021;
Digvijay, etal., 2023; Meng-I Kuo & Gunasekaran, 2009; Reid & Yan, 2004; Verdini, Zorrilla,
& Rubiolo, 2005). However, some prior studies have reported inconclusive results about the
changes caused by freezing cheese (Fennema, 1972) and highlighted that the effect of freezing

varies based on cheese type, size and rate of freezing used for the study (Oberg, Merrill, Brown,
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& Richardson, 1992). Hence, cautious application of freezing is recommended for cheeses

(Alinovi, et al., 2021; Bertola, Califano, Bevilacqua, & Zaritzky, 1996).

Both, low moisture part-skim (LMPS) and high moisture Mozzarella have been
extensively investigated under different frozen storage conditions (Pax, et al., 2023; To, et al.,
2020). However, the anisotropic nature of Mozzarella cheese restricts the generalization of
obtained results to frozen storage of non-pasta filata type cheeses. Cheddar and Gouda-type
cheeses are among the highest-selling semi-hard cheeses in the United States and Europe. The
Netherlands is the largest exporter of Gouda-type Dutch cheeses, with a trade value of 1.26
billion euros in 2021 (Gelder, 2023). There is a growing interest in the prospects of freezing
such cheeses at different ripening stages, targeting specific consumer markets and to stabilize
supply-chain fluctuations (Alinovi, et al., 2021). Surprisingly, however, only one published
report was found on the effects of frozen storage on Gouda cheese regarding its rheology and
microstructure (Wisniewska, Grzeskiewicz, Jankowska, & Reps, 2012), and it provided limited
information. Also, only a few studies have investigated the impact of freezing and frozen
storage on other non-pasta filata type hard and semi-hard cheeses (Johnston, 2000; Kasprzak,
Wendorff, & Chen, 1994; Reid, et al., 2004; Sommer, 1928). These studies, moreover, exclude
the impacts of temperature fluctuations, which are unavoidable during frozen storage and

shipping, on the cheese matrix.

Temperature fluctuations at sub-zero temperature conditions results in growth of ice-
crystals by Ostwald-ripening, resulting in significant textural and rheological alterations in
food and dairy products (Digvijay, et al., 2023). To date, however, critical understanding
related to rheological and microstructural properties of semi-hard cheeses as affected by
freezing, frozen-storage, and large-scale temperature fluctuations is limited. Hence, to address

these research gaps, aged Gouda cheese (ripened for 9 months) was selected as a model semi-
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hard matrix for the freezing study as it presented a unique consistency. The results can also

help in understanding the effects of freezing on similar semi-hard dairy matrices.

In most of the published literature (Alinovi & Mucchetti, 2020; Alvarenga & Sousa,
2011; Meza, Verdini, & Rubiolo, 2011), SAQOS analysis has been used to study the rheological
characteristics of frozen-thawed cheeses, restricting the applied shear strain (y) within the
critical strain (yc) limit of the viscoelastic region (LVR). However, for many processing
operations for cheese, like shredding, dicing, slicing, grating, and mastication, the deformation
amplitude and its rate of application are multi-fold higher than the LVR and cross the yc of the
SAOS region. As a result, linear viscoelastic characterization alone is insufficient to fully
understand processing scenarios involving high deformation scales and rates, as SAOS analysis
does not disrupt the 3D matrix of the cheese (Yildirim-Mavis, et al., 2022). Thus, for
deformations beyond the LVR, nonlinear viscoelastic test protocols, i.e., large-amplitude
oscillatory shear (LAOS), can provide useful insights on rheological phenomena (Ewoldt,
Hosoi, & McKinley, 2008), such as shear-thinning or shear-thickening and strain-stiffening or
strain-softening behaviour of Gouda type cheeses, and how these are affected by freezing
treatments. Such rheological information can allow food manufacturers to optimise processing

parameters while handling frozen-thawed cheeses.

Yildirim-Mauvis, et al. (2022) used LAQOS to study the rheological properties of Kashar
cheese at high temperature and strain values and observed that the protein network resists
progressive deformation of the cheese matrix, resulting in strain-stiffening and pseudoplastic
behaviours. Recently, LAOS was used to study the structure development in Mozzarella cheese
at different stages of its processing, highlighting the anisotropic dependence of strain stiffening
behaviour of pasta filata type cheeses (Dahl, Gregersen, Andersen, Schulz, & Corredig, 2024).
Pifieiro-Lago, et al. (2023) used LAOS to study the stress behaviour of acid-curd Spanish
cheese (Afuega’l Pitu cheese, pH <4.6) and reported a pseudo-linearity in LAOS response of

5
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cheese based on the dominance of rotation (stress-softening) over distortion observed in the
normalised elliptical stress-strain plots. Correlation between the viscoelastic, sensory, and oral
processing characteristics of Mozzarella, Cheddar, and processed cheeses have also been
studied at large deformations, stressing upon the practicality of LAOS techniques (Melito,
Daubert, & Foegeding, 2013). These reports indicate a positive trend in the utilization of this
comprehensive rheological technique for understanding the viscoelasticity and structure-
functionality of cheeses as affected by different processing conditions. However,
unfortunately, no reports have detailed the impact of freezing Gouda cheeses at deformation
scales relevant to real world usage conditions. Although, one reported study on the application
of LAOS to Gouda-type cheese was found (Faber, Van Breemen, & McKinley, 2017). The
study reported novel rheological explanations for firmness, rubberiness, and fluidization
properties, as well as a new approach to measuring load-induced solid-liquid transitions in very
young (3-14 days ripened) Gouda cheese with different fat levels. This, however, excludes
mapping the large amount of viscoelastic transitions exhibited by aged Gouda cheese or the

impact of freezing treatments.

Thus, the present study was designed to understand the impact of two different freezing
schemes: (a) prolonged frozen storage (FrS) and (b) multiple freeze-thaw cycles (FTC)
application on the thermo-rheological and microstructural properties of aged Gouda cheese
using SAOS and LAOS techniques. The FTC application was done to simulate exaggerated
temperature fluctuation conditions which could lead to the understanding of adverse effects on
the semi-hard cheese matrix due to the loss of controlled frozen conditions or temperature
fluctuations during commercial frozen storage and long-distance frozen shipping and retail

distribution.
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2. Materials and Methods

2.1 Cheese sampling and experimental design

Three different batches (vacuum-packed rectangular blocks ~ 15 kg/block/batch; total 45
kg) of industrial Gouda cheese samples manufactured on three different days of the same month
were obtained from FrieslandCampina (Amersfoort, The Netherlands). Samples were ripened
for a total of 9 months at 6°C in a temperature-controlled room. At the end of 9 months of
ripening, each cheese block was portioned into 5 smaller blocks of ~ 3 kg, vacuum-packed, and
stored at 6°C until subjected to freezing treatments, which completed within a week. Moisture,
fat, salt, protein content and pH of ripened cheeses were determined as described by Page, et
al. (2024). Samples were subjected to two different freezing schemes (FTC and FrS). From
each batch of portioned cheeses, one randomly picked cheese block was used as an unfrozen
control (6°C) sample and analysed within 48 hours of portioning; 3 cheese blocks were
randomly picked for the multiple freeze-thaw cycles (FTC) study; and the remaining block of
cheese was used for the prolonged frozen storage (FrS) study in a conventional chest freezer at
-18+1°C for 3 months. All frozen samples were thawed at 6°C for 48 hours before the analysis

and compared against the results of unfrozen control samples.

2.2 Application of multiple freeze-thaw cycles (FTC)

A forced convection air blast freezer (Roeder BGBF-15, Quipman Ireland Ltd.) was used
to freeze the cheese samples at -18°C. A Testo 176T4 multichannel data logger (Titisee-
Neustadt, Germany) with a chrome-aluminium K-type thermocouple (Fisher Scientific, UK)
was used to monitor the temperature at the geometric center of a test Cheddar cheese sample
of the same dimension and weight as Gouda cheese blocks, to estimate the freezing time needed

to reach a core temperature of -18°C. It took 98+3 min for the 3-kg Cheddar block to reach -
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18°C from 5°C (Fig. S1). Hence, the Gouda samples were stored in the blast freezer for 100
minutes to attain a core temperature of -18°C. After that, the samples were stored at 6°C for
overnight thawing; this was counted as 1 FTC treatment. For FTC treatments, each block was
given either 1 (FTC1), 3 (FTC3), or 5 (FTC5) continuous cycles of freezing-thawing treatments
(Fig. S2). The application of freeze-thawing cycles were competed in 5 days. On day 1 of the
week, FTC5 samples were subjected to FTC treatments in the blast freezer and, at day 3, FTC3
samples were added to the blast freezer, followed by FTC1 at day 5. Hence, all the FTC
treatments were completed by day 5. Samples were analyzed after 48 hours of thawing at 6°C

and all the tests were completed within the same week of thawing.

2.3 Small amplitude oscillatory shear (SAOS) rheology

SAQS analysis was performed using an ARG2 rheometer (TA Instruments, New Castle,
USA) using a 20-mm serrated steel plate and base Peltier assembly. Cheese samples of 2.0 mm
thickness and 20 mm diameter were obtained from the core of the blocks for temperature sweep
and frequency sweep analysis. For the temperature sweep test, samples were subjected to 0.5%
strain at a frequency 6.28 rad/s, which was within the cheese’s LVR region obtained from strain
sweep tests. The temperature ramp was performed at a rate of 2°C/min from 7 to 95°C. The
outer sides of the samples were glazed with paraffin oil to avoid moisture loss during the tests.
The activation energy of flow of the cheese matrix was calculated at two separate temperature
ranges, 30-40°C and 70-80°C, to account for the contribution of the fat's liquid or solid state to
structural strength. Arrhenius plot (eqg. 1, 1a) at 30-40°C and 70-80°C were obtained using
complex viscosity (n* = |G*|/w) and absolute temperature (T) to calculate the activation

energy (E,; kJ/mol) of cheese melting and deformation.
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In(n™) = In(4) + (- %) In (%) ...... (1a)
Where R (8.314 J Kmol™?) is the universal gas constant, and A is Arrhenius constant.

The frequency sweep test was conducted at a constant strain value of 0.5% at 55°C, and the
results are interpreted at two different frequency ranges to account for strain application time
relevant to practical purposes, i.e., low frequency (LF); 0.06-9.958 rad/s (like spreading), and
high frequency (HF) application; 15-99 rad/s (cutting, grating, shredding). The frequency
dependence of mechanical moduli were analysed using a power-law model (eq. 2, 3) as

suggested by Tunick (2011).

Where S and L are degree of frequency dependency for G” and G”, respectively; and kg and k;,

are consistency coefficients.

2.4 Large amplitude oscillatory shear (LAOS) rheology

LAOS analysis was performed using a strain-controlled Anton Paar Physica MCR 501
rheometer (Anton Paar GmbH, Austria) using the LAOS module in RheoCompass™ software
(v1.31). A parallel plate geometry using a sandblasted plate (PP50; diameter 50 mm) and a
base Peltier plate were used. Cheese samples of 50 mm diameter and 2 mm thickness, tempered
at 6°C for 24 hours (securely wrapped in aluminium foil to prevent moisture loss), were used
for the analysis. For every test condition used, i.e., frequency, temperature, strain, and sample
type, LAOS produces high-dimensional raw instrumental waveforms of stress-strain data.
Hence, for simplifying observations, the test was conducted only at a single frequency of 10

rad/s and temperature of 55°C, while using a range of strain values from 0.196 to 360% to

9
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consider large-scale deformations. After sample loading, conditioning for 1 min at 55°C was
performed, and the gap was maintained at 2 mm. For plotting Lissajous-Bowditch curves, data
visualization, and similarity mapping of the rheological properties, VAOS open source
software (source: GitHub at https://vis-au.github.io/vaos/) designed for studying viscoelasticity
in soft materials was used (Madsen, Sode, Dahl, Corredig, & Schulz, 2022). A total of 300
points per quarter cycle were used for Fourier transformation and only the 3™ harmonic was

considered for comparison of rheological responses (explained in section 2.4.1).

2.4.1 Mathematical background for LAOS analysis

For applied oscillatory strain (> y,) or stress > critical stress (o), the output stress or strain
waveforms are not sinusoidal due to large deformation amplitudes. However, the raw data can
be used to extract useful rheological parameters with physical relevance to changes occurring
in the cheese matrix. For the non-sinusoidal stress responses, the dynamic mechanical moduli
can be expressed as a function of applied y and w, i.e., G’(y, w) and G”(y, w). The time series
of raw instrumental strain and stress data is Fourier-transformed (FT) into frequency domain
using infinite sum of sine and cosine functions at progressive harmonics (increasing w), which
constitutes the elastic (eg. 4) and viscous (eq. 5) signatures of the material (Ewoldt, Clasen,

Hosoi, & McKinley, 2007).
0 =Yo2n Odd[G,’l(w, Yo) sinnwt + G, (w,y,) cos na)t] ......... 4)

0 = Yo X oaa|n (@, ¥0) sinnwt + 1 (w,¥,) cosnwt] ......... (5)

where G,, and G,, are Fourier coefficients (FC) representing elastic and viscous moduli
of nth harmonic; n,, and 1., are FC representing dynamic viscosities of the nth harmonic; t is

time (S); and n represents odd harmonics (1, 3, 5...) in the FT stress waveform and constitutes

10
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useful rheological information. However, higher (>3) and even harmonics are assumed to
represent more instrumental noise and testing artefacts e.g., wall slip, secondary flows (Lauger
& Stettin, 2010), and thus have not been considered for viscoelastic measurements in this study.
The generic nonlinear stress waveforms (eq. 4, 5) were subjected to orthogonal stress

decomposition to obtain elastic (¢, Pa) and viscous (a", Pa) components (eq. 6, 7)
0 =Y0Xnodd Gn(w,¥o) sinnwt .......... (6)

0 = Yo Xnoaa Gn(®,¥o) COSNWL ......... )

These viscoelastic moduli are dependent on harmonics used in FT series and the number
of harmonics generated are dependent on the applied strain and material properties. Cho, Hyun,
Ahn, and Lee (2005) and Ewoldt, et al. (2008) addressed the strain-dependence of material

viscoelasticity in the nonlinear region by using Chebyshev polynomials

0" = Yo Znoaa €n(@ Y)Ta () -oovvv o ®)

0" = Yo ZnoaaVn(@ YO Tp(L)....ovvv ©)

where, for the nt* order harmonic, e,(w,y,) and v, (w,y,) are elastic and viscous
Chebyshev coefficients, respectively at a given w and y,; and T,, is Chebyshev polynomial of
nt" order. The relationship between Chebyshev and Fourier coefficients (G, and G,,) was

established (eq. 10) by Ewoldt, et al. (2008) as:
! (n-1) !
en=0G,(=1) z andv, = n, = — (10)

In this study, only the 3" order elastic and viscous Chebyshev coefficients were
considered for viscoelastic fingerprinting during the SAOS to LAOS transition. Non-linear
rheological signatures like intracycle minimum strain (G,,) and large strain (G;) moduli were

obtained from the elastic Chebyshev coefficient e,, by calculating first degree derivative at y =

11
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0 andy =y, based on a deconvoluted stress-strain equation; similarly, intracycle
instantaneous viscosity at minimum strain-rate (,,; ¥ = 0) and large strain-rate (n;; ¥ = ¥o)
were calculated based on the first degree derivative of the stress-strain rate equation. The
parameters G, and G,, refer to intracycle values of elastic modulus at the highest and lowest
values of intracycle oscillatory strain application on a sample; this indicates the non-linearity
expressed by a samples in terms of ratio (eq. 11) like strain-stiffening (S>0) or strain-softening
(S<0). Similarly, n; and n,, correspond to changes in the viscosity of a sample during intracycle
strain application and explains shear-thickening (T>0) or shear-thinning (T <0) behaviour (eq.

12) of a sample (Ewoldt, et al., 2008; Seighalani & Joyner, 2019):

S(w,vo) = (Gl =Gl /Gl......... (11)

T(w,Y0) =ML = My)/NL-vevennnn. (12)

Visualization of nonlinear responses was done by plotting normalized intracycle stress
(o) vs. strain (y), and stress (o) vs. strain rate () data as elastic and viscous Lissajous-Bowditch
(LB) curves, respectively. On an elastic LB plot, at a fixed frequency and temperature, a perfect
straight line indicates purely elastic material response whereas a perfect circle indicates purely
viscous response. On a viscous LB plot, a purely viscous material is a perfect straight line
where as purely elastic response is indicated by a perfect circle. However, a viscoelastic
material response is indicated by elliptical shapes with short or long minor axis depending upon
whether the material is viscoelastic solid or liquid on an elastic LB plot, respectively (Ewoldt,

2013).

2.5 Visualization of cheese microstructure using confocal laser scanning microscopy

(CLSM)

12



284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307
308

The microstructure of cheese was visualised using a Leica TCS SP5 confocal laser scanning
microscope (Leica Microsystems CMS GmbH) as described by Lamichhane, Sharma,
Kennedy, Kelly, and Sheehan (2019), with slight modifications. Imaging was conducted with
a 20x/0.70 oil immersion objective and a pinhole diameter set to 60.47 au. A digital zoom of
2x was used for all the imaging. Fast Green FCF was excited at 633 nm with a He/Ne laser,
and its emission filter was set at 650 to 705 nm. Nile Red was excited at 488 nm with a diode-
pumped solid-state laser, and its emission filter was set at 563 to 610 nm. Digital images, 1,024
x 1,024 pixels in size, were acquired using Leica LAS AV software (Leica Microsystems CMS
GmbH), with each line averaged four times to improve the signal-to-noise ratio. Each sample
was prepared in triplicate, and at least four different areas of each replica were imaged to ensure
that images were representative. ImageJ image analysis software package (ImageJ, National
Institutes of Health, USA) was used for processing of the micrograph in 8-bit image and for

segmentation using color thresholding.

2.6 Statistical analysis

SPSS (Version 27) was used to determine significant differences between the results of
rheological analysis at 5% level of significance using one-way analysis of variance (ANOVA)
and Tukey's multiple comparison tests was used for paired comparison of treatment means at
a 5% level of significance. Two-way ANOVA was used to compare the frequency-dependency
of mechanical moduli at high and low frequencies among different FTC and FrS treatments,
along with their interactive effects. For each trial, all the analysis were performed at least in

triplicate.

3 Results and discussion
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3.1 Cheese composition

Gouda cheese samples at the end of ripening and before any freezing treatments (control
samples) had on average 41.4+0.6% moisture, 22.5+£0.3% protein, 29.2+0.2% fat, 1.6+0.08%
salt, and a pH of 5.45+0.02. Freeze-thawing cycles (FTC) and frozen storage (FrS) did not
significantly affect cheese composition (Table S1). Similar observations have also been
reported for frozen storage studies conducted on other cheese types (Alvarenga, et al., 2011;

Van Hekken, Tunick, & Park, 2005).

3.2 Impact of freezing on cheese microstructure

CLSM micrographs (Fig. 1) were subjected to 8-bit image transformation and color
thresholding to highlight the microscale gaps created during FTC and FrS treatments. The
control sample had a typical cheese microstructure with an interspersed and embedded fat
phase in a protein matrix with overall smooth microstructure. The color thresholding indicated
minimum empty space (indicated as white patches) as compared to FTC and FrS, which could
be micro air pockets left even after cheese pressing during manufacturing. As FTC progressed,
changes in micro-gaps can be observed as increased area of white patches. The 8-bit images
also indicated more roughening of microstructure with incremental FTC; this could be due to

discontinuities created by movement of the water phase during repeated freeze-thawing.

From a microstructural perspective, even a single freeze-thaw cycle had an observable
impact. For FTC3, FTC5 and FrS samples, the micro-gaps were comparable, although micro
cracks more broader and less in number were prevalent in FTC5 and FrS treatments. This
suggests that more water phase pooling and ice recrystallization occurs during repeated freeze-
thawing treatments. The FrS treatment created a coarser microstructure with broad empty

channels, and similar to this observation, Alinovi, Corredig, Mucchetti, and Carini (2020)
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reported the formation of large serum channels in frozen stored (-18°C, 1-4 months) high-
moisture Mozzarella, where dehydration of casein and structural expansion due to ice crystal
formation were the underlined cause. Also, the minute variation in the microstructure of FrS
could be related to the longer exposure of the casein network to cryo-concentrated solute phase
leading to changes as discussed in Section 3.5.1. These differences in microstructure relates
well to the differences in the diminished thermo-rheological responses obtained through SAOS

and LAOS analysis.

Freezing-induced microstructural cracks of varying magnitudes have been reported for
Cheddar (Reid, et al., 2004), LMPS Mozzarella (Meng-I Kuo, et al., 2009; Pax, et al., 2023)
and ewe’s milk cheese (Fontecha, Kaldb, Medina, Pelaez, & Juéarez, 1996) but no reported
study on the microstructure of frozen Gouda cheese or other Dutch cheeses could be found. A
longer duration of frozen storage (-20°C, 60 days) was reported to cause a honeycomb-like
microstructure with microscale cracks in Mozzarella cheese, which were not observed in very
short term frozen-stored (-15°C, 180 min) Mozzarella (Ribero, Rubiolo, & Zorrilla, 2009).
However, the pasta-filata process used in the manufacturing of Mozzarella cheese restricts the
microstructural comparison with Gouda cheese matrix used in the current study. The scale of
differences in micro cracks observed in the reported studies could be due to the differences in
cheese type and imaging techniques used like scanning electron microscopy (SEM), cryo-SEM,
and transmission electron microscopy (TEM), which may induce artefacts due to sample

preparation steps, unlike CLSM.

3.3 Viscoelastic properties measured using SAOS rheology

3.3.1 Impact of freezing on the mechanical moduli (G’ and G”) of cheese during
temperature and frequency sweep tests
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Viscoelastic responses of the aged Gouda cheese samples within the LVR range were
evaluated by temperature and frequency sweep tests. Unfrozen control Gouda samples had
higher average G’ and G” values (kPa) throughout the temperature range of 7-90°C with
notable differences observed at lower temperatures (< 50°C) as compared to FTC and FrS
samples (Fig. 2a, 2b). Softening of the cheese matrix upon heating is an obvious thermo-
physical change, primarily due to melting of fat, disruption of intra- and inter-protein cross
linkages, and heat-induced mobility of moisture and fat in the matrix (Lamichhane, Kelly, &
Sheehan, 2018). However, the lower average G’ and G” moduli in FTC and FrS samples
indicate freezing-induced changes in the structural strength of the cheese matrix. Also, it was
observed that FTC treatments, which mimic large-scale temperature shock expected during
temperature abuse in long distance shipping and retail distribution, impacted the cheese matrix
differently than prolonged and quiescent frozen storage. The FrS treatment caused more loss
of elastic characteristics of Gouda cheese than the FTC treatments, which countered the
assumption that FTC would result in large-scale macroscopic structural changes in the cheese

matrix.

The G’ and G” values were statistically analysed at 10, 30, and 50°C (Table 1) and both
moduli were significantly lower (P<0.05) for FrS samples compared to FTC and control
samples. For G’ values, no statistical difference was found within FTC samples except at 30°C.
For G” values, minor differences within FTC samples were observed at 50°C, but these did not
significantly differ from the FrS treatment. Overall, a decreasing trend for G’ and G” moduli
were observed for any freezing treatment applied. A progressive number of freeze thaw cycles
did not change the rheological attributes and the rheological impact created in the first FTC
remained mostly constant during further FTC application. One possible explanation for this
could be the higher rate of cooling achieved using a blast freezer during the rapid FTC
treatments i.e., 0.24°C/min as compared to the much slower cooling rate (0.035°C/min) to
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which FrS samples were subjected while freezing to -18°C prior to frozen storage (Fig. S1).
Fontecha, et al. (1996) reported similar findings upon freezing a semi-hard cheese matrix from
ovine milk where slow freezing and prolonged frozen storage (-18°C; 4 months) resulted in a
pronounced decline in the shear strength and firmness of the cheese structure. Reid, et al. (2004)
studied freezing of Cheddar cheese (36-39% moisture) using different fast freezing methods
and reported a significant decline in shear strength of all the frozen samples, irrespective of
freezing rates used. However, the greater decline in mechanical moduli for FrS samples as
compared to FTC could be attributed to the fact that longer duration of frozen storage might
provide sufficient time for achieving a moisture-mineral redistribution equilibrium between the
regions of concentrated unfrozen serum phase and the casein matrix. Fennema (1972) also
highlighted the fact that a longer duration of frozen storage, instead of the freezing process

alone, can induce destabilization of proteins.

Also, freezing and frozen storage induced changes occurring in the hydration status of the
intact and proteolysed fractions of the caseins might also impact the mechanical response of
the cheese matrix (McMahon & Oberg, 2017). The hydration behaviour of intact casein
micelles indicated that unit mass of casein can associate with ~3.3 g of water, of which ~15%
is non-freezable water (primary hydration water or bound water), ~25-30% of water is
associated with k-casein and ~55-60% is physically entrapped by the porous casein micelle
(Huppertz, et al., 2017). In aged Gouda cheese, however, extended ripening could lead to a
mixture of intact and proteolysed caseins as ~70-80% of as1-casein and ~50-60% of B-casein
is hydrolysed at the end of 6 month of ripening (Berg & Koning, 1990); thus, presenting a blend
of water holding capacities of proteins and peptides, with a possible shift in the entrapped
fraction of moisture. Buaynov and Buaynova (2016) reported the hydration status of proteins
in semi-hard variety of cheeses (~ 44% moisture, ~25% protein) and, based on gross

composition, it was observed that ~1.8 g of water was available per gram of cheese protein, of
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which ~ 0.48-0.54 g g protein was termed as bound water or the water fraction constituting
mono- and multi-layer hydration associated with the proteolysed caseins, when measured at O
to -10°C. This is in agreement with the hydration results for intact casein micelles by Huppertz,
et al. (2017). However, at -20°C, the bound water fraction slightly reduced to ~0.39 g g* of
protein, which was attributed to a further crystallization of some multilayer water (binding
energy <21.80 kJ/kg moisture) attached at a relatively distant layer from the mono-layer water
in cheese proteins (Buaynov, et al., 2016). However, this counters the established notion of
bound water as unfreezable water (Tomaszewska-Gras, et al., 2019), but such differences in
the hydration behaviour of intact and proteolyticaly broken down caseins could be due to

inherent differences in their structural organisation.

Upon freezing cheeses, the solubilized minerals (Ca and P), non-protein and amino acids
nitrogen, organic acids, and ions (Na* and CI") are freeze-concentrated in the serum phase,
leading to reduced pH, increased ionic strength and osmotic pressure around the hydrolysed
caseins (Reid, et al., 2004). Such changes could result in the dehydration of proteins (Alinovi
& Mucchetti, 2020). It has been indicated that partial removal of entrapped moisture from the
casein micelle structure can occur upon increased osmotic stress or ultracentrifugation for
longer periods (Huppertz, et al., 2017). Such moisture redistribution could happen more during
the FrS (longer moisture equilibration time i.e., 90 days at -18°C) treatment than rapid FTC
treatments; thus, a more dehydrated protein network could lead to lower G” and G” values in
FrS samples as compared to FTC and control samples. M-1 Kuo and Gunasekaran (2003) and
Guinee and Fox (2017) also reported the possibility of a partially dehydrated and weaker casein
matrix in freeze-thawed cheeses. Similar findings on the behaviour of casein micelles under

high osmotic stresses have also been reported by Famelart, Le Graet, and Raulot (1999).

The rapid FTC treatments seems to freeze-thaw and refreeze only the serum moisture
(freezable moisture) and apparently little to no movement of multi-layered water occurs in this
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short duration, hence, the hydration status of proteolysed caseins is not changed to the same
extent as in the case of FrS treatment. The decline in the G’ and G” values in the FTC samples
could exclusively be a result of physical expansion of the matrix due to water and fat
crystallization, as observed from the CLSM micrographs (Fig. 1) . Van Hekken, et al. (2005)
reported a reduction in viscoelastic properties upon very short term frozen storage (2 days, -20
°C) of soft caprine milk cheeses, hence, the impact of FTC treatments seems to remain more or

less similar to other cheese matrixes as well; but, there is a gap in such published reports.

3.3.2 Activation energy (Ea) of flow and frequency dependence of mechanical moduli in

the SAOS region

Microstructural changes and flow of the cheese matrix upon heating are an important
functional and rheological attribute. The changes in 6 (in rad; ratio of G”/G’) during
temperature sweep analysis indicates relaxation of intra- and inter protein-protein, protein-
peptide and peptide-peptide bonds, and the maximum value of 6 (3max at temperature Ts-max;
°C) is also used to infer the melt or flow behaviour of cheeses (Sharma, Munro, Dessev, &
Wiles, 2016). In the present study, however, no significant differences in dmax and Ts-max Values
were observed (Table 2) for any freezing treatments. As an alternative approach, Joyner (2019)
reported that the thermo-rheological flow of materials can be comprehensively explained using
structural rigidity (G*; complex modulus) or deformability (*; complex viscosity) indices.
Thus, the activation energy (Ea, kd/mol) of the cheese matrix, i.e., the energy required for its
deformation and flow, was calculated, as it can account for the indices like G* or #* (see eq.

1, 1a).

The contribution of fat to network strength is highly temperature dependent and the

mechanical response of the cheese matrix rapidly declined (Fig. 2c) after the onset, until the
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completion of fat melting in the range 30-40°C, and also due to limited softening of protein
network. Freezing impacts the polymorphic and crystallization status of fats and modifies the
physical protein-fat interaction behaviour (Alinovi & Mucchetti, 2020; Buldo, Andersen, &
Wiking, 2013). A typical range for latent heat of fusion of bovine milk fat ranges between 70-
80 J/g of fat (Tunick, 2010). Thus, to account for such factors, Ea before (Ea-t; 30-40°C) and
after (Ea-T; 70-80°C) the complete liquefaction of fat was calculated. The Ea-t values for
control, FTC and FrS cheese samples were in the range 100-110 kJ/mol and did not
significantly differ (Table 2, Fig. S3). Similar Ea values (100-150 kJ/mol at 30-45°C) were
reported for Cheddar and Mozzarella type cheeses by Tunick (2010). At higher temperatures
(70-80°C), the overall average Ea-T significantly (p <0.05) decreased to ~27-48 kJ/mol for all
the samples, which is expected due to the complete loss of structure-forming ability of the fat
component (Lamichhane, et al., 2018). However, in this temperature range, the E, for FTC or
FrS samples were higher than for the control samples. This effect could be due to the partial
dehydration of the protein network (discussed in previous section), which might present higher
resistance to initiate an actual flow due to the loss of lubrication (from fat, moisture), and
polymorphic transitions like sintering of fat crystals could have altered the environment around

the protein phase (Buldo, et al., 2013).

Udyarajan, Horne, and Lucey (2007) reported the possibility of heat-induced associations
at high temperatures (80-90°C) within a residual protein network by binding of some calcium
and phosphate ions as insoluble calcium precipitates, as observed from the increased elastic
properties of Cheddar cheese at 80-90°C. Also, it appears that, in the low temperature (30-
40°C) region, a pronounced effect of fat melting on mechanical moduli could mask the actual
impact of freezing treatments on the protein bonds. This is evident from no significant change

(Table 2) in the crossover temperature (53.2+1.6°C) for any freezing treatments, which strongly

20



482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

indicates that the fat phase could actually provide a cushioning effect during network
compression and expansion. Similar observations on thermo-rheological response during
melting of fat free cheeses were reported by Lucey, Johnson, and Horne (2003), where
relaxation of protein bonds in cheese started at temperatures >40°C. Thus, it appears that
measuring Ea of freeze-thawed cheeses at temperatures above the complete liquefaction of fat
could be more useful in measuring the impact of freezing on the protein matrix. Tunick (2010)
reported Ea (at 30-45°C) values of 30-60 kJ/mol for non-melting caprine cheese and Queso
Fresco cheeses, and E; >180 kJ/mol for rapidly flowable Parmesan (very hard) cheese. This
indicates that the high Ea only depicts an initial higher resistance in initiating the flow and
deformation; however, it does not indicate the extent of melting a cheese matrix can achieve

when supplied with energy >>E..

A frequency sweep analysis was done at 55°C (closer to the crossover temperature) in order
to avoid structural contribution from the solid fat, ensuring sufficiently softened protein phase
and yet avoiding major heat-induced changes in the cheese matrix. This temperature is also
close to the practical consumption temperatures of cheeses. Power-law fitting was performed
at low frequency (LF: 0.06-9.958 rad/s) and at high frequency (HF: 15-99 rad/s) to understand
the frequency dependency of G’ and G” (Fig. 2d, Table S2). The G’ value was found to be
more sensitive to frequency changes than G” for all the treatments. Frequency dependence (or
Power-law factor) of storage modulus at low frequency (S-LF: 0.584 — 0.784) was higher than
at high frequency (S-HF: 0.460 — 0.488) and the S-LF declined from 0.723+0.074 to
0.584+0.062 with incremental FTC treatments, while FrS and control samples had no
significant differences (Table S2). Similar findings of high frequency dependence of G’
modulus for refrigerated and frozen low-fat soft cheese has been reported by Meza, et al.

(2011). Also, no change was reported in the frequency dependence (0.633 — 0.668) of the G’
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values of control and quiescent frozen stored (-20°C, 1-3 months) LMPS Mozzarella cheese,

tested at 60°C (Diefes, Rizvi, & Bartsch, 1993).

For both G’ and G” values, no significant differences in frequency-dependence were
observed at HF for any applied freezing treatments; while frequency-dependency for both G’
and G” significantly (p< 0.05) reduced with progressive freeze-thaw treatments at LF. Thus, at
a low frequency of strain application, calculation of frequency-dependency of either G’ or G”
could serve as a useful indicator to evaluate whether or not the frozen stored cheese matrix had

been exposed to rapid and large scale temperature abuse.

3.4 Measurement of viscoelastic properties using LAOS rheology

3.4.1 Intracycle moduli, shear thinning and strain stiffening behaviour of cheese as

affected by freezing treatments

The plot for intracycle large (G’L) and minimum (G’m) strain moduli versus strain (0.196-
360%) indicated a strong strain-dependent decline for all the treatments (Fig. 3a, 3c). In
comparison with the control samples, FTC samples had a lower average values for both the
moduli throughout the strain range. Also, the rate of loss of G’ and G’m for FTC samples were
maximum during transitioning at lower y values (0.1-1%), which indicates initiation of the
breakdown of intact protein network in cheese. However, the FrS samples showed a lower rate
of decline in G’Land G’wm in this region as compared to FTC samples and a continued plateauing
(minimum rate of intracycle decline) of moduli was observed in the region 0.1< y <10%. This
indicates a lower residual intact casein matrix structure in FrS samples in the SAOS region as
compared with control and FTC samples. The strain sweep test during LAOS analysis (Fig. 3f;
Fig. S4) also confirmed the lowest G’ and G” values for FrS samples near transitioning of the

SAQOS region, complimenting the observations under SAOS (Fig. 2a, 2b) test conditions that
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the duration of frozen storage causes more loss in the G’ and G” values to the cheese matrix

than rapid temperature fluctuations.

The plateauing of G’Land G’m values (Fig. 3a, 3c) were also observed in FTC samples in
the strain range 1-10%. Plateauing of the moduli could be due to the dynamics of simultaneous
bond breaking and bond formations (due to emergence of new binding sites, and thus new
hydrogen bonding and hydrophobic interactions) in the proteolysed caseins (as the temperature
of analysis remained at 55°C). Also, as the applied strain range is relatively moderate (<10%),
large scale irreversible disruption in matrix might not have occurred. Such intermediate
changes, especially the formation of transient inter protein linkages upon supply of thermal
energy have been reported in cheese matrices (Sharma, et al., 2016) as they are categorised as
weak physical gels (Lucey, et al., 2003). At y >1%, the intracycle moduli for FrS samples (Fig.
3a, 3c) exhibited near complete congruence with the control samples, which could be due to
the formation of new bonds within and between aggregated proteins, involving a limited re-

association of calcium from the soluble phase (see section 3.3.2).

For all the treatments, plateauing of G’Land G’mended at ~y > 10 and a rapid decline was
observed afterwards (Fig. 3a, 3c). This phenomenon is a typical representation of strain
transitioning from medium to large strain region, which could abruptly break the residual
protein-protein bonds and transient structural gains that may have occurred during the
plateauing region. Yildirim-Mavis, Yilmaz, Dertli, Arici, and Ozmen (2019) studied
sourdough, where gluten was the principal structure-forming protein, using LAOS; a similar
transitioning of intracycle moduli was observed between SAOS to LAOS regions and a region
of moderate strain values was referred to as the medium amplitude oscillatory shear (MAQS)
region i.e., ~y=5.2%. However, due to inherent differences between casein and gluten, and the
absence of colloidal or soluble calcium in the latter, any plateauing was not observed in the

MAQS region. In the present study, the strain range 1<y <10 % could be considered as the
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MAOS region (also the plateauing region) where the rate of decline in the intracycle moduli

remains minimal.

The transient network rearrangements during structural collapse could lead to either shear-
dependent (Fig. 3b) thickening (T>0) or thinning (T<0) or strain-dependent (Fig. 3d, 3e)
structural stiffening (S>0) or softening (S<0). The mathematical background for the above has
been given in eq. 11, 12. Intracycle viscosity at large strain-rate (1;) and minimum strain-rate
() also followed a similar declining trend (Fig. S5) as G’ and G’wm for the range of applied
strain; however, the magnitude of intracycle differences between n; and n,, were low as
compared to the differences in G’Land G’wm. This reflected a more strain-stiffening behaviour
(Fig. 3d, 3e) at large deformations (y>10%), as well as transient shear-thickening at y ~100%
(FTC and control samples) and shear-thinning beyond ~y >100% (in all samples, Fig.3b).
Similar results were reported for cream cheese, where a prominent strain-stiffening and
significant shear-thinning were observed at y>10% (Q. Wang, Espert, Hernandez, Salvador, &
Sanz, 2024), indicating the complex non-linear rheological transitions exhibited by cheeses at
higher deformations. The difference between G’Land G’wm or n;, and n,, remained ~ 0 until the
end of the MAOS region (Fig. 3b, 3d), which suggests that, at low to moderate strain values,
disruptive intracycle changes in protein-protein interaction does not occur, irrespective of

freezing treatments applied.

However, beyond the MAOS region (y >10%), prominent strain-stiffening (S>0) and
comparatively less intense shear-thinning (T<0) behaviour was observed for all the treatments.
The rate of stiffening was higher at y >100 % than at 10< y <100 % (Fig. 3d, 3e). Higher
oscillatory strain amplitude might induce a directional pattern of displacement and physical
alignments in the aggregated, softened casein-fat matrix (temperature of analysis 55°C), which
could promote faster expulsion of melted fat from the matrix, thereby minimizing the

lubrication in the rearranged protein network. Shear-thinning (T<0) behaviour (Fig. 3b), i.e., a
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reduction in intracycle dynamic viscosity at y >100% also compliments this observation.
Similar findings were also reported at high strain and temperatures for Kasher cheese, a semi-

hard cheese variety (Yildirim-Mauvis, et al., 2022).

The FrS samples exhibited lowest strain-stiffening and highest shear-thinning
behaviour (Fig. 3b, 3d, 3e) as compared to FTC or control samples (at y >100%). This could
be due to less expulsion of liquid fat from the matrix, possibly due to an increase in residual
crystalline fat content as a result of polymorphic changes in fats during prolonged frozen
storage (Buldo, et al., 2013). Minor shear-thickening (Fig. 3b) in control and FTC samples at
y ~100 % followed by rapid shear-thinning in all the treatments aty >100% indicates a
sequential interplay of partial protein-hydration, followed by rapid fat expulsion from the

matrix at higher strains, as discussed before.

3.4.2 Evaluation of normalised non-linear rheological responses using elastic and

viscous Lissajous-Bowditch plots

The aged Gouda cheese (FrS, FTC, and control) in this study were subjected to 26 shear
strain values in increasing order from 0.196 to 360% and the stress responses were recorded to
calculate different non-linear rheological parameters. Normalized intracycle stress responses
(o/0,) were plotted against normalised strain (y/y,) and strain-rate (y/y,) to obtain elastic
and viscous Lissajous-Bowditch (LB) plots, respectively. Elastic and viscous LB plots at
different strain values on x-axis and freezing treatments on y-axis were plotted as Pipkin
diagrams (Fig. 4). To account for the visual transition of viscoelastic response from SAOS,
MAQOS and LAQOS regions, 5 pertinent strain values i.e., 0.196, 1.19, 59.3, 197, and 360% were

selected, representing every region.
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For all the treatments, at strain values of 0.196 and 1.19% on an elastic LB plot (Fig. 4a),
an elliptical shape with short minor axis indicates the viscoelastic solid characteristics of the
matrix, a typical response in close proximity to the SAOS region, although the applied
frequency (10 rad/s) was higher than used for SAOS. Within the treatments at low strain values
(0.196-1.19%), minor increase in the area (Fig. 4a) of ellipse for FrS and FTC samples (FrS>
FTC) are indicative of energy dissipated by the matrix at these strain values, which confirms a
greater loss of elastic characteristics in FrS samples than FTC samples. However, as y
progresses >1.19%, the viscoelastic response undertakes an elliptical shape with increasing
minor axis and, at y >59.3%, a rectilinear shape appeared with increasing area under the curve,
indicative of a transition to dominant viscoelastic-liquid characteristics (Ewoldt, 2013). A
concomitant change in the profile of viscous LB plots can be observed (Fig. 4b) where the
broader elliptical shapes at low strain values indicates more solid-like characteristics
(0.196< y<1.19%) and, as strain progresses (> 59.3%), narrow ellipses with short minor axis
are linked to a viscoelastic-liquid response of the material. The area under the ellipse on viscous
LB plots is indicative of energy stored by the material (Joyner, 2019) and a decline in the area

at y >59.3% compliments the finding of an elastic LB response.

Distortion and rotation of the rectilinear shapes on elastic LB plots started to appear at y >
100% (plots only shown for 197% and 360%). While the distortion was dominant at high strain
values (y = 197%), rotation of curve was dominant at extremely high strains (y = 360%). At
very large strains, the disruption of residual protein-protein bonds is almost complete and
macroscopic oscillation of structural alignment at large oscillatory strain and harmonic shifts
in some structural elements during increasing cycles of freezing-thawing treatments might lead
to the rotation of shapes rather than distortion. Also, the rectilinear shapes for control and FrS
samples are qualitatively similar; however, for FTC treatments, more rotational changes were

observed at higher strain values (y >197%) than FrS, which further consolidates the evidence
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of structural shifts during freeze-thawing cycles. Ewoldt, et al. (2008) reported that clockwise
and counter-clockwise rotation of ellipses on an elastic-LB plot relates to strain-stiffening and
softening of material, respectively. From quantitative analysis (eq. 11) and qualitative
observation of the rotations, the strain-stiffening ratio was found to increase for all the
treatments in this study at y > 100%; however, a trend in the order of control >FTC (1-5) >FrS
suggests that rapid freezing-thawing, as well as frozen storage, alters the physical environment
within which protein, fat, and moisture interacts. But the lowest value for FrS could be a result
of increased polymorphic crystallization of the fat phase during prolonged frozen storage
(observed through Raman spectroscopic analysis in wavenumber region 3000-2800 cmt; data
not shown), resulting in lesser fat expulsion from the matrix as compared to FTC and control.
Similar rotation, rather than deformation, of shapes on elastic LB plots were reported for
Mozzarella cheese at higher strain values (~1000 %) and temperatures (10-80°C) by Dahl, et

al. (2024).

The secondary loops in elliptical shapes on viscous LB plots were observed at higher strain-
rate (y >197%) for all the treatments with varying magnitude (secondary loop in FrS sample
shown in Fig. 5). Ewoldt and McKinley (2010) presented a mathematical interpretation of this
as a repetition of the stress response of the material at a given strain-rate. This supports
observations of shear-thinning behaviour at intracycle higher strain values and indicates time-
dependent shear-thinning or thixotropic behaviour of aged Gouda cheese. However, the
variations within the FTC samples for secondary loops were visibly higher than for FrS and
control samples at y = 360%. Such results indicate heterogeneity induced in the matrix due to
rapid freeze-thawing treatments, which might create localised zones of varying yield and flow
behaviours within the cheese matrix due to repeated thermal stress. Here, any possibility of
rheological artefacts due to sample preparation and during the analysis could safely be ruled

out due to uniformity in sampling process and the use of cross-hatched parallel plate geometry,
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which virtually eliminates any wall-slips (Dahl, et al., 2024). The observation of a secondary
loop at higher strain values (Fig. 4b) for all the treatments is indicative of strong non-linearity
in the elastic behaviour of the samples (Hyun, et al., 2011). Similar secondary loops at higher
strain-rate have been observed in materials like polystyrene solutions, tomato paste, and guar-
gum based solutions (Joyner, 2019). The presence of secondary loops in stress-strain plots

represents strong non-linearity in the viscous behaviour of the material (Ewoldt, et al., 2010).

3.4.3 Similarity maps for Lissajous-Bowditch plots

Similarity mapping of elastic and viscous responses obtained on respective LB curves is
shown in Figure 6. The VAOS tool enables comparing the relative positions of elastic or
viscous responses of samples at various strain values from a perfectly elastic or viscous
reference points (Dahl, et al., 2024). The approximate linear distance from the reference points
is indicated (Fig.6a, 6b) as D, and d,, at various y values on elastic and viscous similarity maps,
respectively. In the elastic similarity map (Fig. 6a), the stress responses at very low strain
(0.196-1.19 %) values indicated closest proximity to perfect elastic reference point and, as the
strain value increased (59.3, 197 and 360%), the approximate distance of grouped responses
increased as well, which indicated strain-dependent evolution of viscoelastic liquid behaviour.
Also, the relative positional distribution within the treatments at low to moderate strain values
(y <59.3%) were very narrow, which indicated that FTC and FrS samples generated similar
stress responses in the strain range close to LVR regions, although the exact position with
respect to the reference point showed minor variations, and these variation in mechanical

responses have been successfully quantified in terms of G” and G” using SAOS analysis.

At moderate strain value (59.3%), Dzq 5 increased, which indicates that the loss of elastic

properties is more due to increased % strain rather than freezing treatments as, within the
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treatments, variations were still minimum. However, at higher strain values (y > 100%; only
197 and 360 % have been indicated), a broader spread within the treatment groups were
observed. This was evident from the differences in the trend for strain-stiffening and shear-
thinning values of FrS, FTC and control samples at y >100%. Thus, the impact of freezing on
semi-hard cheeses could be more prominently observed during practical deformation scenarios
like cutting, shredding, grating, stretching, and chewing. Since the LAOS analysis in this study
was limited to 55°C, which is close to the obtained cross-over temperature (53.2+1.6°C), the
results are indicative of the performance of semi-hard cheese at large strains with completely
melted fat inside the matrix. As discussed in previous sections, that un-melted fat phase could

actually mask the real impact of freezing on the structural strength of the protein network.

3.4.4 Evaluation of rheological non-linearity using un-normalised Lissajous-Bowditch

plots

Normalisation of stress-strain values provides useful visual qualitative information
regarding rheological evolutions in samples; however, it may mask quantitative differences in
the deformation behaviour of samples (Dahl, et al., 2024; Yildirim-Mauvis, et al., 2019). Hence,
un-normalised stress vs. strain and stress vs. strain-rate as 2D-layover strain plots at five
different strain values (0.196, 1.19, 59.3, 197, and 360%) for control, FTC5 and FrS samples
are presented in Figure 7. Also, a representation of elastic and viscous components of
cumulative stress responses at two strain levels (low- 0.196% and high- 360%) is indicated as
un-normalised 3D elastic and viscous Lissajous-Bowditch plots (Fig. 8). Both the size and
distortion of elliptical shapes (Fig. 7) increased with % strain, but qualitative and quantitative
variability at 0.196 and 1.19% strains (see color coding) could not be detected due to the

minuscule elliptical projection of elastic and viscous stress responses. This aligns with the
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previous observation that freezing has a limited impact on rheological attributes at deformation
scale and rates irrelevant to practical applications. Even at moderate strain values (y < 59.3%),
viscoelasticity dominates irrespective of freezing treatments applied, which is apparent from
the enlarging but not distorting elliptical shaped stress-strain response. Such responses are
typical of pseudo-linearity shown by cheese matrices (Pifieiro-Lago, et al., 2023), which could
be due to the formation of transient structures (see section 3.4.1) during low to moderate

controlled strain application.

These temporary protein/peptide bonds are dependent on factors like ripening stage,
calcium content distribution, and protein-fat ratio, as well as extrinsic factors like temperature
and time scale of rheological measurements (Fox & McSweeney, 1996). However, for y >
59.3%, horizontal comparisons within the treatment groups reveal qualitative changes in
elastic and viscous responses. Also, the increased distortion of ellipse is concomitant with the
loss of elasticity in all the treatments but the distortion in FrS and FTC samples were higher at
y =360%. This is consistent with the observation that freezing has a perceptible impact on the

cheese matrix in practical deformation scenarios, as previously discussed.

The stress responses on 3D-stress vs. strain and strain-rate plots indicated minor distortional
and rotational variations (Fig. 8) within FTC samples at low strain, i.e., 0.196%. The distortion
in the ellipse is perceivable starting from first freeze-thaw cycle when compared with the
control samples, and the shape and orientation of ellipse remained almost unchanged for
increasing FTC treatments; the lack of significant differences in G’ and G” modulus (Table 1)
within the FTC treatments (except for the G” of FTC1 sample at 30°C; p<0.05) supports this
observation. Thus, rapid freeze-thawing leads to microstructural shifts that cause minor
rheological differences. Moreover, these microscale differences in FTC samples were not as
prominent as the differences quantified for frozen stored samples. At higher strain (360%),
distortion in the elliptical stress responses increased for all the samples, in line with the loss in
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viscoelasticity. Application of freeze-thawing cycles (1-5 cycles) on caprine milk cheese with
low protein (~15%) and high moisture (48%) content was reported to greatly damage the cheese
texture (X. Wang, Li, & Zhao, 2023), but the contrasting compositional and ripening
differences with the cheese matrix used in the present study does not allow clear comparison
of the results. The higher resistance to rapid freeze-thaw cycles in semi-hard matrices could be
due to low moisture content which, in turns, results in less expansion during freezing. Also, the
high protein content in cheese matrix reduces freezable water content (as more water is bound
to caseins) and results in closer packing of the network; thus, increased resistance to structural

damage due to ice crystallization could be assumed.

4. Conclusions

Application of small and large amplitude oscillatory shear rheology was found to
compliment the broader understanding of freeze-induced structural changes in semi-hard
Gouda cheese. SAOS analysis showed that both FTC and FrS type treatments caused loss of
structural strength within the protein-fat matrix, but the loss was higher in frozen stored
samples. The calculation of activation energy of flow at or above temperatures ensuring
complete liquefaction fat could give better information on the effects of freezing on the protein
matrix. In the present study, longer frozen storage caused an increase in activation energy of
flow at higher temperatures, indicating increased fat crystallization, dehydration and stiffening
of the protein matrix. The strain-stiffening (S) and shear-thinning (T) ratios, calculated using
intracycle moduli (G.’, Gm’, 1, and n;,) obtained from LAOS analysis, quantified the impact
of freeze-thawing or frozen storage of a semi-hard cheese matrix pertinent to practical
deformation situations. Microstructural observations also aligned with these findings.

Although the application of multiple freeze-thawing in the present study was intended to
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exaggerate the situation of temperature fluctuations, in practical scenarios, however, the
temperature abuse would not normally match this scale. Hence, from a rheological perspective,
it was observed that semi-hard matrices are fairly inert to short and rapid temperature
deviations (relevant to practical conditions). Elastic and viscous Lissajous-Bowditch plots and
similarity mapping presented a complete rheological fingerprinting of the semi-hard cheese
matrix, as affected by freezing treatments. Similar studies on other cheese types of different
ripening status and composition could provide broader understanding of freezing-induced

changes relevant to practical application conditions.
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Figure 1. Freezing-induced changes in the microstructure of Gouda cheese. (a) Red corresponds to protein and green to fat in RGB images; (b) CLSM images converted
into 8-bit images, the dark region marked with white arrows indicate empty space created after freeze-thawing and frozen storage treatments, while grey regions indicates
combined protein-fat network; (c) Segmentation of 8-bit image by thresholding, white regions indicate empty space. Yellow bar is indicative of 50 um scale length in all

micrographs.
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Table 1. Storage (G’) and loss (G”’) modulus at different temperatures obtained during a temperature sweep test of cheese samples subjected to different
freezing treatments (mean + standard deviation of three replicate trials).

Storage modulus (G’, kPa) Loss modulus (G”, kPa)
Treatment
10°C 30°C 50°C 10°C 30°C 50°C

Control 125.55+15.542 36.90+9.292 2.73+0.952 39.99+9.05% 11.78+2.86% 1.99+0.562
FTC1 99.30+12.79% 25.31+2.61P 1.97+0.34% 30.78+3.86% 8.26+0.72° 1.45+0.16%
FTC3 106.81+14.782 26.08+3.072 1.82+0.052 32.69+4.312 8.28+0.92° 1.39+0.09°
FTC5 98.32 +9.322 25.92+8.20% 1.89+0.59? 29.31+8.412 8.23+2.64° 1.40+0.45P
FrS 65.28+12.19° 19.65+7.32P 1.58+0.38" 20.27+4.32P 5.70+1.39P 1.22+0.19°

*Means in the same column with different superscripts are significantly different (P<0.05)


https://www2.cloud.editorialmanager.com/foodhyd/download.aspx?id=771212&guid=67a3d2be-4564-41fd-b6d3-e336c7c8c6c7&scheme=1
https://www2.cloud.editorialmanager.com/foodhyd/download.aspx?id=771212&guid=67a3d2be-4564-41fd-b6d3-e336c7c8c6c7&scheme=1

Table 2. Activation energy of flow in the temperature range 30-40°C and 70-80°C, and maximum delta degree (dmax) and crossover temperature (CT)
obtained during temperature sweep analysis of cheese samples subjected to different freezing treatments (mean + standard deviation of three replicate trials).

Treatment Ea-t Ea-T Ts-max Maximum delta Crossover temperature
(30-40°C), kJ/mol (70-80°C), kJ/mol (°C) (dmax; rad) (°C ; at d45)
Control 103.05+6.952 27.23+2.012 71.67+1.63% 62.28+2.872 53.83+0.75%
FTC1 100.71+6.082 44.26+3.10° 74.67+3.67° 63.85+1.71°2 52.83+2.222
FTC3 106.62+4.052 43.57+4.03° 74.44+2.06° 63.42+1.332 52.50+1.382
FTC5 104.49+3.072 34.99+1.13¢ 75.01+3.35°% 62.89+1.20% 53.00+1.09%
FrS 105.31+5.982 48.29+1.80° 74.55+2.34° 62.55+1.528 52.17+1.47%

*Means in the same column with different superscripts are significantly different (P<0.05)
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Abstract

In this study, small amplitude oscillatory shear rheology (SAOS) and large amplitude
oscillatory shear rheology (LAOS) were applied as complementary techniques to map the
impact of two different freezing schemes, i.e., multiple rapid freeze-thaw cycles (FTC; -18 +1
to 6°C) and quiescent frozen storage (FrS; -18 £1°C, 3-months), on rheological and
microstructural properties of aged (9 months) Gouda cheese. The modes of impact of FTC and
FrS treatments were different, and LAOS was found to be a powerful tool to quantify such
differences at practical deformation scales. The activation energy (Ea) of flow calculated above
and below the crossover temperature (53.2+1.6°C) and frequency-dependence of storage (G”)
modulus were used to quantify freezing-induced thermo-rheological changes in the SAOS
region. At large incremental deformations (10-360%), freezing impacted the intracycle elastic
(G’L, G’m) moduli and intracycle viscous (n 'L, n'm) moduli, resulting in strain-dependent zones
of strain-stiffening and shear-thinning in the cheese matrix. Micro-cracks observed by confocal
laser scanning microscopy (CLSM) were consistent with observed changes in the linear and
non-linear rheological responses. This study provides a critical understanding of differences in
the effects of FTC and FrS-type treatments, pertinent to practical frozen storage scenarios of

Gouda cheese and other semi-hard dairy matrices.
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1. Introduction

Global cheese production is on the rise, with an estimated growth of around 15% between
2020 to 2030, and is expected to reach a market value of $143 billion by 2032 (OECD/FAOQ,
2021; Shahbandeh, 2024). This growth is primarily driven by demand from food processors in
China and other milk deficit countries in the Southeast Asia and the Middle East. To cater to
the global markets, long distance frozen shipping of cheeses from primary producers in Europe
and the USA is sometimes carried out to extend its techno-functional (cutting, slicing,
shredding, grating, melting) shelf life (To, et al., 2020). Moreover, to address variability in
cheese quality due to seasonal milk production systems (Timlin, et al., 2024), frozen storage is
often preferred for bulk cheese procurement to provide greater flexibility in the duration of its
usage. Also, to handle surplus production stock and stabilise demand-supply fluctuations,
freezing may be applied to stop ripening at certain ages (Alinovi, Mucchetti, Wiking, &

Corredig, 2021; Digvijay, Kelly, & Lamichhane, 2023).

During frozen storage of cheese, composition and microbial growth remain unchanged,
however, texture-functional and overall sensory attributes can be adversely affected, and the
extent of the effect varies based on the cheese type and composition (Digvijay, et al., 2023).
Freezing causes localized concentration gradient formation, cryo-concentration of soluble
components, dehydration of the casein-fat matrix, damage to the matrix due to ice
recrystallization, and readjustments in the distribution of moisture and salts, as well as uneven
reabsorption of moisture by the casein-fat network upon thawing (Alinovi, et al., 2021,
Digvijay, etal., 2023; Meng-I Kuo & Gunasekaran, 2009; Reid & Yan, 2004; Verdini, Zorrilla,
& Rubiolo, 2005). However, some prior studies have reported inconclusive results about the
changes caused by freezing cheese (Fennema, 1972) and highlighted that the effect of freezing

varies based on cheese type, size and rate of freezing used for the study (Oberg, Merrill, Brown,
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& Richardson, 1992). Hence, cautious application of freezing is recommended for cheeses

(Alinovi, et al., 2021; Bertola, Califano, Bevilacqua, & Zaritzky, 1996).

Both, low moisture part-skim (LMPS) and high moisture Mozzarella have been
extensively investigated under different frozen storage conditions (Pax, et al., 2023; To, et al.,
2020). However, the anisotropic nature of Mozzarella cheese restricts the generalization of
obtained results to frozen storage of non-pasta filata type cheeses. Cheddar and Gouda-type
cheeses are among the highest-selling semi-hard cheeses in the United States and Europe. The
Netherlands is the largest exporter of Gouda-type Dutch cheeses, with a trade value of 1.26
billion euros in 2021 (Gelder, 2023). There is a growing interest in the prospects of freezing
such cheeses at different ripening stages, targeting specific consumer markets and to stabilize
supply-chain fluctuations (Alinovi, et al., 2021). Surprisingly, however, only one published
report was found on the effects of frozen storage on Gouda cheese regarding its rheology and
microstructure (Wisniewska, Grzeskiewicz, Jankowska, & Reps, 2012), and it provided limited
information. Also, only a few studies have investigated the impact of freezing and frozen
storage on other non-pasta filata type hard and semi-hard cheeses (Johnston, 2000; Kasprzak,
Wendorff, & Chen, 1994; Reid, et al., 2004; Sommer, 1928). These studies, moreover, exclude
the impacts of temperature fluctuations, which are unavoidable during frozen storage and

shipping, on the cheese matrix.

Temperature fluctuations at sub-zero temperature conditions results in growth of ice-
crystals by Ostwald-ripening, resulting in significant textural and rheological alterations in
food and dairy products (Digvijay, et al., 2023). To date, however, critical understanding
related to rheological and microstructural properties of semi-hard cheeses as affected by
freezing, frozen-storage, and large-scale temperature fluctuations is limited. Hence, to address

these research gaps, aged Gouda cheese (ripened for 9 months) was selected as a model semi-
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hard matrix for the freezing study as it presented a unique consistency. The results can also

help in understanding the effects of freezing on similar semi-hard dairy matrices.

In most of the published literature (Alinovi & Mucchetti, 2020; Alvarenga & Sousa,
2011; Meza, Verdini, & Rubiolo, 2011), SAOS analysis has been used to study the rheological
characteristics of frozen-thawed cheeses, restricting the applied shear strain (y) within the
critical strain (yc) limit of the viscoelastic region (LVR). However, for many processing
operations for cheese, like shredding, dicing, slicing, grating, and mastication, the deformation
amplitude and its rate of application are multi-fold higher than the LVR and cross the yc of the
SAOS region. As a result, linear viscoelastic characterization alone is insufficient to fully
understand processing scenarios involving high deformation scales and rates, as SAOS analysis
does not disrupt the 3D matrix of the cheese (Yildirim-Mavis, et al., 2022). Thus, for
deformations beyond the LVR, nonlinear viscoelastic test protocols, i.e., large-amplitude
oscillatory shear (LAOS), can provide useful insights on rheological phenomena (Ewoldt,
Hosoi, & McKinley, 2008), such as shear-thinning or shear-thickening and strain-stiffening or
strain-softening behaviour of Gouda type cheeses, and how these are affected by freezing
treatments. Such rheological information can allow food manufacturers to optimise processing

parameters while handling frozen-thawed cheeses.

Yildirim-Mauvis, et al. (2022) used LAQOS to study the rheological properties of Kashar
cheese at high temperature and strain values and observed that the protein network resists
progressive deformation of the cheese matrix, resulting in strain-stiffening and pseudoplastic
behaviours. Recently, LAOS was used to study the structure development in Mozzarella cheese
at different stages of its processing, highlighting the anisotropic dependence of strain stiffening
behaviour of pasta filata type cheeses (Dahl, Gregersen, Andersen, Schulz, & Corredig, 2024).
Pifieiro-Lago, et al. (2023) used LAOS to study the stress behaviour of acid-curd Spanish
cheese (Afuega’l Pitu cheese, pH <4.6) and reported a pseudo-linearity in LAOS response of

5
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cheese based on the dominance of rotation (stress-softening) over distortion observed in the
normalised elliptical stress-strain plots. Correlation between the viscoelastic, sensory, and oral
processing characteristics of Mozzarella, Cheddar, and processed cheeses have also been
studied at large deformations, stressing upon the practicality of LAOS techniques (Melito,
Daubert, & Foegeding, 2013). These reports indicate a positive trend in the utilization of this
comprehensive rheological technique for understanding the viscoelasticity and structure-
functionality of cheeses as affected by different processing conditions. However,
unfortunately, no reports have detailed the impact of freezing Gouda cheeses at deformation
scales relevant to real world usage conditions. Although, one reported study on the application
of LAOS to Gouda-type cheese was found (Faber, Van Breemen, & McKinley, 2017). The
study reported novel rheological explanations for firmness, rubberiness, and fluidization
properties, as well as a new approach to measuring load-induced solid-liquid transitions in very
young (3-14 days ripened) Gouda cheese with different fat levels. This, however, excludes
mapping the large amount of viscoelastic transitions exhibited by aged Gouda cheese or the

impact of freezing treatments.

Thus, the present study was designed to understand the impact of two different freezing
schemes: (a) prolonged frozen storage (FrS) and (b) multiple freeze-thaw cycles (FTC)
application on the thermo-rheological and microstructural properties of aged Gouda cheese
using SAOS and LAOS techniques. The FTC application was done to simulate exaggerated
temperature fluctuation conditions which could lead to the understanding of adverse effects on
the semi-hard cheese matrix due to the loss of controlled frozen conditions or temperature
fluctuations during commercial frozen storage and long-distance frozen shipping and retail

distribution.
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2. Materials and Methods

2.1 Cheese sampling and experimental design

Three different batches (vacuum-packed rectangular blocks ~ 15 kg/block/batch; total 45
kg) of industrial Gouda cheese samples manufactured on three different days of the same month
were obtained from FrieslandCampina (Amersfoort, The Netherlands). Samples were ripened
for a total of 9 months at 6°C in a temperature-controlled room. At the end of 9 months of
ripening, each cheese block was portioned into 5 smaller blocks of ~ 3 kg, vacuum-packed, and
stored at 6°C until subjected to freezing treatments, which completed within a week. Moisture,
fat, salt, protein content and pH of ripened cheeses were determined as described by Page, et
al. (2024). Samples were subjected to two different freezing schemes (FTC and FrS). From
each batch of portioned cheeses, one randomly picked cheese block was used as an unfrozen
control (6°C) sample and analysed within 48 hours of portioning; 3 cheese blocks were
randomly picked for the multiple freeze-thaw cycles (FTC) study; and the remaining block of
cheese was used for the prolonged frozen storage (FrS) study in a conventional chest freezer at
-18+1°C for 3 months. All frozen samples were thawed at 6°C for 48 hours before the analysis

and compared against the results of unfrozen control samples.

2.2 Application of multiple freeze-thaw cycles (FTC)

A forced convection air blast freezer (Roeder BGBF-15, Quipman Ireland Ltd.) was used
to freeze the cheese samples at -18°C. A Testo 176T4 multichannel data logger (Titisee-
Neustadt, Germany) with a chrome-aluminium K-type thermocouple (Fisher Scientific, UK)
was used to monitor the temperature at the geometric center of a test Cheddar cheese sample
of the same dimension and weight as Gouda cheese blocks, to estimate the freezing time needed

to reach a core temperature of -18°C. It took 98+3 min for the 3-kg Cheddar block to reach -
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18°C from 5°C (Fig. S1). Hence, the Gouda samples were stored in the blast freezer for 100
minutes to attain a core temperature of -18°C. After that, the samples were stored at 6°C for
overnight thawing; this was counted as 1 FTC treatment. For FTC treatments, each block was
given either 1 (FTC1), 3 (FTC3), or 5 (FTC5) continuous cycles of freezing-thawing treatments
(Fig. S2). The application of freeze-thawing cycles were competed in 5 days. On day 1 of the
week, FTC5 samples were subjected to FTC treatments in the blast freezer and, at day 3, FTC3
samples were added to the blast freezer, followed by FTC1 at day 5. Hence, all the FTC
treatments were completed by day 5. Samples were analyzed after 48 hours of thawing at 6°C

and all the tests were completed within the same week of thawing.

2.3 Small amplitude oscillatory shear (SAOS) rheology

SAQS analysis was performed using an ARG2 rheometer (TA Instruments, New Castle,
USA) using a 20-mm serrated steel plate and base Peltier assembly. Cheese samples of 2.0 mm
thickness and 20 mm diameter were obtained from the core of the blocks for temperature sweep
and frequency sweep analysis. For the temperature sweep test, samples were subjected to 0.5%
strain at a frequency 6.28 rad/s, which was within the cheese’s LVR region obtained from strain
sweep tests. The temperature ramp was performed at a rate of 2°C/min from 7 to 95°C. The
outer sides of the samples were glazed with paraffin oil to avoid moisture loss during the tests.
The activation energy of flow of the cheese matrix was calculated at two separate temperature
ranges, 30-40°C and 70-80°C, to account for the contribution of the fat's liquid or solid state to
structural strength. Arrhenius plot (eg. 1, 1a) at 30-40°C and 70-80°C were obtained using
complex viscosity (n* = |G*|/w) and absolute temperature (T) to calculate the activation

energy (E,; kJ/mol) of cheese melting and deformation.



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

In(n™) = In(4) + (- %) In (%) ...... (1a)
Where R (8.314 J Kmol™?) is the universal gas constant, and A is Arrhenius constant.

The frequency sweep test was conducted at a constant strain value of 0.5% at 55°C, and the
results are interpreted at two different frequency ranges to account for strain application time
relevant to practical purposes, i.e., low frequency (LF); 0.06-9.958 rad/s (like spreading), and
high frequency (HF) application; 15-99 rad/s (cutting, grating, shredding). The frequency
dependence of mechanical moduli were analysed using a power-law model (eq. 2, 3) as

suggested by Tunick (2011).

Where S and L are degree of frequency dependency for G” and G”, respectively; and kg and k;,

are consistency coefficients.

2.4 Large amplitude oscillatory shear (LAOS) rheology

LAOS analysis was performed using a strain-controlled Anton Paar Physica MCR 501
rheometer (Anton Paar GmbH, Austria) using the LAOS module in RheoCompass™ software
(v1.31). A parallel plate geometry using a sandblasted plate (PP50; diameter 50 mm) and a
base Peltier plate were used. Cheese samples of 50 mm diameter and 2 mm thickness, tempered
at 6°C for 24 hours (securely wrapped in aluminium foil to prevent moisture loss), were used
for the analysis. For every test condition used, i.e., frequency, temperature, strain, and sample
type, LAOS produces high-dimensional raw instrumental waveforms of stress-strain data.
Hence, for simplifying observations, the test was conducted only at a single frequency of 10

rad/s and temperature of 55°C, while using a range of strain values from 0.196 to 360% to
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consider large-scale deformations. After sample loading, conditioning for 1 min at 55°C was
performed, and the gap was maintained at 2 mm. For plotting Lissajous-Bowditch curves, data
visualization, and similarity mapping of the rheological properties, VAOS open source
software (source: GitHub at https://vis-au.github.io/vaos/) designed for studying viscoelasticity
in soft materials was used (Madsen, Sode, Dahl, Corredig, & Schulz, 2022). A total of 300
points per quarter cycle were used for Fourier transformation and only the 3™ harmonic was

considered for comparison of rheological responses (explained in section 2.4.1).

2.4.1 Mathematical background for LAOS analysis

For applied oscillatory strain (> y,) or stress > critical stress (o), the output stress or strain
waveforms are not sinusoidal due to large deformation amplitudes. However, the raw data can
be used to extract useful rheological parameters with physical relevance to changes occurring
in the cheese matrix. For the non-sinusoidal stress responses, the dynamic mechanical moduli
can be expressed as a function of applied y and w, i.e., G’(y, w) and G”(y, w). The time series
of raw instrumental strain and stress data is Fourier-transformed (FT) into frequency domain
using infinite sum of sine and cosine functions at progressive harmonics (increasing w), which
constitutes the elastic (eg. 4) and viscous (eq. 5) signatures of the material (Ewoldt, Clasen,

Hosoi, & McKinley, 2007).
0 =Yo2n Odd[G,’l(w, Yo) sinnwt + G, (w,y,) cos na)t] ......... 4)

0 = Yo X oaa|n (@, ¥0) sinnwt + 1 (w,¥,) cosnwt] ......... (5)

where G,, and G,, are Fourier coefficients (FC) representing elastic and viscous moduli
of nth harmonic; n,, and 1., are FC representing dynamic viscosities of the nth harmonic; t is

time (S); and n represents odd harmonics (1, 3, 5...) in the FT stress waveform and constitutes
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useful rheological information. However, higher (>3) and even harmonics are assumed to
represent more instrumental noise and testing artefacts e.g., wall slip, secondary flows (Lauger
& Stettin, 2010), and thus have not been considered for viscoelastic measurements in this study.
The generic nonlinear stress waveforms (eq. 4, 5) were subjected to orthogonal stress

decomposition to obtain elastic (¢, Pa) and viscous (a", Pa) components (eq. 6, 7)
0 =Y0Xnodd Gn(w,¥o) sinnwt .......... (6)

0 = Yo Xnoaa Gn(®,¥o) COSNWL ......... )

These viscoelastic moduli are dependent on harmonics used in FT series and the number
of harmonics generated are dependent on the applied strain and material properties. Cho, Hyun,
Ahn, and Lee (2005) and Ewoldt, et al. (2008) addressed the strain-dependence of material

viscoelasticity in the nonlinear region by using Chebyshev polynomials

0" = Yo Znoaa €n(@ Y)Ta () -oovvv o ®)

0" = Yo ZnoaaVn(@ YO Tp(L)....ovvv ©)

where, for the nt* order harmonic, e,(w,y,) and v, (w,y,) are elastic and viscous
Chebyshev coefficients, respectively at a given w and y,; and T,, is Chebyshev polynomial of
nt" order. The relationship between Chebyshev and Fourier coefficients (G, and G,,) was

established (eq. 10) by Ewoldt, et al. (2008) as:
! (n-1) !
en=0G,(=1) z andv, = n, = — (10)

In this study, only the 3" order elastic and viscous Chebyshev coefficients were
considered for viscoelastic fingerprinting during the SAOS to LAOS transition. Non-linear
rheological signatures like intracycle minimum strain (G,,) and large strain (G;) moduli were

obtained from the elastic Chebyshev coefficient e,, by calculating first degree derivative at y =
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0 andy =y, based on a deconvoluted stress-strain equation; similarly, intracycle
instantaneous viscosity at minimum strain-rate (,,; ¥ = 0) and large strain-rate (n;; ¥ = ¥o)
were calculated based on the first degree derivative of the stress-strain rate equation. The
parameters G; and G,, refer to intracycle values of elastic modulus at the highest and lowest
values of intracycle oscillatory strain application on a sample; this indicates the non-linearity
expressed by a samples in terms of ratio (eqg. 11) like strain-stiffening (S>0) or strain-softening
(S<0). Similarly, n; and n,, correspond to changes in the viscosity of a sample during intracycle
strain application and explains shear-thickening (T>0) or shear-thinning (T <0) behaviour (eq.

12) of a sample (Ewoldt, et al., 2008; Seighalani & Joyner, 2019):

S(w,vo) = (Gl =Gl /Gl......... (11)

T(w,Y0) =ML = My)/NL-vevennnn. (12)

Visualization of nonlinear responses was done by plotting normalized intracycle stress
(o) vs. strain (y), and stress (o) vs. strain rate () data as elastic and viscous Lissajous-Bowditch
(LB) curves, respectively. On an elastic LB plot, at a fixed frequency and temperature, a perfect
straight line indicates purely elastic material response whereas a perfect circle indicates purely
viscous response. On a viscous LB plot, a purely viscous material is a perfect straight line
where as purely elastic response is indicated by a perfect circle. However, a viscoelastic
material response is indicated by elliptical shapes with short or long minor axis depending upon
whether the material is viscoelastic solid or liquid on an elastic LB plot, respectively (Ewoldt,

2013).

2.5 Visualization of cheese microstructure using confocal laser scanning microscopy

(CLSM)
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The microstructure of cheese was visualised using a Leica TCS SP5 confocal laser scanning
microscope (Leica Microsystems CMS GmbH) as described by Lamichhane, Sharma,
Kennedy, Kelly, and Sheehan (2019), with slight modifications. Imaging was conducted with
a 20x/0.70 oil immersion objective and a pinhole diameter set to 60.47 au. A digital zoom of
2x was used for all the imaging. Fast Green FCF was excited at 633 nm with a He/Ne laser,
and its emission filter was set at 650 to 705 nm. Nile Red was excited at 488 nm with a diode-
pumped solid-state laser, and its emission filter was set at 563 to 610 nm. Digital images, 1,024
x 1,024 pixels in size, were acquired using Leica LAS AV software (Leica Microsystems CMS
GmbH), with each line averaged four times to improve the signal-to-noise ratio. Each sample
was prepared in triplicate, and at least four different areas of each replica were imaged to ensure
that images were representative. ImageJ image analysis software package (ImageJ, National
Institutes of Health, USA) was used for processing of the micrograph in 8-bit image and for

segmentation using color thresholding.

2.6 Statistical analysis

SPSS (Version 27) was used to determine significant differences between the results of
rheological analysis at 5% level of significance using one-way analysis of variance (ANOVA)
and Tukey's multiple comparison tests was used for paired comparison of treatment means at
a 5% level of significance. Two-way ANOVA was used to compare the frequency-dependency
of mechanical moduli at high and low frequencies among different FTC and FrS treatments,
along with their interactive effects. For each trial, all the analysis were performed at least in

triplicate.

3 Results and discussion
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3.1 Cheese composition

Gouda cheese samples at the end of ripening and before any freezing treatments (control
samples) had on average 41.4+0.6% moisture, 22.5+£0.3% protein, 29.2+0.2% fat, 1.6+0.08%
salt, and a pH of 5.45+0.02. Freeze-thawing cycles (FTC) and frozen storage (FrS) did not
significantly affect cheese composition (Table S1). Similar observations have also been
reported for frozen storage studies conducted on other cheese types (Alvarenga, et al., 2011;

Van Hekken, Tunick, & Park, 2005).

3.2 Impact of freezing on cheese microstructure

CLSM micrographs (Fig. 1) were subjected to 8-bit image transformation and color
thresholding to highlight the microscale gaps created during FTC and FrS treatments. The
control sample had a typical cheese microstructure with an interspersed and embedded fat
phase in a protein matrix with overall smooth microstructure. The color thresholding indicated
minimum empty space (indicated as white patches) as compared to FTC and FrS, which could
be micro air pockets left even after cheese pressing during manufacturing. As FTC progressed,
changes in micro-gaps can be observed as increased area of white patches. The 8-bit images
also indicated more roughening of microstructure with incremental FTC; this could be due to

discontinuities created by movement of the water phase during repeated freeze-thawing.

From a microstructural perspective, even a single freeze-thaw cycle had an observable
impact. For FTC3, FTC5 and FrS samples, the micro-gaps were comparable, although micro
cracks more broader and less in number were prevalent in FTC5 and FrS treatments. This
suggests that more water phase pooling and ice recrystallization occurs during repeated freeze-
thawing treatments. The FrS treatment created a coarser microstructure with broad empty

channels, and similar to this observation, Alinovi, Corredig, Mucchetti, and Carini (2020)
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reported the formation of large serum channels in frozen stored (-18°C, 1-4 months) high-
moisture Mozzarella, where dehydration of casein and structural expansion due to ice crystal
formation were the underlined cause. Also, the minute variation in the microstructure of FrS
could be related to the longer exposure of the casein network to cryo-concentrated solute phase
leading to changes as discussed in Section 3.5.1. These differences in microstructure relates
well to the differences in the diminished thermo-rheological responses obtained through SAOS

and LAOS analysis.

Freezing-induced microstructural cracks of varying magnitudes have been reported for
Cheddar (Reid, et al., 2004), LMPS Mozzarella (Meng-I Kuo, et al., 2009; Pax, et al., 2023)
and ewe’s milk cheese (Fontecha, Kaldb, Medina, Pelaez, & Juéarez, 1996) but no reported
study on the microstructure of frozen Gouda cheese or other Dutch cheeses could be found. A
longer duration of frozen storage (-20°C, 60 days) was reported to cause a honeycomb-like
microstructure with microscale cracks in Mozzarella cheese, which were not observed in very
short term frozen-stored (-15°C, 180 min) Mozzarella (Ribero, Rubiolo, & Zorrilla, 2009).
However, the pasta-filata process used in the manufacturing of Mozzarella cheese restricts the
microstructural comparison with Gouda cheese matrix used in the current study. The scale of
differences in micro cracks observed in the reported studies could be due to the differences in
cheese type and imaging techniques used like scanning electron microscopy (SEM), cryo-SEM,
and transmission electron microscopy (TEM), which may induce artefacts due to sample

preparation steps, unlike CLSM.

3.3 Viscoelastic properties measured using SAOS rheology

3.3.1 Impact of freezing on the mechanical moduli (G’ and G”) of cheese during
temperature and frequency sweep tests
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Viscoelastic responses of the aged Gouda cheese samples within the LVR range were
evaluated by temperature and frequency sweep tests. Unfrozen control Gouda samples had
higher average G’ and G” values (kPa) throughout the temperature range of 7-90°C with
notable differences observed at lower temperatures (< 50°C) as compared to FTC and FrS
samples (Fig. 2a, 2b). Softening of the cheese matrix upon heating is an obvious thermo-
physical change, primarily due to melting of fat, disruption of intra- and inter-protein cross
linkages, and heat-induced mobility of moisture and fat in the matrix (Lamichhane, Kelly, &
Sheehan, 2018). However, the lower average G’ and G” moduli in FTC and FrS samples
indicate freezing-induced changes in the structural strength of the cheese matrix. Also, it was
observed that FTC treatments, which mimic large-scale temperature shock expected during
temperature abuse in long distance shipping and retail distribution, impacted the cheese matrix
differently than prolonged and quiescent frozen storage. The FrS treatment caused more loss
of elastic characteristics of Gouda cheese than the FTC treatments, which countered the
assumption that FTC would result in large-scale macroscopic structural changes in the cheese

matrix.

The G’ and G” values were statistically analysed at 10, 30, and 50°C (Table 1) and both
moduli were significantly lower (P<0.05) for FrS samples compared to FTC and control
samples. For G’ values, no statistical difference was found within FTC samples except at 30°C.
For G” values, minor differences within FTC samples were observed at 50°C, but these did not
significantly differ from the FrS treatment. Overall, a decreasing trend for G’ and G” moduli
were observed for any freezing treatment applied. A progressive number of freeze thaw cycles
did not change the rheological attributes and the rheological impact created in the first FTC
remained mostly constant during further FTC application. One possible explanation for this
could be the higher rate of cooling achieved using a blast freezer during the rapid FTC
treatments i.e., 0.24°C/min as compared to the much slower cooling rate (0.035°C/min) to
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which FrS samples were subjected while freezing to -18°C prior to frozen storage (Fig. S1).
Fontecha, et al. (1996) reported similar findings upon freezing a semi-hard cheese matrix from
ovine milk where slow freezing and prolonged frozen storage (-18°C; 4 months) resulted in a
pronounced decline in the shear strength and firmness of the cheese structure. Reid, et al. (2004)
studied freezing of Cheddar cheese (36-39% moisture) using different fast freezing methods
and reported a significant decline in shear strength of all the frozen samples, irrespective of
freezing rates used. However, the greater decline in mechanical moduli for FrS samples as
compared to FTC could be attributed to the fact that longer duration of frozen storage might
provide sufficient time for achieving a moisture-mineral redistribution equilibrium between the
regions of concentrated unfrozen serum phase and the casein matrix. Fennema (1972) also
highlighted the fact that a longer duration of frozen storage, instead of the freezing process

alone, can induce destabilization of proteins.

Also, freezing and frozen storage induced changes occurring in the hydration status of the
intact and proteolysed fractions of the caseins might also impact the mechanical response of
the cheese matrix (McMahon & Oberg, 2017). The hydration behaviour of intact casein
micelles indicated that unit mass of casein can associate with ~3.3 g of water, of which ~15%
is non-freezable water (primary hydration water or bound water), ~25-30% of water is
associated with k-casein and ~55-60% is physically entrapped by the porous casein micelle
(Huppertz, et al., 2017). In aged Gouda cheese, however, extended ripening could lead to a
mixture of intact and proteolysed caseins as ~70-80% of as1-casein and ~50-60% of B-casein
is hydrolysed at the end of 6 month of ripening (Berg & Koning, 1990); thus, presenting a blend
of water holding capacities of proteins and peptides, with a possible shift in the entrapped
fraction of moisture. Buaynov and Buaynova (2016) reported the hydration status of proteins
in semi-hard variety of cheeses (~ 44% moisture, ~25% protein) and, based on gross

composition, it was observed that ~1.8 g of water was available per gram of cheese protein, of
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which ~ 0.48-0.54 g g protein was termed as bound water or the water fraction constituting
mono- and multi-layer hydration associated with the proteolysed caseins, when measured at O
to -10°C. This is in agreement with the hydration results for intact casein micelles by Huppertz,
et al. (2017). However, at -20°C, the bound water fraction slightly reduced to ~0.39 g g* of
protein, which was attributed to a further crystallization of some multilayer water (binding
energy <21.80 kJ/kg moisture) attached at a relatively distant layer from the mono-layer water
in cheese proteins (Buaynov, et al., 2016). However, this counters the established notion of
bound water as unfreezable water (Tomaszewska-Gras, et al., 2019), but such differences in
the hydration behaviour of intact and proteolyticaly broken down caseins could be due to

inherent differences in their structural organisation.

Upon freezing cheeses, the solubilized minerals (Ca and P), non-protein and amino acids
nitrogen, organic acids, and ions (Na* and CI) are freeze-concentrated in the serum phase,
leading to reduced pH, increased ionic strength and osmotic pressure around the hydrolysed
caseins (Reid, et al., 2004). Such changes could result in the dehydration of proteins (Alinovi
& Mucchetti, 2020). It has been indicated that partial removal of entrapped moisture from the
casein micelle structure can occur upon increased osmotic stress or ultracentrifugation for
longer periods (Huppertz, et al., 2017). Such moisture redistribution could happen more during
the FrS (longer moisture equilibration time i.e., 90 days at -18°C) treatment than rapid FTC
treatments; thus, a more dehydrated protein network could lead to lower G” and G” values in
FrS samples as compared to FTC and control samples. M-I Kuo and Gunasekaran (2003) and
Guinee and Fox (2017) also reported the possibility of a partially dehydrated and weaker casein
matrix in freeze-thawed cheeses. Similar findings on the behaviour of casein micelles under

high osmotic stresses have also been reported by Famelart, Le Graet, and Raulot (1999).

The rapid FTC treatments seems to freeze-thaw and refreeze only the serum moisture
(freezable moisture) and apparently little to no movement of multi-layered water occurs in this
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short duration, hence, the hydration status of proteolysed caseins is not changed to the same
extent as in the case of FrS treatment. The decline in the G’ and G” values in the FTC samples
could exclusively be a result of physical expansion of the matrix due to water and fat
crystallization, as observed from the CLSM micrographs (Fig. 1) . Van Hekken, et al. (2005)
reported a reduction in viscoelastic properties upon very short term frozen storage (2 days, -20
°C) of soft caprine milk cheeses, hence, the impact of FTC treatments seems to remain more or

less similar to other cheese matrixes as well; but, there is a gap in such published reports.

3.3.2 Activation energy (Ea) of flow and frequency dependence of mechanical moduli in

the SAOS region

Microstructural changes and flow of the cheese matrix upon heating are an important
functional and rheological attribute. The changes in 6 (in rad; ratio of G”/G’) during
temperature sweep analysis indicates relaxation of intra- and inter protein-protein, protein-
peptide and peptide-peptide bonds, and the maximum value of 6 (3max at temperature Ts-max;
°C) is also used to infer the melt or flow behaviour of cheeses (Sharma, Munro, Dessev, &
Wiles, 2016). In the present study, however, no significant differences in dmax and Ts-max Values
were observed (Table 2) for any freezing treatments. As an alternative approach, Joyner (2019)
reported that the thermo-rheological flow of materials can be comprehensively explained using
structural rigidity (G*; complex modulus) or deformability (*; complex viscosity) indices.
Thus, the activation energy (Ea, kd/mol) of the cheese matrix, i.e., the energy required for its
deformation and flow, was calculated, as it can account for the indices like G* or #* (see eq.

1, 1a).

The contribution of fat to network strength is highly temperature dependent and the

mechanical response of the cheese matrix rapidly declined (Fig. 2c) after the onset, until the
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completion of fat melting in the range 30-40°C, and also due to limited softening of protein
network. Freezing impacts the polymorphic and crystallization status of fats and modifies the
physical protein-fat interaction behaviour (Alinovi & Mucchetti, 2020; Buldo, Andersen, &
Wiking, 2013). A typical range for latent heat of fusion of bovine milk fat ranges between 70-
80 J/g of fat (Tunick, 2010). Thus, to account for such factors, Ea before (Ea-t; 30-40°C) and
after (Ea-T; 70-80°C) the complete liquefaction of fat was calculated. The Ea-t values for
control, FTC and FrS cheese samples were in the range 100-110 kJ/mol and did not
significantly differ (Table 2, Fig. S3). Similar Ea values (100-150 kJ/mol at 30-45°C) were
reported for Cheddar and Mozzarella type cheeses by Tunick (2010). At higher temperatures
(70-80°C), the overall average Ea-T significantly (p <0.05) decreased to ~27-48 kJ/mol for all
the samples, which is expected due to the complete loss of structure-forming ability of the fat
component (Lamichhane, et al., 2018). However, in this temperature range, the E, for FTC or
FrS samples were higher than for the control samples. This effect could be due to the partial
dehydration of the protein network (discussed in previous section), which might present higher
resistance to initiate an actual flow due to the loss of lubrication (from fat, moisture), and
polymorphic transitions like sintering of fat crystals could have altered the environment around

the protein phase (Buldo, et al., 2013).

Udyarajan, Horne, and Lucey (2007) reported the possibility of heat-induced associations
at high temperatures (80-90°C) within a residual protein network by binding of some calcium
and phosphate ions as insoluble calcium precipitates, as observed from the increased elastic
properties of Cheddar cheese at 80-90°C. Also, it appears that, in the low temperature (30-
40°C) region, a pronounced effect of fat melting on mechanical moduli could mask the actual
impact of freezing treatments on the protein bonds. This is evident from no significant change

(Table 2) in the crossover temperature (53.2+1.6°C) for any freezing treatments, which strongly
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indicates that the fat phase could actually provide a cushioning effect during network
compression and expansion. Similar observations on thermo-rheological response during
melting of fat free cheeses were reported by Lucey, Johnson, and Horne (2003), where
relaxation of protein bonds in cheese started at temperatures >40°C. Thus, it appears that
measuring Ea of freeze-thawed cheeses at temperatures above the complete liquefaction of fat
could be more useful in measuring the impact of freezing on the protein matrix. Tunick (2010)
reported Ea (at 30-45°C) values of 30-60 kJ/mol for non-melting caprine cheese and Queso
Fresco cheeses, and E; >180 kJ/mol for rapidly flowable Parmesan (very hard) cheese. This
indicates that the high Ea only depicts an initial higher resistance in initiating the flow and
deformation; however, it does not indicate the extent of melting a cheese matrix can achieve

when supplied with energy >>E..

A frequency sweep analysis was done at 55°C (closer to the crossover temperature) in order
to avoid structural contribution from the solid fat, ensuring sufficiently softened protein phase
and yet avoiding major heat-induced changes in the cheese matrix. This temperature is also
close to the practical consumption temperatures of cheeses. Power-law fitting was performed
at low frequency (LF: 0.06-9.958 rad/s) and at high frequency (HF: 15-99 rad/s) to understand
the frequency dependency of G’ and G” (Fig. 2d, Table S2). The G’ value was found to be
more sensitive to frequency changes than G” for all the treatments. Frequency dependence (or
Power-law factor) of storage modulus at low frequency (S-LF: 0.584 — 0.784) was higher than
at high frequency (S-HF: 0.460 — 0.488) and the S-LF declined from 0.723+0.074 to
0.584+0.062 with incremental FTC treatments, while FrS and control samples had no
significant differences (Table S2). Similar findings of high frequency dependence of G’
modulus for refrigerated and frozen low-fat soft cheese has been reported by Meza, et al.

(2011). Also, no change was reported in the frequency dependence (0.633 — 0.668) of the G’
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values of control and quiescent frozen stored (-20°C, 1-3 months) LMPS Mozzarella cheese,

tested at 60°C (Diefes, Rizvi, & Bartsch, 1993).

For both G’ and G” values, no significant differences in frequency-dependence were
observed at HF for any applied freezing treatments; while frequency-dependency for both G’
and G” significantly (p< 0.05) reduced with progressive freeze-thaw treatments at LF. Thus, at
a low frequency of strain application, calculation of frequency-dependency of either G’ or G”
could serve as a useful indicator to evaluate whether or not the frozen stored cheese matrix had

been exposed to rapid and large scale temperature abuse.

3.4 Measurement of viscoelastic properties using LAOS rheology

3.4.1 Intracycle moduli, shear thinning and strain stiffening behaviour of cheese as

affected by freezing treatments

The plot for intracycle large (G’L) and minimum (G’m) strain moduli versus strain (0.196-
360%) indicated a strong strain-dependent decline for all the treatments (Fig. 3a, 3c). In
comparison with the control samples, FTC samples had a lower average values for both the
moduli throughout the strain range. Also, the rate of loss of G’ and G’m for FTC samples were
maximum during transitioning at lower y values (0.1-1%), which indicates initiation of the
breakdown of intact protein network in cheese. However, the FrS samples showed a lower rate
of decline in G’Land G’wm in this region as compared to FTC samples and a continued plateauing
(minimum rate of intracycle decline) of moduli was observed in the region 0.1< y <10%. This
indicates a lower residual intact casein matrix structure in FrS samples in the SAOS region as
compared with control and FTC samples. The strain sweep test during LAOS analysis (Fig. 3f;
Fig. S4) also confirmed the lowest G’ and G” values for FrS samples near transitioning of the

SAQOS region, complimenting the observations under SAOS (Fig. 2a, 2b) test conditions that
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the duration of frozen storage causes more loss in the G’ and G” values to the cheese matrix

than rapid temperature fluctuations.

The plateauing of G’Land G’m values (Fig. 3a, 3c) were also observed in FTC samples in
the strain range 1-10%. Plateauing of the moduli could be due to the dynamics of simultaneous
bond breaking and bond formations (due to emergence of new binding sites, and thus new
hydrogen bonding and hydrophobic interactions) in the proteolysed caseins (as the temperature
of analysis remained at 55°C). Also, as the applied strain range is relatively moderate (<10%),
large scale irreversible disruption in matrix might not have occurred. Such intermediate
changes, especially the formation of transient inter protein linkages upon supply of thermal
energy have been reported in cheese matrices (Sharma, et al., 2016) as they are categorised as
weak physical gels (Lucey, et al., 2003). At y >1%, the intracycle moduli for FrS samples (Fig.
3a, 3c) exhibited near complete congruence with the control samples, which could be due to
the formation of new bonds within and between aggregated proteins, involving a limited re-

association of calcium from the soluble phase (see section 3.3.2).

For all the treatments, plateauing of G’Land G’mended at ~y > 10 and a rapid decline was
observed afterwards (Fig. 3a, 3c). This phenomenon is a typical representation of strain
transitioning from medium to large strain region, which could abruptly break the residual
protein-protein bonds and transient structural gains that may have occurred during the
plateauing region. Yildirim-Mavis, Yilmaz, Dertli, Arici, and Ozmen (2019) studied
sourdough, where gluten was the principal structure-forming protein, using LAOS; a similar
transitioning of intracycle moduli was observed between SAOS to LAOS regions and a region
of moderate strain values was referred to as the medium amplitude oscillatory shear (MAQS)
region i.e., ~y=5.2%. However, due to inherent differences between casein and gluten, and the
absence of colloidal or soluble calcium in the latter, any plateauing was not observed in the

MAQS region. In the present study, the strain range 1<y <10 % could be considered as the
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MAQOS region (also the plateauing region) where the rate of decline in the intracycle moduli

remains minimal.

The transient network rearrangements during structural collapse could lead to either shear-
dependent (Fig. 3b) thickening (T>0) or thinning (T<0) or strain-dependent (Fig. 3d, 3e)
structural stiffening (S>0) or softening (S<0). The mathematical background for the above has
been given in eq. 11, 12. Intracycle viscosity at large strain-rate (n;) and minimum strain-rate
() also followed a similar declining trend (Fig. S5) as G’ and G’wm for the range of applied
strain; however, the magnitude of intracycle differences between n; and n,, were low as
compared to the differences in G’Land G’wm. This reflected a more strain-stiffening behaviour
(Fig. 3d, 3e) at large deformations (y>10%), as well as transient shear-thickening at y ~100%
(FTC and control samples) and shear-thinning beyond ~y >100% (in all samples, Fig.3b).
Similar results were reported for cream cheese, where a prominent strain-stiffening and
significant shear-thinning were observed at y>10% (Q. Wang, Espert, Hernandez, Salvador, &
Sanz, 2024), indicating the complex non-linear rheological transitions exhibited by cheeses at
higher deformations. The difference between G’Land G’wm or n;, and n,, remained ~ 0 until the
end of the MAOS region (Fig. 3b, 3d), which suggests that, at low to moderate strain values,
disruptive intracycle changes in protein-protein interaction does not occur, irrespective of

freezing treatments applied.

However, beyond the MAOS region (y >10%), prominent strain-stiffening (S>0) and
comparatively less intense shear-thinning (T<0) behaviour was observed for all the treatments.
The rate of stiffening was higher at y >100 % than at 10< y <100 % (Fig. 3d, 3e). Higher
oscillatory strain amplitude might induce a directional pattern of displacement and physical
alignments in the aggregated, softened casein-fat matrix (temperature of analysis 55°C), which
could promote faster expulsion of melted fat from the matrix, thereby minimizing the

lubrication in the rearranged protein network. Shear-thinning (T<0) behaviour (Fig. 3b), i.e., a
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reduction in intracycle dynamic viscosity at y >100% also compliments this observation.
Similar findings were also reported at high strain and temperatures for Kasher cheese, a semi-

hard cheese variety (Yildirim-Mauvis, et al., 2022).

The FrS samples exhibited lowest strain-stiffening and highest shear-thinning
behaviour (Fig. 3b, 3d, 3e) as compared to FTC or control samples (at y >100%). This could
be due to less expulsion of liquid fat from the matrix, possibly due to an increase in residual
crystalline fat content as a result of polymorphic changes in fats during prolonged frozen
storage (Buldo, et al., 2013). Minor shear-thickening (Fig. 3b) in control and FTC samples at
y ~100 % followed by rapid shear-thinning in all the treatments aty >100% indicates a
sequential interplay of partial protein-hydration, followed by rapid fat expulsion from the

matrix at higher strains, as discussed before.

3.4.2 Evaluation of normalised non-linear rheological responses using elastic and

viscous Lissajous-Bowditch plots

The aged Gouda cheese (FrS, FTC, and control) in this study were subjected to 26 shear
strain values in increasing order from 0.196 to 360% and the stress responses were recorded to
calculate different non-linear rheological parameters. Normalized intracycle stress responses
(o/0,) were plotted against normalised strain (y/y,) and strain-rate (y/y,) to obtain elastic
and viscous Lissajous-Bowditch (LB) plots, respectively. Elastic and viscous LB plots at
different strain values on x-axis and freezing treatments on y-axis were plotted as Pipkin
diagrams (Fig. 4). To account for the visual transition of viscoelastic response from SAOS,
MAQOS and LAQOS regions, 5 pertinent strain values i.e., 0.196, 1.19, 59.3, 197, and 360% were

selected, representing every region.
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For all the treatments, at strain values of 0.196 and 1.19% on an elastic LB plot (Fig. 4a),
an elliptical shape with short minor axis indicates the viscoelastic solid characteristics of the
matrix, a typical response in close proximity to the SAOS region, although the applied
frequency (10 rad/s) was higher than used for SAOS. Within the treatments at low strain values
(0.196-1.19%), minor increase in the area (Fig. 4a) of ellipse for FrS and FTC samples (FrS>
FTC) are indicative of energy dissipated by the matrix at these strain values, which confirms a
greater loss of elastic characteristics in FrS samples than FTC samples. However, as y
progresses >1.19%, the viscoelastic response undertakes an elliptical shape with increasing
minor axis and, at y >59.3%, a rectilinear shape appeared with increasing area under the curve,
indicative of a transition to dominant viscoelastic-liquid characteristics (Ewoldt, 2013). A
concomitant change in the profile of viscous LB plots can be observed (Fig. 4b) where the
broader elliptical shapes at low strain values indicates more solid-like characteristics
(0.196< y<1.19%) and, as strain progresses (> 59.3%), narrow ellipses with short minor axis
are linked to a viscoelastic-liquid response of the material. The area under the ellipse on viscous
LB plots is indicative of energy stored by the material (Joyner, 2019) and a decline in the area

at y >59.3% compliments the finding of an elastic LB response.

Distortion and rotation of the rectilinear shapes on elastic LB plots started to appear at y >
100% (plots only shown for 197% and 360%). While the distortion was dominant at high strain
values (y = 197%), rotation of curve was dominant at extremely high strains (y = 360%). At
very large strains, the disruption of residual protein-protein bonds is almost complete and
macroscopic oscillation of structural alignment at large oscillatory strain and harmonic shifts
in some structural elements during increasing cycles of freezing-thawing treatments might lead
to the rotation of shapes rather than distortion. Also, the rectilinear shapes for control and FrS
samples are qualitatively similar; however, for FTC treatments, more rotational changes were

observed at higher strain values (y >197%) than FrS, which further consolidates the evidence
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of structural shifts during freeze-thawing cycles. Ewoldt, et al. (2008) reported that clockwise
and counter-clockwise rotation of ellipses on an elastic-LB plot relates to strain-stiffening and
softening of material, respectively. From quantitative analysis (eq. 11) and qualitative
observation of the rotations, the strain-stiffening ratio was found to increase for all the
treatments in this study at y > 100%; however, a trend in the order of control >FTC (1-5) >FrS
suggests that rapid freezing-thawing, as well as frozen storage, alters the physical environment
within which protein, fat, and moisture interacts. But the lowest value for FrS could be a result
of increased polymorphic crystallization of the fat phase during prolonged frozen storage
(observed through Raman spectroscopic analysis in wavenumber region 3000-2800 cmt; data
not shown), resulting in lesser fat expulsion from the matrix as compared to FTC and control.
Similar rotation, rather than deformation, of shapes on elastic LB plots were reported for
Mozzarella cheese at higher strain values (~1000 %) and temperatures (10-80°C) by Dahl, et

al. (2024).

The secondary loops in elliptical shapes on viscous LB plots were observed at higher strain-
rate (y >197%) for all the treatments with varying magnitude (secondary loop in FrS sample
shown in Fig. 5). Ewoldt and McKinley (2010) presented a mathematical interpretation of this
as a repetition of the stress response of the material at a given strain-rate. This supports
observations of shear-thinning behaviour at intracycle higher strain values and indicates time-
dependent shear-thinning or thixotropic behaviour of aged Gouda cheese. However, the
variations within the FTC samples for secondary loops were visibly higher than for FrS and
control samples at y = 360%. Such results indicate heterogeneity induced in the matrix due to
rapid freeze-thawing treatments, which might create localised zones of varying yield and flow
behaviours within the cheese matrix due to repeated thermal stress. Here, any possibility of
rheological artefacts due to sample preparation and during the analysis could safely be ruled

out due to uniformity in sampling process and the use of cross-hatched parallel plate geometry,
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which virtually eliminates any wall-slips (Dahl, et al., 2024). The observation of a secondary
loop at higher strain values (Fig. 4b) for all the treatments is indicative of strong non-linearity
in the elastic behaviour of the samples (Hyun, et al., 2011). Similar secondary loops at higher
strain-rate have been observed in materials like polystyrene solutions, tomato paste, and guar-
gum based solutions (Joyner, 2019). The presence of secondary loops in stress-strain plots

represents strong non-linearity in the viscous behaviour of the material (Ewoldt, et al., 2010).

3.4.3 Similarity maps for Lissajous-Bowditch plots

Similarity mapping of elastic and viscous responses obtained on respective LB curves is
shown in Figure 6. The VAOS tool enables comparing the relative positions of elastic or
viscous responses of samples at various strain values from a perfectly elastic or viscous
reference points (Dahl, et al., 2024). The approximate linear distance from the reference points
is indicated (Fig.6a, 6b) as D, and d,, at various y values on elastic and viscous similarity maps,
respectively. In the elastic similarity map (Fig. 6a), the stress responses at very low strain
(0.196-1.19 %) values indicated closest proximity to perfect elastic reference point and, as the
strain value increased (59.3, 197 and 360%), the approximate distance of grouped responses
increased as well, which indicated strain-dependent evolution of viscoelastic liquid behaviour.
Also, the relative positional distribution within the treatments at low to moderate strain values
(y <59.3%) were very narrow, which indicated that FTC and FrS samples generated similar
stress responses in the strain range close to LVR regions, although the exact position with
respect to the reference point showed minor variations, and these variation in mechanical

responses have been successfully quantified in terms of G” and G” using SAOS analysis.

At moderate strain value (59.3%), Dzq 5 increased, which indicates that the loss of elastic

properties is more due to increased % strain rather than freezing treatments as, within the
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treatments, variations were still minimum. However, at higher strain values (y > 100%; only
197 and 360 % have been indicated), a broader spread within the treatment groups were
observed. This was evident from the differences in the trend for strain-stiffening and shear-
thinning values of FrS, FTC and control samples at y >100%. Thus, the impact of freezing on
semi-hard cheeses could be more prominently observed during practical deformation scenarios
like cutting, shredding, grating, stretching, and chewing. Since the LAOS analysis in this study
was limited to 55°C, which is close to the obtained cross-over temperature (53.2+1.6°C), the
results are indicative of the performance of semi-hard cheese at large strains with completely
melted fat inside the matrix. As discussed in previous sections, that un-melted fat phase could

actually mask the real impact of freezing on the structural strength of the protein network.

3.4.4 Evaluation of rheological non-linearity using un-normalised Lissajous-Bowditch

plots

Normalisation of stress-strain values provides useful visual qualitative information
regarding rheological evolutions in samples; however, it may mask quantitative differences in
the deformation behaviour of samples (Dahl, et al., 2024; Yildirim-Mauvis, et al., 2019). Hence,
un-normalised stress vs. strain and stress vs. strain-rate as 2D-layover strain plots at five
different strain values (0.196, 1.19, 59.3, 197, and 360%) for control, FTC5 and FrS samples
are presented in Figure 7. Also, a representation of elastic and viscous components of
cumulative stress responses at two strain levels (low- 0.196% and high- 360%) is indicated as
un-normalised 3D elastic and viscous Lissajous-Bowditch plots (Fig. 8). Both the size and
distortion of elliptical shapes (Fig. 7) increased with % strain, but qualitative and quantitative
variability at 0.196 and 1.19% strains (see color coding) could not be detected due to the

minuscule elliptical projection of elastic and viscous stress responses. This aligns with the
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previous observation that freezing has a limited impact on rheological attributes at deformation
scale and rates irrelevant to practical applications. Even at moderate strain values (y < 59.3%),
viscoelasticity dominates irrespective of freezing treatments applied, which is apparent from
the enlarging but not distorting elliptical shaped stress-strain response. Such responses are
typical of pseudo-linearity shown by cheese matrices (Pifieiro-Lago, et al., 2023), which could
be due to the formation of transient structures (see section 3.4.1) during low to moderate

controlled strain application.

These temporary protein/peptide bonds are dependent on factors like ripening stage,
calcium content distribution, and protein-fat ratio, as well as extrinsic factors like temperature
and time scale of rheological measurements (Fox & McSweeney, 1996). However, for y >
59.3%, horizontal comparisons within the treatment groups reveal qualitative changes in
elastic and viscous responses. Also, the increased distortion of ellipse is concomitant with the
loss of elasticity in all the treatments but the distortion in FrS and FTC samples were higher at
y =360%. This is consistent with the observation that freezing has a perceptible impact on the

cheese matrix in practical deformation scenarios, as previously discussed.

The stress responses on 3D-stress vs. strain and strain-rate plots indicated minor distortional
and rotational variations (Fig. 8) within FTC samples at low strain, i.e., 0.196%. The distortion
in the ellipse is perceivable starting from first freeze-thaw cycle when compared with the
control samples, and the shape and orientation of ellipse remained almost unchanged for
increasing FTC treatments; the lack of significant differences in G’ and G” modulus (Table 1)
within the FTC treatments (except for the G” of FTC1 sample at 30°C; p<0.05) supports this
observation. Thus, rapid freeze-thawing leads to microstructural shifts that cause minor
rheological differences. Moreover, these microscale differences in FTC samples were not as
prominent as the differences quantified for frozen stored samples. At higher strain (360%),
distortion in the elliptical stress responses increased for all the samples, in line with the loss in
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viscoelasticity. Application of freeze-thawing cycles (1-5 cycles) on caprine milk cheese with
low protein (~15%) and high moisture (48%) content was reported to greatly damage the cheese
texture (X. Wang, Li, & Zhao, 2023), but the contrasting compositional and ripening
differences with the cheese matrix used in the present study does not allow clear comparison
of the results. The higher resistance to rapid freeze-thaw cycles in semi-hard matrices could be
due to low moisture content which, in turns, results in less expansion during freezing. Also, the
high protein content in cheese matrix reduces freezable water content (as more water is bound
to caseins) and results in closer packing of the network; thus, increased resistance to structural

damage due to ice crystallization could be assumed.

4. Conclusions

Application of small and large amplitude oscillatory shear rheology was found to
compliment the broader understanding of freeze-induced structural changes in semi-hard
Gouda cheese. SAOS analysis showed that both FTC and FrS type treatments caused loss of
structural strength within the protein-fat matrix, but the loss was higher in frozen stored
samples. The calculation of activation energy of flow at or above temperatures ensuring
complete liquefaction fat could give better information on the effects of freezing on the protein
matrix. In the present study, longer frozen storage caused an increase in activation energy of
flow at higher temperatures, indicating increased fat crystallization, dehydration and stiffening
of the protein matrix. The strain-stiffening (S) and shear-thinning (T) ratios, calculated using
intracycle moduli (G.’, Gm’, ;. and n,,) obtained from LAOS analysis, quantified the impact
of freeze-thawing or frozen storage of a semi-hard cheese matrix pertinent to practical
deformation situations. Microstructural observations also aligned with these findings.

Although the application of multiple freeze-thawing in the present study was intended to
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exaggerate the situation of temperature fluctuations, in practical scenarios, however, the
temperature abuse would not normally match this scale. Hence, from a rheological perspective,
it was observed that semi-hard matrices are fairly inert to short and rapid temperature
deviations (relevant to practical conditions). Elastic and viscous Lissajous-Bowditch plots and
similarity mapping presented a complete rheological fingerprinting of the semi-hard cheese
matrix, as affected by freezing treatments. Similar studies on other cheese types of different
ripening status and composition could provide broader understanding of freezing-induced

changes relevant to practical application conditions.
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