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Abstract

Synchrotron X-rays micro-computed tomography wasiag to visualize and quantify 3D ice
crystal changes into a model sponge cake afterifrgeand subsequent frozen storage. Model
sponge cake samples were submitted to two différeering rates (fast: 17.2 °C rrirand
slow: 0.3 °C mirt), then stored at constant and fluctuating tempegatover a two weeks
period. 3D images were acquired at frozen statekh#o a thermostated cell (CellStat) and
processed using a grey level based segmentatidmothdinage analysis revealed that the ice
volume fraction is conserved during storage butrystal size and location change whatever
the freezing rate and the storage conditions. Marintocal thicknesses increase both inside
(from 20 pm to 50 pm) and outside (from 47um tquid) the matrix during the fourteen days
storage period. Both specific surface areas betwtaoh and ice (SSAstarc) and between air
and ice (SSAwice) also evolve with storage duration: S&Aarchdecreases up to —30% while
SSAuirice iNcreases up to +13% depending on the freezires rabhd the storage conditions.
These results highlighted that, during storage ciystals evolve according to two different
mechanisms depending on the freezing rate: faestifng leads to a local redistribution of water
both within the starch matrix and within the poresile slow freezing results in both local
redistribution within the starch matrix and wategration towards the pores. In addition, stable
storage temperatures favor local water redistrifouivhereas water migration from the starch
matrix towards the pores was greater in the caflaatiating storage temperatures. This study
shows that freezing and frozen storage conditians la synergistic effect on the microstructure
evolution of sponge cake due to recrystallizatibarpmena.

Keywords: Freezing rate; Frozen storage; Sponge cake; Mraaste; Recrystallization,
Synchrotron X-ray micro-computed tomography.

. Introduction
Sponge cakes are used as a base product in thdattame of a wide variety of desserts. To
meet the high demand of the market, large quastére produced, but sponge cakes have a
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limited shelf life due to physicochemical changesl anicrobial deterioration. Therefore,
sponge cakes are frozen just after baking anddstorgl their distribution in retail stores where
they are thawed and decorated. Freezing and frstbeage have the advantage to preserve the
sponge cake quality and to extend their shelf kfewever, the evolution of the microstructure
(pore and ice crystal size and morphology) afterftiimation and growth of ice crystals could
induce physicochemical changes that could impaisfponge cake organoleptic quality.

During freezing, the temperature of the produdbvgered, and water is transformed into ice
crystals by crystallization (nucleation and icestay growth). The freezing rate controls the
crystallization mechanism, which consequently deiees the number of ice crystals as well
as their size and distribution through the matviany authors reported that fast freezing leads
to the formation of a large number of small icestajs evenly distributed in the matrix. Unlike
fast freezing, slow freezing leads to the formatndrbigger ice crystals that can damage the
microstructure of the food (Mousavi et al. 2005nB4 al. 2016, Mulot et al. 2019). In the case
of porous food, a recent study performed on modehge cake has shown that fast freezing
leads to the formation of the majority of ice iresithe matrix while slow freezing results in ice
mostly formed at the pore surface (Zennoune €xQd1).

In subsequent frozen storage, the microstructufeoaén food continues to evolve, especially
for long term storage. This evolution is due torieerystallization: the system tends naturally
to lower the surface free energy of the whole itage by ice crystal resizing and redistribution.
Larger and shape-regular ice crystals, which amtbdynamically more stable, are favored at
the expense of small and shape-irregular ice dsystais leads to an increase of the average
size of ice crystals and to a decrease of theirbmir{Donhowe and Hartel 1996, Hartel 1998,
Hagiwara et al. 2006). Several recrystallizationchamisms were identified. Among them,
migratory recrystallization, also known as Ostwajiening is recognized as one of the most
prominent in frozen foods. Ostwald ripening is eutderized by the gradual detachment of
water molecule from the surface of smaller ice taigs followed by water molecules diffusion
and redeposition onto large ice crystals. Consdtyyemall ice crystals tend to disappear while
larger ones become bigger (Pronk et al. 2005). IQ#weystallization mechanisms that can take
place in frozen foods are isomass recrystallizafionnding of edges and sharp features of ice
crystals with irregular shape to minimize their faoe free energy) and accretive
recrystallization (merging of two crystals in clqgg®ximity to form one large crystal). Isomass
recrystallization results in crystals with more ulsg shape while keeping their number
constant. Accretive and migratory recrystallizatiead to an increase of ice crystal size and a
reduction of ice crystal number (Hartel, 2018). leerystallization occurs slowly during long-
term frozen storage at constant temperature lgreetly enhanced by temperature fluctuations
due to the normal on/off operation of the freezmmpressor or to poor practices in the cold
chain, as often encountered. Therefore, it is @&agimportance to properly control the
temperature during storage and distribution in otdemaintain the quality of the frozen
products and to minimize product losses.

In the specific case of porous foods, the presef@r greatly influences the crystallization
and recrystallization phenomena. Indeed, freezimjfeozen storage involve simultaneously
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heat and water transfer, which are highly relabgaiore number, size, connectivity and surface.
Pham (2006) reported in his review that water @giffu is accelerated by the presence of pores.
During freezing, conductive heat transfer is drilagrthe temperature gradient between the cold
surface and the product core. Diffusive water ti@nis controlled by the water vapor pressure
gradient between the surrounding air and the pitosludace. When porous foods are frozen,
these gradients are also created at the pore =l#ting in water diffusion from the matrix
towards the pores where water evaporates. Oncefrdezing point is reached, the
supersaturated water vapor condenses into ice giotfe surface while liquid water crystallizes
mainly into the matrix. This phenomenon is commoaoélled evapo-condensation (Pham
2006). This mechanism is in line with our recentlings on ice formation in both pores and
matrix during model sponge cake freezing (Zenncetrad. 2021). Formation of ice crystals is
accompanied by both volumetric expansion and spcage dehydration that may alter the
porous microstructure, which is highly relatedhe product quality.

During frozen storage of porous foods, concomitesdt and water transfers still occur. It is
mainly characterized by recrystallization phenom@stwald ripening) where both melting
diffusion-refreezing for the liquid phase and soiation diffusion-condensation for the vapor
phase take place in the matrix and in the porepedively. It results in ice crystal growth and
further microstructural changes that may ultimatidteriorate the product quality. It is obvious
that the final quality of the frozen product isateld to the coupling of both freezing and frozen
storage processes. Even though the close relaipn&etween porous/crystalline
microstructural changes and the quality of frozerops products was established (Barcenas et
al. 2004, BaieiSchenk et al. 2005, Yi and Kerr 2009, DRamirez et al. 2016), a detailed
understanding of the mechanisms implemented atguaiece crystal scale during a combined
freezing and frozen storage process is still needlbd rare studies reported in the literature
have focused on either freezing (Lucas et al. 2Q0@n et al. 2012) or frozen storage (Chen
et al. 2013, Eckardt et al. 2013). Furthermoresehstudies were devoted to bread. Sivas
Garcia et al. (2014) have investigated the coupfégtt of freezing rate and storage time on
bread dough stability and bread quality withoutrakterizing the microstructure. To our
knowledge, the literature does not report any stlekcribing the combined effect of freezing
and frozen storage on the microstructural chanfig®mus foods and particularly of sponge
cake. Very few works were conducted on frozen sparake (Dia®Ramirez et al. 2016, Van
Bockstaele et al. 2021, Zennoune et al. 2021). -B@nirez et al. (2016) have shown a
correlation between microstructure changes andtgutributes of sponge cake stored at —23
°C for 6 months. Recently, Van Bockstaele et &02@1) have rather investigated sensory and
textural properties of frozen sponge cake storedstairt-term period. The first work
investigating the effect of freezing rate on porausl crystalline microstructure of frozen
sponge cake was reported by our team (Zennouné 8021). The authors succeeded in
characterizing the evolution of pores and ice algsn a model sponge cake using synchrotron
X-ray micro-computed tomography (X-ray pCT) on prots in the frozen state.

Imaging methods could be useful and reliable f@& &lssessment and understanding of the
microstructure of frozen products. Microscopy hasgl been the most commonly used
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123 technique to visualize the effect of freezing amad€&n storage on the structure of food products
124  (Bevilacqua et al. 1979, Esselink et al. 2003, BSiehenk et al. 2005, Vicent et al. 2019). It
125 includes light microscopy, which requires a veriy tbample of the food product and several
126  preliminary chemical preparation steps (fixing, toog staining) in order to enhance the
127  contrast (Alizadeh et al. 2007, Anese et al. 20I3ansmission and scanning electron
128  microscopy offer higher resolution than light m®copy but also require intensive sample
129  preparation such as freeze-drying for contrast ecdraent. These preliminary preparation
130  steps are tedious and likely to alter the micras$tme of the product resulting in measurement
131  artefacts. More reliable results can be obtain@tusyo-scanning electron microscopy (cryo-
132 SEM), which involves less cumbersome and damagiegagpation steps (Chassagne-Berces et
133 al. 2009, Mulot et al. 2019). Cryo-SEM was usedttaly porous foods like bread dough and
134  bread (Barcenas and Rosell 2006) and model spakge(Zennoune et al. 2021). However, all
135 these microscopy methods provide 2D images whigem on the selected cutting plane. In
136  addition, these 2D images do not afford sufficiengjuantitative information that are
137  representative of the entire volume of the prodtuadied.

138 3D imaging techniques such as X-ray uCT can oveectitase limitations. X-ray uCT is a
139  reliable method based on the measurement, at mapasspatial resolution, of the intensity
140 profile of an X-ray beam transmitted through thenpke, which depends on the material
141  characteristics (density, thickness and atomic rerind@he technique is increasingly used to
142  visualize and quantify the characteristics of frof@od products (Mousavi et al. 2005, Ullah
143 et al. 2014, Vicent et al. 2016, Mulot et al. 200/sselot et al. 2021). However, most of the
144  studies so far have focused on the visualizatiofiozfen foods at ambient temperature after
145  freeze-drying (Mousavi et al. 2007, van Dalen et28i13, Kobayashi et al. 2014, Zhao and
146  Takhar 2017). These studies assumed that voidsedresdter freeze-drying represent ice
147  crystals. But, freeze-drying may imply shrinkagéjah is likely to modify the microstructure,
148  resulting in inconclusive results (Voda et al. 2D1Zeeze-drying can be avoided when the
149  product is scanned in the frozen state. This isiptesswhen using a cooling cell as illustrated
150 by several works on frozen food products (van Dakead. 2009, Pinzer et al. 2012, Medebacha
151 etal. 2013, Vicent et al. 2017, Mulot 2019, Vicenal. 2019, Masselot et al. 2021), and other
152  porous frozen materials or systems such as snoler{@aet al. 2014, Calonne et al. 2015) or
153 ice particles (Haffar et al. 2021, Haffar et al22 In this way, the non-invasive and non-
154  destructive nature of X-ray uCT can be fully talelvantage of. However, these works were
155  performed using laboratory scale X-ray uCT, whiahrot always offer sufficiently contrasted
156  images and high resolution for a category of préglaach as sponge cake. Indeed, sponge cake
157 has a complex microstructure comprising both mamep and micropores requiring high
158  resolution for a consistent and complete charaagan. Recently, our team studied the effect
159  of freezing rate on the microstructure of a frorendel-based sponge cake (Zennoune et al.
160 2021). A thermostated cell (CellStat) (Calonnele@14) was used on the synchrotron uCT
161  beamline ANATOMIX at Synchrotron SOLEIL, the Frencational synchrotron light source
162 in Gif-sur-Yvette, France (Weitkamp et al. 2017hisT study demonstrated that the use of
163  synchrotron can greatly enhance the visibility disgtrimination of low contrasted materials in
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addition to high resolution, allowing to detect thetsmall features (ice crystals and
micropores).

The present paper aims to study the combined impléteezing rate and frozen storage
conditions on the microstructure of a model spoogke using X-ray.-CT at high spatial
resolution. The samples were frozen at two diffef@ezing rates and each of them were stored
for two weeks at two different conditions (with amathout temperature fluctuations). The
model sponge cake samples were scanned at the ANBWX Geamline using the thermostated
cell CellStat to allow observation in the frozeatst The three phases (air, ice and cake matrix)
of the frozen samples were segmented using an ipragessing method previously developed
(Zennoune et al. 2021). The coupled effect of fregzate and frozen storage was then
discussed based on volume fractions of each plaskcal thickness, ice location and shape
characterizations.

[I. Materials and methods

[I.1. Sponge cake preparation, sampling and freezing

The model sponge cake was prepared using the fatiomildeveloped by Bousquiéres (2017)
as described in Zennoune et al. (2021). The majiredients are:

- Native corn starch (Cargill, Minneapolis, MN, USA6.55 % (water content about
11%);

- Methylcellulose (MC) (Dow Chemical, Midland, MI, W3, type SGA7C, 0.46 %;

- Hydroxypropylmethylcellulose (HPMC) (Dow Chemicaflidland, MI, USA), type
K250M: 0.35 %;

- Ultrapure water: 62.64 %.

Aluminum molds (10 x 6 x 3 cthwere filled with 60 g of dough and then bake@imelectric
oven (Whirlpool, Benton, IL, USA) for 30 min at 17Q. After baking, the sponge cakes were
left at room temperature for 45 min before beingmped in waterproof plastic bags and sealed
to be stored in a refrigerator at 5 °C until theaplng step.

For the imaging experiments, cubic samples (of 6 sida) were cut in the crumb and placed
in sample holders made with polymethyl methacry(@&IMA) and copper (Figure 3) before
freezing and storage. This sampling was performedthermo-hygroscopic chamber at 20 °C
and 80% of relative humidity to avoid sponge ca&bydiration during handling.

The prepared samples, mounted on their sampledsolaesre frozen in the lab (FRISE,
INRAE, Antony, France), before the imaging expermtse at two different freezing rates:

- Fast freezing (17.2 °C mif) using an air blast freezer,
- Slow freezing (0.3 °C miH using a static chest freezer

[I.2. Frozen storage conditions and analysis time point
For both freezing conditions (see Table 1), thedrosamples were stored under two thermal
conditions, before the imaging experiments:

- Stable storage at —20 = 0.1°C: using a static dnester equipped with an electronic
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temperature controller with one set point (Eliw&IM961, Villeneuve la Garenne,
France). The samples were placed into a 3 cm thigdanded polystyrene box for
insulation in order to attenuate the temperatucettdiations related to the on/off
operation of the refrigeration system.

- Fluctuating storage between —20 = 0.1 °C and —-50% OC: using two different static
chest freezers. The samples were held during 2B8houhe first freezer, set at —20 +
0.1 °C and then moved to the second freezer seb & 0.01 °C for 1 hour each day
during a two-week storage period. The fluctuatituyagye temperature is schematized
in Figure 1.

Temperature (°C)

1h
23h

0 1 2 3 4 5
Storage time (day)

Figure1l: Schematic representation of the dynamic changeoofge temperatures.

The stable storage temperature condition intendsepooduce perfectly controlled storage
conditions of frozen foods in a cold room or irreelzer with no door opening. By contrast, the
fluctuating storage was designed to make it posgibistudy the effect of poor practices that
can be encountered through the cold chain. At 55Hf€sponge cake is still in the phase change
plateau as can be seen in the freezing curve showigure 2 and is likely to melt partially.
Consequently, the scenario of dynamic change odg&temperature between -20 °C and -5
°C may allow to accelerate moisture migration aredredistribution (Vicent et al. 2019).
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Figure 2 : Core temperature kinetic during sponge cake fregzi

As summarized in Table 1, combining the two fregziates and the two storage conditions
gives rise to four different thermal history sceosr Three analysis time points were set: just
after freezing ¢, after 7 days of storagerXiand after 14 days of storages)t Analyses atot
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were performed for each freezing rate. Four ref@gcavere performed for each scenario and
each analysis time point, corresponding to a wftdl0 samples as shown in Table 1.

Table 1: Number of analyzed samples per condition.

Fast freezing Slow freezing
Time at17.2 °C mint at 0.3 °C mint
point Stable Fluctuating storage Stable Fluctuating storage
storage at between storage at | between —20°C and
-20°C —-20°C and -5°C -20°C -5°C
t14 4 4 4 4
t7 4 4 4 4
to 4 4

[1.3. Thermo-physical properties of the model sponge cake

The thermo-physical properties of the model sparade are summarized in Table 2. All the
properties were determined as described by Zenneuak (2021). The authors have verified
the reproducibility of the model sponge cake baseds thermo-physical properties (porosity,
density and water content). They reported thatsifenge cake prepared in this way can be
considered as a model product that represents pqraucts.

Table 2: Sponge cake thermo-physical properties.

Sponge cake apparent Porosity Water Freezing Freezable water
density (kg/m?®) (%) content (%) point (°C) content (%)
392 +15 56 £ 2 60+1.5 -0.52 £ 0.09 44 +£5.3

The porosity of the sponge cake before freezing egdsulated based on the density values
(apparent density and batter theoretical densitlyout air, which was found to be equal to 899
kg/m®) as explained by Zennoune et al. (2021). The mahre of 56 % is close to that found
by Roca et al. (2006), where porosities were betvE% and 86 %. One must keep in mind
that porosity of a sample is the combination ofth&ery process and the randomness of the
sampling. During baking, sponge cake dough comgimiitially 75 % of water loses nearly 20
% of its moisture content. Indeed, the water cantegasured after baking was about 60%, but
the freezable water was about 44 % as shown byerditial scanning calorimetry
measurements (Zennoune et al. 2021).
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[1.4. Synchrotron X-ray micro-tomography imaging acdusi and processing

[1.4.1. Thermostated Cell

The thermostated cell CellStat, initially develogedsnow (Calonne et al. 2014, Haffar et al.
2021), was used to analyze the frozen microstraatfimodel sponge cake samples under the
synchrotron X-rayuCT environment constraints (Figure 3). It helpsnaintain the sample at
the frozen state by means(gfa Peltier module, set at a temperature of —3®MGyhich the
copper sample holder is placéii, a continuous dry and cold air circulation aroumel sample
and(iii) a heat exchanger for heat dissipation at the veatmof the Peltier module. Additional
details are available in the works of Haffar et(@021) and Zennoune et al. (2021). The
samples were stored in a freezer set to —30 *(pkeed close to the experimental setup, thus
ensuring nearly constant thermal conditions.

Detector Sample

Copper sample holder

PMMA chambers

Cell

Rotation stage

Figure 3: CellStat installed on the ANATOMIX beamline (Syoirthn SOLEIL, Gif-sur-Yvette,
France).

[1.4.2. 3D Image acquisition

The X-ray micro-computed tomography measurementse waade at the beamline
ANATOMIX of Synchrotron SOLEIL in a campaign thaasted three days. The system
operation parameters were optimized as previousdgribed by Zennoune et al. (2021) so as
to yield good contrast between the sponge caketitwersts at the voxel size of 0.65 um. A
filtered polychromatic “white” beam with a centgioton energy around 30 keV was used; the
distance between sample and detector was 30 mmedétr volume scan, 2000 projections
were taken over an angular range of 180° in cootisuotation. The total time for each scan
was about 5 minutes. For each sample, four scares agguired at different heights giving a
total height of the reconstructed volume of 5 mmédaliameter of 1.3 mm. Figure 4 shows
typical reconstructed slices of an unfrozen sar(figure 4A) and a frozen sample (Figure 4B).
In that second case, the three components or phasesr (in black), ice (in grey) and starch
(in light grey), are clearly visible.
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Figure4: X-rayuCT slices of (A) unfrozen and (B) frozen model gparake samples.

[1.4.3. Image processing
Images were processed according to the methodaeggribed by Zennoune et al. (2021).
Firstly, the 3D volumes of size 2048x2048x2048 V®xeorresponding to 1.3x1.3x1.3 rfm
were reconstructed with PyHST2 software (MironaleR013) using a Paganin filter (Paganin
et al. 2002). The images were then segmented tierfgji software according to the procedure
resumed in Figure 5. It is based on the global deegl threshold of the 3 phases (air, ice,
starch) by applying the Otsu multi-thresholding Inoelology (Otsu 1979) and taking advantage
of the good image contrast between the constitudrits segmentation is followed by a
combination of morphological (3D closing) and lagi¢not/and)
operations to distinguish:

= The ice volume which is mainly at the air interf{called “ice outside” the matrix)

= The ice volume which is mainly blended with thergiaphase (called “ice inside” the

matrix).

The result of the procedure is then a labeled 3Bgenas depicted in Figure 5, which can be
used to compute microstructural descriptors.



Input

Grey levels 3D image

Grey level thresholding + morphological filtering + boolean operations

BT

Air
Ice outside
Ice inside

Starch
Interface: starch/ice inside

Interface: air/ice outside

Labeled 3D image

291
292 Figure5: Image segmentation procedure.
293  I1.4.4. Microstructural description

294 To describe the microstructure of the different s, the following parameters were
295 computed from 3D labeled images:

296 - The air volume fraction or porosity :
Vair
Pair = 1)

o Vtotal
297 where Vgl = Vair + Vice + Voaren 1S the total analyzed volumé/,., Vie =
298 Viceinside F Vice outside 8NAViiaren @re the volumes of air, ice, ice inside and oetsick
299 matrix, and starch, respectively. They are caledlatsing a classical voxel counting
300 algorithm implemented in Fiji software (Schindedihal., 2012).
301 - The ice fraction in the solid phase (without thg,ai
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Vice

Pice =5 )
e Vice + Vstarch
- The volume fraction of the ice inside ,
Vice inside
o = (CCNSICE 3
Pice inside Vice + Vstarch ( )
- The specific surface are8%A of the ice/air interface, defined as
S .
SSAice/air = L/mr (4)

Vtotal

wheresSi.. /i IS the surface area of the air/ice interface (Fédi) and is computed using
the dedicatedir/ice tool in (Legland et al. 2016).

- The specific surface are&%A of the ice/starch interface, defined as
Sice/starch

SSAice/starch = (5)

Vtotal

whereS;c./sarch IS the surface area of the air/starch interfacgufie S).

- The local thickness distributions of ice inside audside the matrix (Schindelin et al.
2012): it represents the diameter of the largdsespat a given point that can fit inside
the object and containing the given point. It depthe characteristic dimensions of the
ice phases (inside and outside).

[1.4.5. Statistical analysis

A statistical analysis based on the analysis adwae (ANOVA) method (Brownlee 1965) was
performed to study the significance of the combia#dct of freezing rate and frozen storage
conditions on model sponge cake microstructureutnosl during freezing and storage. The
Tukey Kramer test for multiple range comparisons (p05) was used to identify the difference
between the measured mean values for volume freciodSSA

[ll. Results

[lI.1. Qualitative analysis

Figure 6 presents synchrotron X-ray micro-computd@dography images (horizontal slices) of
the model sponge cake (air in grey, ice outsiderhgix in light blue, ice inside the matrix in
dark blue and starch in brown) obtained after fee#zing (Figures 6A1 to 6A5) and slow
freezing (Figures 6B1 to 6B5). It shows typical rogtructure evolution of model sponge cake
with storage duration for the four storage scersagipplied (fast freezing/stable storage, fast
freezing/fluctuation storage, slow freezing/staditerage; slow freezing/fluctuating storage).
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[1.1.1. Initial state ¢
Figures 6A1 and 6B1 describes microstructures pbthjust after freezingoftat fast and slow
freezing, respectively. The corresponding 3D vigadions are shown in Figures 7A1 and 7B1
It can be seen that:
» fast freezing leads to small ice objects homogeslgalistributed inside the matrix and
to a thin layer of ice that is formed at the atenface;
* slow freezing leads to a thick ice layer at the interface and larger ice objects
heterogeneously distributed inside the matrix.
The physical phenomena that led to such microstractvere explained in our previous
research article (Zennoune et al. 2021) and a@teghin section V.

[11.1.2. Effect of storage conditions
For the case of fast freezing, Figures 6A1 to 6Adwsthe typical microstructures of samples
after 0, 7 and 14 days of stable storage, respmdgti¥igures 6A4 and 6A5 show typical
microstructures obtained in the fluctuating storageditions for 7 and 14 days of storage
duration, respectively. Figures 7A1 and 7A5 repneséhe 3D visualizations of images shown
in Figures 6A1 (fast freezingg)tand 6A5 (fast freezing, fluctuating storage temapee 1),
respectively. The comparison between these figsiies/s that:
- The ice and starch structures are coarsef ahd i4 than at ¢ for both stable and
fluctuating storage conditions
- The ice layer at the air/starch interface is thicket; and 4 than atd,
- There are no visible significant differences of thirostructure between stable and
fluctuating storage.
In the case of slow freezing, 2D images (Figureg @B 6B5) as well as 3D visualizations,
(Figures 7B1 and 7B5) bring the following comments:
- The ice and starch structures are coarsef ahd i4 than at 4 for both stable and
fluctuating storage conditions
- The ice layer at the air/starch interface is sligtiticker at  than atd4 and 4,
- Visually, there are no significant differences lo¢ tmicrostructure between stable and
fluctuating storage.
All these results could be explained by ice rettistion and water migration during storage as
will be discussed in section IV. However, it is Wonoting that the qualitative analysis requires
a complementary quantitative characterization talaish reliable conclusions.
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Figure 6: Synchrotron X-rayCT slices of the labeled 3D images for the spoiadie samples frozen
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Figure 7: 3D visualization of the segmented Synchrotron Ku«fT images for the sponge cake
samples frozen at (A) fast rate and at (B) slow réice outside the matrix in light blue, ice iresithe
matrix in dark blue and starch in brown). A1, A8, &d B5 are the corresponding 3D visualizations

of the slices with the same caption in Figure €cltaube is 500 um a side.

[11.2. Quantitative analysis

[11.2.1 Volume fractions
Tables 3 summarized the volume fractions computenh fthe 3D images for the different

conditions. These results are also plotted in tgarE 8.

Table 3: Mean volume fraction of the different phases (a&,and ice inside) for different conditions.

Storage Storage Fast freezing Slow freezing
conditions duration Air Ice Ice inside Air Ice Ice inside
(days)

0 61.6+46 | 61.9+t0.68 | 43.3+20 | 54927 | 63.6+0.% | 241+1.0
Stable 7 505+8.1 | 626+1.2 | 41227 | 623+22 [ 639+05 | 245+6.3
storage 14 644+44 | 62610 | 42.7+2.8 | 66348 | 63.7+1.2 | 21.4+1.5
Fluctuating 7 622+22 | 61.9+0.3 | 420208 | 53.5+4.9 | 64616 | 27.2+4.3
storage 14 649+47 | 63.1+1.% | 420+2.6 | 63.0+39 | 641+03 | 22.0+1.0

Comparisons were made between data in the sammeolisame index letter indicate that there isignificant
differences between values within a single colupn,0.05.

14



377
378
379
380
381
382
383
384
385

386
387
388
389
390
391
392
393
394

Overall, it is noteworthy that the air volume fiiacts obtained by image analysis and presented
in Table 3 and Figure 8 are in line with the meanopity value (56 £ 2 %) determined by
experimental measurements (see Table 2). Howenwgnfisant differences (p < 0.05) were
obtained for air volume fractions at slow freeziate whatever storage condition and duration,
while there was no significant difference (p > (.86fast freezing rate. These differences may
be related to the local heterogeneity of the ihggaosity of the sample as shown in our previous
work (Zennoune et al. 2021). Indeed, it was repbittiat the model sponge cake has a multiple
scale porosity that is heterogeneously distributethking the sample porosity greatly
dependent on the sampling location.

Table 3 and Figure 8 also show that the total weime fractions are similar (about 60%)
whatever the freezing rate, the storage conditiwhstorage duration. However, the ice location
is different according to the freezing rate. Theamgolume fraction of ice inside the matrix
obtained for fast freezing is higher (quite twidepan the one found for slow freezing,
corresponding to almost two thirds of the total icemed. Inversely, for slow freezing, two
thirds of the total ice are mainly formed at thestarch interface. These quantitative results
are consistent with the observations describedgareés 6A1, 6B1, 7A1 and 7B1 and with the
physical phenomena occurring at the initial stétat was also described in our previous work
(Zennoune et al. 2021).
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[11.2.2 Specific surface area and local thickness

Considering the SSA values shown in Table 4 andirEi@®, significant differences were
obtained for both air/ice and ice/starch interfaddse SSA values can be related to the local
thickness distributions of ice as shown in FigudeThe standard deviations of the distributions
are represented by the shaded areas in Figure 10.

Table 4: Specific Surface Area (mi

Storage Storage Fast freezing Slow freezing
conditions | duration
( d ay S) SSAair/ice SSAice/starch SSAair/ice SSAice/starch
0 8.0+0.9 50.0+9.7 77+10 27.0+3.06
Stable 7 86+24 45.2+14.9 85+3.4 23.4+7.%
storage 14 74+17 38.6+9.58 8.0+20 18.6 5.4
Fluctuating 7 79+0.4 48.5+5.3 7.7+0.7 26.1+29
storage 14 87+1.0 46.3+4.9 8.7+0.4 21.0+4.7

Comparisons were made between data in the sammicofhisame index letter indicate that there isigaicant
differences between values within a single column,0.05.

For fast frozen samples:

Table 4 and Figure 9A1 show that B8Ainiccexhibit values between 7.4 mingstable
storage -1z) and 8.7 mr (fluctuating storage 14). In the case of a fluctuating storage,
the SSAirice increases significantly (p < 0.05) with the staragration. This can be due
to an increase of the roughness of the ice layby dne growth of individual crystals at
the interface. This seems to be confirmed by tlwution of the local thickness of the
ice outside presented in Figure 10. Indeed, itmnbserved on Figures 10A2, B2 and
C2, in the case of a fluctuating storage, thatltdoal thickness of the ice outside
increases with the storage durationpatite maximum local thickness (for 99% of ice)
is nearly 47um whereas it is 68m and 7Qum at time £ and {4, respectively. It means
that, locally, a part of the ice layer has growadieg to a coarser and heterogeneous ice
surface. By contrast, in the case of a stable g&rthere is no evident trend for the
SSAiricemostly because of the high standard deviat{®able 4 and Figure 9A1). This
may represent an increasing heterogeneity betweenwathin the samples with
increasing storage duration.

The SSAessiarciranges between 50.0 mingfor to) and 38.6 mm (stable storage 14)
(Table 4 and Figure 9B1). TH8SAesstarchvalues tend to decrease with the storage
duration regardless the storage conditions (stabfkictuating). This decrease of the
surface between the ice inside and the starch,haikimore pronounced in the case of
the stable condition, reflects probably a decréaslkee number of small crystals and a
growth of the larger ice crystals. Indeed, inthse of a stable storage Figures 10A1,
B1 and C1 show that af, the maximum local thickness of the ice insid2dgum for
more than 99% of ice volume whereas it is 50 pbuat

For slow frozen samples:
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The SSAiriceranges between 7.7 mingat t) and 8.7 mm (at t4- fluctuating storage)
as can be seen in Table 4 and Figure 9A2. As fofakt frozen samples, tBSAirice
increases slightly with the storage duration in tlase of temperature fluctuations.
Similarly, there is no clear trend in the case sifadle temperature storage, which shows
large standard deviations.

TheSSAesstarccivalues vary between 27 minfat t) and 18.6 mm (at t4- stable storage)
as shown in Table 4 and Figure 9B2. It can be aed@ar decrease tBSAesstarchvalues
with the storage duration whatever the storage itiond. Once again, this decrease is
more pronounced in the case of stable storage ratupes. It can also correspond to a
growth in the size of ice crystals, even if thisrease is not well pronounced on the
local thickness values in Figure 10A1, B1 and C1.

Fast freezing
A1 A2

12 Slow freezing

10 1

SSAairlioe (mmd)
(o)}

B2 mm
-t Stable
50 1 -t
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o t,

t

14

Figure9: (A) Specific Surface Area of the air/ice inted&&SAvice (B) Specific Surface Area of the
ice/starch interface SS&sarch (AL, B1) for samples obtained in the fast fregzionditions and (A2,
B2) for samples obtained in the slow freezing coomk.
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IV. Discussion

IV.1. Water migration and redistribution

Sponge cake samples were visualized using synonratrray HCT. The samples were first
frozen at two different freezing rates (fast arwhsfreezing). Figures 6A1, 6B1, 7A1 and 7B1
clearly evidenced that the freezing rate has amanpn ice formation and location. Fast
freezing leads to the formation of numerous sneallarystals homogenously distributed inside
the matrix and to a thin ice layer at the pore svathile slow freezing leads to the formation of
bigger ice crystals heterogeneously distributed tana thick ice layer at the pore surface. In
addition, the volume fractions of ice inside thetmxa(43.3 + 2.0 %or fast freezing and 24.1
+ 1.0 % for slow freezing) an8SAsesstarcn(50.0 = 9.7 mm! for fast freezing and 27.0 + 3.0
mm?* for slow freezing) displayed in Table 3 and Tab)eespectively, highlights a second
finding. They show that ice was mainly formed irestle matrix when the product was frozen
quickly whereas it was largely located inside tbegg for slow freezing. This corroborates our
earlier reports (Zennoune et al. 2021) in whichangued that both nucleation and ice crystal
growth are controlled by the freezing rate througat transfer (thermal resistance) and
moisture transfer (freezable water diffusion). didigion, the high porosity of the model sponge
cake affects water mobility and ice distributionridg freezing. On the one hand, the fast
freezing rate favors the creation of ice nuclehvidw critical size but limits the water diffusion
for ice crystal growth and towards the pores, legdhus to the formation of numerous small
ice crystals, especially inside the matrix. Ondtteer hand, during slow freezing, the nucleation
phenomenon is limited due to the high critical sifenuclei, but water has enough time to
diffuse through the matrix and towards the poresulting in fewer but large ice crystals inside
the matrix and a thick ice layer at the pores walls

After freezing, both quickly and slowly frozen sdegpwere stored at two different conditions
(stable and fluctuating temperatures) for two weeks

In the case of fast freezing, comparison of imagdsgures 6A1 to A5 and Figures 7A1 and
A2 reveals that both ice morphology and size seervblve with storage time, even though
ice distribution inside and outside the matrix séerbe the same. Moreover, this evolution is
more noticeable for stable storage temperature foanfluctuating temperature. These
observations are in line with the evolutions oftbtte volume fractions of the ice inside the
matrix (Table 3) and th8SAesstarcn(Table 4). As a matter of fact, volume fractiorighe ice
inside did not vary significantly with storage tiraed storage temperature conditions (Table 3,
p > 0.05) while the&sSAe/starch Significantly decreases with storage time whatélve storage
condition (Table 4, p < 0.05). These results shbat tce migration from the starch matrix
towards the pores is limited or inexistent undesthconditions. Instead, a local redistribution
of water within the starch matrix seems to happesulting in crystal enlargement and crystal
number decrease accompanied by mass conservatios. r@sult may be explained by
recrystallization phenomena driven by differengeshie stability of ice crystals as a function
of their size. In the case of fast freezing, thes@lline system is mainly constituted of small
crystals, which have high free surface energy aedeaergetically unstable. Therefore, the
system will tend towards a lower energy state lbynfog larger ice crystals that are more stable.
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494  Given the evolution of the ice inside the starchrimaseveral recrystallization mechanisms
495 may occur. These include, at first, recrystalli@atby accretion when two crystals are close
496  enough to form a bridge and then grow into a singystal. Then, Ostwald ripening may happen
497  involving water molecules of the small ice crystadsdetach gradually from the ice crystal
498  surface and diffuse through the matrix before dejomson larger ice crystals, leading to a
499  decrease in the number of small crystals and atgrofthe larger ones.

500 Still in the case of fast freezing, it is notewgrthat the growth of ice crystal size inside the
501 matrix with storage time is more pronounced foblkgastorage than for fluctuating storage
502 condition. Indeed, Table 4 shows a high decreasbedbSAesstarchfor stable storage (about
503 —23% from ¢ to ti4) compared to that for fluctuating storage (abotfe—from b to ti4). This
504  result is confirmed by the local thickness analyBisfact, measured local thicknesses of ice
505 inside the matrix show a larger increase of icstetysize for stable storage than for fluctuating
506  storage condition. This result is not intuitiveyen that it is well recognized that temperature
507 fluctuations promote recrystallization and thereforystal growth (Donhowe and Hartel 1996a,
508 Donhowe and Hartel 1996b, Ndoye and Alvarez 20AB)explanation might be related to the
509 heat transfers inside the starch matrix. Indeegfltictuation duration (1h at —-5°C) may not be
510 sufficient to significantly affect the microstructuinside the starch matrix. On the other hand,
511 the fluctuating storage temperature seems to dffieatvolution of ice outside the starch matrix
512  (iceinside the pores). The local thickness obigtside the matrix exhibits a noticeable increase
513  with storage duration for fluctuating storage caiodi, while the evolution is less pronounced
514 for stable storage condition (Figure 10B2 and T8)s trend is supported by the evolution of
515 theSSAinice, Which is larger for fluctuating storage, compat@gtable storage conditions after
516 14 days of storage (Table 4). These results remeahcrease of the ice layer at the pore
517 interface. Local water redistribution and ice regjzrather than ice migration, keeping in mind
518 that no variation of ice volume fraction was obser¢Table 3), can plausibly explain this ice
519 size increase. Unlike the matrix, the pore phasdfected by temperature fluctuations which
520 may favor migratory recrystallization (Ostwald mijeg) at the pore interface by a sublimation-
521 diffusion-condensation mechanism leading to largeicrystal size and to a more stable state.

522 Inthe case of slow freezing, visual observationBigures 6B1 to B5 and Figures 7B1 and B5
523  show no discernible difference in the microstruetewolution with storage time for both stable
524 and fluctuating storage scenarios. These obsengstee not in line with the changes of the
525 volume fractions of ice crystals inside the mafiiable 3), of theSSAe/starch(Table 4) and of
526  the local thicknesses (Figure 10) during storagebbth storage conditions. Volume fractions
527 of ice inside the matrix decreased significantlieafl4 days (p < 0.05) when the storage
528 duration increase for stable as well as for fluthgastorage temperatures. Moreover, the
529  SShAesstarchexhibit large decreases with storage time bottsfable (nearly —30 % from to

530 t14) and fluctuating (around —20 % frogtd t14) conditions. In addition, the increaseSBAirice

531  values both for stable (about + 4 % frantat ti4) and for fluctuating (around +13 % fromto

532  t14) temperatures reveals ice size increase at the ipterfaces. These results reflect, at the
533 same time, the decrease in the number of smatinatals and the growth of large ice crystals
534 inside the starch matrix and locally ice layer @age at the pore surface. On another note, these

535 results are underpinned by the increase of lodeknless with storage time both inside and
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outside the matrix. Two hypotheses can be put fahwaexplain these finding§) a migration

of water from the matrix to the pores where itepdsited on the starch surface or on the existing
ice layer by sublimation-diffusion-condensation pienon (Ostwald ripeningfii) a local
redistribution of water in the matrix through restigllization phenomena (mainly Ostwald
ripening) leading to an enlargement of the ice taigs The first hypothesis may explain both
the decrease of ice volume fractions inside theirand the increase of the ice characteristic
size in the pores after 14 days. The second hypstloan plausibly explain the ice crystal
growth inside the starch matrix. Local redistribuatinside the starch matrix seems to be more
important at stable temperature storage while watgration from the matrix towards the pores
appears to be predominant in the case of fluctgattorage conditions. Chen et al. (2013)
reported that during long-term storage significarater redistribution was noticed. This
redistribution was accompanied by ice recrystdilmaand growth. Similar results were found
by Eckardt et al. (2013) who studied bread and damd by Kontogiorgos and Goff (2006)
who studied flour-water mixture. In both cases, @lughors explained ice crystal growth by
recrystallization resulting in the destruction loé tmicrostructure.

IV.2. Coupled effect of freezing rates and frozen ste@nditions

As mentioned previously, fast and slow freezingtltd model sponge cake give rise to,
respectively, small and coarse ice crystals inthdestarch matrix. At the same time, more or
less ice layer is formed at the pore interfacegddimg on the freezing rate. In the case of slow
freezing, the majority of the ice is formed at thg®re interfaces reflecting a greater water
migration from the matrix towards the pores. Durifigzen storage, the crystalline
microstructure evolves regardless of the initimefting rate and the storage conditions.
However, the changes in microstructure are moreifgignt when the products are slowly-
frozen as evidenced by the larger decrease db8e/starcncompared to fast freezing (Table
4). This means that when the same storage consliios applied, ice crystals grow more in
sponge cake frozen at slow freezing rate. Thislresaonfirmed by the local thickness values
depicted in Figure 10. For both ice locations @esand outside the matrix), local thickness
values are always higher for slow freezing thanfést freezing and for the three time points
(to, t7 and 1t4). As mentioned above, local water redistributiond aice resizing by
recrystallization mechanisms are favored in fastdn samples while water migration is added
to the local redistribution in slowly frozen sanmglexplaining the greater changes observed in
the latter. It is noteworthy that coupling fastdzeng with poor storage conditions (fluctuating
temperatures) leads to smaller ice crystals and tesmage to the microstructure than
combining slow freezing with good storage condisigstable temperatures). This result can be
explained by the fact that fast freezing initialgads to a more homogeneous ice crystal
population than slow freezing. It is well known ti@mogeneous population is energetically
more stable than heterogeneous population and foheres less likely to undergo ice
recrystallization (Hartel 1998, Kobayashi et al12)

Moreover, it is important to point out that micnesttural changes affect the texture of the
sponge cake and consequently its quality. This aniganore pronounced as the size of the ice
crystals is bigger. Under the conditions used is #tudy, the benefits of fast freezing are
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reduced at the end of the two-week storage pebodthe products still have a better quality
than slowly-frozen samples. To our knowledge, stesults about the combined effect of
freezing and frozen storage conditions are repddethe first time. The combined effects of
freezing rate and storage time and temperaturkeequality of frozen porous foods was studied
for bread dough and bread (Yi and Kerr 2009, Edkatrdl. 2013) and for sponge cake (Diaz
Ramirez et al. 2016, Van Bockstaele et al. 202Xgwéver, none of these works has
investigated pore and ice crystal evolution as ictgxh by the coupled freezing and frozen
storage processes.

V. Conclusion

Freezing and frozen storage of sponge cake hairegact on ice formation and growth which
can cause undesirable changes to the productidratticle, the impact of freezing rate and
storage conditions on ice formation and locatios stadied. The analysis of synchrotron uCT
images leads to the conclusion that the ice voliraation (about 60%) obtained after freezing
is conserved during frozen storage, whatever tiragé conditions. However, ice redistribution
and relocation occur during storage depending dh butial freezing and frozen storage
conditions, as shown by the evolutions of volunagtion of ice inside the matrix, and the SSA
values. During the whole storage period, slow firegpives rise to a decrease of the volume
fraction of ice inside the matrix (up to —13%) candd to the SSAestarchvalues drop (up to
—-30%) and the SS#vice Values increase (up to +13%) meaning ice locakteolution and ice
migration from the matrix to pores. For fast freggino change in ice inside volume fraction
was noticed, but the S%Astarch values decreased (up to —23%) and the “@Avalues
increased (up to +11%) evidencing a local redistrdm of ice both inside the matrix and in the
pores without migration towards the pores. It waswan that fast freezing causes less
microstructural changes, regardless of the stocagéditions, even though the microstructure
continues to evolve during frozen storage, dued¢amigration and recrystallization.

Before this study, the mechanism of ice formatiorporous foods according to the freezing
process, as well as the mechanism of pore andysetevolution during frozen storage were
poorly understood. This work is an important steqyward, but further investigations are still
needed. For example, the impact of temperaturgufions was not clearly evidenced,
especially inside the starch matrix. It would béndérest to study the impact of more aggressive
fluctuations to bring a better knowledge of thduaehce of temperature fluctuation. Another
limitation of this study is related to the fact tlemch sample is different, even if their mean
porosity and water content was similar. Followihg tmicrostructural evolution of the same
sample during freezing and storage should limitdffect of heterogeneity arising from the
sampling location in the sponge cake. In additibrwyould be useful to formalize the link
between the evolution of the microstructure andctassical quality criteria such as texture or
drip loss.

The freezing process and the frozen storage anméie components of the frozen cold chain.
A better understanding of the mechanisms involugthd these two steps would be very useful
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for a better control of microstructure and indugedlity changes of frozen products throughout
the cold chain.
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