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Abstract
Frozen vegetables are often exposed to dynamiceiatye conditions during cold storage

and distribution chain. The resulting ice recry&ation leads to microstructural changes,
which is directly linked to the final vegetable ¢jtya To this end, X-ray uCT was applied to

visualize and quantify 3D ice crystal changes imataover a period of two months of frozen

storage with dynamically changing temperature. Staeied conditions revealed a significant
increase in ice crystal size during the storageogerThe equivalent diameter of the ice
crystals increased from 246 + 15.9 um, to 342 218n, 394 + 18.5 um, 525 + 28.0 um and
578 £+ 27.6 yumat0d, 7 d, 14 d, 30 d and 60 darhge, respectively, while the number of
ice crystals decreased. The 3D data on the icaatsyand image analysis presented within
this paper provide an insight making it possible@éscribe microstructure evolution, and for
better control cold storage sector of frozen vegeta

Keywords: Cold chain, ice recrystallization, X-ray uCT, igegaanalysis, 3D microstructure
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1. Introduction

Carrots Daucus carota L.) are good sources of carotenoids and dietary gjbe&hich are
functional components having substantial healthmating propertiesCarrots are perishable
root vegetables because of their high-water conteatthermore, carrot tissue comprises
different layers: parenchyma cells, vascular tisand peripheral cortex tissue of different
sizes and shapes. Carrot tissue structure is affdny vascular bundle growth (Voda et al.,
2012). One of the greatest challenges for the frdaed industry is to preserve the quality of

food materials during extended storage for conslsenvenience.

Food-processing operations, including freezing &oden storage, may change the tissue
structure significantly (Aguilera and Stanley, 1998lah et al., 2014). During freezing, ice
crystals are formed throughout the cellular strreettfhe formation of ice crystals can modify
the tissue microstructure of plant-based matefMisusavi et al., 2007; Vicent et al., 2017).
During subsequent storage, ice recrystallizatioours; involving ice crystals resizing and
redistribution (Ullah et al.,, 2014; Ndoye and Alear 2015), resulting in further
microstructural changes. Small crystals are thegmanhically less stable due to a high
surface to volume ratio, implying that small crystean easily melt and the released water
molecules are deposited on the surface of the Hamgestals (Donhowe and Hartel, 1996;
Hartel, 1998; Pronk et al., 2005; Hagiwara et2006). Larger crystals thus tend to increase
in size at the expense of small crystals. Prordd.g2005) commented that in food materials,
Ostwald ripening is a main mechanism for ice reaiiization compared with other
mechanisms, including iso-mass and accretion riligsition. Recrystallization is more
likely to occur if frozen food undergoes temperatabuse, such as dynamic temperatures
during frozen storage and within the distributidrain (Zaritzky, 2000). Enlargement of ice
crystals can occur at a constant temperature dlmmgrterm storage, especially in a liquid

state, i.e., at a temperature beyond glass transiimperature where molecular mobility is
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increased (Donhowe and Hartel, 1996; Syamaladewal.et2012). Ice crystal growth is
strongly linked to food microstructural changesttbfien affect the stability and quality of
fruit and vegetables, and these changes incluadgatlin in texture, sensory quality and
nutritional values (Zaritzky, 2000; Ho et al., 2018 frozen vegetables, Goncalves et al.
(2011a, 2011b) worked with broccoli and pumpkirspectively during frozen storage. Both
studies reported irreversible changes of qualitychsas drip loss, sensory and textural
changes as well as nutritional loss as a resulcefcrystal growth. Vicent et al. (2018)
recently showed changes of quality such as drip ledrozen apple tissue as a result of ice
recrystallization during storage with temperatutactuations. Therefore, the need to
investigate the microstructural changes in 3D dmts is preferable, and could help to
elucidate the quality and stability changes ocogrin vegetables.

X-ray micro-computed tomography (X-ray uCT) has dme popular as a 3D imaging
technique to visualize and quantify the internatnwstructure features of frozen vegetables
(Mousavi et al., 2007; Voda et al.,, 2012; Ullah at 2014; Zhao and Takhar, 2017).
However, most of the studies conducted in the pagé focused only on the visualization of
the microstructure of frozen foods after a freemgrd) process to lyophilize frozen water.
Mousavi et al. (2007) used X-ray puCT to investigdite 3D ice crystals during freezing of
different food products, including carrots, andedathat ice crystals varied in sizes according
to the freezing rates applied. Ullah et al. (20Bpplied X-ray uCT to visualize ice
recrystallization in frozen potatoes during storagn temperature fluctuations, and reported
the ice crystals increased in size with the ina@aasamplitude of temperature fluctuations.
Zhao and Takhar (2017) also used X-ray UCT to stadyrecrystallization phenomena in
frozen potatoes subjected to different temperafluetuations during storage. However,
Mousavi et al. (2007), Ullah et al. (2014) and Zlaawl Takhar (2017) assumed that the void

structures formed in the freeze-dried productsesgmted the ice crystal morphology. In fact,
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the freeze-drying process may have changed frazew-Gtructures investigated through
shrinkage (Voda et al., 2012), leading to incongkisesults. To circumvent this issue, Vicent
et al. (2017) developed and validated an X-ray p@a&ging procedure directly on frozen
samples to investigate the 3D microstructure of acgstals in apple tissue at a low
temperature (-18°C). The method employed prior knowledge by incoagiog X-ray
attenuation coefficients of reference samples th&oimage analysis. The method remains to
be tested to determine whether it is suitable figestigating the relationship between the 3D
microstructure of the ice crystals and the stortayeperature without requiring a freeze-
drying step.

The objective of this study was to quantify for firet time 3D ice crystal growth in frozen
carrots stored over a period of two months at dyoally changing temperature by
performing image analysis using the X-ray attermmatcoefficients of reference model
samples. The imaging methodology elaborated bynfie¢ al. (2017) was implemented in

order to study the ice crystal propagation due¢orecrystallization.

2. Materials and methods

2.1 Carrot sample and preparation

Carrots Daucus carota L., cv. Nantesa) were purchased from a local sepph Paris,
France, and were of different sizes (diameter: 2 ¢m; length: 14 to 20 cm). Prior to sample
preparation, the carrots were washed and stordd°@tovernight to equilibrate. Cylindrical
tissue samples with a height of 14 mm were excisad carrot tissue by using a cork bore
with an inner diameter of 6 mm as illustrated ig.Hia-b. Subsequently, each excised sample
was placed in a straw to facilitate the mountingamples onto the cooling stage for image
acquisition using X-ray uCT. Next, five replicaternot samples were numbered and packed

in two plastic bags for the freezing process arx$squent storage experiment.
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2.2 Sample freezing

The prepared samples were frozen in an air blaszér set at a temperature of -33 °C. The
sample and freezer temperatures were recorded gdufieezing using calibrated
thermocouples (type T thermocouple of 0.2 mm) agdcto a data logger system (34970A,
Agilent HP, Santa Clara, USA) connected to a coemplwor sample temperature records, a
thermocouple was inserted into a sample core ofrépeesentative bag. The air freezer
temperature was recorded as well. Freezing was levetbwhen the sample core temperature
reached -18C. Fig. 2 shows the temperature profile during fileezing process; a typical
cooling step is observed whereby the sample terhperavas reduced to the freezing point,
during which sensible heat was removed from theotdissue samples. Next is a super-
cooling step during which the temperature fallsobethe freezing point. Subsequently, the
freezing period started, in which liquid water withcarrot tissue was converted into ice
accompanied by latent heat removal as the temperatecreased gradually. Finally, the
carrot temperature decreased until the desiredl tinaperature of -18C was reached; during
this step sensible heat was removed. As a resuttyarall freezing rate of approximately 9.1
°C per min was achieved. The rate of freezing wéimaged from the ratio of the temperature
difference between ambient temperature®@Pand the freezing temperature (°G3 divided

by the time difference from ambient temperaturdréezing temperature as defined by the

International Institute of Refrigeration (Bogh-Sasen, 2006).

2.3Dynamic change of storage temperatures

Frozen samples were stored under dynamic changengberature conditions using two
freezers. Samples were held in the first freezeatsa temperature of -8 for 23 h and then

moved to a second freezer set at a temperaturg W for 1 h, as shown in Fig. 1c. The
dynamic temperature cycle was performed daily cweperiod of two months, with the

exception of weekends. This storage scenario niguessible to study the effects of the poor



122  practice in terms of temperature dynamic conditithred could occur during frozen storage.
123 At sub-zero temperatures, the glass transition éatpre Ty) is an important reference
124  temperature to describe quality and storabilitfanfd materials. During glass transition, the
125 mechanical properties of the product change froos¢hof an elastic material to those of a
126  brittle one due to changes in molecular mobilitiisTcauses a step change in heat capacity of
127  the product. It should be noted that the transitttoes not occur suddenly at a single
128  temperature but rather over a range of temperatyres then estimated from the temperature
129  in the middle of the step region. Reid et al. (Q0@@asured th&, in several food materials
130  using Differential Scanning Calorimetry (DSC). Galvgs et al. (2007) also determined the
131 glass transition temperaturgy) in different vegetables, includes carrot using®technique.
132 The authors stated B’ value to be approximately -3 in carrot. This indicates that no
133  amorphous solid phase in the frozen carrot tissage formed during freezing and dynamic
134  storage experiments

135 2.4 Attenuation coefficient references

136  In tomographic images, the grey value does corre$po the linear attenuation coefficient
137 that describes the fraction of the X-rays absorbedscattered relatively to the material
138  properties, including density. The correlations aféen inadequate when attempting to
139  accurately classify distinctive components in thera images. This is because food
140 components consist of elements with comparable iataombers, and the X-rays applied are
141 polychromatic. This is mainly the case here whegnsmnting pure ice and unfrozen-matrix.
142 Within this framework and according to the imagimgthod developed by Vicent et al.
143  (2017), two reference samples were scanned angzacbbt the same settings as the frozen
144  carrot samples: (i) frozen distilled water was uded identify the X-ray attenuation
145  coefficients of pure ice crystals in frozen carfo);concentrated carrot juice was examined to

146  represent the X-ray attenuation coefficient of timérozen-matrix in frozen carrot tissue. As
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such, concentrated carrot juice (68 % Brix) wagpgared from carrot tissue juice (9 % Brix)
using a rotary evaporator (RE400, Staffordshire1SSTSA, UK) at 60 + 4°C. The
concentrated juice was stored at a temperaturedl® G and assumed to have a similar
concentration as the unfrozen matrix in frozenataissue at -18C.

2.5X-ray puCT imaging

X-ray UCT scans of frozen carrot samples were aedquising high-resolution X-ray micro-
computed tomography (DeskTom RX 130, Chavanod,d&@arhe frozen sample at -8
was gently placed into a cooling stage cylindeis tooling stage was made of phase change
material (PCM) designed to maintain the sample tatpre during the entire scanning
protocol. PCM consisted of NaCL (25 % w/w) and coencral blend gum (5 % w/w)
(Germantown Premium IC Blend, Danisco) was usedistlate both the samples and PCM
from the environment, the cooling stage was sumednby and covered with polystyrene
foam. From preliminary test, the use of PCM togethigh polystyrene foam during imaging
was sufficient to minimize the temperature differerio 2 °C, i.e., from -18 to -1 during
the entire scanning duration. An X-ray tube voltage60 kV was applied to capture 896
projection images with an exposure time of 0.2 rsppejection. A voxel resolution of 8/8m
was used for image acquisition. The projection iesagere recorded over a 360tation
with a step size of 0%4and required a total scanning time of 11 min @enge. After each
scan, the sample was placed back in the freezeat setemperature of -1°€ for sequential
storage. This enabled us to follow the microstriadtehanges for the same carrot sample

throughout the storage experiment.

XAct 2 software (RX Solution SAS, Chavanod, Franeg&s utilized to reconstruct the 3D
image from a series of X-ray radiograph projectiarsng the filtered back-projection
algorithm (Feldkamp et al., 1984). Noise filteriagd phase contrast correction were applied

to improve image quality. Reconstructed images were/erted to 8-bit precision to reduce
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the computational load during image processing. Sdaning and reconstruction procedures
outlined above were utilized to acquire CT imagkefazen carrot at each time point during
storage and were also used for the reference sample

Fresh carrot scans were acquired using a SkyScaa Higgh-resolution desktop X-rgyCT
(Bruker micro CT, Kontich, Belgium) at a voxel réagoon of 2.9 um. For comparison
purposes to the frozen samples, five replicateébefresh carrot tissue were imaged using the
optimized scanning and reconstruction workflowsadedtl by Vicent et al. (2017).

2.6 Image processing

A preliminary analysis was carried out from the istutbed central part of the CT images to
determine the representative elementary volume (REased on the method proposed by
Mendoza et al. (2007). The aim is to establishniiimum REV that provides representation
of the macroscopic properties of the product. REdlysis is a very common and important
feature in imaging and transport phenomena (Menébzd, 2007; Russ, 2016; Heinzl et al.,
2018). Vicent et al. (2017) applied this methodrazen apple tissue to assess the REV for
quantitative analysis of the 3D ice crystals durirepzing at different rates. Therefore, six
different volumes were subdivided from the sameksta carrot images by varying the sub-
volume length to 64, 128, 280, 340, 420 and 56@Ipix8.9 um per pixel). Thus, from each
sub-volume, three stacks of images from three rdiffe samples were analyzed. Then, the
average ice volume and standard deviation for tleeevolumes were computed. The
analytical procedure was carried out using Aviz@.®.software (FEI VSG, Bordeaux,

France).

2.7Image segmentation
In this study, the segmentation methodology deweopy Vicent et al. (2017) makes it
possible to segment the ice crystals in carrot bgrpanalysis of the X-ray attenuation

coefficients of the reference model samples, asriesl in Section 2.4. Fig. 3a shows a uCT-
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slice of frozen water representing ice at -X8 and Fig. 3b displays a puCT-slice of
concentrated carrot juice identified as represertie unfrozen-matrix in frozen carrot at -18
°C. The components in the pCT images of frozen tamany in density from low to high (as

shown in Fig 3c). As each voxel of the uCT imagey mamprise one or more components.
This has resulted in a large variation in intensignsity ranging from 0 to 255 greyscales
across the frozen carrot image is found. Thussthall black voxels in the carrot image (Fig.
3c) were identified as representing airspaces apte veasily segmented by applying a
minimum local threshold value. As a result of pretiary trials, the greyscale range between

0 and 20 was assumed to represent airspace (Fig. 3c

The greyscale intensity distributions of the refere samples, frozen water (black line as
shown in Fig. 3d) and concentrated carrot juiceydine as shown in Fig. 3d), were carefully
analyzed to identify the grey levels at which thezén phase can effectively be segmented
from an unfrozen matrix in the frozen carrot. I€&y( 3a) was found to have greyscale values
between 10 and 130 (black line in Fig. 3d), whibma@entrated carrot juice (Fig. 3b) resulted
in greyscale levels between 100 and 220 (greyihnEig. 3d). As expected, the greyscale
histogram of frozen carrot (dotted line in Fig. Werlapped with that of the two reference
samples, as it comprises both the frozen and usrfraoxels. A preliminary test suggested
that the majority of ice voxels had greyscale valbetween 20 and 120. Subsequently, these
threshold values of 20 and 120 were applied to dEN of frozen carrot (Fig. 5b-f) to
segment the ice fraction from the non-ice phasé&daan matrix) and air. Thus, CT greyscale
images were transformed into a binary image cangisif three phases: intercellular airspace,

ice and unfrozen phases.

2.8 Spatial resolution analysis
The spatial resolution of the CT image is relatethe smallest feature that can be visualized

or the smallest distance between two features ¢hat be resolved. A statistical method
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suggested by Hsieh (2009) was applied to identié/gpatial resolution at which the objects
with small density deviations can be identifiedc&fit et al. (2017) used this method to detect
the smallest ice crystals in the frozen apple &s#s such, the frozen water (Fig. 3a) was
subdivided into square regions of interest (ROIjhwlifferent sub-ROls of 100, 60, 30, 20,
15, 10, 8, 6, 4, 2 and 1 voxel lengths, each with $ub-ROI replicates. From each sub-ROlI,
the mean intensity value was computed, and thedatdndeviationsd) of the means were
then calculated. These steps were also done ocotieentrated carrot juice image (Fig. 3b),
given that both scans were imaged under the samditmms. The mean intensity difference
for objects to be distinguished was determinedet@ 2% based on &test with 4 degrees of
freedom at a 5 % significance level;is the standard deviation that was assumed tiée t
same for both frozen water and concentrated jWée.then established that a resolution of
two voxels (18 um) was the smallest resolution vidrich the greyscale level was still

significantly different between frozen water anescentrated juice.

2.9 Quantitative data analysis

For subsequent quantitative analysis, a waterskgaration was effectively utilized on binary
images of the frozen phase to separate the comhestecrystals. Fig. 4 demonstrates the
watershed separation procedure of frozen carrat,the region of interest (ROI) image is
presented in Fig. 4a followed by image segmentaiging the attenuation coefficients of the
reference samples (Fig. 3a and b). This ensuredtefé separation of ice crystals that were
touching each other and demonstrated their sizaldison. The separated ice crystals were
superimposed to the original CT image (Fig. 4agltecidate how well the ice crystals were
separated from each other (Fig. 4b). The separeg¢ecrystals were then labeled individually
as shown in Fig. 4c. This method has been apphiddozen apple tissue to distinguish ice
crystals formed during freezing (Vicent et al., 2Das well as in frozen potatoes to quantify

the 3D ice crystal structure (Zhao and Takhar, 201I@ facilitate quantitative analysis, the
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ice crystals intersecting the borders of the REW menerate improper structure information
that needs to be excluded by using a border kiltlume The separated ice crystal dataset
produced by Avizo Platform were imported into MatlR2015a, Mathworks Inc., Natick,
MA, U.S.A), where their ice size distributions wenealyzed in five replicates. Lastly, a two-
sample Kolmogorov-Smirnov tegh € 0.05) was carried out for statistical comparisbihe

data.

3. Results and discussion

3.1 Microstructural changes

Fig. 5a shows a uCT slice scan of fresh carroti¢issanned at a voxel resolution of 2.9 um.
The dark spots represent airspaces, and the ggeyneeshow the cellular matrix. Fig. 5b-f
shows CT cross-section slices of the same frozemtcaample acquired at different time
points during a two-month storage period under dynally changing temperature scenario.
The intermediate grey regions probably corresportie frozen phase in frozen carrot tissue.
The bright voxels correspond to the unfrozen-matrat comprises insoluble tissue materials
and unfrozen water that was not seen in freshdigSig. 5a). This is because the frozen phase
has a lower density than that of water, and theozeh matrix has a higher density than water
and lights up in brighter interconnected lines. THET images clearly show a patchwork of
oblong ice crystals with liquid concentrated juinebetween. By comparing the uCT cross-
section slices, the ice crystals visibly becomgdams storage time increases (Fig. 5b-f). This
can plausibly be explained by ice recrystallizatioccurring often during storage when
temperatures fluctuate. When the frozen carrot iguds temperature variations during
frozen storage, the small ice crystals are sulgettemelting-diffusion-refreezing cycles
leading to crystal growth (Ndoye and Alvarez, 200 et al.,, 2018). Guo et al. (2018)
recently revealed that the melting-refreezing madm is responsible for changes of ice

crystal morphology in ice cream during storage unkdermal variations.
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These results agree with previous studies focusedeocrystal growth during frozen storage
with temperature fluctuations. Ullah et al. (208#pwed that ice crystals formed in potatoes
were reported to increase in size as a functidghe@amplitude of the temperature fluctuations
and storage time. Enlargement of the ice crystadsiged the potato microstructure. Zhao and
Takhar (2017) investigated the evolution of icestay structure in frozen potatoes stored with
different amplitudes of temperature fluctuationsieDlo recrystallization both the ice crystal
size distribution as well as their spatial disttibn changed during storage (Hartel, 1998;
Zaritzky, 2000; Hagiwara et al., 2006; Ndoye ansglakéz, 2015). This was shown to lead to
microstructural changes in different frozen-foodatemials (Mousavi et al., 2007; Ullah et al.,
2014). The qualitative information in the uCT imagd the frozen carrot visibly prompted us
to quantitatively analyze them to obtain a compnshe insight into 3D ice crystal
morphology (size, number and spatial distribution).

3.2Representative elementary volume analysis

A representative elementary volume (REV) analysihe ice-volume fraction was conducted
on three different sub-volume images of frozen atarfor each sub-volume, the mean ice
volume fraction was computed from the ratio of wwdame segmented divided by the total
volume of the REV considered. The results showedstatistical differences between the
mean ice-volume fractions computed from the difiérsub-volumes as shown in Fig. 6.
However, a trend was identified: it was observeat the standard deviation decreased as the
sub-volume size increased. For the smallest submwelsize of 0.18 m the computed
standard deviation was 2.07 % compared with 1.4@r% sub-volume size of 1.48 minThe
statistical data show the variability to decreasetl®e sub-volume (REV) increases. The
largest sub-volume selected, i.e., 123.8%nhad a standard deviation as small as 0.53 %.
Sub-volumes larger than 123.8 rhmere not considered because they may includeatretc

sample boundaries, which may be damaged duringap®pn, resulting in different
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macroscopic structures of the analyzed sub-voluangte. The results indicate that a REV of
340 x 340 x 340 voxels equivalent to a volume of727mn¥, showed no appreciable
difference in the standard deviation with the latgeample volume as shown in Fig. 6.
Therefore, this REV was selected as the best fon sat of images for further quantitative
analysis to provide representation of the macrasqmoperties of the frozen carrot.

3.3Ice crystal quantification

To facilitate quantitative analysis, a watershegasation was applied to separate the
connected ice crystals as described in SectionTaBle 1 shows the quantitative parameters
of ice crystals, including crystal size distributjahe mean ice crystal count and the mean
equivalent diameter analyzed in five replicatesdach time point. For comparison purposes,
these mean values for each parameter were stalligtanalyzed over a two-month storage
period under dynamically changing temperature. At & large numbefN = 1980 + 80) of
small crystals were found with a mean equivaleatrgiter equal to 246 + 15.9 um (Table 1).
This value concurs well with those of Voda et a0X2) and van der Sman et al. (2013). Both
studies considered carrot tissue during freezin@&fC and reported the ice crystal sizes of
239 pm and 241 um, respectively. After 7 d of ggerainder dynamically changing
temperature, the mean equivalent diameter increas&di2 + 13.2 um while the average
crystal count decreased td = 1650 = 60 (Table 1). During further storage tnean
equivalent diameter and number of ice crystals ingptl to increase and decrease,
respectively, until 60 d the mean equivalent ciystameter was as much as 578 £ 27.6 um
with a reduction in the total number of ice crystedN = 670 = 160 (Table 1). Until 30 d the
mean equivalent diameter of the ice crystals wasdao be significantly different at every
subsequent storage timp € 0.05), but not after 30 d. Similar conclusionsildobe drawn
with respect to the number of ice crystals. The pemnof ice crystal decreased during 30 d of

storage, presumably because smaller crystals malteldrefroze on larger crystals. This
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decreasing trend in the ice crystal count was ndtedhg 30 d period of storage. After 30 d
no further significantly changes in the total numbkice crystals were observed. In addition,
the median equivalent diameter of the ice crystatseased from 236 + 24.8 um, to 305 +
20.0 pm, 385 £ 23.2 um, 508 £ 43.6 ymand 544 @AM at0d, 7 d, 14 d, 30 d and 60 d of
storage, respectively (Table 1).

Several studies have shown similar ice crystal gnaturing storage, especially in a context
of temperature abuse. Ullah et al. (2014) and Zasb Takhar (2017) worked with frozen
potatoes during storage under temperature flucmatover a 30 d period. Ullah et al. (2014)
reported a mean equivalent ice crystal diameteé284£34 pum in the control potato samples
stored at -8GC. During a storage period of 10 d at fluctuatiegperatures ranging from -17
°C to -16°C, the mean crystal diameter increased to 431.89 \When the amplitude of
temperature fluctuations increased from °C7to -11°C for the next 10 d, the mean crystal
size increased to 593.07 um. Finally, a larger nmegnvalent diameter of 605.03 um was
reported following large temperature fluctuatioris-17 °C to -7°C during the last 10 d of
storage. Zhao and Takhar (2017) reported a meaivatgnt diameter of 112.66 um in a
control potato sample at -8C and showed a growth trend in the mean crystal dizing
storage. Samples stored at 27to -16°C for 14 d showed a mean equivalent diameter of
223.35 um. The ice crystal size grew to 508.01 pmatato samples stored at X7 to -11

°C for the next 14 d. Large ice crystals with a msiae of 832.84 um were found after 14 d
of storage with a large amplitude of fluctuatingnperatures from -17C to -7 °C. The
authors suggested that ice crystal growth is dubasmaller crystals merging with large ice
crystals, and this process was influenced by teatper fluctuations. A reduction in the total
number of ice crystals was also stated.

The difference between mean ice crystal sizes tegan the literature for frozen potatoes

and in this work for carrots might be due to thiéedences in histology. Mousavi et al. (2007)
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showed that different food materials (carrot andafm) produce different ice crystal
morphology as well as different microstructure dgrifreezing. Ullah et al. (2014) also
reported different ice crystal data in potatoesirdyrstorage under stepwise increasing
temperature fluctuations, which was concurred lgyrdsults of Zhao and Takhar (2017). In
our study we investigated scenarios with regulalseuike temperature changes. The
differences in ice crystal size and number betwaanstudy and that of Ullah et al. (2014)
may be a consequence of the different temperatuélgs or differences in materials
properties of potato and carrot tissue. For examihle viscosity of the unfrozen phase
depends on its chemical composition and deterntioesfast water diffuses towards the ice
nuclei, thus defining the recrystallization rate.

The results of the current study revealed thanhtkan size of ice crystals increased in frozen
carrot during one month of storage with dynamicalyanging temperature, while the total
number of the ice crystal decreased accordinglg. iT$e in temperature from -£8 to -5°C
during dynamic storage likely influenced molecutaobility and ice recrystallization as water
molecules in small crystals are more weakly boumahtin large crystals (Hartel, 1998;
Hagiwara et al., 2006).

Donhowe and Hartel (1996) showed a similar trengt®fcrystal growth in ice cream during
bulk storage under temperature fluctuations. Weebelthat the enlargement of ice crystals in
carrot in our experiments was due to the Ostwagleilniing mechanism occurring during frozen
storage. However, the ice crystal growth rate Watobserved in frozen carrot was less than
those reported for ice cream by Donhowe and H&t&96). The extent to which ice crystals
grow in carrot could be explained by the presenicthe cell wall, which might acts as a
structural barrier for ice recrystallization. Theellcwalls are composed of cellulose
microfibrils, pectin, hemicellulose and glycoproiei embedded in a highly cross-linked

matrix of polysaccharide (Préstamo et al., 1998)this way, the water molecules can be
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trapped by these network structures of the unfranatrix and forms a gel-like structure
(Waldron et al., 2003; Agoda-Tandjawa et al., 20T2js may alter the rheological behavior
and reduce the molecular mobility of water. Thisynadso explain why the rate of ice
recrystallization is faster in ice cream, which sloeot have cell walls or equivalent
microstructural features.

The physical state of the food products at sub-remgperatures is strongly correlated to the
glass transition temperaturg;(). Ty of the product refers to the transformation pmhthe
product matrix into a glassy state, i.e., at a m@re belowly'. The molecular mobility of
the material then becomes extremely slow due td higcosity. In a glass state, the
undesirable changes that are diffusion-controlle;h as ice-recrystallization are greatly
restricted. Generally, frozen foods stored at apexature belowly are considered highly
stable (Fennema, 1996; Reid, 1998; Roos, 1998) tlaefore have a high storability. In
contrast, in the rubbery state, i.e., at a tempegabovely and below the freezing point, the
viscosity decreases and the molecular mobilityaases (Goff, 1992, 1994; Goff et al., 1993;
Reid, 1998; Roos, 1998). Changes of ice crystats mecur and lead to microstructure
alteration and subsequently affect quality duringragge. The rate of diffusion-controlled
phenomena, such as ice crystal growth is highlgtedl to the magnitude of the temperature
difference, and increases exponentially with insie@ temperature difference according to
the Williams-Landel-Ferry theory (Sutton et al.,969 Ablett et al., 2002). Hence, the
proximity to the glass transition temperature af groduct describes the rate at which ice
recrystallization proceed. Gongalves et al. (200@asured the glass transition temperature in
carrot to be approximately -3€. This suggests that during our dynamic storage@xents,

the carrot samples were in the rubbery state abgaito diffusion phenomena.
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3.41ce crystal size distributions

The ice crystal size distribution was analyzedive feplicate carrot samples and was found
to be significantly differentp < 0.05) for each time point (Fig. 7). There wasgniicant
shift in ice crystal size distribution to largerystal sizes for each time point during two
months of storage under dynamically changing teatpeg. The carrot samples after freezing
and before storage, i.e., at 0 d, shows a muchiemieé crystal size distribution ranging from
20 to over 59Qum (dotted line in Fig. 7) and the range was narratlvan that of the stored
carrot samples. During storage, a gradual changeiorystal size distribution was observed.
The results clearly revealed that the crystal dis&ibutions become broader as storage time
increases, in line with the changes of mean crystad reported in Section 3.3. Larger ice
crystals were formed over a long period of storagia dynamically changing temperature,
and lead to microstructural changes of carrot ésstmucture. Analogous to ice crystal size
distribution in frozen carrot, Mousavi et al. (20@howed a larger ice crystal size distribution
ranging from 400 to 120@m during freezing at -8C. The ice crystal size distribution
reported by Mousavi et al. (2007) in carrot diffén@am ours immediately after freezing, i.e.,
at 0 d. This is because Mousavi et al. froze caaatples at a slow freezing rate of @8per
min as compared to the fast freezing rate of°@.Jper min that we employed. In a previous
article (Vicentet al., 2017)we showed that different freezing rates produaéérdnt frozen
apple tissue microstructures, as well as differemtcrystal distributions. Larger crystals are
formed during slow freezing rates, whereas fastZireg rates produce relatively smaller ice
crystals. Voda et al. (2012) showed that carrsiutisfrozen at -28C had an ice crystal size
distribution ranging between 10 and 100®. However, no other data on ice crystal size

distribution changes in frozen carrot during steragre found in the literature.
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3.53D microstructure of ice crystals

Fig. 8 shows the 3D models of the crystal sizesgasn carrot during a two-month period of
storage under dynamically changing temperature.sEparated ice crystals were assigned to
different labels to elucidate different size clasg@oughout storage. 3D volume renderings of
the isolated ice crystal data evidently show amease in ice crystal size as a function of
storage time. At 0 d crystals are small but thegwgwhile becoming less in number as
storage time increases. Large ice crystals cleadw at the expense of small crystals during
storage under dynamically changing temperaturecigstal growth may cause cell rupture
and thus degrade quality. This reduces storagealii@ commercial value of the product
during the cold chain. Vicent et al. (2018) repdrthat quality changes (i.e., drip loss) in
frozen apple tissue were due to ice recrystalbbratduring storage with temperature
fluctuations. 3D X-ray pCT imaging of ice crystatscarrot tissue provided a unique and
noninvasive means of visualizing and quantifying acystal growth during dynamic storage.
This is in contrast to the imaging approach that ien utilized in the literature (Mousavi et
al., 2007; Ullah et al., 2014; Zhao and Takhar, ZJ0TThese authors assumed that void
structures formed in freeze-dried food materialgresented the ice crystal morphology.
However, Voda et al. (2012) showed that the fresdhgg process may possibly impair the
microstructure of frozen foods through shrinkagésoAit is difficult to make a distinction
between the air pores that were present in theomefr sample and those were created by the
freeze-drying process due to dehydration of this.c€his leads to errors in the estimation of
the ice crystal size, shape and spatial distributiveeze-drying thus may yield inconsistent

and incomplete results.

3.6 Pore analysis
For comparison purposes, the pore structures ishfrend frozen carrot samples were

quantified based on the optimized greyscale legelairspaces as discussed in Section 2.7.
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Fig. 5b-f clearly show a smaller pore size in frozarrot scans compared with that of fresh
carrot (Fig. 5a). Fresh samples had a mean poiligadent diameter of 38.43 + 2.81 um with
mean pore sphericity, i.e., shape factor of 0.89.34. Frozen samples (0 d) had a smaller
mean pore diameter of 29.70 = 2.44 um, with a n@ame sphericity of 0.81 £ 0.06. No
significantly changes between mean pore equiva@ameters were found for each time point
during storage, and also the frozen carrots showeedifference in mean pore sphericity.
Small pore sizes in frozen samples may be attribtdace formation that has larger specific
volume than water. This expands into the intratallspace leads to shrinkage and may
distort the airspaces. This is similar to the rsstgported by Vicent et al. (2017) for apple
tissue during freezing at the different rates. @éhors showed that the pore sizes become
narrower regardless of the different freezing coads employed. The low contrast between
cell walls and intracellular materials in the frestrrot sample inevitably leads to the inability
to segment cells. Voda et al. (2012) found celirgiters in carrot ranging from 20 to 100 pm.
The authors suggested that the cells' size vageértling on the age of the carrot. van Dalen
et al. (2013) showed that after freezing at °2&he mean cell length was 100 pm compared

to a maximum crystal length size of 3000 um.

Vegetables, including carrot are microstructured emnsist of cells, interconnected cell walls
and intercellular airspaces of different sizes ahdpes (Voda et al., 2012; van Dalen et al.,
2013). Microstructural organization has been recmgh as one of the key elements in
describing quality and stability of foods (Aguilerd005; Ho et al.,, 2013). The frozen
vegetables industry is often faced with temperatabeise scenarios that lead to ice
recrystallization. Enlargement of ice crystals arrot cortex tissue damages tissue and cell
structures, thus decreases the water-holding dgpaed causing the water-soluble nutrients
to leach out during thawing. This affects the pidmicrostructure and ultimately impairs

storage life and food quality, such as drip losnsery and textural changes as well as
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nutritional value (Agnelli and Mascheroni, 2002;,u€ret al., 2009; Gongalves et al., 2011a,
2011b; Vicent et al., 2018). To minimize these wn@ddle changes the temperature variations

throughout frozen storage and distribution sho@ddntrolled.

The results presented in this study show that copgsed imaging provides 3D ice crystal
structure information of frozen foods, providingwneuantitative data on carrot. In our
previous work, we developed the 3D imaging basedyars to visualize and quantify the 3D
microstructure and ice crystal distribution aftes freezing process (Vicent et al., 2017). Here
the method was used to investigate changes ofrystats in carrot tissue during storage and

showed important process-microstructure-interastiarthis vegetable.

Food engineers will thus take home from this wdwdt 3D ice crystal analysis is possible and
useful to understand frozen vegetable microstraectoy nondestructive means. It is an
important additional technique for assessing vdgetguality during frozen storage and
distribution, which was previously missing. Withghvork we see evidence of mechanisms of
ice crystal growth as well as decrease of the numbiee crystals, which concurs with earlier
theoretical work. In our opinion such data is vecgrce today and of great interest to the food

engineering community.

4. Conclusion

In this work, ice recrystallization phenomenon wasgestigated by analyzing the 3D ice
crystal count and size distributions in frozen gaitissue using X-ray HCT under dynamically
changing temperature. The ice crystal size diginbg was found to become broader for each
time point with an increase in the size of ice tals Moreover, a reduction in the total
number of ice crystals was observed in carrot duarntwo-month storage period. It can be

concluded that X-ray pCT provides a vast potertbaimage the 3D microstructure of ice
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crystals without significant preparation of the gden It can thus be used for quality-control
processes of frozen vegetables in the cold staadalistribution sector.

Quantitative data sets obtained from the 3D imagihgce crystals are also useful for
modeling purposes at the microscopic level to aeq@ better understanding of the
microstructural changes induced at the macroscepade. Such a model, describing the
population ice crystal size distribution and enetmplance, will be developed to better
understand and predict ice recrystallization, whechnked to the microstructural and quality
changes in plant-based food materials during frog@rage under temperature abuse

conditions.
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Figure and Table captions

Tempearature (°C)

14 mm

0 ] 2 3 4 5
Storage Period (d)

(b) (c)

Fig. 1.(a) A simplified schematic representation showingdiferent regions of carrot tissue

(parenchyma cells, vascular tissue and peripheoatex tissue).(b) Excision of the
cylindrical carrot samples fatCT imaging, excluding the core region (parenchyrabskt
The air-temperature profile shows a dynamicallyngiag condition during a two-month

period of frozen storagg).
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Fig. 2. Freezing curve demonstrates the differegpssduring freezing process of the carrot

tissue samples.
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Fig. 3. CT cross-section slices of frozen wa#r ¢oncentrated carrot juice stored at °C3
(b), and frozen carrotj imaged using X-ray Computed Tomography with aelarsolution
of 8.9 um. (d) shows the greyscale intensity histogram of frozester (black line),
concentrated carrot juice (grey line) and frozematgdotted line). The threshold values of 20
and 120 (shown by the two arrows) were appliedhtse €T images of the carrots to label

voxels as frozen, unfrozen and air.



Fig. 4. Image processing procedure implementedvizdA(Image analysis software) for the
HCT image of frozen carrot tissue) (Region of Interest (ROI) image followed by image
segmentation using the attenuation coefficientshef reference sampled))(separated ice

crystals using the watershed separation module(@mabeling of separated ice crystals.



Fig. 5. uCT slice of fresh carrot tissw;(the black voxels represent airspaces, the gogglg correspond to cells. CT cross-section sld¢ke

same frozen carrot sample after freezing at B)dgnd during 7 dd), 14 d €), 30 d € and 60 df( of storage under dynamically changing
temperature. The black voxels represent the aiespakhe dark grey regions correspond to ice ciystaid the light grey voxels denote the
unfrozen matrix. Fresh carrot was scanned usingyacan 1172 CT system at a voxel resolution ofidr frozen samples were imaged using

X-ray UCT (DeskTom RX 130) at a voxel resolutiorBdum. The scale bar represents 2000.
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Fig. 6. Histogram plot shows the mean ice-volunaetions for the different sub-volume sizes
analyzed to compute the representative elementalyme (REV). The mean data were
analyzed in triplicate stacks of images of frozarrat. Error bars indicate the standard errors

of the calculated mean ice volume fraction.
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Fig. 7. Ice crystal size distribution in frozen rodr samples stored under dynamically
changing temperature during a two-month period. €amulative distribution data were
based on the analysis of five replicates for eanb-point. The sample size was 340 x 340 x

340 voxels at a voxel size of Q.
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Fig. 8. 3D volume renderings of the isolated icgstal data of the same carrot tissue sample stameddr dynamically changing temperature
scenarios over a two-month storage period. Icetalg/svere segmented and separated according im#gng analysis suggested by Vicent et
al. (2017). Ice crystals were subsequently andsiddally labeled based on their equivalent dianseterdescribe the different size classes. The

3D models represent 240 x 240 x 240 voxels at ahaixe of 8.9 prh



Table caption

Table 1

Ice crystal size distribution, mean equivalent ddgan, median equivalent diameter and mean numbieeafrystals during a two-month period
of storage with dynamically changing temperaturea and median values of the separated ice crystasrot were based on the analysis of
five replicate samples of images for each time fpdtean and median values are represented with skendard deviationsc@¢& S.D.), values

with different superscripts for each parameterdaté that the means are significantly differer{pat 0.05).

Storage time  Ice crystal size range Mean equivalent Median equivalent Mean number of
(d) (um) diameter (um) diameter (um) crystals
0 20 - 590 246 + 15% 236 +24.8 1980 + 80
7 20 - 815 342 + 132 305 + 20.6 1650 + 60
14 20 - 940 394 + 1855 385 +23.2 1450 + 100
30 20 - 1170 525 + 2810 508 + 43.6 940 + 120
60 20 - 1450 578 + 276 544 + 22.0 670 + 160
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Highlights
» X-ray PCT imaging was performed to visualize the 3D ice crystal growth during

storage.

* lcecrysta sizeincreases with increase storage time under dynamic temperatures.

» Number of ice crystals decreased over a period of storage

» 3D image analysisto quantify ice crystal changesin carrot tissue during storage.



