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Abstract

Pulsed electric fields, ultrasound, osmotic dehydration and high pressure horaatieniare
innovative non-thermal technologies which are attracting a growing intereshe fruit and
vegetables sector because they allow processing of foodstuff with minimal drawbacks on their
quality. In the present PhD thesis, these technologies were investigated fromstuuctural
and metabolic point of view to provide evidence of the induced changes vduuald lead to
potential benefits or disadvantages for different industrial purposes. Novel mstheere
developed and tested to assess the impact of the technologieglant tissue and to provide

tools for the optimization of the relevant parameters on industrial scale.

Microstructural modifications produceby ultrasound and pulsed electric fields treatments
were studied by observing the subcellular water redistribution which was foubé tmrrelated
with mass transfer kinetics. Both reversible and irreversible electroporatiom bygh electric
fields enhanced the water and solute migrations when combined with osmotic dehydration in
apple and strawberry tissues. Similarly, the addition of calcium and ascorbitosalsucrose
osmotic solution led to the alteration of the membranes permeability with consequent

increase of water removal and solutes entrance in the plant tissue.

The metabolic response induced by non-thermal technologies was evaluated in ¢érrell
viability, metabolic heat production and respiration rate while a metalrat approach was
adopted to finely explore the impact on specific metabolic pathways. High concentrations of
ascorbic acid or high voltages applied to apple tissue markedly droppedetheviability.
Moreover, high electric field strengths affected both the anaerobic respiration pathways and
the gamma-aminobutyric acid metabolisntigh pressure homogenization, applied to a
mandarin juice, influenced the microbial degradation pathways as a functigheoépplied

pressure level.

Keywords Pulsed electric fields; Ultrasound; Osmotic dehydration; High pressure
homogenization; Microstructure; Metabolism; Plant tissue; Mass transfer; Nuclear etiagn

resonance; Isothermal calorimetry.



Abstract [Italiano]

Tecnologie innovative non-termiche come campi elettrici pulsati, ultrasuasigrdtazione
osmotica e alte pressione di omogeneizzazione stanno attirando un forte $stereel settore
ortofrutticolo perché permettono il trattamento di frutta e verdura con minieffetti negativi
sulla qualita dei prodotti. La tesi di dottorato aveva come scopstudio dei cambiamenti
microstrutturali e metabolici che possono portare vantaggi o svantaggi per dimensdustriali.
Eu}A] u 8} ] [ v o]*] }v} 8 8] sAlopu%e % 3]V S0G[BI%%SEE 00dA opus |
tecnologie su matrici vegetali e per fornireS E pu v3] ] u]epE % E o[}33]ulll I]}v

controllo di possibili applicazioni industriali.

Le modifiche microstrutturali a seguito di trattamenti con ultrasuoni e campi atefrilsati
sono state studiate misurand® @€ ]*3E] pli]}v compartimentv céllulari che é
risultata correlata con le cinetiche di trasferimento di ma¥sa>[ 0 $3E}%}E 1]}v ] E A E-]
°] JEE A E+] Jo }ApuS o00[ %%o0] 1]}v 1 bapermessSdE] ] 08} /
accelerare, in combinazione con trattamenti osmotici, la migrazioaealia e soluti nei tessuti
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di saccarosio ha alterato la permeabilita delle membrane con conseguente aumerdao dell
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La risposta metabolica indotta dialtecnologie non-termiche é stata valutata in termini di
vitalita cellulare, produzione di calore metabolico e tasso di respinazainentre il loro impatto
su specifiche vie metaboliche é stato studiato attraverso un approccio metalmmorite

v Vv3E I]}v ] ]} «YE 1} } of] %% 0] 1]}v ] wéinmd}lod PP] § o
diminuito sensibilmente la vitalita cellulare. Inoltre, campi elettrici ad altanisita hanno
influenzat} o0 @& *%]E 1]}v v E} ] ]o u gamiajenoninobtirficol Alte
pressioni di omogeneizzazione, applicate ad un succo di mandarino, handificato vie

metaboliche degradative microbiologiche in funzione della pressione raggiunta.

Parole chiave Campi elettrici pulsati; Ultrasuoni; Disidratazione osmotica; Alte pressione
omogeneizzazione; Microstruttura; Metabolismo; Tessuto vegetale; Trasferimento damas

Risonanza magnetica nucleare; Calorimetria in isoterma.
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1. Introduction and objectives

Innovative non-thermal technologies are attracting a growing interest in foodsinigs
because they enable improving the effectiveness of several manufacturing processes with
minimal or no drawbacks on the overall food quality. Historically, non-thétraatments were
initially focused on the replacement of heat-based processes to reduce microbial
contaminations and, simultaneously, to preserve the sensorial and nutritiaha¢s typical of
the raw materials (Raso & Barbosa-Canovas, 2003). In the recent years, they are gaining
importance for other purposes, including for instance the formulation of nowa foroducts or

the enhancement of the process yields (Knorr et al., 2011).

In this respect, non-thermal technologies able to affect mass transfer in fruivagdtables
tissues were the main target of the present PhD thesis. Namely osmotic dehydration (OD),
pulsed electric fields (PEF), ultrasound (US) and high pressure homogenization (HPH) were
considered for different potential industrial purposes. Moreover, specific studies watried
out to evaluate the feasible combination of the innovative technolotpeisnprove the overall

effectiveness of the processes.

Despite the different mechanisms of action, the potential industrial applicationsowél
technologies for fruit and vegetables processing are commonly limited by theflaokwledge
related to the complex microstructural and metabolic changes induced by the new pesces
Those modifications require reliable tools for their assessment, therefore, the present PhD
thesis introduced also the employment of innovative methodologies developed ancethiio

advance the understanding of the process-product relationship.

The present PhD project resulted in the publication of ten peer-reviguagbrs which were

aimed at studying:

f Microstructural modifications in: apple tissue promoted by osmotic dehydnatiath
binary and tertiary solutionsP@perlll), pulsed electric fields applied aloreapersll, X)
or in combination with osmotic dehydratioRPéperlV); strawberry tissue processed with
pulsed electric fields and osmotic treatmenBaper|X); mushroom by-products treated
with pulsed electric fields and/or ultrasounBgperVIil);

f Metabolic response in: apple tissue upon pulsed electric fidtép€rV) or osmotically
dehydrated PaperVIl); mandarin juice enriched with trehalose which underwent high
pressure homogenization treatment®dper VI); moreover, a novel approach for the

assessment of metabolite changes in foodstuffs was described in a révaeger().



These papers can also be clustered, according to the applied food process technology or their

combination in:

f Osmotic dehydrationRapersdlil, 1V, VII, 1X)

f Pulsed electric field$@persli, IV, V, VI, X, X)
f Ultrasound PaperVIil)

f High pressure homogenizatioRgperVI)

The following sections of the manuscript are adrat highlighting the main findings with a
special focus on their industrial relevance, including beneficial effects of the novel teclasologi
and potential drawbacks which can limit their industrial applications. Chapteeybdiescribes
the most relevant microstructural and metabolic features of the plant tissues generally
influenced by the application of food technologies. Novel methods, tailored to lpdosed for
the evaluation of the biological effects of the applied technologies, are summarizghpter
3. Finally, chapter 4 is dedicated to the introduction of the main resuttssoéxperimental trials

published in the papers, sorted by studied technology.
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2. Overview of food plant tissue

2.1 Microstructure

Cell microstructure of plant food is often described as a multi-compartmental structureswher
several organelles serve physical and metabolic functions. Fig. 1 illustrateslifiedihmodel of
plant cells. Plasma membrane and tonoplast respectively delimit cytoplasmic/aouble
spaces. Vacuoles are multifunctional organelles which play a strategic role in plantuiegsto
For instance, vacuoles store ions, metabolites, pigments and they are lytic compartmgnts wi
a fundamental role in detoxification and homeostasis processes (Mar®g).1Bood processing
operations frequently influence the integrity of vacuoles by altering the tonoplagheir
content that indirectly affect their functionality (Hills & Remigereau, 1997; Sani@gapal.,
2013).

Vacuole contains the largest amount of water and solutes within a plant cell, ngaahito
90 % of the cell volume while the remaining cell inner space is ceatpby cytoplasm (Hedrich
& Neher, 1987). However, scientific literature reports that the highest amount ofbadic
activities occur within the cytoplasmic space (Matile, 2012). Among thrmsports of sugars,
organic acids, ions across tonoplast and plasma membrane are basic metabolion&incti
commonly altered by food processing. Cell homeostasis and viabidipendi on the
concentration of solutes which, in turn, is dependent on the proper functiondiityetransport

mechanisms (Aguilera, Chiralt, & Fito, 2003).

Vacuole

{

Cytoplasm
Extracellular space T
Tonoplast

Plasma membrane

Fig. 1 Simplified model of apple parenchyma cells

Externally to the plasma membrane, three networks, which include cellulose/hduhisss,
pectin polymers and structural proteins, characterized the cell wall. Chemicaficatidins of
these structural constituents can result in macroscopic changes of the technological features,
for instance textural behaviour, of the derived plant products. However, iateupies the
largest volume, it plays a role in the interaction between wall componentscam$equentially,

regulates the cell structure preservation and functionality (Jackman & Stanley, 1995).
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In general, modifications in microstructure related to interactions water-water, watrts,
water-macromolecules and solute-macromolecules, influence fruit proprieties and consumer
perception (Nieto, Vicente, Hodara, Castro, & Alzamora, 2013). These modificattudei
changes in water content, mobility, distribution or biopolymer composiand arrangement as

a function of different technology treatments.

2.2 Metabolism

Plant tissue metabolism involves many metabolic pathways which in turnsfarericed by
several endogenous and exogenous factors. Plant food quality mainly depends ayeeods
postharvest metabolism and process technologies which can trigger, inhibit omadtabolic
pathways. Generally, conversion of starch and organic acids to sugars, prodafctiolatile
compounds, modifications of cell wall are the key changes of the postharvesingp@iacRae,
Quick, Benker, & Stitt, 1992). In the last decades, several non-thermal techniques, such as
osmotic or vacuum treatments, were employed to prevent or reduce the ripeming
senescence of fruit and vegetables. Modified atmosphere packaging and dipping treatments are
becoming more popular in food industries to lower the respiration rate of plaod and delay

the senescence effects (Rocculi, Cocci, Romani, Sacchetti, & Dalla Rosa, 2009).

Plant metabolism, including respiration, often requires molecular oxygen forngbeu of
degradative and biosynthetic purposes. However, when plant tissue is subjected to lower
concentration of oxygen, anaerobic pathways can be triggered. This typically occurs under
certain storage conditions and may affect the entire fruit/vegetable or only a paheoplant.

As a consequence of anaerobic conditions, increased concentrations of ethanol, lactate ala
are usually verified along with the development of off-flavours (Ricard et al4)18%ng with
aerobic and anaerobic respiration metabolism, the development of secondary metsboiit

plant tissue is an effect of the plant stress. Mechanical stress, minimal processing, abiotic
responses can lead to the accumulation of secondary metabolites with potential b@acti

effects on human health (Galindo, Sjéholm, Rasmusson, Widell, & Kaack, 2007).

Manufacturing steps, for instance cutting and peeling in fresh-cut productions, increase th
respiration rate and simultaneously promote modifications on the secondary rottes,
generally quickening senescence phenomena with effects on texture, colour and flavour
(Cortellino, Gobbi, Bianchi, & Rizzolo, 2015). In this contexglriechnologies can drastically
affect the postharvest metabolism and potentially trigger stress responses, with positive o
negative implications for food quality. Examples are the positive effects onrgomieservation

obtained by applying atmospheric gas plasma in fresh-cut apples production. Enzymatic
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browning of apples was significantly lowered due to the inhibition of thiygi®enol oxidase
activity upon gas plasma treatment (Tappi et al., 2014). Similarly, this dkgy enabled
preventing blackening of potato by reducing both polyphenol oxidase and ideseactivities
(BuBler, Ehlbeck, & Schliter, 2017).

Another innovative technology, i.e. pulsed electric fields, have been fourgivio rise to
results strictly dependent on the treated plant product and the applied process parameters. In
a case study, the oxidation of apple tissue was induced, leading to brownitgyalechanges
along with a marked mass loss which might compromise the industrial applic@idior,
Schulz, Voigt, Witrowa-Rajchert, & Knorr, 2015). Moreover, pulsed electric fields have been
demonstrated to positively boost the development of several valuable secondary olig¢stin
juices, enhancing their nutritional features. For instance, tomato and watermelon juices showed

ZIPZ & wu}pvs }( VvS]}A] vS }u%o}puv-cdbtene and vitangn CévhenU t
subjected to high intensity pulsed electric fields (Odriozola-SerranoaSedituny, Hernandez-
Jover, & Martin-Belloso, 2009; Oms-Oliu, Odriozola-Serrano, Sotivan;a& Martin-Belloso,
2009).
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3. Innovative tools for the quality assessment

3.1 Microstructural modifications

Optical or light microscopy has been widely used to study and characterize plant tisglies
cell microstructure. The simple and immediate visualization of the tissue allows yirectl
observing its native microstructure or the modifications caused by foodgssing. In recent
years, microscopic evaluation was often improved by the employment of sgasofutions
aiming at discovering modifications in specific organelles. The use of neutral réghtgimtact
vacuoles and have been proposed for the microscopic investigation of thested tissue
(Thebud & Santarius, 1982) or pulsed electric fields (Fincan & Dejmek, 2002). @icticatopy
has been also coupled with fluorescence lamps and dyes in order to \ascaliziability upon
technological processes. Indeed, fluorescein diacetate allows estimating adivieead cells for
instance when plant tissue was desiccated or frozen (Halperin & Koster, 2006; Velickoya et al
2013). InPaper Il osmotic dehydration of apples was carried out by using sucrose in
combination with calcium lactate and ascorbic acid. Both neutral red and fluoreseertate
dyes were used along with light and fluorescence microscopy to investibatintegrity of
tonoplast and plasma membranes when different concentrations of solutes wepéedp
Furthermore, fluorescence microscopy was similarly applieBaperIX. The cell membrane
integrity was studied in strawberries which underwent osmotic dehydration assisted with pulsed

electric fields pre-treatment, at different electric field strengths.

Light microscopy provides a fast overview of the integrity of cells and trganelles,
however, only qualitative evaluations can be carried out by using theaabentioned methods.
Quantitative microstructural information, on the contrary, can be obtained by meansaéar
magnetic resonance relaxometry, also called time domain nuclear magnetic reso(aD-
NMR). The diverse interaction between proton pools located in different cell compats
gives rise to different relaxation times (Van Duynhoven, Voda, Witek, & Van As, Z0i0)
principle can be exploited to investigate the water distribution within thesue and its
redistribution as a function of the applied technologies. For instance, the techniqee wa
successfully employed to evaluate microstructural modifications of kiwifruit dursrgotic
dehydration (Santagapita et al., 2013) or ultrasound assisted treatments (Nowacka, Tylewicz,
Laghi, Dalla Rosa, & Witrowa-Rajchert, 2014). In particular, transverse relaxago(iRirand
water self-diffusion coefficients ([phave been found to be significantly affected by the process
parameters resulting in a fast, non-destructive, quantitative monitor of the effect otlnov

technologies on product quality. This approach was adopted for the studyvefradefood
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processing operations describedRaperdl, lll, 1V, VI, IX. Water redistribution during osmotic
dehydration of apples and strawberries with different solutions was successfully monitored with
this technique. A reliable comparison between the effects of ultrasound arsg@g@lectric field

on mushroom microstructure was also achieved. Furthermore, TD-NMR along with the
employment of a contrast agent solution (Fig. 2) eased the detection of revewsibreversible

damages of cell membranes upon various pulsed electric fields treatments.
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Fig. 2 Water distribution aided with a contrast agent: example of a spectrum (A) and cell model (B)

While TD-NMR enabled evaluating the extent of electroporation (i.e. cell damage caused b
high voltage) in its reversible and irreversible form, it was not ablengasure its spatial
distribution through the plant tissue. However, multiparametric magnetic resonanceirigiag
(MRI) can be used to overcome this drawback & vi U iU~ E" U }AE U
2016). The method abovementioned based on TD-NMR with the addition of thesbagent
was adapted and tailored to MRI analysis to simultaneously measure the extent of
electroporation and its spatial distribution through the apple tisdBaper Xwas dedicated to
the optimization of the MRI sequences which resulted in a generation of images based on both
longitudinal (T) and transverse ¢J relaxation time, within few minutes. Eventually, this led to
the accurate description of the spatially distributed microstructural modifications prombyed

pulsed electric fields as well as their kinetics.

3.2 Metabolic response

The application of external energy inputs during fruit and vegetables processing can promote
metabolic stress responses which might limit the industrial application of novel ddmiies.
Especially novel forms of energy delivery to plant food, such as atmospheric gas plasma
pulsed electric fields, can trigger unknown and uncommon metabolic pathwasecdnt years,
isothermal microcalorimetry has been introduced in the food technology fielgatio insight
into the overall metabolic response of plant tissue. In standardized experimentditioms,
microcalorimetric results, often coupled with gas compaosition analysis, i.e. oxygsuarmption
and carbon dioxide production, have revealed to be able to reliably aisline nonspecific
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gross response of plant tissues subjected to various treatments (Wads6 & Galindo, 2099). Thi
technique was applied iRapersV andVIl in which the metabolic heat profiles were studied to

respectively optimize pulsed electric fields and osmotic treatments in fresh-cut apple tissue.

Alongside nonspecific methods, the measurement of the concentration changes of the
metabolites aims at discovering which pathways are affected by the technological treatments.
In this respect, specific experimental trials can be designed to separate and quantify metabolites
belonging to known pathways where the metabolic effect of the studied technology isiowso
On the contrary, whethen priori selection of metabolites is not applicable, a non-targeted
approach becomes unavoidable. Metabolomics can be employed to verify chargasi or
hundreds of metabolites simultaneously, therefore without a prior knowledge about the
expected metabolic changes (Laghi, Picone, & Capozzi, 2014). The metalagiproich can
be considered downstream to genomics, proteomics and transcriptomics. It aims atiegpl
the metabolic profiles by identifying and quantifying, in a wide rangecaifcentrations,
metabolites belonging to sugars, alcohols, organic acids, fatty acids, amide and other
secondary metabolites. Advantages and drawbacks of this approach, includinitése

applications for the food quality assessment, were explained in the reRagver |

X[nxp] pre — processing
metabolites (scale, centre, ...)

n- sparse-PLS model Training set Test set

k-fold validation n° comp Fodictionion

K independent test set j
Y
Variable response
selection

Fig. 3 Metabolomic approach: example of a sPLS based algorithm for data analysis

Metabolomic data are commonly acquired by means of high-throughput igales, namely
high resolution nuclear magnetic resonance, liquid and gas chromatography coupledasgish
spectrometry. The generated datasets need reliable and robust statistical tobks éaplored.
To the purpose, proper statistical methods have been proposed in literature, basedtion b

unsupervised and supervised data analysis. Among them, supervised methods which
16



simultaneously allow selecting the important metabolites seem to improeeatcuracy and
robustness of the analysis (Savorani, Rasmussen, Rinnan, & Engelsen, 2013). For instance,
analytical tools based on orthogonal projections to latent structures were suatigsshployed

to correlate metabolomic results with pulsed electric fields treatments in potatoes (Gadind

al., 2009). Fig. 3 displays an in-house developed algorithm based on spdiaklgast square

(sPLS) employed apers VandVI. In the former case, sPLS methodology led to differentiate

the effects of pulsed electric fields processing at three electric field strengths in apple tissue. In
the latter one, sPLS was used in its regression and discriminant analysis foruestmate the
metabolic changes provoked by the high pressure homogenization step atreseyse levels

in mandarin juice processing.
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4. Non-thermal technologies

4.1 Osmotic dehydration (OD)

Osmotic dehydration is a partial dewatering of plant tissue which allows reducing tifettze
products without a phase change. The employment of a hypertonic solution ledaks temoval
of water and the counter migration of solutes into the plant tissue. The prasessmmonly
applied in industry to obtain minimal processed plant food with intermediate moistunéecd
or as pre-treatment for other processes such as drying or freezing (Dalla Rosa & Girolix, 2001
In fresh-cut production, the use of hypertonic sucrose solutions is often combined withingalci
and ascorbic salts to prevent negative changes in terms of texture and colour, respectively
(Barrera, Betoret, & Fito, 2004; Silva, Fernandes, & Mauro, 2014). The additiori>dtieeraf
salts at different concentrations to a hypertonic sucrose solution, neverthelessesalt in an
alteration of the mass transfer kinetics, i.e. water removal and solute entrance. Microstructure
affects mass transport mechanisms, therefore, knowledge about its modifications during
treatment is fundamental for the control of the process. Moreover, the compositibthe
hypertonic solution might have a not negligible effect on the metabolithefresh-cut tissue
with possible drawbacks in terms of quality and shelf-life. This can regecindustrial
application of certain osmotic solutions. Evidence of the induced changes opmotic
dehydration with sucrose solutions combined with ascorbic acid and calcium lactate in apple

tissue, were provided iRapers lllandVIL.

These investigations highlighted the enhancement of mass transfer when sucrose solution was
combined with ascorbic acid and calcium lactate. Both increased the water et¢rand the
solid gain, however, as expected the simultaneous employment of the thretesdad to the
highest influence on mass transfer kinetics. The lowgsbfathe tertiary solution played the
major role on this finding, however, microstructural modifications were alspacted and
therefore investigated. Calcium lactate and ascorbic acid, separately added to the sucrose
solution, similarly improved the water migration rate. Nevertheless, it is worth ebsgithat
calcium lactate alone showed a lower entrance of solutes from the external solutiarddhe

inner compartments of the tissue in comparison with ascorbic acid.

The interaction of calcium salts with the cell wall biopolymers promoted the releasatef
from the fixed structures, as monitored through TD-NMR, due to the influence of caleium o
pectic acid polymers. Observations obtained by means of the same techniquesdla good
agreement with mass transfer kinetics. Water redistribution through the compartments was a
function of the applied external solution where sucrose alone was the less influent on water

18



migration from vacuole toward cytoplasm and extracellular spaces. Conversétycicium
lactate and ascorbic acid boosted water redistribution, moreover, a synergistic effédutiof
combination was noticed throughout the dehydration process. The vacuole shrinkatpethez

total redistribution of water 4 h from the beginning of the treatment confirming ttreg mass
transfer kinetics observed macroscopically were a function of the microstructural modifisatio

of the tissue. The water redistribution, however, did not alter the tonoplast and Huriele
integrity at every treatment conditions. Direct observation of cekknwstructure was carried

out using light microscopy combined with neutral red staining. This staining strategy confirmed
that osmotic dehydration with binary and tertiary solutions induced changes amongaiél|
vacuole, cytoplasm and extracellular spaces without the irreversible loss of

compartmentalization.

Despite the positive effects on texture, colour and mass transfer, the mixture of ascorbic acid
and calcium lactate was expected to play a role on the cell metabdlisi®ed, concentrations
of ascorbic acid higher than 1 %, in sucrose solutions with concentrations rangmgGartm 40
%, markedly reduced the cell viability as monitored through fluorescence microscopyhéy fur
confirmation was gained using isothermal calorimetry which allowed measuring the
endogenous metabolic heat upon osmotic dehydration processes with variousmieeat
solutions. This technique, combined with @d CQ@gas analysis, highlighted a noteworthy heat
production and @ consumption as a consequence of the stress metabolic reactions. In this
respect, the low pH and.,eseemed to cause severe injuries in the cellular structure, although
the mechanisms are still not clear. Conversely, the combination of sucrose solutiins
calcium lactate contributed to extent cell viability along with the benefieifiéct on the
dehydration efficiency abovementioned. The reduction of metabolic activity together with the
preservation of cell viability was attributed to several potential interactions of calgiith cell
membranes and walls. Interestingly, those effects generally lead to positivelydsiaw the

ripening and senescence of fruit with a great potential benefit for the fresh-cut productions.

4.2 Pulsed electric fields (PEF)

The alteration of cell membrane permeability can also be promoted by thécgtion of high
electric fields strength to plant tissue. The breakage of membranes, known as electroppratio
has been studied for both microbial inactivation and mass transfer enhancement lattér
case, the increase of the extraction vyields, including the release of specific intracellular
compounds, or the improvement of combined dehydration processes have been edlaad

described in the literature (Barba et al., 2015). Since the effects of PEF are strictly reldied to
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applied process parameters, namely pulse shape, number, duration, frequency and eldtric fi
strength, their accurate control is fundamental for the industrial implementation.
Electroporation generally involves the polarization of membranes, the creatiqpores and
their expansion. In addition, whenever the applied PEF protocols did not exaeethan critical
energetic threshold, pores might reseal (Vorobiev & Lebovka, 2008). The proceeaddn
reversible or irreversible consequences on cell viability as a function of thée@ppEF
treatments (Fig. 4). Industrially, irreversible electroporation can be exploited s& d¢lae

extraction processes.

ELECTRODES

E>E, N e, [#7N
/ — ll\\\“‘l:,"

intact cell reversible irreversible

ELECTROPORATION

Fig. 4 Reversible and irreversible electroporation

Papersll, XandV were focused on the basic mechanisms of PEF processing of apple tissue. In
order to obtain comparable results, similar PEF treatments were employedllihe
investigations, with electric field strength ranging from 100 to 400 V/ctnad 60 near-
rectangular shape pulses, pulse width fixed at 10 ps and 10 ms of repetitiogitimg rise to a
frequency of 100 Hz. The first investigation included the development of awvatime method
to detect and quantify both reversible and irreversible modifications ofaglémicrostructure.

The second investigated the spatial distribution of electroporation through the tidggue
observing spatially distributed changes of cell microstructure. In the thirdysthd metabolic

response caused by the exposition of apple tissue at high electric fields was evaluated.

In those studies, the threshold of irreversible electroporation was estimated around//sn.
As shown in Fig. 5, the application of electric field strength higher than that valsectaisible
changes in the apple tissue. Those changes directly reflected the loss of compartmentalizatio
highlighted through TD-NMR with the contrast agent. When irreversible electroparatio
occurred, the damage of tonoplast and plasma membranes eased the release of intracellular
content, including enzymes, triggering degradation reactions. The observations were oatried
through the analysis of the transverse relaxation time which was performed for several hours
after the end of the treatments. It worth noticing that, even though the application of high

voltage pulses lasted less than a second, the effects on tissue microstructure were seen during
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2 h after the treatments. While treatments above the threshold of irreversibility detaly
redistributed water resulting a broad TD-NMR peak uniformly distributed through the
compartments, a totally different behaviour was noticed for reversible treatments. A partial
redistribution from vacuole toward cytoplasm and extracellular space was registeragyvio,

the compartments were still distinguishable and their water content was measurablethn bo
cases, electric field strength and total number of delivered pulses had a significant aifect
water distribution. Those results were correlated to macroscopic mass transfer phenomena,
described irPaperdlV andIX In these papers, centred on the combined application of PEF with
osmotic dehydration in apple and strawberry samples, the efficiency of water removabédd
gain was correlated to the water repartition through the compartments. Apart from the effects
of PEF on the tissueBaperlV introduced also the non-destructive measurement of water self-
diffusion coefficient which resulted in an accurate screening method able to dedtrbe
dehydration process within minutes. It was, therefore, confirmed that tools capable to
effectively monitor microstructural changes of plant tissues provide also useful infornfation

possible industrial applications.

V/icm
400

300

200 Threshold of irreversible electroporation

5 E—
0

Fig. 5 Visual appearance of PEF treated apples at different electric field strength (60 pulses, 10 us pulse
width and 100 Hz), 60 minutes after treatments

The high sensitivity of magnetic resonance to water state was further exploite@rtty v
whether the electroporation occurred homogeneously or not through the apple tissue, by
means of magnetic resonance imaging. A different extent of electroporation in various areas of
the tissue was found by analysing the decrease of the transverse relaxation time, as a

consequence of the loss of compartmentalization. Due to the standardized conditions of the
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experiments, the observed inhomogeneity was mainly attributed to the differewtllo
conductivity of the raw material. This led to local differences in the effective electrit fiel
strength and resulted in an inhomogeneous damage of the cell membranes througisgbe.
Moreover, the use of another MRI sequence allowed a direct evaluation of tetidd of
shrinkage of the inner compartments during 1 h after the treatment. The percolation of the
intracellular solutions was directly observed by combining a sequence bas&hgitudinal

relaxation time with the use of a contrast agent.

The abovementioned modifications of microstructure were hypothesised to concurrently
affect the metabolic behaviour of cells. In the experiments, isothermal calorimetpined
with gas analysis described a marked drop of metabolic heat productiofDarndnsumption
together with a lower C®production, as a probable consequence of the loss of cell viability
upon irreversible electroporation. Conversely, only a slight increase of hedugtion was
noticed in the case of reversible treatments. Those trends were further confirmed by a
metabolomic study which involved the use of a novel tailored statistical metbodidita
analysis. Indeed, alterations of anaerobic respiration pathways a&adhinobutyric acid
metabolism were observed. However, the low impact of reversible eleotadjpn on plant
tissue metabolism and, as previously described, on tissue microstructure promoted tlodé use
pulsed electric fields in reversible conditions for industrial applications where thealb¥ood

quality is fundamental.

Taking advantage of the specific membrane breakage induced by pulsed electric fields
technology, innovative extraction processes can be designed to recovebialcompounds
from plant tissue. In particular, the effective recovery of valuable molecules frooh viaste
streams can lead to improve the efficiency of food productions. In this respeger VI
considered the impact of novel technologies, such as pulsed electric fields and ultrasaund, o
the microstructure of mushrooms stalks in order to optimize the cell disruptioaatse the
extraction. The main findings, including the comparison of pulsed electris figlld ultrasound,

are described in the next section.

4.3 Ultrasound (US)

Ultrasound technology has been introduced in food industry because it can bring advantages
in terms of yield increasing, selectivity of the extraction, processing timecastdreduction
when compared to conventional extraction techniques. The application of high sityen
ultrasound, usually ranging between 100 and 400 W, at 20-100 kHz, resultett rebayeries

of valuable compounds from various foodstuffs, leading to improve the efficiehdyoth
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extraction and purification. The mechanism of action involved includes the generaftigas
bubbles which collapse producing high energy shock waves and intense sheay idriodsis
known as cavitation effect (Chemat & Khan, 2011). This effect physically affects the structure of

the treated tissue, generally increasing the mass transfer phenomena.

Paper VIItook into account microstructural changes of a quantitatively important bydpob
of the mushroom industry, i.e. the stalks, subjected to PEF, US and their combinatbed ap
at both low and high temperatures. Being rich of various potential valuable congsouhe
effect of these technologies applied to mushroom stalks was studied to providered of the
basic mechanisms of mass transfer enhancement. Combined analytical tools, generally based on
the water state, were chosen to describe mass transport phenomena. Namely, changes of the
electrical impedance, known as disintegration index, water distribution and water losg alo
with the qualitative UV/Vis analysis of the extracts were simultaneously evaluated. Results
showed a good agreement among the methods which highlighted a diffespatific and
selective target of the studied technologies. Pulsed electric fields led to the higktest of cell
disruption with a high efficiency in extracting intracellular water and scores comparable to high
temperature treatments. Being non-thermal and less expensive in terms of energly this
result encourages the use of PEF for the extraction of valuable thermolabileocowig
Interestingly, despite the higher energy input of ultrasound applications, a lowentafeell
disruption was noticed comparing US with PEF treatments. Moreover, no synergistier(nei
additive) effects were observed due to the combination of PEF with US at bothnidwkigh
temperatures. Ultrasound, on the other hand, might improve the extraction and purification of

compounds located in the fixed structures of the cell wall such as polysaccharides.

4.4 High pressure homogenization (HPH)

High pressure homogenization is a non-thermal food process, mainly adtpiedctivate
microorganisms and enzymes in liquid food with a low negative impacteor  positive effect,
on the nutritional and sensorial properties of the products. Different pressmeddecommonly
spanning from few MPa to around 500 MPa, are applied in coatis to fluid products (Betoret,
Betoret, Rocculi, & Dalla Rosa, 2015). When applied to freshly squeezed juices, thenemploy
of this novel process is expected to improve the preservation and the aviyadibioactive

compounds, especially when compared to harsh heat treatments.

In Paper Vithe impact of high pressure homogenization at 20 and 100 MPa was studied in
mandarin juice enriched with trehalose, which is known to improve several technological

proprieties Alongside the expected changes, the juice was evaluated from a nutritional point of
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view. A targeted analysis of the main microelements, namely flavonoids, and tllov
antioxidant (antiradical) activity was performed. In parallel, a metabolomic based non-targeted
approach was adopted to discovery possible simultaneous side effectshgdfeigsures on tens

of juice metabolites. As expected, high pressures treatments reduced the suspended pulp and
maintain, together with the trehalose addition, the cloudiness of the juice. The physicaleshang
of the juice led to a protective effect on hesperidin, the most abundant flavoobidandarin
juice, during a 10-days refrigerated storage. The highest level of pressure seemedtivahega
affect the initial content of the flavonoid. On the other hand, antioxidant capacity was
particularly enhanced only when the juice samples were treated at 20 MPa. Moreover,
metabolomics resulted in the detection of four important metabolites, among&deanalysed
signals, which were significantly affected by both high pressure homogenizatiomaets and
storage time. Those compounds reflected possible solubilisation effects and residualbiad

activities which were jointly modulated by the initial application of high pressure treatments.
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5. Conclusions

The present PhD thesis provided evidence of microstructural and metabolic responses induced
by the application of non-thermal technologies. The innovative analytical appeegmoposed
were developed to boost the adoption and optimization of novel poteniradustrial
applications. The method based on time domain nuclear magnetic resonancéhwitiontrast
agent allowed the simultaneous measurement of the reversible and irreversiblaetesfe
electroporation. Water redistribution through the tissue compartments was fotmde a
function of the electric field strength and the total energy of the pulsed electricsfisdditment
The loss of compartmentalization, observed when irreversible electroporation occurred, was
exploited to develop a magnetic resonance imaging tool which was aldedcribe the spatial
distribution of electroporation through the tissue. Results showed a markezhioigeneity of
the pulsed electric fields treatments and the migration of the intracellular contewatd the

external solution which led to the shrinkage of the apple tissue.

The application of pulsed electric fields in combination with osmotic dehydratased the
water removal from apple tissue and increased the solute concentration. The ismpent of
mass transfer phenomena confirmed that the alteration of the membrane permeability led to
an enhancement of the overall efficiency of the process. The effect of pulsed electric fields was
also compared to ultrasound treatments in mushroom stalks. Results higidighé higher
efficiency of high voltages in terms of both cell disintegrationtgtdhd quantitative extraction
of the intracellular content. Similarly, the chemical alteration of plasma membraviesh was
promoted by the simultaneous employment of sucrose, calcium and ascorbicisgiteyved

the dehydration performances.

Both pulsed electric fields pre-treatment and osmotic dehydration with binary and tertiary
solutions affected the metabolic response of the treated tissue. Cell viability markexgtipet
when either irreversible electroporation took plaoehigh concentrations of ascorbic acid were
experimented. The metabolomic approach, which was aimed at exploring the fingboliet
response as a function of pulsed electric fields and high pressure homogemitratibments,
led to the identification of metabolic pathways triggered by these non-thermatgsses. The
observation of the concentrations changes of the metabolites in a mandarin jugbéghited
the main impact of high pressure homogenizat@mmmicrobial activities. Pulsed electric fields
applied to apple tissue, conversely, seemed to influence the metabolictastioi plant cells
lowering the anaerobic respiration pathways and activating th@aminobutyric acid

metabolism.
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Introduction

Soonafter the advent of genomics,transcriptomics,pro-
teomics and metabolomics, aimed to a holistic under-
standing of the complex human biology and physiology,
it hasbeen naturalto apply the sameapproachego food.
The information collectedin this way at eachstep of the
production/consumption chain has been enclosed into
the single debnition of foodomics,which now is debPned
as Othediscipline that studies the food and nutrition
domainsthrough the application and integration of ad-
vancedomics technologiesto improve consumerOwell-
being, health, andconbdencel]. Amongthe techniques
used for this discipline, Nuclear Magnetic Resonance
(NMR) has given a great boost to the new approach,
thanks, in particular, to the high reproducibility of its
observations[2 ].

Goodacre[3], in arecent divertissement, hasnoted that
the growth of the metabolomicsliterature reminded that
of microorganisms.The lag phaseis represented by a
handful of papers,listed by Goodacre[3], which created
the conceptualframework. A key element of the initial

phase can be identibed also in the development of
softwareand algorithms (i.e. Projection on Latent Struc-
tures [4]) specibcally tailored to highlight the useful
features in the overwhelming information represented
by largeexperimentaldatasetsThe phaseof rapid growth
can be felt in the works focusing on the most diverse
bioRuids, foodsand raw materials,aiming at verifying the
applicability of the metabolomicsapproach.A common
trait of these papersis somedegree of failure in making
each step of the investigation (i.e. experimental design,
data generated and analytical tools) totally transparent.
The stationary,desirable,phaseis representedby works
where experimental design, data generated and the
means of analysisare made publicly available, and the
level of metabolite identibcationis properly assigned5],
aswell asthe level of conbdenceof eachkey statement.
Papersactively contribute to a generalized increase of
quality, when they fulPIll suchrequirements better than
any other of their own Peld, by forcing the scientibc
community to adapt.

In the presentreview, we mainly focuson the literature of
the 2012-2015 period and present key applications of
NMR in foodomics,in the questfor robust andthorough
information required by the scientipc community. In
doing that, we will run through the steps of the food
production chain, from the origin of the raw material to
the transformation that food undergoesduring storage,
that mostly affect food quality, assummarizedin Figure 1.

Traceability, authenticity and safety of food

A relevant percentageof the commercialvalue of several
foods and beveragesrelies on the ensemble of climate,

land, cultural practicesand history of the raw material,

collectively enclosedin the term Oterroir®IMR hasbeen

used from the eighties with the purpose of geographic
characterization,by studying the distribution of stable
isotopesof the bio-molecules[6]. A natural consequence
of the adventof the Oomicéhalyticaltechniqueshasbeen

to considerthe entire metabolomein the perspective of

terroir characterization.This is generally observedin a
non-targeted fashion [7], that is without focusing on

specibcmoleculesbut letting featuresof the NMR spec-
tra emergefrom the entire spectrum proble, through the

appropriate mathematical treatments. Examples of this
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Infografic of the information that can be obtained along the food production/consumption chain by NMR, through a foodomic approach. For the

spectra, processing steps see Ref. [2].

approachare the work by Gallo etal. [8] on table grape,
and the work by Hohman etal. [9] about tomato.

Unfortunately, eachaspectof a food terroir potentially
affects the metabolome, so that general applicability
representsthe weak point of any mathematical model
trying to relate features of an NMR spectrum with a
single aspectof the origin of afood. This is probablywhy
no method based on non-targeted bngerprinting has
beenacceptedfor food ofpcialcontrols[7]. The recently
published work that canbe consideredato-date bench-
mark in this respectisthe oneby Godelmannetal. [10 ]
testing wine screeningmethod WineScreenef™. The
analysisof 600 Germanwine samples,producedduring
2 yearsin 5 areasfrom 10 grape varieties, led to the
maximum correct prediction of geographical origin,

year of vintage and grape variety (89%, 97% and 95%
respectively).

It has been suggestedthat the studies on food safety,
similarly to thoseon terroir, would bring information to a
higher level if including an omic-untargeted approach,
because many features that raise concerns about the
healthinessof food, asgenetic modibcation[11] or micro-
organismsdevelopment [12,13], are likely to inRuence
large portions of food or raw material molecular proble
[14].

The main challenge for scientists facing non-targeted
analysisis to correctly debPneappropriatebiomarkersfrom
raw NMR spectra containing hundreds of metabolites.
The rationale of this practice is that the inclusion of a

Current Opinion in Food Science 2015, 4:99-104
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feature of a spectrum unrelated to a characteristic of
interest leads to lower correct prediction rates or less
parsimonious models. Consequentially, an increasing
number of papershasbeen expresslyfocusedon metab-
olites selection as the key part of mathematical data
modeling [15 ,16]. As a generaltrend, in the last decade
data treatment hastaken advantagesof computer-aided
multivariate analysistools that allow the simultaneous
model building and variable selection by associatingto
eachmetabolite a properweight in the model. Examples
areinterval partial leastsquare(iPLS), interval extended
canonicalvariable analysis(iECVA) [17] and sparsePLS
[18]. Those modelshavelargely replacedstatisticalmeth-
ods basedon Normal distributions, for example t-test or
ANOVA, becauselessprone to false discoveries,that is,
false positivesor negatives,which typically affect univar-
iate analysis[19]. Even though computer-aidedmethods
have considerably improved the data analysis perfor-
mance, their incorrect use, typically the lack of a proper
validation step, can lead to false correlation between
metabolites and the characteristicof interest.

There is consensughat a key step toward reliable non-
targeted Pngerprinting methods is the exchange and
comparisonof data between the stakeholdersinvolved
in foodomics observations,through databasesledicated
to food, where standardformat NMR spectraareenriched
by metadataand powerful datamining engines[3]. The
last few yearshave seen for the purposethe launch of
MetaboLights by the European Bioinformatic Institute
[20], the launch of NIH Metabolomics Workbench
(http://www.metabolomicsworkbench.or, establishing
similar data storage infrastructures, and the collection
of huge amount of data on single food products[21,22].

Food composition and physical

characteristics

The extensiveimplementation of automatic spectrome-
ter setup proceduresachieved in the last decadeshas
madequantitative investigationson modernNMR instru-
ments limitedly userdependent.In addition, the effects
of suboptimalinstrument setupcanbe accuratelymapped
[23]. The number of quantitative NMR (gNMR) appli-
cations targeted toward specibcmolecules is therefore
increasing[24,25], and this is particularly useful when all
the legal requirementsof afood canbe entirely assessed
by meansof NMR spectroscopy.This is the caseof egg
yolk basedliqueurs [26], where total sugarand alcohol
havebeendirectly quantibed,while the eggyolk content
hasbeen successfullyestimated.

Targeted NMR basedapplications are particularly suit-
able for (semi-) automatized signals deconvolution pro-
cedures, fundamental in sight of the standardized/
harmonized operating procedures|[7]. Signibcant steps
forward in this respectare representedby the software
productslike Chenomx, (ChenomxInc., Edmonton, CA)

101

merging automaticproceduresand usersguidancethough
a game-like interaction with the software,Batman[27 ]
R (www.R-project.org package,with many pros among
which being licenced under the GNU general public
license,andMVPACK [28], promisingto follow the entire
pipeline of NMR spectraprocessingand data mining.

The quantitative applications targeted toward a priori
selected moleculesis stimulating (and is stimulated by)
the marketing of cost-effective bench-top, air-cooled,
medium Peld spectrometers.In these instruments, the
problems of signal resolution, causedby the magnetic
peld lower than the one of the cryogenic-cooledcounter-
parts,arepartially solvedby working on bPeldhomogenei-
ty, with modibcations of the permanent magnets
arrangementoriginally describedby Halbach [29 ].

Mathematical relationshipsgranting good ratesof correct
predictions havebeen establishedbetweenNMR spectra
and even physicalcharacteristicsof food, of key value for
transformation. This is the caseof meat, where tender-
ness[30] and water-holding capacity [31], the most im-
portant characteristicsof meat, together with appearance
[32], have been successfully modeled through NMR.
This is the casealsofor milk, the coagulatingproperties
of which have been successfullyrelated to the metabo-
lites proble,observedby *H NMR and Principal Compo-
nent Analysis (PCA) [33].

Food processing and storage

The ideal food combinesnutritional and sensorialquality,

but the designof the appropriatemanufacturing process-
esis still a considerablechallenge[34]. Food processing
technologiesand modibcationphenomenaoccurringdur-

ing storagehave a generalimpact on the metabolic path-

waysof food cellsand microorganismsand,in turn, onthe

food metabolome, making holistic analytical techniques
invaluable for the characterizationof food quality. De-

spite the great potential, their employment in investiga-
tions on the consequencef technological processego

the quality of food is erratic.

Greatattention hasbeenpaid by the NMR community to
chemical and microbiological evolution phenomenaoc-
curring during food storage,with particular emphasison
degradationprocessesObservationsare accumulating at
afast pacefor bsh[35,36], meat[12], vegetables[37] and
spices [38], taking into consideration not just storage
time, but also storage conditions, such as composition
of modibped atmospheresand temperature [35].

Mechanicaltreatments,suchaspeeling, chopping, shred-
ding, and heat transfer treatments still appear to be
investigated below their potentialities. Lopez-Sanchez
[34] wasable to follow the effects of different combina-
tions of heating and blending on the phytochemical
composition of tomato, broccoli and carrots purees. In
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the review by Erikson etal. [39], effects of frying and
boiling of different speciesof bsharedescribed.Roasting
effects have been observed for coffee [40] and laver
product [41]. Freezing causesmassive water migration
among cell compartments and causescell membranes
breakage, due to the formation of ice crystals. This
may allow freeze stored food to be distinguished from
the refrigerated one. An example is representedby bsh
freezing, leading to the formation of dimethylamine [42],
that instead can be found only in tracesin refrigerated
psh.Effects on bshmolecularprobledue to masstransfer
have alsoalready been noticed becauseof salting [35].

The requestfor minimally processedood is stimulating
the researchon non-thermal technologicaltreatmentsfor
bacteria reduction or degradative enzymesinactivation,
suchasirradiation, use of high pressuresor application of
gasplasma[43]. NMR-based foodomicsapplicationsare
emergingalsoin this peld, asin the caseof ground beef
[44]. The high demand for functional food is increasing
the researchon masstransfer processingsalternative to
osmosissuchasvacuumimpregnation [45]. We found no
examples of foodomics investigation in literature, but
suchgapis likely to be soonblled.

The relationships between specibcprocessesapplied to

food andthe featuresof the NMR spectraproblemustbe
considered with caution, due to the presence of con-
founding factors. During Psh storage,for example, tri-

methylamine is producedby bacterialspoilageof proteins
[39], but its concentration cannot be reliably used asan
universal index for the correctnessof bsh conservation,
becausedeeply inffuenced by Pshbreeding too.

Food and health

Today, we arewitnessinganincreasinglygrowingopinion

that a proper nutrition, alongwith an adequatelifestyle,

plays a key role in the prevention, onset and control of
many diseasesamongwhich metabolic syndrome,diabe-
tesand cancer[46]. In orderto gaininsight into this issue,
the knowledge of which food componentsinBuence the

health statusand their mechanismsof actionis crucial. In

this context, researchin food science and nutrition has
started to move in the direction of integrative analysis,
Pndingin foodomicsan holistic way to study the complex
hierarchical structure (from genesto proteins to metab-
olites) linking food and health [47-49]. Indeed, the foo-
domics approachcan help the investigation of both the

food metabolomeandthe correlatedhuman metabolome:
the characterizationof the whole metabolic Pngerprint of
food might greatly help the analysisof the mechanismsof
nutrition at the molecularlevel, while, on the other side,
the investigation of human metabolomein responseto a
specibcdiet canbe useful to identify novel biomarkersof
food intake not necessarilypredictable by the sole food
composition. This new methodology, giving insights on
the effects of nutritional exposure, thus also on the

nutritional status and nutritional impact on diseases,s
provento be particularly promisingin the prospectof the
developmentof tailored dietary and health recommenda-
tions.

The foodomics studies that have been setup to investi-
gate the issuesconnectedto nutrition, often collectively
consideredin the debnition of nutri-metabonomics,can
be groupedinto three main categoriesThe brstandmore
traditional is the nutritional intervention study, where a
group of subjects is given a particular diet and the
consequentmetabolomechangesareinvestigated.In this
casethe metabolic proble presentstwo kinds of metab-
olites, the exogenousthat canbe consideredasa marker
of the specibcfood intake, and the endogenous metab-
olites generatedby our bodies asa consequenceof the
consumption of that food product. One example is the
NMR study from Heinzmann [50] where subjectswere
followed after the acute ingestion of specibcfood pro-
ducts (bsh, fruits, wine and grapes)and both the direct
effects (presence of biomarkers) and indirect effects
(metabolic pathway alterations) were observedon urine
samples. Rasmussenet al. [51] investigated both the
effects of the consumption of a high/low protein diet
and of Pberand dietary glycemic index.

The secondtype of nutritional assessmenis the one that
analysedoth dietary dataand metabolomefrom bioRuids
of aselectedpopulation. In this case dietary patternsand
trends are observedin the population by the statistical
analysisof the dietary information collected. Biomarkers
arelooked for in the human metabolomeasa hint to the
real consumption of the declared items. Savoranietal.,
[52] performed this kind of observational study and
assessedhe presenceof three distinct dietary patterns
both with the employment of the food diaries and the
urine and plasma metabolome. Similar work has been
carried out by De Filippis etal., [53] where NMR-based
metabolomicswasemployed to extract the relevant die-
tary patterns of vegans,vegetariansand omnivores and
then to bnd their impacts on the salivametabolome.

The last type of nutri-metabonomic researchis the one
studying population with different health conditions. In

this case,a nutritional intervention is usually employed,
and dietary datamight be collectedin orderto assesshe
compliance to the diet. Following the intervention, the
metabolome is analyzed,in order to assesghe specibc
metabolic probleandthus, identify the biomarkers,of the

effect of food ingestion on health and metabolic path-
ways. Lehtonen [54] observed the modibcations of
post prandial Pngerpirntsof human urine after consump-
tion of lingonberriesasa supplementto an oil-rich meal.
Moazzami [55] investigated the effect of rye bread on
postmenopausaWwomen, showing that the dietary inter-

vention leads to shifts in metabolic pathwaysthat can
have benepcialeffects on the selected population.

Current Opinion in Food Science 2015, 4:99-104
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Conclusions

In conclusion,foodomicshasbeen provenapowerful tool

for many different aspectsof food quality depnition. Its

high-throughput approachcangive insights on the whole

metabolic proble of food products, helping the character-
ization and the depPnition of specibcquality featuresthat

make certain foods unique. Contributions toward this

direction havebeenprovided in studiesof food authenti-

cation or in investigations concerning processingand
storage procedures. Furthermore, foodomics has been
giving boost to new kind of nutritional studies, aimed
at understandinghow metabolites containedin food can
inBuence human metabolism and health.

The Foodomics community foreseesadvancementsin

this new omic beldthrough anintense networking activi-

ty. Indeed, there is an evident necessityto increasethe

level of collaboration within experts of different disci-

plines, such as bioinformatics, chemometrics, analytical
chemistry, biochemistry or statistics[56]. This network-

ing approach will help creating more accessibleand
reliable information through the employment of specibc
compoundsdatabasesand the debnition of good operat-
ing proceduresand standardprotocolsin orderto generate
a more common perspective and more robust data.
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Abstract— Pulsed electric fields (FEF) technology is a prom-
ising innovative non-thermal process to improve mass transfer
in food sector. PEF treatments induce a partial cell mem-
branes electroporation which extent depends on electric field
strength, number, duration and shape of the pulses and appli-
cation time. The present work aimed at highlighting the effect
of the application of PEF on mass transfer phenomena in apple
parenchyma tissue, by evaluatinghe water distribution across
cell compartments by means of NMR relaxometry. Pulsed
electric fields treatments were carried out using near-
rectangular shaped pulses with fixed 100 ps pulse width and 10
ms repetition time at three diferent specific voltage (100, 250
and 400 V cm') and two different pulse number series (n=20
and n=60).

Results showed different trends according to the applied
voltage. The lowest (100 V cif) was not able to induce signifi-
cant changes in plasma membranes, so that no water redistri-
bution was achieved between cytoplasm and extracellular
space. At the opposite, a marked redistribution was registered
inside the cellular compartments, namely vacuole and cytop-
lasm, showing an alteration ofthe tonoplast. The total number
of pulses was found to influencehe amount of water migrat-
ing, from vacuole to cytoplasmfrom 15 % with 20 pulses to 40
% with 60 pulses.

Medium and high voltage (250 and 400 V cth respectively)
removed the possibility to distinguish the different cell com-
partments, probably due to inense damage of both plasma
membrane and tonoplast. By observing water transverse re-
laxation time an additive effect of both voltage and total num-
ber of pulses was demonstrated. Interestingly, by considering
water distribution during 120 minutes after PEF treatment
time-dependent trends were found in the effects of each expe-
rimented protocol.

Keywords— PEF, NMR, water distribution, contrast agent,
apple tissue
I. INTRODUCTION

The application of pulsed eleitt fields (PEF) is an in-
novative technology to inducthe breakage of cellular

membrane by the application of an electric treatment. The I.

effect on membrane, known adectroporation, has been
studied in foodstuff for two main aims: improving foo

Such effects can be regulated by adjusting strength of the
applied electric field, totatime of treatment and number,
duration and shape of the pulses [1,2].

For mass transfer applicatigrihe consequences of the
treatments are generally evaluated from the entity of the
desired effect: extraction y@s$ and release of bioactive
compounds from the cell strucas [3]. Alternatively, poss-
ible side effects on food quality parameters can be eva-
luated, such as color andxtere deterioration upon PEF
treatment [4].

A limited number of methods have been set up to specifi-
cally evaluate the effect ¢fEF treatments focusing on cell
membranes integrity. The most commonly applied among
them are based on the indirestimation of cell disintegra-
tion from electrical conductivity measurement [5] while
others are focused on the electroporation related electrolytic
leakage [6].

NMR relaxometry was recently applied to acquire trans-
verse relaxation time ¢J weighted curves able to give
quantitative information about water spatial distribution
among apple cell parenchyma compartments [7].

This has given rise to several applications to directly es-
timate the effects of technolagil process on different kinds
of fruit [8,9].

The present work aimed at taking advantage of the same
information to directly evaluatéhe effect of pulsed electric
fields on apple cell plasma membrane and tonoplast integri-
ty. The observation of specific compartments was eased by
the use of the contrast agent Rg@lhich paramagnetic ion
Fe(lll) selectively influences water,,Tnot dissimilarly to
what is typically exploited in magnetic resonance imaging.
As FeC} does not passively diffuse through intact mem-
branes, it is able to selectively influence waterT extra-
cellular spaces only, upon dipping. In contrast, electropora-
tion leads to water 5 modifications of inner cell
compartments, proportional to the membranes damage.

MATERIALS AND METHODS

d A. Materials

safety through a microbial inactivation and enhance mass Apples Malus sylvestris Cripps Pink variety, were pur-

transfer in food tissufor extraction purposes.

© Springer Science+Business Media Singapore 2016

chased from a local market and stored at 2 + 1 °C until
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treatment. The efractometricindex measwed by a digigl
refractometer (R1, Atago, Jpan ) was 14 + 0.5 ° Brk
and the moistue content wa 83.5 + 0.5%. Cylindrica
samples (8-mmdiamete) were obtained fron apple paren
chyma with amanual cork brer and, aftewards, cut toa
length of 10 mnusing a mana cutter.

B. Pulsed Electic Fields Treamernt

Twelve applecylinders wee placed, foreach treatmetp
in a 20 x 20 x 8 mm treatmat chamber ad filled up with
tap water whid conductivity was 328 *15 ps en’ as
measured by @ electrical caductivity meter (Basic ),
Crison Instrumst, Spain). Aterwards, saples were im
mediately reme@ed and immrsed in an istonic sucros
sdution contaiing 0.01 M ion (Ill) chloride as a contras
agent for nuckar magnetic resonance ralysis. Ne&
rectangular shagrl pulses, wh fixed pulsedwidth (100 2
ps) and repetitn time (10t 1 ms) wereapplied in tke
present work. Tiree appliedvoltage (100,250 and 400V
cm™) and two dfferent pulseseries (numér of pulses @
ard 60) were teted.

C. NuclearMagnetic Resonare Relaxometr

Protons TF-weighted signis were acqued using th
CPMG pulse sgquence implenented on a Biker ‘The Mk
nispec’ NMR spectrometer perating & proton resonare
frequency of 20MHz. The ech time was seat 0.3 ms wh
6000 acquisitim points over8 scans and recycle delg
time of 10 s. Tcevaluate thevater redistribtion as a con
sgjuence of thePEF treatmets samples are collectedat
15, 30, 60 andl20 minutes &er the end bthe treatmen
directly placed n 10 mm dianeter NMR tes and imme-
diately analyzed The total tme of analyss was approx
imately 90 secads. The regiered spectravere analyzeé
usng UpenWinSoftware [10]to obtain a gasi-continuos
T,-weighted intesity distributon which shaved a multiex
ponential signaldecay as aconsequencef the different
relaxation timeof the compamental watemprotons pod.
To achieve quatitative resuls describingthe amount b
water in each décompartmet, the signalsvere fitted us
ing a non-linearcurve fitting method basedn Levenberg
Marquardt algothm. All the experimentswere repeatd
three times ath significant differences vere studied
ANOVA and Tukey's pos-hoc test (the ignificant levé
was set at p = 05).

. RESULTS

A. PeakAssigmert

NMR signalsof raw apple prenchyma sbwed a multiex
ponential decaywhich was asgned, accordig to the trans
verse relaxatiortime, to diffeent cell comprtment protos

IFMBE Proceedings Vol53
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pools, nanely vacuole T, 1391 + 45ms), cytoplam (T, 282
*= 25 ms)and cell wall T, 17 £ 3 ms]7]. The averge inten-
sities of he three comgtments, withthe respect othe total
signal, were 77.5 + 1.718.5 £ 1.5 ad 4.0 + 0.4% for va-
cuole, cyoplasm and dewall respectrely.

A
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Fig. 1 Water distributiorplot (A) of PEF teated samples aifterent
voltage observed after XPmin. Quantitatie water redistribtion (B)
between cytoplasm angtacuole in sampketreated at 100 ¢m™.

In the present studyhe use of garamagnet aopound,
the iron(lll) chloride, into the isotaic solution alowed to
highlight the mass tmesfer betweerihe cellular vater and
the extenal solution.The concentrabn of FeC} was cho-
sen in oder to give r$e, in untread samples,d a clear
peak wit a known T set around 12ns (Fig. 1A).The abili-
ty of theexternal solutbn to passivey permeate ttough the
cell membrane was t&ed by measrring T, and compat-
mental vater distributbn in apple cyinders immerad in the
isotonic solution for 120 minutes.T, results ¢lata not
shown) pesented no ghificant differences at any¢atment
time proving that the rternal solutio was not abléo cross
the cellmembrane lagr. A slight bu significant < 0.05)
differene was achieve taking intoaccount the \ater dis-
tribution (i.e. T,-weighted intensity)after 120 minties when
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a partial dewatdng of the cyoplasmatic ompartmentto-
ward the extra€éllular spacewas observedThe total wate
protons which vere redistribied accountedor 3.5 £+ 0.3%
of the total amant.

B. Pulsed Electic Field Treament

PEF treated anples showe two differant trends in ac
cordance to thenput voltage Fig. 1A). Thethree cell com
partments, desibed in the previous sectn, were ony
visible when lav voltage (10 V cm™) wasapplied. How
ever, the applietion of pulsd electric fiédd provokeda
significant wate redistributon within the cell, betwea
vacuole and cydplasm. It is mteresting tonotice that ths
effect strongly épended onhe total numbeof pulses p-
plied during thereatment. FKjure 1B desdbes the effest
of PEF treatmet at 100 V en™ applyingboth 20 and 6
pulse series. Téapplication & 60 pulses lé to the highes
degree of redisibution from B minutes afir the treément
when the 18 %of the total cdular wate migrated from tle
vacuole to the gtoplasn. Thisvalue increasd up to the @
% after 2 hoursAccordingly, the shortespulse series, @
pulses, led to aotal redistribuion of 8 % ad 15 % after b
and 120 minutesrespectively.

A totally different behaviowas found viaen higher spe
cific voltage (B0 and 400 Vcm™) was aplied to appé
tissue. The thre compartmets did not Bow consistat
relaxation timewhich suggesttthat the pamagnetic solu
tion was able tacross bothhe plasma mmbrane and th
tonoplast and dfuse inside th cell. As shavn in Figure2,
the redistribution process was function & the time, tle
applied voltageand numberof pulses. Fo example, tk
initial average tnsverse relation time of aw apple tissa
(1131 £+ 36 ms)yropped, afted5 minutes,d 526 + 53
for the treatmenwhich included 20 pulsesat 250 V cnit
and to 276 + 2 ms when 6 pulses at 40 V cm™* were
applied. Thesevalues were ansiderately dwer after 1D
minutes when Jvalues showa average vaks of 171 + 8
msand 72 + 6 5 respectively

IV. DISCUSSION

The proposednethod, baston the apptation of NMR
relaxometry canbined with tle use of a paraagnetic aget
seemed to be adiable non-detructive tool br the quante-
tive measurem® of the effet of the applietion of pulse
electric field on vegetable tisues. In agrement with tle
preliminary testiron (Ill) chloride was not ble to passivel
cross the memiane in the ntive form. Asresulted by th
significant decrese of the avege relaxatiortime, when tie
cdl membraneunderwent toelectroporatia, it lost its se
lectivity and tre external saition could dffuse into tte
cdlular space.
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Fig. 2water distributiorplot of PEF treate samples with 6@ulses
at250 (A) and 400/ cm* (B) at different sampling tire.

The wo highest wvltage levels 250 and 400V cm?)
were boh able to pameabilize theapple cell nembrane
while thelowest expermented voltag (100 V cnit) did not
producea significantchange. Intergtingly, at low voltage
water potons were als redistributel between celivacuole
and cytg@lasm. In thisrespect, the twplast, that egrrounds
the vacwle, showed aigher suscebility to pulsed elec-
tric field when compaed to plasmanembrane. Bside the
two different responsedue to the sgeific appliedvoltage,
water relistribution wes also affeted by both ime and
numberof pulses. At D0 V am* (Fig. 1B), 60 puses, after
15 minuts, caused aipher redistriltion, betweervacuole
and cytplasm, than th one obtaing by the appkation of
20 pulseghroughout 20 minutes.

On the contrary, tle model whid includes thee com-
partmens could not bedirectly appled to vegetald tissues
when pbsma memtane is damagd, since theinternal
comparmental protongools did no show a cleadistinct
relaxation time. Nevetteless, it is wrth observinghat the
internal water redistrilation rate dpended on thepplied
energy, including boh specific vétage and nmber of




358

pulses. As reported in a previous study [11] and confirmed
by the present study, the average relaxation time could be a
useful index of cell integrity even though a direct relation
ship with extraction yields was not investigated in the

present work. .

V. CONCLUSIONS .

In conclusion, the proposed method, based on NMR re-
laxometry, provided useful information about cell com-
partmentalization and its changing due to the applied PEF
treatment protocols. Water redistribution was demonstrated
to be applicable also in casé low electricfield strengths, 8
able to selectively act onlgn tonoplast. The suggested
method offers a direct observation of membrane damages §0
that it can be conveniently used to finely tune technological
treatments which act on mass transfer, for example osmotlc
dehydration and vacuum impregnation.
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The effects of the addition of calcium lactate and ascorbic acid to sucrose osmotic solutions on cell
viability and microstructure of apple tissue were studied. In addition, water distribution and mobility
modi“cation of the different cellular compartments were observed. Fluorescence microscopy, light
microscopy and time domain nuclear magnetic resonance (TD-NMR) were respectively used to evaluate
cell viability and microstructural changes during osmotic dehydration. Tissues treated in a sucrose...
calcium lactate...ascorbic acid solution did not show viability. Calcium lactate had some effects on cell
walls and membranes. Sucrose solution visibly preserved the protoplast viability and slightly in"uenced
the water distribution within the apple tissue, as highlighted by TD-NMR, which showed higher proton
intensity in the vacuoles and lower intensity in cytoplasm-free spaces compared to other treatments. The
presence of ascorbic acid enhanced calcium impregnation, which was associated with permeability
changes of the cellular wall and membranes.
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1. Introduction

The concentration of plant foods by immersing solid food pieces
in a hypertonic solution consisting of salt, sugar, glycerol, or other
humectants is known as osmotic dehydration (OD) ( Sereno,
Moreira, & Martinez, 2001 ). This technique reduces the a,, of the
product without a phase change because the "ow of water from
the product into the concentrated solution is compensated by the
solutes migration from the solution into the product ( Nieto,
Vicente, Hodara, Castro, & Alzamora, 2013 ). This process permits
the formulation of products with intermediate moisture content
through dewatering and impregnation of desired solutes (  Barrera,
Betoret, & Fito, 2004 ). Because of its versatility, OD has a wide
range of applications in the development of minimally processed
plant foods or as pretreatment for other preservation methods
such as freezing or drying ( Alzamora, Cerrutti, Guerrero, & Lépez-
Malo, 1995; Garcia Loredo, Guerrero, Gomez, & Alzamora, 2013 ).

The addition of calcium in osmotic solutions has been widely
used in plant foods as forti“er and to enhance “rmness ( Anino,
Salvatori, & Alzamora, 2006; Barrera, Betoret, Corell, & Fito, 2009;
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E-mail address: cidam@ibilce.unesp.br (M.A. Mauro).
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Mavroudis, Gidley, & Sjoholm, 2012; Silva, Fernandes, & Mauro,
2014a). Forti“cation using combinations of substances such as cal-
cium and iron ( Barrera et al.,, 2004) or Ca and vitamin C ( Silva,
Fernandes, & Mauro, 2014b) has also been investigated.

OD causes physical modi“cations of cell membranes and cell
walls, which affects the rheological properties and state of water
(Nieto et al., 2013; Vicente, Nieto, Hodara, Castro, & Alzamora,
2012). Knowledge about the microstructure and mass transport
in OD of plant tissues is fundamental for controlling production
of foods forti“ed with vitamins and mineral salts. Mass transfer
in cellular tissue is in"uenced by the osmotic pressure and struc-
ture properties such as permeability of the plasma membrane
and vacuole membrane, cell wall porosity, or even intercellular
porosity. The osmotic pressure, in turn, depends on the solute con-
centration and the salt and acid dissociation because each sub-
stance presents speci“c transport properties through plasma and
vacuole membranes or cell wall pores. When the cellular structure
is changed, the tissue selectivity is also modi“ed, so that water
mobility and distribution are affected.

Osmotic dehydration of plant foods is largely controlled by the
cellular membranes, which have different permeabilities to different
substances. Biological membranes are composed of phospholipid
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bilayers with intrinsic proteins. Studies have shown that water can
cross plant membranes through proteinaceous channels formed by
members of the aquaporin superfamily, also called water channels
(Weig, Deswarte, & Chrispeels, 1997 ). Aquaporins are hydrophobic
proteins that enhance the biological membraness permeability to
water. They belong to a group of membrane proteins, the major
intrinsic proteins (MIP) family of channels, with a molar mass in
the range of 26 and 30 kDa ( Tyerman, Niemietz, & Bramley, 2002;
Weig et al., 1997 ). These channels increase the permeability of bio-
logical membranes to water compared to the lipid bilayers; they
are detected by the low activation energy needed to transport water
across water channels ( Tyerman et al., 2002).

Calcium ions that occupy spaces outside the plasma membrane
(apoplast) have a structural role in the cell wall because they inter-
act with pectic acid polymers to form cross-bridges that reinforce
the cell adhesion, thereby reducing cell separation, which is one
of the major causes of plant tissue softening ( Roy et al., 1994).
Moreover, calcium can affect water channel activity; however,
the signi“cance of the inhibition of plant aquaporins by calcium
is complex and has still not been clari‘ed ( Maurel, 2007).
Conversely, calcium can also cross membranes through cation
channels. A vacuolar non-selective Ca ?* channel (Peiter et al.,
2005) has been identi“ed as a plasma membrane non-selective
cation channel ( Tapken et al., 2013) in plant cells.

Ascorbic acid (AA) in"uences the cell physiology; however, little
is known about its role in plant tissue. Exposure of ~ Arabidopsis thali-
ana seedlings to ascorbic acid demonstrated that exogenous AA
caused grow inhibition and damage in the cellular structure by
increasing the ROS (reactive oxygen species) content ( Qian et al.,
2014). In addition, a very low pH (2...3) can increase the cell wall
porosity ( Zemke-White, Clements, & Harris, 2000 ), which increases
diffusion of great molecules in the free spaces of the cellular tissue.

The complexity of osmotic dehydration of plant tissues rises
when using a multicomponent solution because all the solutes
and their respective concentrations affect the membrane perme-
ability and cell wall. Consequently, monitoring the water distribu-
tion can be useful to clarify the behavior of the cellular
microstructures as osmotic dehydration proceeds. Time domain
nuclear magnetic resonance (TD-NMR) is an analytical method that
allows the determination of the water content and its mobility in
different cell compartments by proton relaxation times of water
in foods ( Hills & Duce, 1990). It is a non-invasive method suitable
for large tissue samples that relates water content and water prop-
erties in different proton pools within the tissue with different
transverse relaxation times ( T,) of water ( Hills & Remigereau,
1997; Panarese et al., 2012; Tylewicz et al., 2011 ). In fruit samples,
the higher the mobility of a proton bearing molecule, the higher the
spin...spin (T,) relaxation time is expected to be. The intensities of
proton pools with different transverse relaxation times are a
relative measure of the amount of water corresponding to a
speci“c T,. This technique has been used in OD of plants to evaluate
water mobility and distribution within the cellular tissue ( Cornillon,
2000; Panarese etal., 2012; Tylewicz et al., 2011 ). Microscopic tech-
niques can also be important tools to clarify cell viability by using
vital dyes. Protoplasts stained with "uorescein diacetate (FDA)
allow the estimation of two types of plasma membrane injuries:
lysis and the loss of semipermeability ( Halperin & Koster, 2006;
Koster, Reisdorph, & Ramsay, 2003). Vacuole membrane alterations
can be evaluated by the capacity of intact tonoplasts to retain neu-
tral red and provide contrast to vacuoles ( Carpita, Sabularse,
Montezinos, & Delmer, 1979; Thebud & Santarius, 1982 ).

A multianalytical approach that combines several techniques
such as micro and ultrastructural microscopy, calorimetry and
NMR have been successfully employed in investigations of plant
foods subjected to mild processing conditions ( Panarese et al.,
2012; Rocculi et al., 2012; Tylewicz et al., 2011 ).

The main objective of this work was to investigate the effects of
the addition of calcium lactate (CalLac) and ascorbic acid (AA) to
sucrose (Suc) osmotic solutions on mass transfer, cell viability
and structure of apple tissue, as well as the consequential water
distribution and mobility modi“cation among the different cellular
compartments.

2. Materials and methods
2.1. Raw materials

Apples (Malus domestica Borkh) of the Cripps Pink variety, pop-
ularly known by the brand name Pink Lady ( Castro, Barrett, Jobling
& Mitcham, 2008 ), were provided by the local market and stored at
5+ 1 Cfornolongerthan 2 weeks, during which osmotic dehydra-
tion experiments were performed. The average weight of the
apples was 233.5+17.7g, and the soluble solids content was
13.4+0.3g 100g . Apples were cut in cylinders (8-mm diame-
ter) with a manual cork borer and cut to a length of 40 mm using
a manual cutter designed for this purpose. Commercial sucrose
(re“ned sugar, Eridania, Italy), vr-ascorbic acid (Shandong Luwei
Pharmaceutical Co., China) and calcium lactate (calcium- L-lactate
5-hydrate powder, PURACAL PP Food, Corbion PURAC,
Netherlands) were used in the experiments.

2.2. Osmotic dehydration

Apple cylinders were weighed (approximately 0.1 kg) in a mesh
basket and immersed in the osmotic solution. Each basket
corresponded to a single OD time: 0.5, 1, 2 and 4 h. The OD system
consisted of a cylindrical glass vessel containing 4.5 kg of aqueous
solution. The cylindrical baskets, coupled with an impeller of a
mechanical stirrer, were continuously rotated. Two baskets were
prepared for each process time. The syrup-to-fruit ratio was
approximately 15:1 (w/w).

The OD was performed with four different aqueous solutions:

40% sucrose (Suc), 40% sucrose + 4% calcium lactate (Suc...Calac),
40% sucrose + 2% ascorbic acid (Suc...AA) and 40% sucrose + 4%
calcium lactate + 2% ascorbic acid (Suc...CalLac...AA). After the
pre-established contact period, the samples were removed from

the solution, rinsed with distilled water, blotted with absorbing
paper, and weighed.

Immediately after the process, analyses of the total solids and
soluble solids contents were performed for fresh and osmotically
treated samples in triplicate. The proton transverse relaxation time
(T,) was also immediately measured for six replicates. Samples for
calcium and ascorbic acid analyses were freeze-dried.

2.3. Analytical methods

The moisture content for 2 g of fresh and treated samples was
determined gravimetrically, in triplicate, by drying at 70 C until
a constant weight was achieved. The soluble solids content was
determined at 20 C by measuring the refractive index with a
digital refractometer (PR1, Atago, Japan). Water activity was
measured in a water activity meter (AquaLab Series mod. CX-2,
Decagon, USA).

2.3.1. Ascorbic acid

For ascorbic acid determination, an extraction was performed
with 0.5g of a freeze-dried sample added to 10 ml of meta
phosphoric acid (62.5 mM) and sulfuric acid (5 mM) solution. The
mixture was vortexed for 2 min and centrifuged at 10,000 g for
10 min at 4 C. The supernatant was opportunely diluted and “I-
tered through a 0.45 | m nylon “Iter. Ascorbic acid was determined
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according to Odriozola-Serrano, Hernandez-Jover, and Martin-
Belloso method (2007) . The HPLC system (Jasco LC-1500, Carpi,
MO, Italy) was equipped with a diode array UV/Vis detector. A
reverse-phase C18 Kinetex (Phenomenex Inc., Torrance, CA, USA)
stainless steel column (4.6 150 mm) was used as the stationary
phase. Samples were introduced in the column through an
autosampler (Jasco AS-2055 Plus). The mobile phase was a 0.01%
solution of sulfuric acid adjusted to a pH of 2.6. The "ow rate
was “xed at 1.0 mL/min at room temperature. Data were processed

by the software ChromNAV (ver. 1.16.02) from Jasco. The ascorbic
acid content was quanti“ed at 245 nm through a standard calibra-

tion curve.

2.3.2. Calcium

The calcium concentration was determined using a "ame
atomic absorption spectrophotometer (Model A Analyst 400,
Perkin Elmer, Santa Clara, California, USA), using a lumina hollow
cathode lamp (Perkin Elmer) based on the adapted methodology
of AOAC ... Association of Of‘cial Analytical Chemists. (1995) .
Approximately 6 g of fresh samples (without treatment) and 2 g
of treated samples, i.e., freeze dried and previously ground, were
weighed in a 50 ml glazed, porcelain crucible placed in a muf’e
furnace and heated up to 550 C until complete ignition. Then,
the porcelain crucibles were cooled in desiccators, where 20 ml
of chloride acid (0.1 M) was added to the capsules with fresh sam-
ples and 30 ml was added to the treated samples. The ash was dis-
solved, and then, an aliquot of this solution was quantitatively
taken and diluted 8 times (fresh samples) or 100 times (treated
samples) with 0.1 M chloride acid. Standard calcium solutions
between 2 and 20 ppm were used to determine a calibration curve
of absorbance versus ppm of calcium.

2.4. Mass transfer of osmotic dehydration

Mass transfer during osmotic dehydration was evaluated on the
basis of mass balances. The total mass variation in relation to the
initial mass during osmotic dehydration was calculated from
experimental data according to Eq. (1):

an mobP
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where m = mass and 0 = initial time ( t =0).

Water loss (WL), calcium lactate gain ( DCalac), ascorbic acid
gain (DAA) and sucrose gain (DSuc), all calculated in relation to ini-
tial mass, are shown in the following equations:
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where m=mass; w=mass fraction (w/w); w=water;
Calac = calcium lactate; AA =ascorbic acid; and 0 =initial time
(t=0).

In addition, the calcium gain ( DCa) can be calculated by:
Weca M Wcg Mg
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To evaluate the in"uence of the OD parameters on the ef‘ciency

of the water removal in relation to sugar impregnation of the

apples, the ef‘ciency was de“ned by the following equation:

Efficiency Y4 a’b

DSuc

2.5. Microscopic analysis

Histological techniques with vital stains, which do not cause a
short-term effect on the cell physiology, were used to evaluate
the in"uence of the osmotic dehydration on cell viability using "u-
orescence intensity and neutral red accumulation for vacuole
integrity in preserved vacuoles. Microscopic analysis was per-
formed on osmotic solutions in the following concentrations: Suc

(20%), Suc (30%), Suc (40%), Suc...CalLac (20...2%), Suc...CalLac (30...
3%), Suc...CalLac (40...4%), Suc...AA (20...1%), Suc...AA (30...1.5%), Suc.
AA (40...2%), Suc...CalLac...AA (20%, 2%, 1%), Suc...CalLac...AA (30%, 3%

1.5%) and Suc...Calac...AA (40%, 4%, 2%).

2.5.1. Fluorescein diacetate (FDA) staining

1 mm-thick apple slices were obtained using a sharp scalpel
and then treated in the osmotic solutions mentioned above for
2 h. The cell viability test was performed using "uorescein diac-
etate (FDA, Sigma...Aldrich, USA Kex =495 nm, Kem =518 nm), as
described by Tylewicz, Romani, Widell, and Gémez Galindo
(2013) with some modi“cations. Apple slices were incubated for
30min in a 10 *M FDA in an isotonic sucrose solution (13%, w/
w) in the darkness at room temperature. Fluorescein diacetate is
known for its ability to passively penetrate protoplast and to be
hydrolyzed by cytoplasmic esterases that produce the polar pro-
duct "uorescein. This charged form is accumulated intracellularly
in viable cells because it is unable to cross cellular membranes that
remain intact ( Saruyama et al., 2013). Viable cells could be easily
identi“ed by a bright "uorescence. Observations were performed
under a "uorescent light in a Nikon upright microscope (Eclipse
Ti-U, Nikon Co., Japan) equipped with a Nikon digital video camera
(digital sight DS-QilMc, Nikon Co., Japan) at a magni“cation of
20

2.5.2. Neutral red staining

Apple tissues were stained using a neutral red dye. Neutral red
is a vital stain with a relatively low molecular weight and no elec-
tric charge that penetrates the vacuole of the intact protoplast of
plant cells. In vacuoles, the neutral red is transformed to an ionic
state because of the low pH inside the vacuoles; in this form, neu-
tral red is incapable of penetrating the tonoplast, so the neutral red
accumulates in the vacuole. Neutral red stain has been prepared in
a concentration of 0.05% (Mauro, Tavares, & Menegalli, 2003;
Panarese et al., 2012) in an isotonic sucrose solution at 13% (w/
w). Slices ( 0.5 mm) cut manually with a sharp scalpel were
stained with neutral red for 20 min. Each stained slice was
immersed in an osmotic solution for a minimum of 120 min.
Slices were placed on a microscopic slide accompanied by a drop
of solution and covered with the slide cover. The control slices
were solely washed in the isotonic solution. Slides were immedi-
ately observed under a light microscope (Optech Optical
Technology, Germany) and recorded at a magni“cation of
10 . RGB images were acquired using a digital camera (Camedia
C-4040-ZOOM, Tokyo, Japan) and stored in JPEG format.

Additionally, slides were recorded at a higher resolution in
black and white using a Nikon upright microscope (Eclipse Ti-U,
Nikon Co., Japan) without a "uorescent light at a magni“cation of
20

2.6. Time domain nuclear magnetic resonance (TD-NMR)

The proton transverse relaxation time ( T,) of the samples was
measured for six replicas in a Bruker The Minispec spectrometer
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(Bruker Corporation, Germany), operating at 20 MHz and 24 C,

using the Carr...Purcell...Meiboom...Gill (CPMG) pulse sequence.

Fresh or osmotic dehydrated apple cylinders with an 8 mm initial
diameter were cut (approximately 10-mm height, 250 mg) to not
exceed the active region of the radio frequency coil and placed
inside the 10-mm outer diameter NMR tubes. Each measurement
comprised 16,000 echoes with a 90...180 interpulse spacing of
100 | s, with 32 scans and a recycle delay of 5s. The speci‘ed
instrumental parameters avoided heating the samples and allowed
the measurement of the protons witha T, between 1 and 2000 ms.

The acquired CPMG curves were normalized by the sample
weights and analyzed with the UPEN (uniform penalty inversion
of multiexponential decay data) algorithm (  Borgia, Brown, &
Fantazzini, 1998 ) to give quasi-continuous distributions of relax-
ation time. The UPEN default “tting parameters were adjusted to
obtain better resolved and more detailed peaks. The number of
output relaxation times sampled logarithmically in the 1...2000-
ms interval T, was set to 200, and the smoothing coef‘cient beta
was increased to 2. However, the resulting T, distributions showed
partially overlapped peaks. Three proton populations were found
in each sample and were ascribed to cell compartment proton
pools according to their T, and intensity values ( Panarese et al.,
2012): vacuole, cytoplasm-free space and cell wall. Free spaces
are the spaces where the osmotic solution could interpenetrate,
i.e., outside the protoplast boundaries.

To obtain quantitative information from the CMPG decay
curves, sample signals were “tted using a discrete multi-exponen-
tial curve in Eq. (8):

t
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where N is the number of the found protons populations (based on
UPEN results, it was set to 3); and | and T, are the intensity value
and average relaxation time, respectively, of the n proton pool.

The “tting was performed using the esNonlinear Least Squaredes
function based on the Gauss...Newton algorithm and implemented
in the e*Ree software (R Foundation for Statistical Computing,
Austria), while the | and T, starting values were chosen based on
the UPEN results.

2.7. Statistical analysis

The signi“cance of the effects of the different osmotic solutions
on water loss, sucrose gain, ef‘ciency, transverse relaxation
times (T,) and intensity was evaluated by analysis of variance
(ANOVA) and comparison of means using the Duncan test at a 5%
probability level. The data were expressed as the mean * standard
deviation.

3. Results and discussion
3.1. Mass transfer: water loss and solid gain

Water loss (Eqg. (2)) and sucrose gain (Eqg. (5)) during osmotic
dehydration of apples treated in different osmotic solutions are
shown in Table 1. Samples treated in the sucrose solution show
the smallest water loss and high sucrose uptake compared to the
other treatments. When AA is added to the sucrose solution, the
water loss increases but the sucrose gain also increases, especially
during the “rst 30 min. A consequence of this relationship between
the water loss and sugar gain is both the Suc and Suc...AA treat-
ments have a lower process ef‘ciency ( Table 1) compared to the
Suc...Calac and Suc...Calac...AA treatments.

As for the water chemical potential of these solutions, the water
activity measured was 0.962 in the sucrose solution (40%), 0.953 in

the Suc...CalLac (40...4%), 0.954 in the Suc...AA (40...2%) and 0.944 in
the Suc...CalLac...AA (40...4...2%). Consequently, the highest water loss
is expected from the Suc...CalLac...AA solution followed by the Suc...
Calac and Suc...AA solutions. Indeed, both the Suc...Calac and Suc...
Calac...AA solutions promoted greater water loss and did not have
signi“cant differences between them. However, when comparing

the sucrose gain values between these two treatments, differences
were found at 30 and 240 min of the process, as seen in Table 1,
which were re”ected in the ef‘ciency of these processes. Calac

in solution enhances the ef‘ciency because it is able to promote
high water loss and restricts sucrose impregnation, which has been
veri“ed by other authors ( Mavroudis et al., 2012; Silva et al.,
2014a). However, the inhibition in sugar gain is sometimes accom-
panied by water loss reduction and, hence, a good ef“ciency is not
reached, as veri“ed by Silva et al. (2014a) who exposed pineapple
tissue to high concentrations (sucrose 50% solution with 4% Cal.ac)
for 2 h. Barrera et al. (2009) observed that for apples, osmotic
dehydration assisted by vacuum impregnation favors solid gain
but also reduces water removal. Restriction of solute transport
has been attributed to calcium pectate formation, which decreases

the cell wall porosity and limits the transport of larger molecules.
However, a decrease in the water loss could also be explained by
changes in the cellular membranes because calcium can affect
the water channel activity ( Maurel, 2007 ). Nevertheless, the signif-
icance of the inhibition of plant aquaporins by calcium is complex

and has not been clari“ed, as noted by Maurel (2007) , who com-
pared the water permeability of the  Arabidopsis plasma membrane
(Gerbeau et al., 2002) and Beta vulgaris roots (Alleva et al., 2006 ). A
low sensitivity to Ca 2* was detected in the Arabidopsis plasma
membrane, but a higher sensitivity was detected in the  B. vulgaris
roots. In the present work, inhibition of Ca  2* on water loss was not
evident.

In contrast, effect of the addition of AA seems to increase the
impregnation of solutes, which is the opposite effect of those pro-
moted by calcium. This was veri“ed by  Silva et al. (2014b) and
attributed to wall porosity increasing because of acidi“cation
(Zemke-White et al., 2000 ).

During the “rst 60 min of the Suc...CalLac...AA treatment, the ef*-
ciency was high probably because the calcium affected the restric-
tion of the sucrose gain in a similar way to the behavior observed
for the Suc...CalLac treatment (Table 1). Then, the ef‘ciency
decreased, which suggests that after 1 h of the process, the AA
exerted an opposite in“uence on the sucrose transport. Silva
et al. (2014b) also observed that AA positively in"uenced sucrose
and calcium gain in pineapples treated in solutions composed of
sucrose, calcium lactate and ascorbic acid. These results suggest
that synergetic effects should not be ignored. Genevois, Flores,
and De Escalada Pla (2014) forti“ed pumpkin with vitamin C and
iron through a dry infusion process by sprinkling powdered
sucrose on the vegetable to form a solution with the lost water
from the food. The authors concluded that the addition of Fe or
AA to the liquid solution increases the incorporation of sucrose into
the pumpkin tissue, but the presence of both additives simultane-
ously produces an antagonistic effect that diminishes the solid
gain.

Good impregnation of Ca and AA contents were observed during
the treatments in the Suc...Calac, Suc...AA and Suc...Calac...AA solu-
tions. The last solution slightly enhanced the AA and Ca impregna-
tion; the AA content increased after 2 h of process while the Ca
content increased after 4 h ( Table 2). AA was not detected in the
fresh samples. Indeed, very low ascorbic acid content has been pre-
viously found in the Pink Lady apples (2.3...3.0 mg/100 g, Castro
et al., 2008).

In conclusion, according to mass transport evaluation, the OD
ef‘ciency was improved by Calac, while AA presence exerted an
opposite effect; when both additives were present simultaneously,
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Table 1

Mean and standard deviation of water loss, sucrose gain and ef‘ciency.
Osmotic solution 30 min 60 min 120 min 240 min
Water loss
Suc 9.36%+ 0.50 13.00° 15.94%+ 0.85 24.66%+0.13
Suc...Calac 12.49°+0.86 14.96%+ 1.00 22.30°+0.68 28.96° + 0.63
Suc...AA 10.45% + 0.04 13.61%+0.86 18.99%° + 0.19 26.18%+1.25
Suc...CaLac...AA 12.87° £ 0.52 16.04%+ 1.48 20.58°+2.21 28.42°+0.02
Sucrose gain
Suc 2.28%° +0.12 4.11° 5.51%+0.26 6.70%+ 0.05
Suc...CalLac 2.7+ 0.20 3.392+0.27 4.86%+0.22 5.69° + 0.23
Suc...AA 3.18+0.01 4.11*+0.23 4.93%+ 0.06 6.75%+ 0.45
Suc...Calac...AA 2812 0.12 3.20°+0.41 4.76% £ 0.69 7.41*+0.01
Ef‘ciency
Suc 4.11%+0.43 3.90° 2.90%+0.29 3.68%+0.05
Suc...CalLac 5.75+ 0.93 4.44%+ 0.65 4.60*+ 0.35 5.10° +0.32
Suc...AA 3.28+0.02 3.32%+0.39 3.85%+ 0.09 3.89%+0.44
Suc...Calac...AA 4%4r 0.43 5.08%+1.11 4.41°+1.10 3.98%+0.01

The same letter on the same column means no signi“cant difference by the Duncan test ( p <0.05).

" Replica not determined.

Table 2

Mean and standard deviation of calcium and ascorbic acid contents at different osmotic dehydration times and corresponding fresh apple (mg/100 g).
Osmotic solution 0 min (fresh) 30 min 60 min 120 min 240 min
Calcium content
Suc...CalLac 2.78t 0.03 79.80° + 0.55 110.70°+1.88 142.44%+0.21 163.45°+5.35
Suc...Calac...AA 2%80.03 81.05° + 4.00 108.57°+2.18 140.019+12.75 195.201 + 8.30
Ascorbic acid content
Suc...AA Nd 429.02 + 13.82 608.88° + 13.47 733.32°+54.61 1012.45° + 2.87
Suc...CaLac...AA Nd 393.0¢ 10.13 576.85" + 8.20 779.509 + 15.87 1076.53 + 33.50

The same letter on the same column for each component means no signi“cant difference by the Duncan test (

Nd: not detectable.

AA counterbalanced an initial increase of ef“ciency caused by cal-
cium, as the OD proceeded. High levels of Ca and AA contents were
reached in all treatments and the impregnation of both compo-
nents was slightly enhanced when they were together in the
solution.

3.2. Microscopic analysis

3.2.1. Microphotographs of tissues stained with "uorescein diacetate

Fig. 1 presents slides of apple tissue before and after 2 h of
osmotic dehydration in different solutions followed by staining
with FDA. For the 20%, 30% and 40% Suc solutions (ig. 1b.1...b.3),
all slides show cell viability with an intensity that was comparable
to the fresh tissues ( Fig. 1a). Tissues treated in the CalLac...Suc solu-
tion presented a higher intensity for the 20% Suc...2% Calac
(Fig. 1c.1) solution. However, as the concentrations of both compo-
nents increased, the viability decreased, which suggests that the
solution with 40% Suc + 4% Calac (Fig. 1c.3) affected the viability
of the cells. A low "uorescence intensity was detected in tissues
treated with the Suc...AA treatments in the Suc 20%, AA 1% concen-
trations ( Fig. 1d.1) and no viability at higher concentrations was
found ( Fig. 1d.2 and d.3). For treatments in the Suc...Calac...AA solu-
tions, the apple cells did not show any viability (  Fig. le.1...e.3). If
the protoplasts did not retain the FDA, this means disruption of
the plasma membrane (cell lysis) or loss of membrane semiperme-
ability ( Halperin & Koster, 2006; Koster et al., 2003 ). The type of
membrane injury could be veri“ed by the number of intact
protoplasts without ability to retain FDA. However, apples have a
poor cytosol content, which makes it dif‘cult to distinguish the
protoplasts and vacuoles using light microscopy.

Cellular injury can be caused by low water activity, but all solu-
tions used in these experiments had a relatively high  a,, (in arange

p <0.05);

of 0.944...0.986). Another cause for cellular damage could be the
low pH of the osmotic solutions with AA ( Zemke-White et al.,
2000). For instance, Suc...AA solutions have a pH close to 2.4 and
Suc...Calac...AA solutions near 4.0. Furthermore, it has been demon-
strated that AA can cause severe damage in the cellular structure
(Qian et al., 2014). Hence, the AA presence in high concentrations
certainly affects the cellular membrane structure of plant tissues,

but the mechanisms are still not clearly delineated.

3.2.2. Microphotographs of tissues stained with neutral red

Fig. 2 presents slides of apple tissue stained with neutral red,
followed by 2h of osmotic dehydration in different solutions.

Fig. 2a shows the control with no osmotic treatment that appeared
completely stained. Fig. 2b.1...b.3 represent tissues treated in Suc
solutions and show a broad presence of preserved vacuoles and
red-stained tissue, probably because neutral red can also provide
some contrast to cytoplasm ( Carpita et al., 1979). Plasmolysis can
be identi“ed by the arrows.

These results agree with cell viability veri“ed by FDA experi-
ments with Suc solution, since, if plasma membranes remain pre-
served, intact vacuoles must be found.

In Fig. 2c.1...c.3, with tissues treated in Suc...Calac solutions, vac-
uoles are well de“ned. However, the color is not spread out like it
was in cells exposed to Suc solutions alone, which suggests that the
cytoplasm did not retain the color despite some protoplast viability
remaining even in the 30% Suc + 3% Calac solution (Fig. 1c.2). The
possibility that some plasma membranes or tonoplasts have been
disrupted is based on the high calcium concentration, which can
damage membranes (Wang, Xie, & Long, 2014).

Interestingly, during osmotic dehydration of thin slices previ-
ously stained with neutral red, sucrose solutions remained without
color but Suc...Calac solutions changed to red with similar tonality



24 M.A. Mauro et al./Food Chemistry 195 (2016) 19...28

~

0.2mm

0.2mm

[ |

0.2mm
|

0.2mm
===

p0.2mm p0:2mm

0.2mm

0.2mm

Fig. 1. Slides of parenchyma apple tissue stained with FDA after immersion in osmotic solutions for 120 min: (a) control; (b...e) osmotically dehydrated in osmotic solutions;

(b.1) 20% Suc; (b.2) 30% Suc; (b.3) 40% Suc; (c.1) 20% Suc + 2% CalLac; (c.2) 30% Suc + 3% Calac; (c.3) 40% Suc + 4% Calac; (d.1) 20% Suc + 1% AA; (d.2) 30% Suc + 1.5% AA; (d.3)

40% Suc + 2% AA; (e.1) 20% Suc + 2% Calac + 1% AA; (e.2) 30% Suc + 3% Calac + 1.5% AA; (e.3) 40% Suc + 4% Calac + 2% AA.

of the neutral red aqueous solution, Suc...AA solutions changed to
pink and Suc...CaLac...AA solution changed to intense pink (registers
are not shown). This con“rms the loss of plasma and/or vacuole
membrane permeability, thereby permitting neutral red to leave

the tissue.

Effects of the pH of the Suc...Calac solutions did not seem plau-
sible because the pH of the solutions is nearly neutral. Conversely,
tissues treated in the Suc...AA solutions had a complete absence of
color, as shown in Fig. 2d.1...d.3. Very low protoplast viability and
no stained vacuoles suggest that high AA concentrations and/or
very low pH affect the membrane integrity and permeability.
Nevertheless, it was a surprise to be able to distinguish some vac-
uoles without dye (see arrows in  Fig. 2d.2 and d.3), which were
more visible in images captured at high resolution ( Appendix A).

Whether the vacuoles contours are still visible, the membranes
exist, but impermeability to a charged form of neutral red must
have been lost and the stain left the vacuoles because red contrast
was not observed. Moreover, it is known that the loss of plasma
membrane semipermeability does not necessary mean cell lyses
even though it concerns plasma membranes ( Halperin & Koster,
2006), but suggests that tonoplast selectivity must have been mod-
i“ed without complete disruption of the vacuoles.

Finally, treatments in Suc...CalLac...AA solutions showed unex-
pected results. Although it is possible to visualize vacuoles in
Fig. 2e.1...e.3, the cell viability was completely lost in cells that
underwent this treatment ( Fig. 1e.1...e.3). Because the Calac addi-
tion elevated the pH in comparison to the AA solutions, from 2.4
(Suc...AA) to 4 (Suc...Calac...AA), it is possible that the tonoplast
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Fig. 2. Slides of apple tissue stained with neutral-red before immersion in osmotic solutions for 120 min: (a) control; (b...e) osmotically dehydrated in osmotic solutions; (b.1)
20% Suc; (b.2) 30% Suc; (b.3) 40% Suc; (c.1) 20% Suc + 2% Calac; (c.2) 30% Suc + 3% Calac; (c.3) 40% Suc + 4% Calac; (d.1) 20% Suc + 1% AA, (d.2) 30% Suc + 1.5% AA,; (d.3) 40%
Suc + 2% AA,; (e.1) 20% Suc + 2% Calac + 1% AA,; (e.2) 30% Suc + 3% Calac + 1.5% AA; (e.3) 40% Suc + 4% Calac + 2% AA.

semi permeability was better preserved, so the neutral red
remained in some vacuoles. Conversely, plasmalemma was proba-
bly damaged due to the low pH and high CalLac and AA concentra-
tions because no viability was detected.

These results show that plasmalemma was more sensitive to
Suc...Calac...AA solutions than tonoplast. AA caused red color
absence in the vacuoles but they were visualized in images cap-
tured at high resolution, which led to the conclusion that tono-
plasts maintained the vacuole content but its permeability was
changed. The same inference could not be made for plasmalemma
because the low cytoplasm content does not permit one to distin-
guish this phase.

3.3. Time domain nuclear magnetic resonance (TD-NMR): water
mobility

Osmotic dehydration promotes important changes in cellular
structure that can affect tissue selectivity and modify water mobil-
ity and its distribution through different parts of the cellular tissue.

Water mobility is related to the availability of water and, in this
osmo-cellular system, could be modi“ed by concentration of solids
or by changes related to sites for hydrogen bonds because of
macromolecule structure alteration.

T, and relative intensity results are shown in  Table 3 and Fig. 3,
respectively. Three protons populations were found in each sample
at approximately 10, 200 and 1200 ms and were ascribed to cell
compartment proton pools based on their T, and intensity values:
cell wall, cytoplasm-free space and vacuole ( Panarese et al., 2012).
The free space comprises the plasmolysis space, which forms
between the cell wall and plasmalemma, intra- and inter-cellular
spaces and interstices in the cell walls ( Mauro et al., 2003 ).

The total signal of raw apples was considered as a reference and
set at 100. The intensities of cell wall, cytoplasm-free space and
vacuole signals thus corresponded to 2.8+ 0.4, 20.5+2.3 and
76.7 £ 2.5, respectively. Results related to the water distribution
showed a release of water from vacuoles to the cytoplasm-free
spaces (Cyt/FS), so that the vacuoles shrank while the Cyt/FS water
pools swelled. A more pronounced effect was observed for the
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Table 3
Mean and standard deviation of the transverse relaxation time (
T, (ms)
30 min 60 min 120 min 240 min
Vacuole

Raw (fresh)

1215.29 + 39.78

Suc 1134.43° + 43.64
Suc...Calac 1203.05+ 27.62
Suc...AA 1147.25° + 24.42
Suc...Calac...AA 1183.82+ 52.40

Cytoplasm/free space
Raw (fresh)

209.19%+23.13

1215.29%+ 39.78
1115.06° + 61.10
1206.24 2 + 59.40
1098.85"° + 24.42
1138.28° +59.85

209.19%° +23.13

Suc 211.71%+13.89 196.42%+19.73
Suc...Calac 206.43+ 15.90 231.98" + 21.08
Suc...AA 211.88+ 16.19 210.36%° + 22.63
Suc...Calac...AA 210.26:12.16 212.01% +15.43
Cell wall

Raw (fresh) 9.81%+2.42 9.81%+2.42
Suc 8.93%+2.41 12.91° +4.10
Suc...Calac 9.68t 5.00 10.90%" + 3.09
Suc...AA 8.98+ 0.98 8.95%+ 0.85
Suc...Calac...AA 1152241 11.15%° + 1.69

1215292+ 39.78
1091.32° + 19.86
1124.74° + 28.35
1086.37° + 19.14
1090.47° + 38.97

209.19% +23.13
188.18% + 15.90
229.91° + 13.60

209.23% + 6.96

208.54% +17.32

9.81%+2.42
10.47%+ 1.53
9.81%+ 6.40
11.05%+2.22
15.12° +1.81

1215.292+ 39.78

995.99° + 15.66
1075.15°+ 43.15
1052.85° + 44.34
1003.12° + 84.20

209.19%+ 23.13
193.85%+ 11.72
212.12%+17.92
197.26%+ 12.32
203.61%+ 15.69

9.81%+2.42
12.98%¢ + 3.44
15.22° + 6.50
10.762°° + 3.08
13.52¢+ 3.22

The same letter on the same column means no signi“cant difference by the Duncan test (

osmotic treatment with the lowest

a, solution, Sac...CalLac...AA

p < 0.05).

molecules with low molecular weight have a high capacity to drop

(0.944), than by the Suc...AA (0.954) and Suc...CalLac (0.953) treat-
ments both with similar  a,, solution and, “nally, by the Suc treat-
ment with the highest a,, solution (0.962) ( Fig. 3).

Regarding T,, while focusing on speci“c time points, most differ-
ences between treatments were insigni“cant. On the other hand,
when T, was observed during the redistribution of water proton
compartments, trends similar to those observed for signal intensi-
ties were registered. In this respect, some aspects should be empha-
sized. In the treated tissues, the transverse relaxation times T,
assigned to cytoplasm and free spaces were, in general, very similar
to those of raw apples ( Table 3). During the “rst two hours of pro-
cess in the Suc...Calac solution;T, assigned to vacuoles was greater
than those measured in other treatments and close to the raw value.

If the water losses are the greatest for this condition ( Fig. 1), itis not
clear why vacuoles have the highest water mobility once concen-
tration of the vacuole solute content would be expected. A likely
explanation is that channels selectivity of the plasma and vacuole
membranes for several original cell substances would be different
for each osmotic treatment ( Maurel, 2007; Peiter et al., 2005;
Tapken et al., 2013). In addition, osmotic solutions as well as con-
tact time can affect membrane integrity. Thus, the vacuoles and
cytoplasm solute composition and consequent water interactions

in these compartments could be different between treatments.

The fact that calcium can traverse both tonoplast and plas-
malemma membranes is not ignored. According to  Peiter et al.
(2005), several classes of C&" recently have been identi‘ed in
plant cells even though not all of the ion channels that underlie
these currents have been identi“ed. These authors showed that
the TPC1 (stwo-pore channel 1¢) protein, a non-selective channel
for Ca2*, encodes a class of C&*-dependent Ca?*-release channel
known as the slow vacuolar (SV) channel, and they demonstrated
that the TPC1 protein is relatively abundant in plant vacuoles. In
turn, the plasma membrane cation channels in plant cells have
been related to AtGLRs (A. thaliana glutamate receptors), proteins
that are members of an amino acid receptors family ( Tapken
et al.,, 2013). The authors showed that they function as ligand-
gated and non-selective cation channels permeable to Ca
Consequently, compositional changes involving calcium could
in"uence but not explain the higher water mobility because

2+

water activity.

Still for Suc...Calac treatments, T, assigned to cytoplasm and
free spaces increased in relation to the raw material, though not
signi“cantly ( Table 3). This could mean once again slower compo-
sitional changes and modi“cations of water interactions because
calcium limits sucrose entry into the Cyt/FS, as observed by the
ef‘ciency obtained from the Suc...CalLac treatment ( Table 1).
Then, it would be expected that this compartment would have a
greater proportion of solutes from the original cell than sucrose
arising from the osmotic solution compared to other treatments
and, consequently, weaker water interactions than with sucrose
during early osmosis. Of course, as osmotic dehydration proceeds,
the water chemical potential in each compartment tends to equal
those of the osmotic solution.

For cell walls, water mobility practically did not change.
However, regarding intensity, the Suc...CalLac treatment promoted
a signi“cant reduction in the water amount associated with the
wall biopolymers. Roy et al. (1994), investigating changes in the
distribution of the anionic binding sites in the cell walls of apples,
concluded that calcium could reduce fruit softening by strengthen-
ing the cell wall and limiting cell separation through a greater
degree of cross-links with pectic acid polymers. An important
observation of these authors is that these calcium bindings can
restrict access of hydrolytic enzymes or the resulting increase in
pH due to Ca could inhibit activity of the wall loosening enzymes
that possess acidic pH optima. Nevertheless, T, times for the cell
wall did not present a pattern, so it would be necessary for more
registers because there were great variations between cells
(Table 3).

In conclusion, according to TD-NMR results, the Suc treatment
seemed to have a lower in"uence on the cellular compartmenta-
tion and functionality, so that a higher vacuole water population
and lower cytoplasm-extracellular spaces were observed in com-
parison with the other treatments. The Suc...CalLac and Suc...AA
treatments resulted in similar water populations of vacuoles
and cytoplasm. This highlights the presence of the vacuole com-
partmentation in tissues treated with Suc...AA ( Appendix A),
although it was not visualized by neutral red staining
(Fig. 2d.1...d.3).
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Fig. 3. Peak intensity of the proton pools in different cellular compartments as a function of the osmotic dehydration time, in different osmotic solutions. All the intensities

were scaled so that the total signal from fresh samples (

auxiliary tables means no signi“cant difference by the Duncan test ( p <0.05).

4. Conclusions

Sucrose treatments preserved the viability and slightly affected
the apple cell structure during OD, as shown by a "uorescence
intensity which was comparable to fresh tissue, by a broad pres-
ence of red-stained vacuoles and by moderate changes in the water
distribution within the cells, according to TD-NMR.

Calac in the sucrose solution contributed to extended cell via-
bility, and TD-NMR allowed detection of its in"uence on the cell
wall as the proton intensity reduced during the “rst two hours of
the process. In contrast, proton pools related to cell walls expanded
in all other treatments. CalLac also enhanced the OD ef“ciency,
which is associated with cell wall pore reduction due to calcium
pectate formation.

Only adding AA into the sucrose solution visibly affected the
cell membrane permeability by revealing the loss of viability of
protoplasts and capacity of retaining vital stain in vacuoles and,

t = 0) equals 100. (a) Vacuole and cytoplasm plus free space; (b) cell wall. The same letter on the same column in the

simultaneously, the presence of vacuole compartmentation, which
was detected by TD-NMR and also by images captured in a high
resolution.

AA together with calcium strongly affect the tissue functional-
ity, showing no viability but still some stain retention by vacuoles,
and a remarkable water redistribution by vacuole shrinkage and
Cyt/FS swelling veri“ed by TD-NMR. Plasmalemma was more sen-
sitive to Suc...Calac...AA solutions than tonoplast. The presence of
AA reduced the process ef‘ciency and enhanced Ca impregnation
in the four process hours, which were related to increase the cell
wall porosity and change the membrane permeability.
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Pulsed electric eld (PEF) technology is gaining momentum as a pre-treatment to enhance mass transfer of

vegetable tissues obtained by further processing. In this study PEF pre-treatment increased osmoticd  ehydration
(OD) effectiveness, in terms of water loss and solid gain in apples, as a function of electric eld strength and
number of pulses. Mass transfer was particularly high when average electric elds of 250 and 400 V cm * were
applied. Time domain nuclear magnetic resonance (TD-NMR), with the use of a contrast agent, clari ed structural

Keywords:
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Osmotic dehydration
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TD-NMR

Water distribution
Water self diffusion

changes that drive mass transfer. Treatments at 100 V cm ™ redistributed water between vacuole, cytoplasm and
extracellular space, while at 250 and 400 V cm " the membrane breakages caused the loss of cellular compart-
mentalization. Two non-destructive and fast acquirable parameters, the longest measured relaxation time (T 2)
and water self diffusion coef cient (D ), allowed the separate and accurate observation of PEF treatment and os-
motic dehydration effects.

Industrial relevance: The developed non-destructive method, here described, allows the measure of the effects of
PEF treatment on apple tissue which can be exploited to have reliable control of the process within mi nutes. Since
mass transfer parameters depend on subcellular water redistribution, the present work provides a tool to boost

the development and optimization of agri-food processes on fresh vegetable tissues.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Pulsed electric eld (PEF) is an innovative non-thermal technology
which delivers short pulses to food products, placed between two
electrodes, generating electric  elds, which usually span from 0.1
to5kVem . When coupled to extraction techniques, its application
leads to an enhancement of mass transfer phenomena, which can be
exploited to increase extraction yields from vegetable tissues (  Donsi,
Ferrari, & Pataro, 2010). In addition, its effectiveness has been dem-
onstrated by combining PEF together with osmotic dehydration
(Ade-Omowaye, Angersbach, Taiwo, & Knorr, 2001; Amami, Vorobiev, &
Kechaou, 2006; Wiktor, led , Nowacka, Chudoba, & Witrowa-Rajchert,
2014), air drying ( Ade-Omowaye, Rastogi, Angersbach, & Knorr, 2003;
Wiktor et al., 2013 ), compression ( Bazhal, Lebovka, & Vorobiev, 2001)
and thermal treatments ( Lebovka, Praporscic, Ghnimi, & Vorobiev,
2005; Parniakov, Lebovk a, Bals, & Vorobiev, 2015).

The application of PEF on vegetable tissue acts on the membrane
permeability, inducing electroporation of cells ( Teissie, Eynard,
Gabriel, & Rols, 1999). The mechanism of electroporation includes
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E-mail address: nicolo.dellarosa@unibo.it (N. Dellarosa).

http:/dx.doi.org/10.1016/).ifset.2016.01.009
1466-8564/© 2016 Elsevier Ltd. All rights reserved.

different steps: polarization of membranes, creation of pores, expan-
sion of pore radii and resealing of pores ( Donsi et al., 2010; Vorobiev
& Lebovka, 2008). In addition to the type of fruit and vegetable tissue,
the extent of electroporation, especially the resealing of pores, which
can last from seconds to hours, depends on the applied electric  eld
strength, duration, number and shape of pulses, and interval between
pulses. It is of practical importance that the application of electric elds
lower than 1 kV cm ', and a total treatment time in the order of
milliseconds, do not signi  cantly contribute to a temperature increase,
which would alter membrane permeability caused by heat related
damages (Lebovka, Bazhal, & Vorobiev, 2002) and the quality of the
obtained products.

In mass transfer applications, PEF effects on vegetable tissues are
generally evaluated by the extraction yields, or by the release of some
target compounds ( Soliva-Fortuny, Balasa, Knorr, & Martin-Belloso,
2009). The measurement of the apparent diffusion coef cient, often
compared to untreated and totally destroyed samples, is another index
of macroscopic changes. This method has the drawback of being indirect
and invasive, leading to inconsistent results due to possible modi  cation
of the structure of the tissue ( Vorobiev, Jemai, Bouzrara, Lebovka, &
Bazhal, 2005). Alternatively, changes of color and texture are also con-
trolled as a side effect of PEF treatment, being even desirable, for in-
stance, when material softening is the objective of the study ( Lebovka,
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Praporscic, & Vorobiev, 2004). Direct effects on membrane perme-
abilization can be qualitatively observed by staining of plant tissues
followed by microscope visualization ( Fincan & Dejmek, 2002). How-
ever, the most commonly applied method to measure cell disintegra-
tion is based on changes in electrophysical properties, i.e. the
impedance, that gives information on the damage degree of a sample
when compared to both an untreated and a totally destroyed sample
(Angersbach, Heinz, & Knorr, 1999; Lebovka et al., 2002 ).

Time domain nuclear magnetic resonance (TD-NMR) is a fast, non-
destructive analytical technique that allows to evaluate spatial features
in vegetable cellular compartments by the indirect measurement of
water distribution inside and outside cells. Recently, the measurement
of transverse relaxation time (T ) curves has been successfully applied
to study the subcellular water redistribution upon osmotic dehydration,
its combination with ultrasound in kiwifruit ( Nowacka, Tylewicz, Laghi,
Dalla Rosa, & Witrowa-Rajchert, 2014; Tylewicz et al., 2011 ) and the
addition of calcium and ascorbic salts to the osmotic solution in apple
tissue (Mauro et al., 2015 ). Furthermore, through the evaluation of the
water self diffusion coef cient, an overview of water possibility to ex-
plore the surrounding space can be achieved. Santagapita et al. (2013)
found that water loss and solid gain, during the osmotic treatment of
kiwifruit, were in good agreement with the reduction of the water self
diffusion coef cient.

The present work evaluated the effect of PEF on apple tissue as pre-
liminary treatment to osmotic dehydration, at three different electric

eld strengths (100, 250 and 400 V cm 1) and total number of pulses

(20 and 60 train series). Besides the control of the mass transfer param-
eters water loss and solid gain, a subcellular level observation was ap-
plied by means of TD-NMR to understand, in-depth, the PEF-induced
mechanisms that affect mass balances. Differently from previous
works, the transverse relaxation time (T ) of the osmotic solution was
selectively dropped by the addition of a contrast agent. This eased the
discrimination of three characteristic cellular compartments, namely
vacuole, cytoplasm and extracellular space, respectively delimited by
plasma membrane and tonoplast. Moreover, once the membrane per-
meability was altered due to electroporation, the contrast agent was a
key element to observe the external solution diffusing through the
inner compartments of apples. In addition, the average water self diffu-
sion coef cient(D ,,) of water contained in apple tissue was evaluated as
a non-destructive control tool for the osmotic dehydration process.

2. Material and methods
2.1. Material

Apples (Malus domestica) of the Cripps Pink variety, also known by
the brand name Pink Lady®, were purchased at a local market and
stored at 2 £ 1 °C for no longer than a month, within which experi-
ments were run. Average moisture and soluble solid contents were, re-
spectively, 83.5+ 0.5gand 14.0 £ 0.5 g per 100 g of fresh product (g #)-
The apples were cut with a manual cork borer and cutter to obtain
cylinders of 8 mm diameter and a length of 10 mm.

2.2. Pulsed electric eld (PEF) treatment

Pulsed electric eld (PEF) treatments were applied to apple cylin-
ders using an in-house developed pulse generator equipment based
on MOSFET technology and on capacitors as energy tank. The PEF
generator provides monopolar pulses of near-rectangular shape at
different voltages, adjustable repetition time between pulses and vari-
able total treatment duration which lead to a variable number of
delivered pulses. Treatments were run at 20 °C in a 30 x 20 x 20 mm
(length x width x height) chamber equipped with two stainless steel
electrodes (active contact surface = 20 x 20 mm  2) with a distance
between them xed at 30 mm. For each treatment 12 apple cylinders
(approximately 5 g) were inserted into the chamber with the two circle

sides parallel to the electrodes ( Fig. 1). The chamber was lled up with
tap water, with an electrical conductivity of 328 + 4 Scm tat25-°C,
with product-to-water ratio around 1:1 (v/v). Table 1 shows the
experimented pulse series and the average applied electric eld
strengths in the chamber of trials conducted at xed pulse width
(100 £ 2 S) and repetition time (10.0 + 0.1 ms) with a voltage of
300 V, 750 V, and 1200 V to the electrodes. The current and voltage
values were registered by using a digital oscilloscope (PicoScope
2204a, Pico Technology, UK) connected to a personal computer.

2.3. Osmotic dehydration (OD) and mass transfer control

Immediately after PEF application, the treated apple cylinders were
removed from the PEF treatment solution and placed into 7 different
beakers containing a continuously stirred 30% (w/w) sucrose osmotic
solution, in a product-to-solution ratio of approximately 1:20 (w/w),
to avoid changes in the concentration of the solution during the treat-
ment. The rotational speed was experimentally determined to assure
negligible resistance to mass transfer. Besides, control samples were
prepared by directly placing the apple cylinders into the osmotic solu-
tion without PEF pre-treatment. Iron (Ill) chloride (Sigma-Aldrich
Steinheim, Germany) was employed as a contrast agent for NMR analy-
sis and added to the osmotic solution to obtaina  nal concentration of
0.01 M. Samples were collected 0 (fresh control), 15, 30, 60 and
120 min after the immersion, blotted with absorbing paper, weighted
and analyzed. The moisture content of 3 apple cylinders (weighing
approximately 1.5 g) of fresh and treated samples was determined
gravimetrically by drying at 70 °C until a constant weight was achieved,
as recommended for fruit products by AOAC International (2002) . In
parallel, the same experimental plan ( Table 1) was run by replacing
the osmotic treatment with an isotonic solution, to gain insight of
mass transfer phenomena caused by PEF only, without an external
osmotic driven force.

Mass transfer was evaluated by calculating the mass balances, in
terms of mass variation, water loss and solid gain. The total mass varia-
tion (M) inrelation to the initial mass during osmotic dehydration was
calculated from experimental data according to Eq. (1):

”

1/43”11 mob
Mo

M ap

where m = mass and m o = mass at initial time (t = 0).
Water loss ( My,) and solid gain (M) were calculated in relation
to the initial mass according to Egs. (2) and (3) , respectively:

/6W m wg mgb

Mw Ya mo &p

Ms ¥ M My &BP

where w = water content and w
(t=0).

o = water content at initial time

enerator

PEF g

i

|/
Treatment chamber

Digital oscilloscope

Fig. 1. Layout of the experimental setup.
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Experimental plan: sample codes and process parameters.

Sample Electric eld Number of pulses Applied energy to apple
code (Vem b (n) kg Y

NoPEF 0 0 0

20p100 100 20 8+1

20p250 250 20 55+ 1

20p400 400 20 135+ 4

60p100 100 60 23+1

60p250 250 60 164+ 3

60p400 400 60 382 + 36

Note: applied energy values are means, expressed as J per kg of fresh product, +standard
deviations ( n = 3). Electric  eld is given as the average value for the treatment chamber
with electrodes spaced 3 cm.

2.4. Time domain nuclear magnetic resonance (TD-NMR)

2.4.1. Transverse relaxation time curve measurement

Proton transverse relaxation time (T ,) decay was measured for each
sample immersed in both the isotonic and osmotic solutions by apply-
ing the CPMG pulse sequence (Meiboom & Gill, 1958 ) using a Bruker
<The Minispec e« spectrometer (Bruker Corporation, Germany) operating
at 20 MHz. Apple cylinders were collected from the solutions, placed
into 10-mm diameter NMR tubes and directly analyzed. Each measure-
ment comprised 6000 echoes, with an interpulse spacing of 0.3 ms and a
recycle delay of 10 s which allowed the measurement of proton decays
included between 1 and 3000 ms and avoided sample overheat. Each
acquisition was performed over 8 scans giving rise to a total time of
analysis around 90 s.

The registered spectra were normalized to unitary area and analyzed
by UpenWin software ( Borgia, Brown, & Fantazzini, 1998 ) to give quasi-
continuous distributions of relaxation time. The number of output relax-
ation times, sampled logarithmically inthe 1 ..3000 ms range, was set to
100. To obtain quantitative information from the T  ,-weighted decay
curves, signals were tted using a discrete multi-exponential curve.
The tting was run using the <_evenberg..Marquardt nonlinear least-
squarese algorithm implemented in  «Re software (R Foundation for
Statistical Computing, Austria), according to Eq. (4) :

x t
Sap¥s Inexp T b Ean HAp
ivid 2i
where N = number of proton populations, which was set at 3 (vacuole,
cytoplasm and extracellular space) according to UPEN results, | = signal
intensity, T, = average relaxation time of each proton population
(n) and E = residual error.

2.4.2. Water self-diffusion coef cient measurement

Water self-diffusion coef cient (D ,) was measured by means of
pulsed magnetic eld gradient spin echo (PGSE) sequence ( Stejskal &
Tanner, 1965). The sequence implemented in the Bruker <The Minispec
spectrometer software allowed to apply a magnetic eld gradient span-
ning from 0.04t02.00 Tm  * which was calibrated by using pure water
with a known D , value 0f 2.310 °m?s *at 25 °C (Holz, Heil, & Sacco,
2000). To allow a comparison between the samples treated using differ-
entapplied energies, the water inside the apple tissue was considered as
characterized by a single self diffusion coef cient (D ) according to
Eq.(5) (Santagapita et al., 2013):

In Ae 4, 2p,, 2 G? &b

1
Aco 3
where Ag = amplitude of PGSE with the applied gradient (G =
1Tm 1), Ago = amplitude of PGSE without the gradient, = proton
gyromagnetic ratio, = gradientlength setat 0.5 ms, and =time be-
tween the gradients  xed at 7.5 ms.

2.5. Statistical analysis

To evaluate whether PEF pre-treatment signi  cantly enhanced mass
transfer during osmotic treatment, the analysis of variance (ANOVA)
and Tukey multiple comparisons were applied, by accepting the signif-
icance level of 95% (p b 0.05). All the experiments were conducted in
triplicate and the results were expressed as mean * standard deviation
of replications.

3. Results and discussion
3.1. Mass transfer

Immediately after PEF application, the treated apple cylinders ap-
peared similar to the raw material. No loss of material was noticed, al-
though the samples treated at 250 and 400 V cm ' seemed to
partially lose the original hardness of the apple tissue. Nevertheless,
the pulsed electric  elds applied as a pre-treatment for osmotic dehy-
dration overall enhanced the mass transfer between apple tissue and
the osmotic solution. Fig. 2 shows, indeed, water loss and solid gain of
the samples treated at different voltages with trains of 60 pulses in com-
parison with control untreated samples. The numeric scores and statis-
tical analysis for each treatment are shown in  Table 2.

The measured initial water content of untreated apples (0.835 +
0.005 g gn') decreased by a minimum of 3.2 + 0.1% (after 15 min) to
a maximum of 15.8 + 0.4% (after 120 min). During the rst 15 min
from the beginning of the osmotic treatment, water loss signi cantly in-
creased when either the highest  eld strength (400 V. cm 1) or the
combination medium  eld strength (250 V cm ') and 60 pulses were
applied. As an example, the treatment with 400 V.cm 1 20 pulses led
to a water loss of 4.6 + 0.6%, while 60 pulses boosted this value to
6.7 £ 0.1%. Taking into account the whole osmaotic process, both voltage
and the number of pulses positively in - uenced the water loss. Indeed, at
the end of the experimental trial (120 min), the untreated apple sam-
ples reached the water loss of 15.8 + 0.4% while 20 pulses at 250 and
400V cm *resulted in higher values, spanning from 20.1% to 20.2%
and 60 pulses at the same eld strengths led to the highest water
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Fig. 2. Mass changes in terms of water loss ( M,,) and solid gain (M) of PEF pre-treated
samples with 60 pulses at different voltages throughout 120 min. Results are expressed as
means * standard deviation.
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Table 2
Effect of pulsed electric  elds combined with osmotic treatment on water loss and solid gain.

60 min 120 min

Osmotic treatment 15 min 30 min
Water loss

NoPEF 0.032%° + 0.001
20p100 0.022% + 0.003
20p250 0.030% + 0.004
20p400 0.046% + 0.006
60p100 0.034°° + 0.001
60p250 0.056% + 0.001
60p400 0.067°€ + 0.001
Solid gain

NoPEF 0.016% + 0.001
20p100 0.023%+0.003
20p250 0.022% + 0.004
20p400 0.024% + 0.006
60p100 0.019%+0.001
60p250 0.025% + 0.001
60p400 0.026° + 0.001

0.055° + 0.001
0.037%+ 0.004
0.081° + 0.002
0.093% + 0.001
0.058° + 0.001
0.099¢ + 0.001
0.1019 + 0.002

0.018 ©+0.001
0.036 + 0.004
0.029 2+ 0.002
0.031 £ 0.001
0.025 "°+0.001
0.029 2+ 0.001
0.031 £ 0.002

0.158° + 0.004
0.144% + 0.002
0.201° + 0.005
0.200¢ + 0.001
0.179° + 0.001
0.209¢ + 0.002
0.222° + 0.002

0.102° + 0.002
0.084% + 0.002
0.129°+ 0.003
0.146% + 0.002
0.099° + 0.003
0.137°+0.001
0.158° + 0.001

0.028 “ + 0.004
0.041 ©+0.002
0.051 ¢+ 0.005
0.054 #+0.001
0.042 "° +0.000
0.052 2+ 0.002
0.049 °+0.002

0.024  +0.002
0.039 2+ 0.002
0.043 2+ 0.003
0.037 2+ 0.002
0.038 *+0.003
0.043 2+ 0.001
0.045 2+ 0.001

Results are means expressed as g per go(time = 0) + standard deviations and different letters show signi

removal, around 20.9%..22.2%. This shows, in agreement with previ-
ous works ( Amami et al., 2006; Parniakov et al., 2015; Wiktor et al.,
2014), that the initial electroporation effect caused by PEF lasted for
several minutes after application ( Ade-Omowaye, Talens, Angersbach,
& Knorr, 2003).

Similarly to water loss, solid gain showed an increased rate when
PEF was applied. In detail, while the control samples gained 2.8 +
0.4% of solid content in 2 h treatment, each PEF pre-treated sample
reached a 4%.5% gain. Interestingly, the samples treated at the lowest

eld (100 V.cm ) showed a similar behavior to the samples treated
at higher elds, especially when a 60 pulse train was chosen. Indeed,
the application of 60 pulses increased both solid gain and water loss
after 120 min ( Fig. 2 and Table 2) when compared to control even
though the water removal was lower than the sample which underwent
to 250 and 400 V cm ! treatments. In the same way, some authors
found that 100 V cm ' were also able to improve mass transfer, in
terms of juice extraction yields during the compression of apple tissue
(Bazhal et al., 2001) and diffusion coef cient measured in apple discs
(Jemai & Vorobiev, 2002). Although some studies on apple tissue
highlighted that the number of pulses does not affect the mass transfer
(Taiwo, Angersbach, & Knorr, 2003; Wiktor et al., 2014 ), the present
study showed that the number of pulses had asigni  cant effect. This dif-
ference can be probably ascribed to the different electric ~ eld strengths
which were applied in the present work, lower than the other studies.

3.2. Water distribution and self diffusion

To gain insight into the mechanisms which drive mass transfer phe-
nomena, TD-NMR was employed by registering T »-weighted curves.
Since the T, of protons depends on chemical exchange among water,
solutes and biopolymers ( Hills & Remigereau, 1997; Santagapita et al.,
2013), this allowed the separate observation on raw apple tissue of ex-
tracellular space, cell wall, cytoplasm and vacuole, together with their
modi cations upon technological treatments ( Mauro et al., 2015). In
raw material, water was found to be distributed as follows: 77.5 +
1.7% in vacuole (T, 1391 £ 45ms), 18.5+ 1.5% (T ,282 =25 ms)in cy-
toplasm/extracellular space and 4.0 £ 0.4% (T , 17 + 3 ms) was ascribed
to the structural water of cell wall.

A preliminary study on osmotic dehydration showed thatthe T , of
osmotic solution entering the extracellular space was similar to the
one of the cytoplasm. In order to observe the two compartments
separately this prompted us to lower the T 5 of the osmotic solution by
means of iron (Ill) chloride, which therefore acted as a contrast
agent. A concentration of 0.01 M was chosen in order to equal the
T, of the cell wall, typically non-sensitive to technological treatments
(Nowacka et al., 2014; Santagapita et al., 2013). Higher iron (lll)

cant differences ( p b 0.05) between treatments for each sampling time.

chloride concentrations were discarded because they were leading to
T, values lower than the instrument limits ( Van Duynhoven, Voda,
Witek, & Van As, 2010).

The continuous linein  Fig. 3a shows the T,-weigthed signal distribu-
tion of untreated apple tissue upon 120 min of dipping in isotonic solu-
tion. Besides the peak ascribable to the extracellular space solution, set
to 12 ms with the addition of the contrast agent, vacuole and cytoplasm
signals, centered around 200 and 1200 ms as in the raw apples, demon-
strated that the contrast agent itself was not able to passively diffuse
through the native intact plasma membranes. The osmotic dehydration
without any PEF pre-treatment (continuous line in  Fig. 3b) led to a
partial water removal from the inner cellular compartments toward
the external space so that, after 120 min, the T , of the extracellular
space was slightly increased, resulting in a peak around 50 ms. This
was due to the partial dilution promoted by the shrinkage of the inner
compartments, which have a higher T ,, leading to a higher mean
value of the extracellular population. As expected, the relative area of
the vacuole peak, i.e. its water content, also showed a marked reduction
after osmotic treatment.

The non-continuous lines of Fig. 3a allow to appreciate the water re-
distribution caused only by the application of the external electric eld,
in absence of any osmotic driven force, while Fig. 3b shows the joint
contribution of PEF and OD treatments on water redistribution. Taking
into account PEF treatments alone, the application of medium and
high voltages (250 and 400 V cm %) led the extracellular space, cyto-
plasm and vacuole signals to collapse into a single broad proton popula-
tion. This highlighted that the membranes were electrically damaged
with the consequent loss of any compartmentalization. After PEF
treatment at 100 V cm 1, conversely, the structure was still apparent.
Nevertheless, the vacuole/extracellular ratio was lower than the
NoPEF sample as a consequence of the reduction of the vacuole popula-
tion shownin Fig. 3aand b. This behavior suggested that electroporation
took place but its effect was probably reversible. Fine tuning of the ap-
plied voltage allowed nding the no-reversibility threshold at around
150 V cm ' with 60 train pulses (data not shown).

Table 3 offers a complete view of water distribution among cell com-
partments in case of osmotic dehydration, with and without a
100V cm * PEF pre-treatment. Electrical pre-treatment using 60 pulses
led to signi cantly higher vacuole shrinkage than control throughout
the entire osmotic process, increasing the relative water content of
both cytoplasm and extracellular spaces. This water rearrangement
caused a vacuole T, decrease that can be qualitatively visualized from
Fig. 3b, which was far less pronounced than what expected in case of
contrast agent entrance. The two joint pieces of information strongly
suggest that the treatment at 100 V cm  * did not induce the perme-
abilization of the plasma membrane, but led to damages to tonoplast,
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Fig. 3. T,-weighted signal distribution, normalized to unitary area, of PEF pre-treated samples with 60 pulses
Longest relaxation time expressed as means + standard deviation of samples after 120 min in isoton

which surrounds vacuole, probably because it is more sensitive to elec-
tric elds. This water migration from the internal cellular compart-
ments can explain the increase of mass transfer phenomena which
were noticed both in the present work and in previous studies which
applied moderate electric  elds (Sensoy & Sastry, 2004; Vorobiev
et al., 2005).

From an industrial point of view, it is important to highlight that
after each of the tested treatments water distribution among cell
compartments showed that PEF effects were time-dependent. This
is in agreement with previous studies based on a macroscopic
evaluation of mass transfer ( Ade-Omowaye, Talens, et al., 2003;
Angersbach, Heinz, & Knorr, 2002). This suggests that time after

Table 3

Water redistribution in sample treated at 100 V. cm L

15 min 30 min 60 min 120 min

Extracellular space

NoPEF 0.066 +0.009 0.062 *+0.003 0.082 °+0.010 0.117 °+0.007
20p100  0.0972+0.010 0.097 ®+0.010 0.132 °+0.008  0.250 #+ 0.022
60p100 0.102%+0.015 0.107 *+0.005 0.172 *+0.015  0.250 *+ 0.009
Cytoplasm

NoPEF 0.23P+0.018 0.248 2+0.028 0.300 +0.039  0.307 +0.046

20p100 0.274%+0.041 0.337 ®+0.041 0.353 2+ 0.039 0.329 ®+0.027

60p100  0.338%+0.048 0.373 *+0.073 0.424 +0.068 0.493 #*+0.107
Vacuole
NoPEF 0.703+0.016 0.690 *+0.031 0.619 *+0.030  0.576 *+ 0.046

20p100 0.629%°+0.031 0.565 "+ 0.050 0.515 3+ 0.047 0.422 %+ 0.048
60p100 0.560°+0.060 0.521 °+0.072 0.404 ®+0.053 0.257 ®+0.107

The intensity was scaled to have unitary values for each treatment and observation time.
Results are means + standard deviations and different letters show signi cant differences
(p b 0.05) between treatments.

atdifferent voltages after 120 min in isotonic (a) and hypertonic (b) solutions.
ic (c) and hypertonic (d) solutions.

treatment can be a fundamental factor to be considered in order to
optimize PEF application in a combined multi step manufacturing
process.

The present investigation showed that the three compartment
model, which is typically applied to describe raw apple tissue relaxation
curves (Mauro et al., 2015), can be effectively used to model the NMR
signals of apple treated at 100 V. cm ! but it is, unfortunately, inade-
quate when a voltage above the irreversible electroporation threshold
is applied. Efforts were therefore made to  nd a characteristic of T ,
curves which could be universally applied to estimate the electric cell
damage. In this respect, the longest relaxation time, which can be
directly obtained from the UpenWin software output, was found to be
tailored to the goal. In the present experimental conditions, this T,
could be ascribed to the water protons located in the middle of the vac-
uole, because it is characterized by the weakest interaction with bio-
polymers ( Hills & Duce, 1990) and is unaffected by the contrast agent
until plasma and tonoplast membrane breakage ( Panarese et al., 2012).

Fig. 3c and d shows the longest relaxation time of the samples im-
mersed in isotonic and hypertonic solutions, respectively. No differ-
ences were noticed in NoPEF samples throughout the entire process,
showing that this value was independent from the immersion time in
an isotonic solution or from the vacuole shrinkage which usually occurs
when apple tissue is immersed into an osmotic solution ( Mauro et al.,
2015). The longest relaxation time of the samples treated at 250 and
400Vem  tinboth isotonic and hypertonic solutions showed a high de-
crease of relaxation time which passed from the initial value around
2000 msto around 1000 ms duringthe  rst 15 min after PEF treatments
and reached values around 500 ms after 120 min. This parameter was
therefore not only sensitive to the applied electric eld strength, but
also able to clearly discriminate reversible from irreversible effects. Fur-
thermore, it is worth to notice that those results closely followed mass
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transfer scores. For instance, 60 pulses at 400 V. cm ! led to the highest
water removal, 20 pulses at 250 cm  * to the lowest difference in mass
transfer compared to control while 20 pulses at 400 V cm L and 60
pulses at 250 V cm * showed intermediate values which were similar
between them.

In addition to water distribution analysis, water self diffusion coef -
cient (D ,,) was evaluated by means of pulsed magnetic  eld gradient
spin echo sequence. This parameter gives an overview of the ability of
water molecules, contained inside apple tissue, to explore the surround-
ing space. In order to compare raw material and the samples treated at
different electric  eld strengths, a single diffusion coef cientwas calcu-

lated in both compartmentalized and non-compartmentalized sam  ples.

In the former case, this represents an average value of the diffusion co-
ef cients in the different environments while in the latter case one pop-
ulation was found so that only a single coef  cient model was applicable.
This approximation granted the use of one universal coef  cient for any
of the studied cases, as suggested by Santagapita et al. (2013) . When
using isotonic solution no differences were found as a consequence of
any PEF treatment, even when observed along 120 min. In case of os-
motic solution, D ,, showed once more behavior independent from PEF
application, but a remarkable proportionality to the osmotic dehydra-
tion. Indeed, Fig. 4 shows the linear relationship between D ,, and
water content of apple tissues ( R? = 0.92), either electrically pre-
treated or not, demonstrating the universal applicability of D, for
water loss estimation in case of osmotic treatments. These results are
in agreement with a previous study where water self-diffusion coef -
cient was described as a useful non-destructive tool to monitor osmotic
processes applied to kiwifruit ( Santagapita et al., 2013).

4. Conclusions
In the present work osmotic dehydration found in PEF is an effective
aid in removing water from apple tissue and increasing solute concen-
tration, due to the alteration of the membrane permeability. A descrip-
tion of subcellular modi  cations which occurred upon the use of electric
elds was achieved for the rst time by TD-NMR. This highlighted a

continuum of consequences of PEF treatments on tissue subcellular
structure, from water redistribution to membrane disruption. The
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Fig. 4. Average + standard deviation of water self diffusion coef cient versus water

content.

measurement of T ,-weighted relaxation curves and water self diffusion
coef cients provided a fast and potentially non-destructive method to
control PEF and osmaotic processes, respectively. In particular, water re-
distribution through apple cellular compartments, vacuole, cytoplasm
and extracellular space was found to be highly dependent on the electric

eld strength and number of pulses. Mass transfer data was in good
agreement with the  ndings from TD-NMR, promoting the use of the
developed method when, as in the case of pulsed electric  elds, the pro-
cess target is the alteration of subcellular compartmentalization. Finally,
it is worth mentioning that PEF treatment produced time-dependence
effects on apple tissue, suggesting that the optimization of industrial
applications should take into account the time elapsed from the applica-
tion of pulsed electric  elds.
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Pulsed electric  eld (PEF) treatments can induce metabolic stress responses in plant tissue as a function of the
applied conditions. This study highlighted the metabolic effects of reversible and irreversible electro
fresh-cut apple tissue, by adjusting the electric
60 pulses, 100 Hz). Metabolic heat, O , and CO, gas analysis, along with metabolomics, were employed to jointly

evaluate the PEF-induced effects after 24 h at 10 °C. Marked metabolic changes were registered whe n the thresh-
old of irreversible electroporation was exceeded, at 250 and 400 V/cm. With such treatments, ad

poration in

eld strength to 100, 250 and 400 V/cm (100 s pulse width,

rop of metabolic

Keywords:
PEF heat and respiration rate was observed, as a probable consequence of the loss of the cell viability, anaerobic
Apple tissue respiration pathways were noticeably lowered, while -aminobutyric acid metabolism was activated. Converse-

ly, minimal modi
was applied.

Isothermal calorimetry
Respiration rate
HR-NMR
Metabolomics

cations of the metabolism heat and metabolites concentrations were noticed when 100 V/cm

Industrial relevance: Metabolic response of fresh-cut fruit and vegetables as function of the manufacturing process
is a fundamental aspect directly related to the quality of the
other innovative technologies, can induce undesired effects on tissue metabolism that might li

application. Furthermore, the analytical methods used in the present work provide useful tools fo

nal products. Pulsed electric  elds (PEF), as well as
mit the industrial
r the optimiza-

tion of the PEF treatment conditions for fresh-cut manufacturers.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Pulsed electric eld (PEF) technology is a non-thermal process,
which has recently stimulated an increasing interest in the food eld.
The application of high electric  elds between two electrodes can be
exploited for different goals, for instance to enhance mass transfer
phenomena ( Donsi, Ferrari, & Pataro, 2010; Puértolas, Luengo, Alvarez,
& Raso, 2012; Taiwo, Angersbach, & Knorr, 2002) or to inactivate micro-
organisms (Gonzéalez-Arenzana, Portu, Lopez, LOpez, Santamaria,
Garde-Cerdan, & Lopez-Alfaro, 2015; Timmermans, Groot, Nederhoff,
van Boekel, Matser, & Mastwijk, 2014 ). The mechanism of action
includes the creation of pores due to the application of electric elds
high enough to induce a potential difference of approximately 0.2 V

Abbreviations: GA, glutamic acid; GABA, -aminobutyric acid; HMDB, human metabo-
lome database; HR-NMR, high resolution nuclear magnetic resonance; LD, linear discrim-
inant; LDA, linear discriminant analysis; MOSFET, metal-oxide-semiconductor eld-effect
transistor; PC, principal component; PCA, principal component analysis; PEF, pulsed elec-
tric  elds; Ra, resistance of apple sample; Rwa, resistance (in series) of water between the
apple samples and the electrodes; R g, resistance (in parallel) of water which is parallel to
the apple cylinders; RQ, respiration quotient; SPLSDA, sparse partial least squares discrim-
inant analysis; TD-NMR, time domain nuclear magnetic resonance; VIP, variable impor-
tance in projection.

Corresponding author.

E-mail address: nicolo.dellarosa@unibo.it (N. Dellarosa).

http://dx.doi.org/10.1016/).ifset.2016.06.016
1466-8564/© 2016 Elsevier Ltd. All rights reserved.

across the cell membrane ( Teissie, Eynard, Gabriel, & Rols, 1999. In a
second step, pores can expand, aggregate and, once the external electric

eld is removed, even reseal ( Vorobiev & Lebovka, 2009). The extent of
the process, also known as electroporation, strongly depends on the ap-
plied process parameters, such as electric eld strength, number and
shape of pulses, their width and frequency. Indeed, different goals and
industrial applications can be achieved by adjusting the treatment
conditions ( Barba, Parniakov, Pereira, Wiktor, Grimi, Boussetta,
Saraiva, Raso, Martin-Belloso, & Witrowa-Rajchert, 2015 ).

The effect of PEF in plant tissues has been studied by several
techniques according to the desired objective: examples are the release
of valuable compounds ( Carbonell-Capella, Buniowska, Esteve, &
Frigola, 2015; Luengo, Alvarez, & Raso, 2013), extraction yield ( Bazhal,
Lebovka, & Vorobiev, 2001), changes in colour and texture ( Lebovka,
Praporscic, & Vorobiev, 2004; Wiktor, Schulz, Voigt, Witrowa-Rajchert,

& Knorr, 2015). Moreover, methods have been developed to indirectly
evaluate the extent of electroporation based on electrical impedance
(Angersbach, Heinz, & Knorr, 2002; Ivorra, 2010; Lebovka, Bazhal, &
Vorobiev, 2002 ), microscopy ( Fincan & Dejmek, 2002 ) and time domain
nuclear magnetic resonance (TD-NMR) ( Dellarosa, Ragni, Laghi,
Tylewicz, Rocculi, & Dalla Rosa, 2016).

Pulsed electric elds, by acting at the level of membranes, can also
deeply affect cell activities. As a consequence, metabolic stress
responses of cells can be induced and lead to undesired effects on the
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quality of the  nal products. This might limit the application of PEF in
fresh-cut products. Generally, fresh-cut fruit and vegetables undergo
minimal processing, such as peeling, cutting or pre-treatment with
different solutions ( Mauro, Dellarosa, Tylewicz, Tappi, Laghi, Rocculi, &
Dalla Rosa, 2016; Santagapita, Laghi, Panarese, Tylewicz, Rocculi, &
Dalla Rosa, 2013 which, nevertheless, provokes metabolic responses
(Rocculi, Panarese, Tylewicz, Santagapita, Cocci, Gomez Galindo,
Romani, & Dalla Rosa, 2012). In this contest, the application of PEF, on
one side can ease the mass exchange between the outer solution and
the tissue, on the other side can trigger further stress responses. To
the best of our knowledge, few works have been focused on the
metabolic aspects induced by PEF in postharvest fruit and vegetable
products ( Galindo, Dejmek, Lundgren, Rasmusson, Vicente, & Moritz,
2009; Galindo, Wadsd, Vicente, & Dejmek, 2008 ).

Fresh-cut products are metabolic active tissues, that can there-
fore produce heat as a function of both normal cell activities, involv-
ing tens of metabolic pathways, and further technological processes
applied. Thermal power and heat can be continuously monitored by
isothermal calorimetry and this gives rise to gross values of the cell
metabolisms where many metabolic pathways account for the over-
all thermal development ( Galindo, Rocculi, Wads6, & Sjéholm,
2005; Wadso & Galindo, 2009 ). Of greater importance, when the
sample conditions are standardized, a direct evaluation of the
effects of the technologies can be carried out ( Panarese, Laghi, Pisi,
Tylewicz, Dalla Rosa, & Rocculi, 2012; Tappi, Berardinelli, Ragni,
Dalla Rosa, Guarnieri, & Rocculi, 2014). Moreover, the measurement
of the heat is often coupled with the analysis of the consumed O
and produced CO,, which allow clarifying whether other non-
aerobic metabolisms are activated ( Cortellino, Gobbi, Bianchi, &
Rizzolo, 2015).

A trait that all the above-mentioned methods have in common is
their ability to easily estimate the gross stress response, with reduced
possibilities to investigate how the different technological treatments

ne-tune the physiology of the samples cells. In this respect, metabolo-
mics, the comprehensive analysis of the soluble low weight metabolites
by means of high-throughput techniques like mass spectrometry (MS)
of high resolution nuclear magnetic resonance (HR-NMR), is considered
the election approach ( Fiehn, 2002; Laghi, Picone, & Capozzi, 2014). This
has been successfully applied for food quality control, health and
nutritional purposes,  ngerprinting, including traceability and authen-
ticity, and, recently, to assess and backwardly adjust technological
processes (Trimigno, Marincola, Dellarosa, Picone, & Laghi, 2015 ). To
the purpose, speci ¢ multivariate analytical tools need to be developed
and tailored to discriminate the effects of the applied technologies on
precursors, intermediates and products of different metabolic pathways
(Laghi, Picone, & Capozzi, 2014).

The objective of the present work was to assess the metabolic
response of fresh-cut apples upon pulsed electric  eld treatments, so
as to obtain a deeper understanding of such promising technological
treatment and outline instruments allowing its tuning. Three different
levels of electric eld strength, 100, 250 and 400 V/cm with xed
pulse width (100 s), number of pulses (n = 60) and frequency
(100 Hz) were studied, because they are known to produce both revers-
ible and irreversible electroporation effects on cell membranes in apple
tissue (Dellarosa, Ragni, Laghi, Tylewicz, Rocculi, & Dalla Rosa, 201§. A
comprehensive evaluation by means of a multianalytical approach
based on calorimetry, gas analysis and metabolomics was chosen to
complementarily describe gross alteration on metabolic activities
and speci ¢ ne changes in metabolites composition. High resolu-
tion *H nuclear magnetic resonance (HR-NMR) was employed for
the analysis of the metabolic pro ling, together with a novel non-
targeted statistical tool based on sparse partial least square discrim-
inant analysis (SPLSDA) and linear discriminant analysis (LDA). The
investigation was conducted 24 h after PEF treatment, so to give to the
fruit's tissue time to put in place strategies to defend themselves from
possible damages.

2. Material and methods
2.1. Raw material

Apples (Malus domestica, cv Cripps Pink) were purchased at a local
market and stored at 2 + 1 °C for three weeks, during which all the
experiments were conducted. Before experiments, apples were kept at
room temperature for 2 h. Raw material had an average moisture con-
tent of 83.5 + 0.5 g and was at commercial maturity, characterized by
soluble solid content of 13.5 + 0.5 g and titrable acidity of 0.36 +
0.02 g of malic acid per 100 g of fresh product (corresponding to an av-
erage ripening index of 37.5). Cylindrical samples (8 mm diameter and
20 mm length with an average weight of 1 g) were obtained from apple
parenchyma by cutting with a manual cork borer and a scalpel. Eight
cylinders from each fruit were obtained and used for the experiments.

2.2. Pulsed electric eld (PEF) treatments and monitoring

PEF treatments were applied to apple samples using an in-house
developed pulse generator equipment based on capacitors as energy
tank and controlled by a STWI9N150 MOSFET (metal-oxide-semicon-
ductor eld-effect transistor) (STMicroelectronics, Geneve, Swiss).
Brie y, 60 monopolar pulses of near-rectangular shape, xed
pulse width of 100 * 2 s and repetition time of 10.0 £ 0.1 ms
(100 Hz) were chosen, according to the experimental conditions used
by Dellarosa, Ragni, Laghi, Tylewicz, Rocculi, and Dalla Rosa (2016).
PEF treatments were conducted at 20 °C in a 30 x 20 x 20 mm
(length x width x height) chamber equipped with two stainless steel
electrodes with an active contact surface of 20 x 20 mm 2. For each
trial, six apple cylinders were arranged with the two circle sides parallel
to the electrodes and the chamberwas  lled up with tap water (conduc-
tivity at 25°Cof328+1 Scm ')witha nal product-to-water ratio
around 1:1 (v/v) ( Fig. 1). Applied current and voltage values were
measured at the electrodes by a digital oscilloscope (PicoScope 2204a,
Pico Technology, UK) connected to the equipment and a personal
computer.

Four samples groups, including control, were obtained by treating
apple cylinders with a voltage of 300 V, 750 V and 1200 V to the elec-
trodes (pulse width = 100 s, number of pulses = 60, frequency =
100 Hz). These conditions led to the nominal electric eld strength of
100, 250 and 400 V/cm in the chamber and the energy input of 19,
151 and 424 J/kg of sample, respectively. However, the presence of tap
water between the samples and the electrodes (two different materials
with different resistivity between the electrodes) gave rise to inhomo-
geneous distributions of the electric  elds within the chamber. Taking
into account the known resistivity (3.05 k x c¢cm) of the tap water
and the geometries of the cylindrical samples within the chamber, the
speci c voltage values applied to the apple tissue could be calculated
according to the Ohm's law. Fig. 1 shows the chamber arrangement
and the equivalent electrical circuit used for the calculation, where tap
water acts as resistor both in series and in parallel. Consequentially,
treatments at the nominal  eld strength of 100, 250 and 400 V/cm
gave rise to values of 115, 245 and 275 V/cm 2 of sample in the chamber.
As commonly accepted throughout the literature, in the present work
the treatments and the sample names were referred to the nominal
electric eld strength. Furthermore, the same approach based on equiv-
alent circuits and the Ohm's law was employed to calculate possible
changes of the electric resistivity of apple samples during the pulsation.
To this respect, current and voltage values of the  rst and the last pulse
of the 60-pulses train series (frequency = 100 Hz, pulse width =
100 s) were monitored at each applied electric  eld.

2.3. Metabolic heat

Three fresh cylindrical samples (about 3 g) were placed in 20 mL
glass ampoule and sealed with a te on coated rubber seal and an
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Fig. 1. Equivalent circuit (A), side-view (B) and top-view (C) of the arrangement of the six cylindrical samples in the treatments chamber. R \r and Rya are the resistance of tap water in

parallel and in series, respectively, while R, is the resistance of the apple cylinders.

aluminium crimp cap. For each sample, two replicates for three inde-
pendent PEF treatments were analysed. A TAM air isothermal calorime-
ter (TA Instruments, New Castel, USA), with a sensitivity (precision) of
+10 W was used to measure the heat production. This instrument
contained eight twin calorimeters in which each sample was coupled
with its own reference ( Wadso & Galindo, 2009). As reference material
we choose an amount of water calculated, accordingto Panarese, Laghi,
Pisi, Tylewicz, Dalla Rosa, and Rocculi (2012), so as to match the heat
capacity of each sample. The analysis was carried out at 10 °C and re-
quired 24 h, with the baseline recorded before and after each measure-
ment. Speci ¢ thermal powers (mW g 1) were calculated according to
Galindo, Wadsd, Vicente, and Dejmek (2008) .

2.4. Respiration rate

The concentration of O , and CO; (%) was measured in the ampoule
headspaces by a gas analyser (MFA IIl S/L gas analyser, Witt-
Gasetechnik, Witten, Germany) at the end of the calorimetric measure-
ments and on other twin ampoules with samples treated at the same
conditions, stored in the dark for the same period of time (24 h) at the
same temperature (10 °C), for a total of 18 repetitions per sample.
Respiration rate was calculated as mg of consumed O , (RRGO,) and
produced CO, (RRCQ) kg *h *according to the following equations
(Panarese, Laghi, Pisi, Tylewicz, Dalla Rosa, & Rocculi, 2012; Tappi,
Berardinelli, Ragni, Dalla Rosa, Guarnieri, & Rocculi, 2014):

20:8 %OZ;head

eR 1/mm02 Vhead 100 101:325 ab
Qv t m R 283
%CQO,.
mm co, Vhead % 101:325
RRCQ Y4 &b

t m R 283

where mmO , and mmCO; refer to gas molar mass (g mol %), Vieaq rep-
resents the ampoule headspace volume (dm 2), % Q nead and % CQ head

refer to gas percentages in the ampoule headspace at time t (h); mis the
sample mass (kg); R is the gas constant (8.314472dm 3kPaK ‘mol 1),
P is the pressure (101.325 kPa) and T is the absolute temperature
(283 K).

2.5. NMR-based metabolomics

2.5.1. High resolution*H nuclear magnetic resonance (HR-NMR)

Apple cylinders were collected after 24 h at the same experimental
conditions applied for metabolic heat and respiration rate analysis
(stored in the dark at 10 °C). For each experimental condition, cylinders
were squeezed three by three (about 3 g) until an aliquot of 1 mL was
obtained, for a total of 36 repetitions per experimental condition.
Samples were then centrifuged at 21,380 x g and 4 °C for 20 min in an
Eppendorf tube. An aliquot of 700 L of the supernatant was collected
and added to 70 L of 10 mM TSP (3-TrimethylSilyl-Propanoic-2,2,3,3-
d4 acid sodium salt) in deuterium oxide, with the addition of sodium
azide atthe nal concentration of 0.04% to prevent microbial activities.
Samples were frozenat 20 °C until analysis, when they were thawed
and successively centrifuged at 21,380 x gand 4 °C for 20 min to further
remove impurities. Finally, the supernatants were placed in a 5-mm
internal diameter NMR tube for metabolomic analysis.

1H spectra were recorded at 298 K with an Avance Il spectrometer
(Bruker, Italy) operating at a frequency of 600.13 MHz. Residual water
signal was suppressed using the NOESY sequence. Each acquisition in-
cluded 32 K data points over 7796 Hz spectral width and 128 scans
while the 90° pulse time was calculated for each acquisition. Spectra
were pre-processed using TOP SPIN 3.0 software (Bruker, Italy), by
alignment toward TSP signal (set to 0 ppm) and line broadening of
0.3. The principle of reciprocity ( Hoult, 2011 ) was used to normalize
each spectrum, so that quantitative results could be obtained. Using
citric acid as external standard, high linearity (R 2 = 0.9997) was
found in the range of 0.01 ..800 mM. A total of 144 NMR spectra, homo-
geneously distributed among the four investigated treatments, were
acquired and exported for further data analysis.
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2.5.2. Data pre-processing and analysis

HR-NMR spectra were subjected to baseline correction, carried out in
R statistical software (R Foundation for Statistical Computing, Vienna,
Austria), as reported by De Filippis, Pellegrini, Vannini, Jeffery, La
Storia, Laghi, Serrazanetti, Di Cagno, Ferrocino, and Lazzi (2015). Signals
of the spectra were manually integrated resulting in 38 protons peaks
belonging to alcohols, amino acids, organic acids, sugars and other sec-
ondary metabolites. Theiridenti  cation was performed using Chemomx
(Chenomx inc, Edmonton, Canada) software, available in literature
(Belton, Delgadillo, Gil, Roma, Casuscelli, Colquhoun, Dennis, & Spraul,
1997; Capitani, Mannina, Proietti, Sobolev, Tomassini, Miccheli, Di
Cocco, Capuani, De Salvador, & Del ni, 2012; Monakhova, Schutz,
Schéfer, Spraul, Kuballa, Hahn, & Lachenmeier, 2014; Tomita, Nemoto,
Matsuo, Shoji, Tanaka, Nakagawa, Ono, Kikuchi, Ohnishi-Kameyama, &
Sekiyama, 2015; Vandendriessche, Schafer, Verlinden, H umpfer, Hertog,
& Nicolai, 2013) and human metabolome database (HMDB) ( Wishart,
Jewison, Guo, Wilson, Knox, Liu, Djoumbou, Mandal, Aziat, & Dong,
2012) and Madison ( Cui, Lewis, Hegeman, Anderson, Li, Schulte,
Westler, Eghbalnia, Sussman, & Markley, 2008 ) public databases. The ob-
tained 144 (samples) x 38 (metabolites) matrix was scaled to unit vari-
ance and centred before undergoing to multivariate statistical analysis.

To gain insight into metabolic changes which occurred upon PEF
treatments, two chemometric approaches, the principal component
analysis (PCA) and sparse partial least square discriminant analysis
(sPLSDA) followed by linear discriminant analysis (LDA), were
employed. Both are non-targeted, that is leave to the clustering of the
samples the goal of sorting the molecules based on their discrimination
power ( Laghi, Picone, & Capozzi, 2014). The R packagessmixOmics *and
“MASS were used for both approaches ( Lé Cao, Boitard, & Besse, 201).

PCA is a multivariate technique that rigidly rotates the original axis,
here represented by the concentration of 38 molecules, to show the
samples from the point of view accounting for the highest variance.
Being unsupervised, that is blind to the expected results, this technique
is ideally tailored to obtain a  rst insight to the similarities of the
observed samples. SPLSDA and LDA techniques, being supervised, have
been demonstrated to be more powerful in highlighting the ne differ-
ences among the studied groups, which, in the present work, consist of
different PEF treatments ( Laghi, Picone, & Capozzi, 2014). Among other
supervised techniques, the approach based on sPLSDA-LDA was chosen
because it is an embedded chemometric method that allows us to both

nd correlation between predictors and response classes, while simul-
taneously sorting and selecting the relevant variables ( Mehmood,
Liland, Snipen, & Seebg, 2012). This powerful tool was used to evaluate
the changes in the metabolic pro les as a consequence of the different
technological treatments and, at the same time, to focus the discussion
on the few metabolites signi  cantly affected by PEF.

The analytical process included the splitting of the 144 samples
spectra into a training set, represented by the 70% of the samples,
used to generate the mathematical models, and a test, represented by
the remaining samples, employed to test the performance of the
models. The training set was used to build the sPLSDA model, validated
through the M-fold validation step (M = 10) which also optimized the
selection of latent variables and metabolites, as a function of the error
rate. A thousand models were iteratively trained and tested by random-
ly dividing training and test sets to enhance the robustness of the
analysis. Finally, the class prediction errors over the repetitions were
expresses, scaled to the unit, as incorrect assignments in the confusion
matrix. In parallel, the metabolites arisen from the multivariate analysis
were considered as important whether their mean VIP (variable impor-
tance in projection) value was higher than one and their frequency in
the models was higher than 70% ( Chong & Jun, 2005). For any multivar-
iate technique applied, scoreplots and loadingplots were generated. The
former represents the samples in the new space, thus allowing a visual
impression of their similarities and clustering; the latter evidences the
molecule contributing most to the spreading of the samples in the
new space, thus visually allowing their qualitative scoring.

2.6. Statistical analysis

Signi cant differences between control and PEF-treated samples
were evaluated by the analysis of variance (ANOVA), Student's t-test
and Tukey's multiple comparisons at the signi  cance level of 95%
(p b 0.05) implemented in R statistical software (R Foundation for
Statistical Computing, Vienna, Austria). All the experiments were re-
peated at least six times and results were expressed as mean + standard
standard deviation of replications.

3. Results and discussion
3.1. Changes in electrical resistivity

The effect of electroporation on apple tissue was primarily observed
by means of the resistance changes of the material during the electric
treatments. The electrical resistivity of apple tissue was found to be a
function of the electric  eld strength and signi  cantly varied all through
the PEF treatments. Indeed, Fig. 2 shows the resistivity at the beginning
and at the end of the treatments, respectively, calculated taking into
account the rst (left bar) and the last pulse (right bar) of the 60-
pulse trains, for each eld strength. The resistivity of the tissue linearly
decreased from about 4900  x cm to around 2900 and 1300 cm
when the electric  eld strength was increased from 100 V/cm to 250
and 400 V/cm, respectively, upon the application of the rst pulse of
the train series (60 pulses of 100 s width, 100 Hz). Nevertheless, solely
the samples treated at 250 and 400 V/cm highlighted a signi  cant
decrease of the resistivity when the  rst pulse was compared to the
last one of the series. These changes suggested that the two highest elec-
tric eld strength levels irreversibly altered the structure of the tissue.
The lack of differences at 100 V/cm might be due to the lack of sensitiv-
ity of the resistivity measurement or to the presence of reversible effects
on membranes. A previous work ( Dellarosa, Ragni, Laghi, Tylewicz,
Rocculi, & Dalla Rosa, 2016) at the same treatment conditions, moni-
tored the water migration between cell compartments by time domain
nuclear magnetic resonance and clearly indicated that the effect of PEF
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Fig. 2. Resistivity of the apple samples calculated using equivalent circuits on the
bar) and the last (right bar) pulse of the 60 pulses (100 s pulse width, frequency of
100 Hz) train series for each electric  eld strength. Values are means * standard
deviations ( n = 16) and differences between means with the same letter are not
signi cantat p b 0.05.
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Fig. 3. Speci c thermal power of apple samples during 24 h of analysis at 10 °C (A), each
thermogram is an average of six replicates. CO , production (RRCO>) vs. O, consumption
(RRQ,) during 24 h at 10 °C (B); RQ = respiration quotient.

was signi  cant even at 100 V/cm. This allowed us to safely attribute the
effects obtained at 100 V/cm to the reversibility of the damages at the
level of the cell membranes.

Table 1
Means values of the metabolic heat and respiration rates during 24 h at 10 °C.

The irreversible loss of plasma membrane selectivity at average
electric eld strength higher than 150 V/cm caused the leakage of the
cellular solutions toward the extracellular spaces which probably
contributed to the decrease of the resistivity during the pulsation
(Angersbach, Heinz, & Knorr, 2000; Vorobiev & Lebovka, 2009 ). Similar-
ly, Galindo, Dejmek, Lundgren, Rasmusson, Vicente, and Moritz (2009)
found in potato tissue that, although different eld strength levels led
to the electroporation of the cells, only samples irreversibly damaged
showed a change in resistivity.

3.2. Heat production and respiration rate: gross metabolic response of the
tissue

Fresh apple tissue is a metabolic active tissue which produces heat
and CO;, while consuming O , as a consequence of the respiration activ-
ities. In the absence of microbial growth on the sample, the metabolic
heat production of fresh-cut fruit is mainly due to the sum of the normal
respiration activity and of the wounding response ( Rocculi, Panarese,
Tylewicz, Santagapita, Cocci, Gémez Galindo, Romani, & Dalla Rosa,
2012; Wads6 & Galindo, 2009; Wadso, Gomez, Sjoholm, & Rocculi,
2004) upon cutting and further treatments, for instance pulsed electric

elds (Galindo, Dejmek, Lundgren, Rasmusson, Vicente, & Moritz,
2009). The average thermograms acquired by means of isothermal cal-
orimetry of PEF-treated samples at different  eld strength are shown in
Fig. 3a. At xed pulse width (100 s), number ( n = 60) and frequency
(100 Hz), a clear difference between samples treated at 250 and
400 V/cm was noticed when compared to both 100 V/cm and control
samples. The lowest eld strength seemed to induce a stress response
in the tissue possibly ascribable to both the recovery activity due to
the reversible alteration of plasma membrane ( Vorobiev & Lebovka,
2009) and the subcellular changes, in particular, the water and solutes
migration from vacuole toward cytoplasm and extracellular space
(Dellarosa, Ragni, Laghi, Tylewicz, Rocculi, & Dalla Rosa, 2019.

The average metabolic heat production was calculated by integrat-
ing the metabolic heat pro les. The rst 4 h of analysis was excluded
in order to prevent the in  uence of the initial disturbance due to
sample loading and conditioning, hence values reported in  Table 1
refer to 20 h at 10 °C. It is worth observing that signi  cant differences
were only found when irreversible electroporation took place. At 250
and 400 V/cm the metabolic heat dropped 2.5 ..3.5 times in comparison
to the control as a consequence of the likely loss of the cell viability due
to the irreversible membrane poration. In this direction, pulsed electric

elds led to a similar effect on metabolic heat to that previously
observed as a consequence of different non-thermal treatments on
fresh vegetable tissue. Indeed, Tappi, Berardinelli, Ragni, Dalla Rosa,
Guarnieri, and Rocculi (2014) found a signi cant decrease of metabolic
heat when fresh-cut apples were treated by cold gas plasma and a direct
correlation of the effect with the treatment intensity. Nevertheless, in
contrast to atmospheric gas plasma, PEF is known to produce more
homogeneously distributed effects through the material ( Parniakov,
Lebovka, Bals, & Vorobiev, 2015), thus, not only limited to the surface,
explaining the higher inhibition of heat. Similarly, other studies
regarding different fresh-cut vegetable subjected to more traditional
treatments such as blanching ( Gémez, Toledo, Wadso, Gekas, &
Sjoholm, 2004) and osmotic dehydration ( Panarese, Laghi, Pisi,
Tylewicz, Dalla Rosa, & Rocculi, 2012) showed a partial reduction of

Metabolic heat (J/kgh 1)

RRO, (mgkg *h 1) RRCQ (mgkg 'h 1)

Control 82.79+14.69 ?
100 Vicm 94.46 +22.35 2
250 Vicm 30.22+6.73 ©
400 Vicm 2378521 P

7.39+0.39 2 16.93+3.60 2
8.15+0.88 2 18.83+1.65 2
3.17+0.70® 5.77+2.25°
2.76+0.45° 3.27+1.59°¢

RRQG: O, respiration rate (O , consumption). RRCO,: CO, respiration rate (CO , production). Values are means * standard deviations (  n = 6 for metabolic heat, n =18 for O , and CO,

respiration rates) and differences between means with the same letter are not signi

cantat p b 0.05.
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Table 2
Metabolites in NMR pro les observed in the samples under investigation.

Alcohols Amino acids Organic acids Sugars Others
Butanol Alanine Acetic acid Fructose Acetaldehyde
Ethanol Asparagine Chlorogenic acid Maltose Acetoin
Isopropanol  Aspartic acid  Citramalic acid Sucrose Epicatechin
Methanol Glutamic acid ~ Formic acid Trehalose myo-Inositol
Propanol Isoleucine Lactic acid Xylose Trigonelline
Leucine Malic acid -Galactose
Phenylalanine  Pyruvic acid -Galactose
Valine Quinic acid -Glucose
Succinic acid -Glucose
Tartaric acid

-Aminobutyric acid

metabolic activity proportionally to the treatment parameters. Con-
versely to other treatments, the main effect of PEF on cell processes, at
the present treatment conditions, is only ascribable to the alteration of
the membrane permeability and functionality while the direct enzyme
inactivation is negligible. Indeed, according to several authors nding,
asigni cant decrease of enzymes activities only occurred when an elec-
tric eld strength higher than 5 kV/cm was applied (  Giner, Gimeno,
Barbosa-Céanovas, & Martin, 2001; Zhong, Wu, Wang, Chen, Liao, Hu, &
Zhang, 2007).

Besides, the respiration rate was measured using a static method
after 24 h at the same experimental conditions applied for the isother-
mal calorimetry measurements. Table 1 shows the results, including
the statistical analysis. Accordingly, a marked decrease of both O , con-
sumption and CO , production was observed upon PEF treatments at
250 and 400 V/cm. This con rmed the severe loss of viability of apple
tissue caused by the irreversible electroporation. Asigni  cant difference
was also noticed in the RRCO, between the two highest  eld strength
levels, leading to the conclusion that the metabolic response was affect-
ed by the eld strength even over the threshold of the irreversible
electroporation.

The aerobic cell respiration of fresh fruit produces 455 kJ/mol of O
consumed, hence results obtained by calo-respirometric could be com-
pared (Wadsd & Galindo, 2009). However, because for metabolic heat
production the  rst 4 h of analysis was excluded, in order to obtain
comparable data, the O, consumed during that interval was measured
in a parallel experiment and RRO , data adjusted consequentially.
Results showed that the  rst 4 h accounted for the 27.0 + 0.8% of the
total O, con rming the non-linear consumption throughout 24 h
highlighted in previous works ( Tappi, Berardinelli, Ragni, Dalla Rosa,
Guarnieri, & Rocculi, 2014; Tappi, Gozzi, Vannini, Berardinelli, Romani,
Ragni, & Rocculi, 2016; Torrieri, Cavella, & Masi, 2009). Metabolic
heat and RRO, were found linearly correlated (R 2 = 0.9994),

Fig. 4. PCA scores of the rst two components (A), SPLSDA-LDA scores (B) and loadings (C) of the

details are reported in Material and methods section.

nevertheless, O, consumption calculated from metabolic heat was
found to be lower, in all the samples, with a bias spanning from 0.50

t0 0.75mg kg *h 1 The achieved difference was attributed to the
wounding response as consequence of both cutting ( Wadsd, Gomez,
Sjoholm, & Rocculi, 2004) and PEF treatments (Galindo, Wadso,
Vicente, & Dejmek, 2008).

Taking into account the respiration quotient (RQ), i.e. the ratio
between RRCG and RRG, expressed inmmol kg *h ! (Fig. 3b), con-
trol and treated samples at 100 V/cm were the highest, with similar
scores around 1.7. Several authors pointed out that the anaerobic pro-
cesses were prompted by either low oxygen or high carbon dioxide con-
ditions, respectively lower than 2 ..5% and higher than 4 ..5% (Cortellino,
Gobbi, Bianchi, & Rizzolo, 2015; Iversen, Wilhelmsen, & Criddle, 1989;
Yearsley, Banks, Ganesh, & Cleland, 199§. Even though the recorded
O, values around 18% and the highest CO, level around 4% stood
below the anaerobic threshold reported in literature, the high respira-
tion quotients suggested that metabolic pathways different from the
aerobic respiration were triggered. In order to clarify the metabolic re-
sponse of fresh-cut apples upon PEF treatments, samples were collected
and analysed by means of an NMR-based metabolomic approach.

3.3. Metabolomics: speci ¢ metabolic response of the tissue

The metabolic pro les of the four samples groups, acquired by HR-
NMR analysis, gave rise to the quanti cation of 38 molecules
(Table 2), identi ed by comparing the chemical shiftand  ne structure
of their signals with literature and databases. A multivariate non-
targeted approach was chosen to investigate the differences in the
metabolic pro les upon the application of PEF at different electric  eld
strength levels. Initially the PCA unsupervised method was applied to
highlight the main sources of variation among the quanti ed metabo-
lites. The rst and second PCA axes, displayed in Fig. 4a, explained
only the 25.65 and 15.47% of the variance, respectively. A separation
of two main clusters was observable, corresponding to the samples
treated above and below the threshold of irreversible electroporation.
However, to boost the discrimination among the 4 classes a supervised
chemometric tool based on sPLSDA-LDA was used. The two steps data
process was tailored to both enhance the separation of the different
treatments and, simultaneously, reduce the complexity of the model,
by selecting and sorting the metabolites by importance. Firstly, the
iterative SPLSDA step analysis resulted in parsimonious selection of 8
metabolites, which showed average VIP values higher than 1 in more
than 70% out of one thousand repetitions. Secondly, a LDA model was
built, based on the selected metabolites, so that an improved discrimi-
nation of the four classes was achieved. Fig. 4b..c illustrates score and
loading plots while Table 3 shows the confusion matrix arisen from
the chemometric analysis. The rst projection of LDA (LD1) accounted

rst two latent variables; GA = Glutamic acid, GABA = -Aminobutyric acid. Further
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Table 3
Confusion matrix of 4-class LDA.
Control 100 Vicm 250 V/em 400 V/icm
Control 0.231 0.006 0.000 0.000
100 Vicm 0.019 0.244 0.000 0.000
250 Vicm 0.000 0.000 0.231 0.006
400 V/cm 0.000 0.000 0.019 0.244

for the 93.37% of the variance and clearly discriminated samples perma-
nently electroporated from the others which, in agreement with PCA re-
sults, gave rise to the highest differences in the metabolic pro  les. The
second (LD2) and third (LD3) projections of LDA helped observing the

ne-tuning of the modi cations of the pro les between 250 and
400 V/cm and control-100 V/cm, respectively. In addition, the confusion
matrix of Table 3 describes the correct assignment of the 95% of the
cases. Interestingly, the remaining 5% of the samples were incorrectly
assigned by the model only between control-100 V/cm and 250
400 Vicm.

Being intrinsically quantitative and high reproducible, HR-NMR
analysis allowed the accurate estimation of the concentrations of the 8
metabolites resulting from sPLSDA analysis as characterized by the
highest discriminative power among the studied groups of samples
(Fig. 5). Interestingly, among these molecules, the concentrations of
ethanol, acetaldehyde and isopropanol appeared as signi  cantly affect-
ed by the application of the different electric elds, con rming that
anaerobic fermentative metabolisms took place ( Cortellino, Gobbi,
Bianchi, & Rizzolo, 2015). Both ethanol and isopropanol contents were
lowered by the PEF treatments, especially when the threshold of the
irreversible electroporation was exceeded. The high alcohol levels de-
tected could be a consequence of the microbial metabolism ( Barth,
Hankinson, Zhuang, & Breidt, 2009 ), but the reduction observed at the
highest adopted PEF treatmentcon rmed their endogenous generation,
as a consequence of apple tissue metabolism. Actually, according to
Heinz, Alvarez, Angersbach, and Knorr (2001) , the threshold value for
the onset of microbial inactivation is about 5 kV/cm, thus extremely
higher than the one applied in the present study. In this direction, ac-
cording to the calorimetric and respiration results, the loss of the cell
viability was the most probable cause.

Moreover, the concentration of acetaldehyde was different between
samples treated at 250 VV/cm and those subjected to 400 V/cm. Howev-
er, it is worth mentioning that acetaldehyde has been reported to be
produced in small amount, in particular, during the rst day of storage

Fig. 5. Concentrations of the important metabolites as arisen from metabolomic analysis. Values are mea

letter are not signi  cantat p b 0.05.

after the cutting of the fresh tissue and remains constant afterwards
(Soliva-Fortuny, Ricart-Coll, & Martin-Belloso, 2005 ). Due to the high
volatility of this metabolite it was usually found in the headspace
(Cortellino, Gobbi, Bianchi, & Rizzolo, 2015 ) and this can explained the
high variability and the low concentration observed on the collected
data, in the present work, by the analysis of the metabolome.

Beside anaerobic respiration, epicatechin showed a similar trend to
the one evidenced for the two alcohols. In fact, PEF treatment above
the irreversibility threshold lowered the amount of epicatechin without
a linear correlation with the applied electric eld. In addition, tartaric
acid was diminished by the application of PEF at every condition. Both
the metabolites could be affected by the oxidative stress due to the gen-
eration of reactive oxygen species (ROS) induced immediately after the
formation of pores ( Teissie, Eynard, Gabriel, & Rols, 1999. Indeed,
epicatechin, as well as other phenolic compounds of plant tissues, is a
source of active antioxidants which are easily oxidized by the techno-
logical processes (Berregi, Santos, del Campo, & Miranda, 2003). On
the other hand, the pathway that leads to the biosynthesis of tartaric
acid involves the degradation of ascorbic acid to threonic acid and,
subsequently, to tartaric acid ( Saito, Morita & Kasai, 1984 ). Similarly to
the present work, this pathway was also subjected to PEF-speci ¢
response in potato tissue as observed by Galindo, Dejmek, Lundgren,
Rasmusson, Vicente, and Moritz (2009) .

Another metabolic pathway, previously described in potato tissue, is
the one which involves the alteration of the Krebs cycle.  Galindo,
Dejmek, Lundgren, Rasmusson, Vicente, and Moritz (2009) stated that
glutamic acid was affected by the application of PEF, within few hours
after treatment, in a similar way to the wounding response. In the
present work, two metabolites, i.e. glutamic acid and -aminobutyric
acid (GABA), showed an accordant behaviour. Shelp, Bozzo, Trobacher,
Zarei, Deyman and Brikis (2012) demonstrated that the production of

-aminobutyric acid in plant tissue, including apples, was the results
of the abiotic stress. In addition, the alteration of the Krebs cycle might
also account for the lower heat and CO , productions.

To the best of our knowledge, hitherto the PEF-induced stress of
vegetable tissues has been mainly described as short-term response.
Indeed, previous works demonstrated that the generation of reactive
oxygen species (ROS) occurs within seconds after the application of
electric elds (Teissie, Eynard, Gabriel, & Rols, 1999; Ye, Huang,
Chen, & Zhong, 2004). However, the effect of electroporation on
plant tissue can last for hours or days due to the recovery processes,
for instance the resealing of pores ( Teissié, Escoffre, Rols, & Golzio,
2008; Vorobiev & Lebovka, 2009 ). In the present work, mainly long

ns + standard deviations ( n = 36) and differences between means with the same
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term effects could be highlighted in agreement with Galindo,
Dejmek, Lundgren, Rasmusson, Vicente, and Moritz (2009) . The
combination of data acquired by a multianalytical approach allowed

us to clarify the PEF-induced stress responses and to hypothesize
which metabolic pathways were triggered in accordance with the
applied electric  eld.

4. Conclusions

The metabolic stress response induced by pulsed electric  elds was
strongly related to the electric  eld strength. The accurate control of
the process parameters appears therefore fundamental for the feasible
application of PEF in fresh-cut products, since irreversible damages of
the membranes lead to a severe loss of the cell viability, with likely
undesirable effects on the shelf life. Conversely, by applying electric

eld treatments below the threshold of irreversibility, merely slight
effects on metabolic pro les of fresh-cut apple tissue were noticed,
promoting the employment of PEF at those conditions.

The multianalytical approach based on calorimetry, gas analysis and
NMR-based metabolomics led us to clarify important metabolic aspects
of apples. Indeed, different PEF-induced metabolic pathways were
revealed by analysing tens of metabolites simultaneously through a
non-targeted approach. The measurement of heat production and gas
analysis clustered the samples according to the reversibility or the
irreversibility of the treatments, encouraging the use of this method
for the assessment of PEF treatments in the fresh-cut sector. Nonethe-
less, only the combination of complementary techniques based on dif-
ferent physical principles resulted in a clear and comprehensive
picture of the effects of pulsed electric  elds on the metabolic response.
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abstract

This work aimed to determine the effect of homogenization pressures (HPH) and addition of trehalose on
the functional and technological properties of low pulp mandarin juice (LPJ). A set of experiments was
designed, combining a non-targeted metabolomic 'H NMR based approach together with suspended
pulp and transmittance, hesperidin, vitamin C and antioxidant activity analysis. Suspended pulp
increased with HPH and trehalose addition. Flavonoid hesperidin initially decreased with HPH but
trehalose addition resulted in less  avonoid degradation during storage, increasing the effect with the
HPH. Vitamin C was not affected by trehalose and pressure treatment but more Vitamin C degradation

E%:Vg:g;ures homogenization was observed in trehalose samples during storage. Antiradical activity improvemlent by trehalose was
Trehalose conditioned by homogenization pressures and speci ¢ bioactive compounds. “H NMR based approach
Vitamin C highlighted the HPH effect on the microbiological aspects of low pulp mandarin juice by the identi -
Flavonoids cation of key molecules responsible of the microorganism pro  le evolution during storage.

NMR © 2016 Elsevier Ltd. All rights reserved.

1. Introduction

High pressure homogenization (HPH) process is a non-thermal
technology applied in the food industry, mainly used to disrupt
pathogens and spoilage microorganisms, inactivate enzymes and
improve the nutritional and technological quality of food products.
HPH has been demonstrated, in comparison with other technolo-
gies such as thermal treatments, to be less destructive of food
compounds when related to sensory and nutritional properties.
HPH can be used in the citrus industry for increasing the yield of
citrus juices ( Lortkipanidze et al., 1972 ) and for improving quality
factors such as viscosity (Crandall and Davis, 1991; Patrignani et al.,
2009), shelf-life ( Maresca et al., 2011) and colour ( Lee and Coates,
2004). The application of HPH to mandarin juices has been
demonstrated to increase the stability of suspension and therefore
improve the availability of bioactive compounds with antioxidant
activity ( Betoret et al., 2012). However, the degradation of those
compounds during processing and storage is important. Previous
studies have demonstrated that management of processing

* Corresponding author.
E-mail address: maria.betoretvalls@unibo.it (E. Betoret).

http://dx.doi.org/10.1016/j.jffoodeng.2016.12.011
0260-8774/ © 2016 Elsevier Ltd. All rights reserved.

technologies can have in uence on the functional properties of the

nal products obtained ( Betoret et al., 2015; Barba et al., 2015a;
Barba et al., 2012, 2015b; Zinoviadou et al., 2015 ). The addition of
ingredients able to interact with food matrix can have a signi cant
in uence on bioactive compounds activity, degradation or release.
Trehalose is a disaccharide able to maintain and preserve a wide
group of biologically active molecules. This effect is due to the
establishment of interactions that can contribute to the formation
of a barrier able to maintain the integrity of the cellular structures
and to prevent the decay during processing operations and/or
storage (Colaco and Roser, 1994).

Juices are complex mixtures of macro- and micro- components.

In most cases, the process treatment can modulate the entire mo-
lecular pro le of the juices, beyond the few molecules at the center
of attention, with possible unexpected consequences on the overall
quality and acceptance. This is particularly important when the
studied treatment is known to in  uence simultaneously several
quality aspects, such as microbial spoilage, enzymatic activity or
bioactivity. When possible unknown consequences of a treatment
are looked for, a non-targeted screening exploration, analysing tens
of compounds simultaneously, is highly desirable. In this respect,
proton nuclear magnetic resonance ( H NMR) spectroscopy has
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recently gained interest in food and nutritional sectors, due to its
ability to give intrinsically quantitative information about the
metabolic pro le of foodstuff. Being non-destructive and highly
reproducible over a wide range of metabolites concentration, 4
NMR is able to analyze hundreds of compounds simultaneously
within minutes and with minimal sample preparation ( Laghi et al.,
2014).

The aim of this work is to study the effect of high pressure ho-
mogenization (20 and 100 MPa) and trehalose (10 and 30%) addi-
tion, on technological and functional properties of Ortanique citrus
fruit low pulp juices (LPJ). With the goal of obtaining a combination
of information both on aspects of known interest and on the overall
molecular pro le of juices, a set of experiments was designed,
combining a non-targeted metabolomic investigation based 4
NMR together with suspended pulp and transmittance, hesperidin,
vitamin C and antioxidant activity analysis.

2. Material and methods
2.1. Sample preparation and processing

Ortanique fruit, a hybrid of tangerine and sweet orange (  Citrus
sinensisx Citrus reticulata) was provided by Rural S. Vicent Ferrer
cooperative located in Benaguacil (Valencia), Spain. The prepara-
tion of the juices was carried out according to the patent WO/2007/
042593 titled “Method of obtaining refrigerated pasteurized citrus
juices” (lzquierdo et al., 2007). The fruits were washed by
immersing them in tap water, drained, and squeezed in an extractor
(“*GAM” MOD.SPA 1400 rpm, Cesena, Italy). Raw juice was centri-
fuged at 3645 g during 5 minat4 C (Beckman Coulter AvantiTM J-
25, Milan, Italy), homogenized with a Panda Plus pilot homogenizer
(Niro Soavi, Parma, Italy) 20 and 100 MPa and no homogenized,
pasteurized at 63 C for 15 s (Robogbo, Bologna, Italy), collected in
sterile jars, and quickly frozen at 18 C until analyzed. In juice
samples with trehalose, an amount of 10 and 30% (w/w) was added
before homogenization.

2.2. Physicochemical characterization

Total soluble solids were measured as Brix with a digital
refractometer (Pal-1; Atago Co., Ltd., Tokyo, Japan). Total titratable
acidity was assessed by titration with 0.1 N NaOH and expressed as
the percentage of citric acid. pH was measured with a potentiom-
eter (micropH Crison GLP21). The values provided are the average
of three replicates.

2.3. Suspended pulp and transmittance

Suspended pulp was evaluated reading the separated pulp (%)
by centrifugation at 3500 g during 10 min at 27 C (FMC FoodTech,
2005). The supernatant was collected and evaluated its trans-
mittance at 650 nm in spectrophotometer (Shimadzu UV-1601).
The values provided are the average of six replicates.

2.4. Flavonoid hesperidin

The content of the main  avonoid hesperidin was determined
using HPLC LC-1500 (Jasco, Carpi, MO, lItaly) with a diode array
detector (DAD) and lled with a C18 reversed-phase column
(150 4.60 mm, Phenomenex Kinetex ®5U C18 100 ) following the
method described in Betoret et al., 2009. The juice samples were
measured after 0, 3 and 10 days of storage. The values provided are
the average of three replicates.

2.5. Vitamin C

Vitamin C content was measured by HPLC LC-1500 (Jasco, Carpi,
MO, Italy) equipped with thermostat autosampler and diode array
detector (DAD).

Fresh juice samples were centrifuged at 15,000 g (4 C, 5 min)
and aliquots (1 mL) of supernatant were  Itered with nylon Iter
0.45 nm and then 10 nL were injected into the HPLC C18 reverse
phase column (150 4.60 mm, Phenomenex Kinetex ® 5U C18
100 ). System conditions were established according to Odriozola-
Serrano et al. (2007).

The juice samples were measured after 0, 3 and 10 days of
storage. The values provided are the average of three replicates.

2.6. Antiradical activity

The antiradical activity was determined by ABTS and DPPH tests.
The ABTS test was based on the method proposed by Polydera et al.
(2005). A volume of 15.3 nL juice was added to ABTS solution. The
absorbance was measured with a spectrophotometer Beckman
Coulter DU 730 Life Science model every 30 s for a total time of
30 min. The results were expressed as TEAC (Trolox Equivalent
Antiradical Capacity). The values provided are the average of twelve
replicates. The DPPH test was based on the method proposed by
Brand-Williams et al. (1995) . A volume of 30 N of juice was added
to DPPH solution. The absorbance was measured with a spectro-
photometer (Beckman Coulter model DU 730 Life Science) at
515 nm every 2 min for a total time of 70 min. The results were
expressed as mmol$L 1 equivalents of ascorbic acid. The values
provided are the average of twelve replicates.

2.7. Untargeted metabolomics approach

Samples were prepared for analysis, and 1H NMR spectra were
registered and processed, according to Dellarosa et al., 2016.
Spectra were manually integrated giving rise to 89 protons signals
in the typical regions of sugars, amino acids, organic acids, alcohols,
polyphenols and nucleotides. At least  ve replicates were analyzed
for each sample group. The obtained 102 89 (samples  signals)
matrix, scaled and centred, underwent signals assignments and
multivariate analysis.

NMR signals assignment was performed by comparison with
works performed on similar food matrices at comparable pH
(Capitani et al., 2012; de Oliveira et al., 2014; Le Gall et al., 2001,
Spraul et al., 2009), assignment through Chenomx software (Che-
nomx, Alberta, CA) and comparison with HMDB and Madison
public databases. In case of unresolved ambiguity, suitable 2D ex-
periments were performed.

To study the changes occurring during the storage period and
upon the tested treatments, sparse Partial Least Square Regression
(sPLSR) (& Cao et al., 2008) and its discriminant analysis counter-
part (SPLSDA) (& Cao et al., 2011), were performed, as imple-
mented in mixOmics package in R statistical software (R
Foundation for Statistical Computing, Vienna, Austria). Train and
test sets accounted for 70% and 30% of the samples respectively. The
SPLSR and sPLSDA models were trained by 10-fold validation based
on minimal root mean square error (RMSEP) and error rate,
respectively. The maximum parsimony of the models was looked
for by building and testing 1000 models, and by retaining only the
molecules with average VIP value (Variable Importance in Projec-
tion) ( Eriksson et al., 2001) above one and accepted by sparsity
algorithm more than 500 times. The key metabolites arisen from
the sPLS models were employed for linear regression and linear
discriminant analysis ( Ripley, 1996), in order to describe changes
during storage and upon HPH treatments. This approach led to



24 E. Betoret et al. / Journal of Food Engineering 200 (2017) 2228

models where single coef cients were needed to correlate
metabolite concentration with each response. Such choice com-
bined user-friendliness to high accuracy and precision.

2.8. Statistical analysis

In order to evaluate whether the average values were signi -
cantly different a multi factorial ANOVA and Tukey's multiple
comparisons, with 95% con dence level, were performed in R sta-
tistical software (R Foundation for Statistical Computing, Austria).
All the experiments were repeated at least three times and results
were expressed as mean * standard deviation of replications.

3. Results and discussion

3.1. Physicochemical characterization of LPJ and evaluation of
suspended pulp and cloudiness

Fresh LPJ samples were characterized by measuring the soluble
solids content (13.40 * 0.02 Qsoluble solids/Qliquid phase ), acidity
(2.35 * 0.02 mgitric acid /1008 juice ), Maturity index (5.7 + 0.3) and pH
(2.83 + 0.06).

Suspended pulp and supernatant transmittance at 3500 g of all
samples homogenized at 20 and 100 MPa and no homogenized
with trehalose addition in proportion 0, 10 and 30 (%) (w/w) were
determined. The results are shown in Table 1 An analysis of vari-
ance showed, with a con dence level of 95%, than both variables
pressure homogenization and trehalose addition, as well as their
interaction, have a signi cant effect on suspended pulp and
transmittance.

Homogenization is a unit operation that involves pressure
application to liquids to fragment the solid particles and oil droplets
into smaller particles. Orange cloud particles ranges in size from
400 to 5000 nm are more stable than those smaller than 2000 nm
(Buslig and Carter, 1974). As expected, there is a tendency to
decrease the suspended pulp with homogenization pressures
applied (Table 1). The homogenization pressures decrease the
particle size of the LPJ cloud making the juice suspension more
stable. In the same way, low values of suspended pulp result in low
levels of transmittance and high levels of cloudiness.

In the industrial juices processing, trehalose addition varies
between 0.4% of nal product to 50% of sugar replacement. It has
been used traditionally in order to improve the aromatic pro le,
colour, reduce sweetness and stabilize pH in processed juices
(Richards and Dexter, 2011). On an equal level of pressure applied,
the addition of trehalose results in a decrease of separated pulp and
transmittance values ( Table 1). LPJ cloud is formed by different
particles types such as cellular organelles and membranes, oil
droplets, avonoids and cell wall fragments such as pectin, cellu-
lose and hemicellulose ( Baker and Cameron, 1999). Trehalose is a

Table 1

Suspended pulp and turbidity determination. Separated pulp at 3500 g and transmittance of the supernatant. Values expressed as mean

provided are the average of six replicates.

disaccharide able to interact with various compounds, forming a
glassy amorphous matrix around the tertiary structure of the pro-
teins and phospholipids exerting a protective effect on various
technological processes (Colaco and Roser, 1994; Crowe et al., 1990;
Rudolph and Crowe, 1985 ). Trehalose could interact with LPJ cloud
compounds stabilizing the suspension and maintaining the juice
cloudiness. These interactions could be promoted by homogeni-
zation pressures as a result of smaller particle size after treatment.

3.2. Functional compounds determination

The main mandarin juice  avonoid hesperidin was determined
by HPLC in LPJ samples homogenized at 20 and 100 MPa and no
homogenized with trehalose addition in a proportion 0, 10 and 30%
(w/w) after 0, 3 and 10 storage days. The results obtained are shown
in Table 2.

In general terms, with a 95% con dence level, both homogeni-
zation pressures and trehalose addition have a signi  cant effect on
hesperidin content during storage. The application of homogeni-
zation pressures results in a avonoid content decrease that it is
bigger when higher pressures are applied. These results are
different to those obtained by Betoret et al., 2012 in which the
application of 20 MPa pressures resulted in maintaining and even
increased avonoids content.

The biosynthesis of avonoid depends on genetic, environ-
mental factors ( Bae et al., 2014) and shows different peaks during
fruits development which generally are owed to the formation of
protective compounds in early stages on the one side, and the
formation of optical signals at the end of fruit ripening on the other
side (Griesser et al., 2008; Halbwirth et al., 2006 ). Flavonoid content
decreases with more advanced ripening stages explaining the dif-
ferences observed in the avonoid content determined in  Betoret
et al., 2012. Maturity index together with the forces and tempera-
ture stresses created in the homogenization valve as well as the low
pulp juice content could lead a degradation of avonoid during
homogenization in this case.

In Table 2, it is possible to see a tendency to increase avonoid
content on third storage day, being bigger in those samples ho-
mogenized at 100 MPa with trehalose content. This effect could be
related to a physical effect on previous avonoid extraction pro-
cedure. At 100 MPa greater particle size reduction could result on
bigger interaction capacity between particles, more stable LPJ cloud
and therefore dif cult avonoid extraction. On third storage day,
the interaction between particles could have been weakened
facilitating avonoid extraction. Food matrix has an important in-

uence on bioactive compounds, the structure changes caused by
processing or by storage, in those cases in which degradation of
bioactive compounds has not been occurred yet, can facilitate the
extraction of bioactive compounds ( Betoret et al., 2015).
To evaluate the effect of storage together with homogenization

+ standard deviation. The values

Homogenization pressure (MPa) Trehalose (%)

Separated pulp (%) Transmittance (%)

0 0
0 10
0 30
20 0
20 10
20 30
100 0
100 10
100 30

9.03 + 0.02% 22.3+0.8°
5.30 + 0.05¢ 19.2 + 2.6°
2.00 * 0.05 14.8 + 1.6°
8.50 + 0.02° 7.5+ 1.5°
5.110 + 0.012° 7.3+ 22°
1.00 + 0.039 4.7+ 33
7.10 + 0.02° 8.3+ 0.9¢
5.22 + 0.03° 8.20 + 1.02¢
1.000 + 0.0129 43+ 1.6

* Values with different superscript letters in a column are signi cantly different (p

0.05).
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Table 2

Hesperidin content (mg/L) in LPJ samples during 0, 3 and 10 days of storage and percentage of degradation calculated from 10 to O days of storage. Values expressed as

mean + standard deviation. The values provided are the average of three replicates.

Homogenization pressure (MPa) Trehalose (%) 0 days 3 days 10 days Degradation (%)
0 0 138.1 + 0.8% 132.2 + 0.42 51.51 + 17.07° 62.7+ 12.6

0 10 133.5 + 3.9° 143.4 + 1.62 74.7 + 0.5°° 18.2+ 2.9

0 30 145.7 + 3.2% 145.8 + 3.7% 76.7 + 3.8°° 15+ 4.4

20 0 88.8 + 0.4° 83.6 + 1.9 72.7 % 2.2° 44+ 2

20 10 97.2 + 0.6¢ 83.4 + 2.9° 84.1+ 2.2 135+ 2.8

20 30 106.3 + 9.6° 934+ 1.7°° 94.7 + 3.8° 41+ 46

100 0 69.1 + 1.9' 79.3 + 18.5%0¢f 68.01 + 1.134 473+ 3.7

100 10 72.1+ 0.3 85.8 + 0.2 69.1+ 2.9¢ 10.7 + 4.5

100 30 79.430 + 3.108° 99.0+ 7.7° 74.9 + 1.2° 5.66 + 2.13

* Values with different superscript letters in a column are signi cantly different (p

pressures and trehalose addition, the degradation percentage was
calculated. The obtained results are shown in Table 2. Generally, an
increase in homogenization pressures results in a decrease of
bioactive compounds degradation during storage. Trehalose addi-
tion also results in less  avonoid degradation, increasing the effect
with the homogenization pressures. This effect could be related
with cloudiness stability and trehalose capacity interacting and
forming complexes with bioactive compounds. Smaller particles
are able to interact better with LPJ cloud and thus are less available
for degradative reactions.

Vitamin C content was determined by HPLC in LPJ samples ho-
mogenized at 20 and 100 MPa and no homogenized with trehalose
addition in a proportion 0, 10 and 30% (w/w) after 0, 3 and 10
storage days. Vitamin C is an important bioactive compound very
well known for its bene cial effects but characterized by its easy
degradation and low stability. In all analyzed samples, during all
storage time, vitamin C content was in range 110 e 140 mg/L
(Table 3). The statistical analysis showed, with a 95% con dence
level, that both variables pressure and trehalose have a signi  cant
effect of vitamin C content and this effect depends on storage time.
On day 0O, homogenization pressures together with trehalose
addition interaction have a signi  cant effect on vitamin C content.
On days 3 and 10, the analysis of variance indicates that both var-
iables as well as their interaction have a signi cant effect on the
content of vitamin C.

It is possible to observe the same tendency behaviour in all
analyzed samples, with non-homogenized and 20 MPa trehalose
samples slightly higher vitamin C content and 100 MPa trehalose
samples slightly lower content than non trehalose samples. As in
the case of avonoid, itis possible to observe a tendency to increase
vitamin C content until the third day of storage. Physical effect
network created by trehalose and homogenization pressures can
decrease until the third day of storage in which is possible to
observe the maximum quantity of Vitamin C. As previously said,
food matrix has an important in  uence on bioactive compounds,

Table 3

0.05).

the structure changes caused by processing or by storage time, in
those cases in which degradation of bioactive compounds has not
been occurred yet, can facilitate the extraction of bioactive com-

pounds (Betoret et al., 2015). Higher degradation on vitamin C
content has been observed in all samples after 10 days of storage.
Table 3 shows the degradation percentage of vitamin C during

storage. As it is possible to see, addition of trehalose seems to in-
crease vitamin C degradation in 2 e 4%.

The protective effect of trehalose on bioactive compounds
seems to depend speci cally on each compound to be protected.
Literature lacks speci c studies on the effect of adding sucrose
substitutes on the content of polyphenols in fruit products. There
are some reports describing the effect of adding sucrose, maltose,
fructose and trehalose on bioactive compounds degradation during
storage (Kopjar et al., 2009, 2012). Kopjar et al., 2008 reported a
positive effect on anthocyanins protection with trehalose having
the most positive effect of all investigated sugars. In contrast to
most other disaccharides, trehalose has no direct internal hydrogen
bonds. All four internal bonds are indirectly connected via the two
water molecules, which form part of the native dihydrated struc-
ture. This arrangement gives the molecule an unusual exibility
around the disaccharide bond, which may allow it to t more
closely with the irregular surface of macromolecules than other,
more rigid disaccharides, in which the rings are directly hydrogen
bonded to each other ( Colaco and Roser, 1994). According to Bordat
et al. (2004), trehalose has effect on “destructuring ” the network of
water and on slowing down its dynamics. This property could play a
key role in the understanding of the microscopic mechanisms of
bioprotection.

3.3. Antiradical determination

The ABTS and DPPH tests were performed on distilled water
containing trehalose 10 and 30% (w/w) and on homogenized LPJ
with and without trehalose addition. The results obtained are

Vitamin C content (mg/L) in LPJ samples during 0, 3 and 10 days of storage and percentage of degradation calculated from 10 to O days of storage. Values expressed as

mean + standard deviation. The values provided are the average of three replicates.

Homogenization pressure (MPa) Trehalose (%) 0 3 10 Degradation (%)
0 0 129.2 + 0.7° 135.63 + 2.09° 119.3 + 1.4° 7.7+ 0.6

0 10 1341+ 1.42 139.3 + 1.6%° 119.6 + 1.4° 8.2+ 0.4

0 30 133.4 + 1.4 137.0 + 1.6 123.1 + 1.4 8.44 + 1.06

20 0 128.7 + 0.4° 135.66 + 0.15° 118.1 + 0.5° 10.8+ 1.3

20 10 133.9 + 1.42 1415+ 0.7 118.4 + 0.8° 115+ 1.2

20 30 131.56 + 3.03%° 141.59 + 3.02?2 122.1 + 2.32 107+ 14

100 0 128.6 + 1.6° 134.9 + 0.3° 117.7 + 0.7° 7.7+ 15

100 10 122.6 + 2.6° 131.8 + 0.6° 109.4+ 0.7 ¢ 72+09

100 30 125.4 + 1.9° 131.5 + 0.6° 112.2 + 1.7° 10.4+ 0.2

* Values with different superscript letters in a column are signi cantly different (p

0.05).
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shown in Table 4.

Two analytical methods were used to determine the total anti-
radical activity of LPJ, since both have some limitations ( Shui and
Peng, 2004; Prior et al., 2005). DPPH method seems to be more
sensitive to the  avanones while ABTS method seems to be more
sensitive to the radical scavengers such as vitamin C ( Del Caro et al.,
2004). Indeed, these two methods represent a useful tool to eval-
uate the antiradical scavenging activity of different fruits (  Gil et al.,
2000; Shui and Peng, 2004).

The analysis of variance indicated, with a probability of 95%, that
the homogenization pressures, the trehalose addition as well as
their interaction have a signi  cant effect on the activity antiradical
determined through both ABTS and DPPH methods.

In the ABTS method, considering the samples without trehalose,
the increase in the homogenization pressure causes a slight in-
crease in the antiradical activity. This increment is bigger in sam-
ples no homogenized and homogenized at 20 MPa that from no
homogenized and homogenized at 100 MPa without signi  cant
differences between the two levels of pressure applied. In not ho-
mogenized samples, trehalose addition supposes an increasing in
antiradical activity that it is maintained without signi cant differ-
ences between 10 and 30%. However, for homogenized samples, the
antiradical activity increases in the case of samples with 10% of
trehalose and decreases for 30% trehalose samples. Samples with
trehalose addition have less quantity of LPJ thus a lower antiradical
activity expected. As shown in the water solutions, trehalose alone
appears to not have antiradical activity. Nevertheless, it is possible
that trehalose could have an interaction effect with LPJ cloud as
observed in above turbidity measures and this could have an effect
on those bioactive compounds that are more sensitive to ABTS
method.

In DPPH method, the application of homogenization pressures
increases the antiradical activity more from no homogenized
samples to homogenized at 20 MPa than from no homogenized
samples to homogenized at 100 MPa but the differences observed
are not signi cant. Nevertheless, in not homogenized samples the
addition of trehalose results in a minor antiradical activity. It seems
that the decreasing particle size by homogenization operation af-
fects trehalose interaction capacity with LPJ cloud and this has an
in uence on those compounds more sensitive to DPPH method.

Kopjar et al. (2009, 2012) showed the addition of trehalose and
sucrose might improve the antiradical activity of fruits products. In
our obtained results, antiradical activity improvement by trehalose
is conditioned by homogenization pressures and speci ¢ bioactive
compounds. Antiradical activity results correspond with those
obtained for suspended pulp and functional compounds
determinations.

Table 4

3.4. Evolution of molecular pro le with storage and HPH treatment

1H NMR was employed as an unbiased screening tool for HPH
treatments by following a non-targeted approach ( Trimigno et al.,
2015). Due to the reduced mobility of the solutes caused by the
high viscosity, NMR analysis gave rise, in samples added with
trehalose, to signals excessively broad and superimposed. The
desired untargeted approach by H NMR was therefore limited to
the study of the effects of HPH treatments and storage.

When considering the storage time, VIP and sparsity criteria
highlighted in sPLSR models 4 signals with the highest variation
along time, at 8.27, 2.55, 0.79 and 0.81 ppm respectively, that were
assigned, through literature comparison, database and 2D-NMR
experiments, to formic acid, glutamic acid and two phenolic moi-
eties respectively. The consequent dramatic reduction of the in-
formation complexity allowed outlining the correlation between
storage time and molecular pro le based on a linear model, based
on the evidenced 4 molecules only ( Fig. 1a). Such model was
characterized by an uncertainty to 0.7 days, with a coef cient of
determination (R2) as high as 0.96.

When considering HPH treatment, there were no biological
reasons suggesting a linear relationship between molecular pro  le
and treatment pressures, so that a 3 classes discriminant analysis
was setup, by means of sPLSDA algorithm. Among the 89 signals,
only four were selected by VIP and sparsity criterion, glucose, gallic
acid, alanine and, again, glutamic acid. The 4 molecules were
employed to substitute SPLSDA model with its linear counterpart
(Fig. 1b), resulting in an error rate lower than 1%. Interestingly the
two dimensions of the linear model ended up representing sepa-
rately the peculiarities of 100 MPa and of 20 MPa treatments, on
LD1 and LD2 respectively.

The molecules showing the greatest variations along storage
time and upon high-pressure treatments, highlighted by multi-
variate analysis, were employed to explore the interactions be-
tween the two factors analyzed, a possible key point in order to

nely tailor the juice technological treatments.  Fig. 1c shows their
concentrations at the beginning and the end of the storage period,
organized per HPH treatment. Formic acid concentration in sam-
ples at day O did not show any correlation with HPH, thus high-
lighting that this treatment had no direct effect on its solubilization.
Formic acid concentration, nevertheless, systematically increased
with storage time and such increase was now proportional to the
applied pressure levels.

Contrary to formic acid, concentrations of glutamic acid and
glucose were proportional to the applied pressures at day 0, sug-
gesting a direct effect of HPH on their solubilization. Once more,
dissimilarly from formic acid, glutamic acid and glucose, together
with alanine, decreased proportionally to storage time in untreated

Antiradical activity of low pulp juice samples by ABTS and DPPH methods. Results expressed as TEAC and mmol $L ® ascorbic acid respectively. Values expressed as

mean + standard deviation. The values provided are the average of three replicates.

Sample Homogenization pressure (MPa) Trehalose (%) ABTS DPPH

Water 0 10 0.0+ 0.0 0.0+ 0.0
Water 0 30 0.040 + 0.012 0.0+ 0.0

Low pulp juice 0 0 0.70 + 0.06° 1.6 + 0.2°
Low pulp juice 0 10 0.99 + 0.08% 0.91 + 0.12°
Low pulp juice 0 30 0.92 + 0.08° 0.80 + 0.06'
Low pulp juice 20 0 0.88 + 0.12° 1.7+ 0.22
Low pulp juice 20 10 0.94 + 0.02%° 1.69 + 0.02%°
Low pulp juice 20 30 0.59 + 0.04° 1.57 + 0.08%
Low pulp juice 100 0 0.81 + 0.02° 1.59 + 0.12°°
Low pulp juice 100 10 0.87 + 0.02"° 1.42 + 0.04%%
Low pulp juice 100 30 0.70 + 0.07¢ 1.3+ 0.2°

* Values with different superscript letters in a column are signi cantly different (p

0.05).
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Fig. 1. (a) Storage time (days) predicting ability of a linear model based on the concentration of formic acid, glutamic acid and the two phenolic moieties, selected by sSPLSR model.
(b) Consequences of high pressure homogenization treatments (0 MPa (HO); 20 MPa (H20); 100 MPa (H100) on the concentration of glucose, glutamic acid, alanine and gallic acid

(GA), highlighted by representing the samples treated at O (triangles), 20 (circles) and 100 (squares) MPa on the
(c) Concentrations (mM), at the beginning (Day 0) and at the end (Day 10) of the storage period, expressed as mean

storage time and high pressure homogenization treatment.

samples and HPH samples at 20 MPa, but increased in HPH samples
at 100 MPa.

The overall observation of these trends suggests that HPH sol-
ubilization ability and different microbial activities had a joint ef-
fect on the concentration of these molecules. The systematic
increase of formic acid with storage, proportional to the pressure
levels even when 100 MPa were selected, suggests that this mole-
cule was probably the result of microbial activity and that microbes
responsible for its production were not signi  cantly hampered by
pressure treatments. In this context it is worth underlining that
Patrignani et al. (2009) found that a treatment with HPH at
100 MPa inactivates yeasts. Moreover, Maresca et al. (2011) showed
that a single-pass treatment at 100 MPa led to a signi cant
reduction of yeasts, with no effects on bacteria. Bacteria can be
therefore suggested as the main responsible for formic acid pro-
duction in the observed juices. Glutamic acid and glucose trends
show that the concentration of these molecules was reduced by
microbes, which growth was hampered by 100 MPa HPH treat-
ments. Following Patrignani and Maresca ndings, yeast can
therefore be suggested as the main responsible for their concen-
tration changes. Finally, a contribution to the reduced anabolic
activity at 100 MPa may be exerted also by formic acid, with known
antimicrobial proprieties ( Berregi et al., 2007).

rst (LD1) and second (LD2) direction of a linear discriminant model.
+ standard deviation, of the metabolites mostly in ~ uenced by

4. Conclusions

HPH and trehalose addition have a signi cant effect on func-
tional and technological properties of low pulp mandarin juice.
HPH affects the juice cloud structure in uencing trehalose in-
teractions. The protecting effect of trehalose during storage it is
affected by HPH and it is compound speci c. H NMR based
approach highlighted the HPH effect on the microbiological aspects
of low pulp mandarin juice by the identi cation of key molecules
responsible of the microorganism pro le evolution during storage.
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1. Introduction In addition to the advantages of lowering the water content, the

OD modies the food composition. As a result, impregnation of desir-
Osmotic dehydration (OD) of plant foods is a concentration process in able solutes can improve the nutritional and sensorial characteristics
which water is removed from the plant tissue to a hypertonic solution (Akbarian et al., 2014; Silva et al., 2014b; Barrera et al., 2004). OD is
and solutes ow from the solution into the food. The water removal becoming popular as a technique for obtaining minimally  processed
from fresh plant tissues is usually greater than the solute gain because fruits, improving their quality and stability, and most recently, this
of the semi-permeability  of the cell membranes (Ahmed et al., 2016). method has been combined with other innovative techniques, such as
OD depends on the tissue structure, which changes according to the pulsed high electric eld, high hydrostatic pressure, ultrasound, cen-
environment and structure itself. Consequently, the complexity of trifugal force, vacuum and gamma and irradiation, which can enhance
structures and properties of plant tissues are challenging factors for its ef ciency and improve the quality of the nal products (Ahmed etal.,
optimizing processes and designing equipment (Fernandez et al., 2004). 2016).
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The type of solute used in the osmotic solution is a fundamental
issue, because beyond affecting the dehydration kinetics and process
cost, it impacts the organoleptic and nutritional properties of the nal
product. Sucrose (Suc) is considered by many authors to be the optimal
osmotic agent because it is associated with a higher efciency than
glucose (Saputra 2001), reducing enzymatic browning and aroma losses
(Cortellino et al., 2011; Qi et al., 1998; Lenart, 1996).

OD with calcium in solution has been used to increase the rmness
of plant tissue and enhance the process ef ciency, restricting the sugar
gains and increasing the water losses (Ferrari et al., 2010; Mavroudis
et al., 2012; Pereira et al., 2006). Calcium can reinforce cell walls by cross
linking pectic polymers and is thus able to reduce damage from dehy-
dration (Pereira et al., 2006). At the same time, when the concentration
increases or asthe treatment proceeds, damage to cell membranes may
occur, as reported by Anino et al. (2006). Moreover, calcium has been
used in osmotic solutions as a method for obtaining nutritionally  for-
tied products that can increase consumer intake (Silva et al., 2014b;
Barrera et al., 2004).

The addition of ascorbic acid (AA) to the osmotic solution has been
used to reduce enzymatic browning (Robbers et al., 1997; Lenart, 1996)
and compensate for the loss of ascorbic acid in fruits during dehydra-
tion (Guiamba et al., 2016; Ramallo and Mascheroni, 2010).

Various solutes can be added to the osmotic medium to obtain
minimally processed products that can be stored at refrigerated tem-
peratures. Nevertheless, it is important to consider that in addition to
affecting the compositional and nutritional prole, they can affect the
tissue metabolism, which can have consequences on the nal product
stability and shelf-life. Various authors have observed a reduction in
the respiration rate of osmotically dehydrated mangoes, strawberries,
pineapples and kiwifruit (Castell6 et al., 2010; Moraga et al., 2009; Torres
et al., 2008). Nevertheless, after a few days of storage, the respiratory
quotient is generally observed to increase, as a result of the develop-
ment of fermentative routes, which is an optional metabolic pathway
triggered by osmotic stress.

Salvatori and Alzamora (2000) found that a 25% w/w sucrose solu-
tion can cause vesciculation and rupture of cell membranes in apple
tissue. According to Mavroudis et al. (2004), few layers of cells on the
surface are expected to die upon osmotic treatment, while plasmol-
ysis and shrinkage occur in the remaining tissue. In a previous study,
the authors found that 40%w/w sucrose treatment generally preserved
the viability of apple cells, which only slightly affected the cell struc-
ture observed by uorescence microscopy and the water distribution
within the cells, as observed by time domain nuclear magnetic reso-
nance (TD-NMR) (Mauro et al., 2016).

For different fruit species types, calcium can decrease the metabolic
activity of tissue as well as the respiration rate (Castell6 et al., 2010;
Lester, 1996; Luna-Guzman et al., 1999), which potentially enhances
the product stability during storage, especially considering that alower
respiration rate may lead to a longer shelf life. In addition, Ca?* can
affect the membrane and cell wall structure and functioning (Maurel,
2007; Peiter et al., 2005).

On the other hand, the presence of AA can cause serious injury to
the cellular structure, as has been previously reported by Mauro et al.
(2016), who observed aloss in the capacity to retain FDA colorant due to
cell membrane damage following exposure to OD in a sucrose-ascorbic
acid solution. As the AA concentration increased from Oup to 2%,aloss
of vitality was detected.

Rocculi et al. (2005)found ahigher metabolic activity in potato tissue
upon dipping treatments with citric and ascorbic acid, suggesting that
AA solution can promote a stress response in specic fresh-cut veg-
etable tissues, aswell asan acceleration of their endogenous metabolic
activity, which was conrmed by a higher O, consumption accord-
ing to head space gas determination. Limbo and Piergiovanni (2007)
detected an increase in the respiration rate of sliced potatoes that were
subjected to dipping treatment with 2.5% AA. However, when the AA
concentration was 5%, the respiration rate decreased.

Isothermal calorimetry has been recognized as a useful tool for
assessing metabolic responses of various plant tissues to wounding
stress (Wadso et al., 2004), dipping treatment (Rocculi et al., 2005), ther-
mal treatments (Gomez et al., 2004) and OD (Panarese et al., 2012).

Generally, when a tissue is wounded, certain signal paths are trig-
gered, and the plant starts a number of protective processes that
increase the produced metabolic heat (Wadso et al., 2004). As reported
by Gémez et al. (2004), after wounding, the energy released by the cellu-
lar tissue corresponds to the sum of that from the ‘basic’ cell metabolic
activity and of that originating from wounding stress that is produced
by the cells near the cut surface. Some of the processes that occur
after wounding are aimed at membrane restoration and strengthen-
ing of cell walls by cells close to the site of injury (Rolle and Chism,
1987). A progressive reduction in the metabolic heat production dur-
ing OD in kiwifruit slices was observed by Panarese et al. (2012) using
isothermal calorimetry. The authors suggested that the decrease was
due to a reduction in the cell viability that was induced by osmotic
stress. Finally, the metabolic response of fruit tissues to OD was found
to depend on the botanical origin, exerted osmotic pressure (Ferrando
and Spiess, 2001; Mavroudis et al., 2004) and physiological state because
loss of membrane integrity upon ripening that increases the permeabil-
ity then makes the tissue more sensitive to osmotic stress (Panarese
et al., 2012).

This study evaluated the effects of the addition of calcium lactate
(CaLac) and ascorbic acid on sucrose osmotic solutions, mass transfer
kinetics and raw endogenous metabolic response (respiration and heat
production) of the tissue. The obtained information can be very useful
for investigating the potential stability of minimally processed apples.

2. Materials and methods
2.1. Raw materials

Apples (Malus domesticaBorkh; 30kg) of the Cripps Pink variety,
popularly known by the brand name Pink Lady (de Castro et al.,
2008), were bought at the local market and stored at 5+ 1 C
for 2 weeks, during which the experimental research was
performed. Apples were characterized by an average weight
of 234+ 18g and soluble solid content of 13.4+ 0.39/100 g.
From the central part of the mesocarp fruit, cylindrical sam-
ples (8-mm diameter, 40-mm length) were cut with a manual
cork borer and a manual cutter designed for the purpose.
For osmotic treatments, commercial sucrose (rened sugar,
Eridania Italia Spa, Italy), |-ascorbic acid (Shandong Luwei
Pharmaceutical Co., China) and calcium lactate (calcium- |-
lactate 5-hydrate powder, PURACAL® PPFood, Corbion PURAC,
Netherlands) were used.

2.2. Osmotic dehydration

OD was performed at 25 Cusing four different osmotic solu-
tions (w/w): 40% sucrose (Suc), 40% sucrose +4% calcium
lactate (Suc-Calac), 40% sucrose +2% ascorbic acid (Suc-AA)
and 40% sucrose +4% calcium lactate + 2% ascorbic acid (Suc-
Calac-AA).

Approximately 1009 of apple cylinders were weighed for
each treatment time (0.5, 1, 2 and 4h) and placed in mesh
baskets that were immersed in 4.5kg of aqueous osmotic solu-
tion with a syrup-to-fruit ratio of approximately 15:1 (w/w) to
avoid changes in the concentration of the solution during the
treatment. Through an impeller of a mechanical stirrer, the
cylindrical baskets were continuously rotated. The rotational
speed (0.2g) was experimentally determined to assure negli-
gible external resistance to mass transfer. Two baskets were
prepared for each process time.

After each treatment time, samples were removed from the
solution, rinsed with distilled water, blotted with absorbing
paper, and weighed. Subsequently, cylinders were placed in
glass sealed ampoules to measure the endogenous metabolic
heat production with isothermal calorimetry over 16 h, which
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was followed by the determination
ampoule headspaces.

Total and soluble solid contents were determined in trip-
licate immediately after treatment. Samples for calcium and
ascorbic acid analyses were freeze-dried.

of the O, and CO; levels on

2.3. Analytical methods

The moisture content of fresh and osmotically dehydrated

samples was gravimetrically determined, in triplicate, by dry-
ing cylindrical apple samples at 70 Cuntil a constant weight
was reached. Soluble solid content was determined at 20 C
by measuring the refractive index with adigital refractometer

(PR1,Atago, Japan) that was calibrated with distilled water.

2.3.1. Ascorbic acid

Ascorbic acid was determined by HPLC analysis according
to the method described by Odriozola-Serrano et al. (2007).
Briey, approximately 0.5g of freeze-dried sample was added
to 10 ml of meta-phosphoric acid (62.5mM) and sulfuric acid
(5mM) solution, which was vortexed for 2min and centrifuged

at 10,000x g for 10min at 4 C. The supernatant was directly

used for the fresh sample and diluted tenfold for the impreg-
nated samples; it was then ltered through a 0.45 m nylon
Iter. The HPLC system LC-1500 (Jasco, Carpi, MO, lItaly) was
equipped with adiode array UV/Vis detector. A reverse-phase

C18 Kinetex (Phenomenex Inc., Torrance, CA, USA) stainless
steel column (4.6mm x 150mm) was used as the stationary

phase. A Jasco AS-2055 Plus autosampler was used to intro-

duce samples into the column. The mobile phase was a 0.01%
solution of sulfuric acid that was adjusted to a pH of 2.6.
The ow rate was xed at 1.0ml/min at room temperature.

Data were processed with ChromNAV software (ver. 1.16.02)
from Jasco.The ascorbic acid content was quantied at 245nm
through a standard calibration curve that was set up using an
ascorbic acid solution between 0.5to 30ppm. The determina-

tion was performed in triplicate.

2.3.2. Calcium

The calcium concentration was determined using a ame
atomic absorption spectrophotometer (Model A Analyst 400,
Perkin Elmer, Santa Clara, California, USA) with a lumina
hollow cathode lamp (Perkin Elmer) based on the adapted
methodology of AOAC (2002). Briey, approximately 6g of
freeze-dried, untreated samples and 2 g of freeze-dried treated
samples, were weighed in a 50ml glazed, porcelain crucible;
placed in a mufe furnace and heated up to 550 C until
complete ignition. After cooling in desiccators, the ash was
dissolved in 20ml (fresh samples) or 30 ml (treated samples) of
HCI (0.1 M); then, the solutions were appropriately diluted with
0.1M HCI. A calibration curve of the absorbance versus ppm
of calcium was established using standard calcium solutions
between 2to 20ppm. The initial sample level and subsequent
dilution permits to obtain solutions with a concentration that
was suitable to the standard solutions used for establish-
ing a calibration curve of absorbance versus ppm of calcium
(2-20ppm). The determination was performed in triplicate.

2.3.3.  Metabolic heat production

Two fresh cylindrical samples (8-mm diameter, 40-mm length)
and three osmotically dehydrated samples were placed in
20ml glass ampoules and sealed with a teon coated rub-
ber seal and an aluminium crimp cap. Three replicates for
each sample were performed. The rate of heat production was

continuously measured in a TAM air isothermal calorimeter

(Thermometric ~ AB, Jarfalla, Sweden) with a sensitivity (pre-
cision) of +10 W (Wads6 and Gomez Galindo, 2009). This
instrument contains eight twin calorimeters in which each
sample is inserted with its own reference, and the measured
signal is the difference between the sample and reference sig-
nals. The reference has to be a material that does not produce
any heat, but it is characterized by thermal properties that are
similar to the sample. For this, water was chosen as the refer-
ence material and its quantity in each reference ampoule (mg)
was previously determined based on the average composition

of the samples and on the heat capacities (Jgé'1 Kél) of water
(Cw) and total solids (Cys), as in the following equation:

Crs - M1s+ Cu -
me = Ts - Mts+ Cy - My (1)
Cw

where mrygis the dry matter content (g) and my, is the water
content of the fruit sample (g), and the average heat capacity
of the total solids of the apple samples was assumed to be
1Jg51 K51, The analysis was performed at 10 C for 16h. The
rst 4h of analysis were discarded because of the instability
of the signal due to the loading and conditioning of samples.

2.3.4. Respiration rate
Immediately after the ampoules were discharged from the
calorimeters, the O, and CO, percentages were measured in
the ampoule headspaces by acheck point gas analyser O,/CO,
mod. MFA Il S/L (Witt-Gasetechnik, Witten, Germany). The
apparatus has a paramagnetic sensor for O, and a mini-IR
spectrophotometer for CO, detection. The instrument was cal-
ibrated with O, and CO, air percentages.

The respiration rate was calculated as mol of consumed
02 (RRy,) or produced CO, (RRco,) hS1gS! according to the
following equations:

(20.85%0; head)
Vhead " 150~ * P
RRo, = 2
Fo. t-m-R-T (2)
%CO, head
Vhead * —155%2 - P
RReo: = 1R T ®

where Va4 represents the ampoule headspace volume (dm3),
%03 head and %CO, peaq refer to molar gases percentages in the
ampoule headspace at time t (h), mis the sample mass (g); R
is the gas constant (8.314472dm 3 kPa K51 mol $1), Pis the pres-
sure (101.325kPa)and T is the absolute temperature (283.15K).

2.4, Osmotic dehydration kinetics

Mass transfer of water, sucrose, calcium and ascorbic acid dur-
ing the osmotic process was modelled according to the model
proposed by Peleg (1988) to describe moisture sorption curves
and was further used by Palou et al. (1994) to model OD, as
follows:

t

W = Wiy Swyog=8———
K Kt k.0 K+ Kot

4)

where w is the mass fraction (g gSltotaI mass) of the following
k species: water (wy), sucrose (Wsyc), calcium (w2« ) or ascor-
bic acid (waa) at time 0 (wy o) and time t (w,,). The constants
of Peleg’s model are ki [s(gg5? total mass)S?] and ks [1(ggSt
total mass)él]. This kinetic model permits, by calculating the
inverse of the two constants, to obtain the initial (t=0) rate
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of mass transfer (1/k1) and the mass fraction at equilibrium
(t yconditions Wy eq = Wy ot 1/ky (Sacchetti et al., 2001).

2.5. Statistical analysis and tting

The signi cance of the treatments was statistically evaluated
by analysis of variance (ANOVA) and comparison of means
using the Tukey’s post-hoc test that was applied at a 5% level
of signi cance.

The Peleg’s model was tted to the experimental data using
the Levenberg—Marquardt algorithm for the least-square esti-
mation of the non-linear parameters (Marquardt, 1963). The
tting efciency was evaluated by the coefcient of determi-
nation (R?) and the relative root mean square error (RRMSBH;
the latter was evaluated according to Eg. (5):

N -
l Yobs S Ycalc
N Yealc

n=1

2
RRMSH%) = -100 (5)

where yq,s represents the observed value, y.,c the calculated
value and N the number of observations.

3. Results and discussion
3.1. Osmotic dehydration kinetics

The Peleg’'s equation (Eq. (4)) was used to model the kinet-
ics of water loss and solute uptake during OD. Constants of
the Peleg’s equation (k; and ky) and their inverse and equi-
librium concentrations are reported in Table 1. The predictive
capability of the Peleg’s model can be observed in Fig. 1, which
compares the observed and calculated values of the mass frac-
tion, which is expressed as a function of the process time, for
water (a), sucrose (b), calcium (c)and ascorbic acid (d).

In general, the model showed a good t with the exper-
imental data, as high R® values and low RRMSEwere found
(Table 1),conrming its suitability for describing mass transfer
phenomena in OD, as reported by Palou et al. (1994). The same
model was also successfully applied by other researchers, such
as Sacchetti et al. (2001).

Regarding Table 1, it can be observed that the initial rate
of dehydration was increased by the presence of Ca?* and AA
in the osmotic solution, as higher 1/k; values were found for
Suc-Calac, Suc-AA and Suc-Calac-AA treatments compared
to the one with only sucrose in the solution. As reported in
Fig. 1a, the presence of calcium in both Suc-CalLac and Suc-
CalLac-AA solutions promoted a higher reduction in the water
content than the treatments without Ca?*. Contrary to Ca?*,
the presence of AA in the sucrose solution (Suc-AA treatment)
caused only a slight depletion in the water content. In addi-
tion, the equilibrium water contents, calculated on the basis of
the parameter k,, were more affected by Ca®*, showing lower
values than the other treatments (Table 1). It should be noted
that when the osmotic solution contained both Ca?* and AA
solutes, the equilibrium water content was reduced to the
lowest value (0.64289931, Table 1), which corresponds to the
lowest water activity of all solutions. The water activities were
0.962 + 0.002 for Suc, 0.953+ 0.001 for Suc-Calac, 0.954+ 0.001
for Suc-AA and 0.944+ 0.004 for Suc-Calac-AA osmotic solu-
tions. Conversely, despite the differences between the initial
rates of water transfer found for the Suc and Suc-AA treat-
ments (Table 1) aswell as between the water activities of these
two solutions, their equilibrium water levels were quite sim-

Fig. 1 B Comparison between the observed (obs) and
calculated (calc) mass fraction of water (a), sucrose (b),
calcium (c)and ascorbic acid (d) according to PelegOsmodel
(Eq. (4)), in ggé’l total mass, for the different treatments.



food and bioproducts processing

103 (2017) 1-9 5

Table 1 DKinetic model of water, sucrose, calcium and ascorbic acid transfer in each osmotic solution according to PelegOs

model (Eq. (4)) and equilibrium content (gg°! total mass).

Solution ki(s) SD p-Level 1/kyx 103(sS1) k(g total SD  p-level 1/kpx 102 (g 2 RRMSE(%) Wyeq (gg®?
mass g51) total total mass)
mass gél)él
Water
Suc 11.18 0.78 <0.001 89.45 6.10 0.33 <0.001 163.90 0.997 3.8 0.6802
Suc-Calac 9.12 0.64 <0.001 109.70 5.68 0.28 <0.001 176.09 0.997 3.1 0.6708
Suc-AA 8.93 0.46 <0.001 112.00 5.98 0.21 <0.001 167.26 0.998 3.1 0.6832
Suc-Calac-AA  9.10 1.07 <0.01 109.92 4.83 0.45 <0.01 206.88 0.992 5.3 0.6428
Sucrose
Suc 1451 132 <0.01 68.92 6.92 0.54 <0.001 144.54 0.998 3.8 0.1967
Suc-Calac 14.59 1.53 <0.001 68.53 8.08 0.64 <0.001 123.79 0.998 3.2 0.1759
Suc-AA 1149 218 0.01 87.05 8.13 1.01 <0.01 123.03 0.980 8.60 0.1752
Suc-Calac-AA 17.36 3.17 0.01 57.62 6.25 1.19 0.01 160.02 0.979 120 0.2122
Calcium
Suc-Calac 392.99 7.40 <0.001 254 523.45 4.31 <0.001 1.91 1.000 0.7 0.0019
Suc-Calac-AA  524.34 83.76 <0.01 1.91 408.00 40.04 <0.01 2.45 0.986 7.0 0.0025
Ascorbic acid
Suc-AA 85.44  14.08 <0.01 11.70 81.48 7.24 <0.01 12.27 0.986 5.9 0.0123
Suc-Calac-AA 104.72 10.56 <0.01 9.55 68.83 4.76 <0.001 15.53 0.994 438 0.0145

ilar. These discrepancies are related to the presence of AA,
which can affect the cellular structure and thus inuence the
water and solutes transfer, as well as the equilibrium con-
tents, as further discussed below. Effects promoted by Ca?
and AA, however, can be better observed when also assessing
the sucrose transfer.

The initial rates of sucrose mass transfer (1/ki) found in
all treatments were lower than the ones calculated for water
(Table 1). This behaviour is expected in plant tissue because
the cell wall porosity and selective permeability of the cellular
membranes reduce the transport of larger molecules, such as
sucrose, through the cell tissue. While the cell membranes
remain intact, intracellular spaces occupied by protoplasts
and vacuoles are unavailable to sucrose transport. Conversely,
water can diffuse throughout the cell walls and membranes
and occupy all liquid phases of the plant cell (Mauro and
Menegalli, 2003). The addition of Ca?* and AA had a variable
and unexpected inuence on sucrose transport. When only
Ca?" was added, the treatment promoted an increase in the
initial rate of the water transfer, but did not cause any change
in the initial rateof the sucrose transfer, in comparison with
the Suc treatment (Table 1). Moreover, it can be seen that the
Suc-Calac treatment led to the lowest sucrose content after
four hours of processing (Fig. 1b).

Conversely, the highest value of 1/k; corresponded to the
Suc-AA treatment. However, the addition of AA affected the
behaviour of the sucrose content with time in both Suc-AA
and Suc-Calac-AA treatments, which sharply increased after
2h of processing, asshown in Fig. 1b. Moreover, because of this
change in the trend of these curves, the tting efciency wors-
ened, as conrmed by the highest RRMSEvalues in Table 1,
8.6% for Suc-AA and 12% for Suc-Calac-AA. The worst t-
tings were related to the presence of AA that would have
caused damage to the structure of cell walls and cellular mem-
branes, changing transport during OD. The effects of AA on the
microstructure  of apple tissue and water distribution  within
the different cellular compartments changed the cell mem-
branes permeability, as reported in a previous study (Mauro
et al., 2016). In fact, AA can affect cellular tissue in different
ways. Several studies have evaluated the role of AA in plant
tissues that undergo stress; however, little is known regarding
the mechanisms that explain its effects when plant tissues
are not exposed to stress, as reported by Qian et al. (2014),

who observed severe damage in the cellular structure of Ara-
bidopsis thaliana seedlings that were exposed to exogenous

AA. Additionally, an increase in the cell wall porosity is also
expected because of the medium acidi cation (Zemke-White
et al., 2000).

In addition, discrepancies were more visible in the Suc-

Calac-AA treatment, which presented the lowest initial rate
1/k; and the highest equilibrium value of 0.2122ggél (Table 1).
The poor ttings related to the presence of AA in osmotic
solutions added some uncertainty to the equilibrium content
calculated for the Suc-AA and Suc-CalLac-AA treatments.

During OD, damages in the tissue promoted by the solu-
tion components and/or by the dehydration could release
enzymes and cause depolymerisation, solubilisation and de-
methylation  of pectins. Pectin, an important component of
the primary cell wall, is mainly formed by homogalacturonan
blocks. In the presence of divalent cations, such as Ca?* and,
depending on the degree of methylesteri cation and the distri-
bution of the methyl-substituent  groups, homogalacturonan
can dimerise, reinforcing the cell adhesion and controlling the
wall porosity (Bonnin and Lahaye, 2013). The calcium effect
on rmness has been observed in various fruit tissues that
undergo OD in the presence of calcium salts, and it has been
attributed to reduction in the cell wall porosity and to the for-
mation of calcium pectate (Mavroudis et al., 2012; Pereira et al.,
2006: Silva et al., 2014a,b). Consequently, CaZ* limited sucrose
impregnation because of these interactions with pectin.

Good impregnation levels of both Ca2* and AA were
obtained, as shown in Fig. 1c and d. The Ca?* contents in both
Suc-AA and Suc-Calac-AA were very close until two hours
of processing; afterwards, the impregnation quickly increased
in those samples treated in Suc-CalLac-AA solution (Fig. 1c).
Regarding the AA levels in Fig. 1d, a similar behaviour was
observed, where, after two hours of processing, the AA impreg-
nation tended to increase in both,= Suc-AA and Suc-Calac-AA.
The equilibrium concentrations of both Ca?* and AA were also
higher when samples were treated in Suc-CalLac-AA solution
(Table 1). However, when Ca?* was combined with AA, only
after 2h of OD was an increase in solute impregnation noticed,
which is probably observed because the damage caused by AA
surpassed the restraining effects of the cell structure impreg-
nated with CaZ* to the solute transport.
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Fig. 2 b Total heat production
signibcant differences by the Tukey test at p <0.05.

3.2. Metabolic pro les

The results of the total metabolic heat produced during 16h at
10 C,measured through isothermal calorimetry after osmotic
treatments, were performed for 0, 30, 60, 120 and 240 min and
are given in Fig. 2. Provided that the concentration of O, and
CO; can also give useful information about tissue metabolism,

after calorimetric analysis, the composition of the headspace
of the vials was evaluated. The measured respiration rates
(RRO, and RRCQ,) are presented in Fig. 3.

As a consequence of Suc treatment, there was a slightly
decreasing trend in metabolic heat production (Fig. 2), which
was proportional to treatment time until two hours of pro-
cessing, as well as a lower respiration rate compared to the
fresh samples, both in terms of the CO, produced and O con-
sumed (Fig. 3). A partial loss of cell viability could be expected
after OD treatment, even if the osmotic solution concentration
was very low (Panarese et al., 2012). In a previous experiment
(Mauro et al., 2016), cell viability was found to be preserved in
apple tissue subjected to OD treatment with 40% sucrose solu-
tion, as observed by an FDA staining technique that allows for
determination  of the plasma membrane integrity. Conversely,
neutral red staining revealed the incidence of plasmolysis that
could help explain the decrease in the metabolic heat pro-
duced by the tissue. Salvatori and Alzamora (2000)found that a
25%w/w sucrose solution can cause vesciculation and rupture
of the cell membranes in apple tissue. According to Mavroudis
et al. (2004), only few layers of cells on the surface are expected
to die upon osmotic treatment, while plasmolysis and shrink-
age occur in the remaining tissue.

The presence of calcium in the osmotic solution caused a
further decrease in the metabolic heat production. This result
is in accordance with previous literature reports (Castelld et al.,
2010; Luna-Guzman et al., 1999), and it conrms the ability of

(J/g)of fresh and osmotically dehydrated samples during 16h at 10 C. Different letters indicate

calcium to slow down tissue metabolic activity and thus to
enhance the stability of minimally processed fruit.

In various fruits, both whole and cut, an effect of calcium
on respiration has been observed together with a reduction
of ethylene production and general slowing of ripening and
senescence (Lester, 1996; Saftner et al., 1999).

In particular, different explanations have been put forward
for the reduction of the respiration rate: a protective osmotic
effect due to the high salt concentration (Ferguson, 1984); an
indirect effect on substrate transport from the alteration of
the membrane permeability (Bangerth et al., 1972); the forma-
tion of atransient barrier between fruit and atmosphere that
hinders gas exchange (Saftner et al., 1999); inhibition of plant
aquaporins that regulate membrane permeability, causing an
increase in the cytoplasmic ATP concentration that remains
available for other biochemical routes (Kinoshita et al., 1995);
and delay of senescence-related changes (Lester, 1996). At
the same time, an excess of calcium has been related to a
hastening of senescence because of damages to the plasma
membrane structure and functionality.

Nevertheless, the effect of calcium on respiration has not
been fully claried to date. In the present experiment, the res-
piration rate values were similar to those of samples that were
only dehydrated with sucrose, and they were only slightly
lower after 30 and 240min, indicating that the reduction of
heat produced could be related more to other biochemical
phenomena than to the reduction of respiratory activity.

Conversely, the presence of AA in the osmotic solution pro-
moted a drastic increase in the metabolic heat production
as the treatment time increased up untii 50% compared to
the fresh sample. This increase can probably be attributed
to the physiological stress caused on the tissue, as already
observed for sliced potatoes (Limbo and Piergiovanni, 2007;
Rocculi et al., 2005). The damage to cellular structures, which
is promoted by osmotic AA solution, can mainly be caused
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Fig. 3 b Respiration

times of 30 min (yellow), 60 min (green), 120 min (blue) and 240 min (red). Error bars indicate standard deviation.
tables indicate signibcant differences according to the Tukey test at p <0.05. (For interpretation

letters in the auxiliary

rates, expressed as the oxygen consumed (RRQG)and carbon dioxide produced (RRCQ), for treatment

Different
of the

references to color in this bgure legend, the reader is referred to the web version of this article.)

by its lower pH. At low pH, plasma membrane ATPases in the
tissue increase active H+ pumping to address the excess of
H+ uptake, increasing the demand for respiratory energy. An
ulterior pH decrease can also cause adecline in the respiration

rates.

The combination of AA with Ca initially promoted a
decrease in the heat production to alevel that was lower than
untreated samples; however, after 2h of OD, the metabolism
sharply rose. This behaviour suggests that, during the rst part
of the treatment, calcium acted as stabilizer and reduced the
metabolic activity of the tissue; however, asthe treatment pro-
ceeded, a progressive damage to cellular structures occurred,
which was probably related to the AA intake.

Conversely, for samples dehydrated in the presence of AA,
both alone or in combination with Calac, there was a notice-
able change in the respiratory pathway, particularly in terms
of the increased oxygen consumption compared with Suc
and Suc-Ca samples (Fig. 3). The highest standard deviations
were observed for RRO, measurements in some AA sam-
ples. Although high variability was found in the respiration
rates, re ecting the large natural variability of the raw and the
treated material, useful indications were obtained. CO;, pro-
duction was constant for all treatment times in AA samples,
and there was a reduction of approximately 20% compared to
the fresh tissue. The production was higher compared to in
Suc and Suc-Calac samples. Conversely, a noticeable RRCG,
decrease was veried in the Suc-Calac-AA condition, which
was proportional to the treatment time.

The respiratory quotient (RQ), calculated as the ratio
RRG,/RRCO;,, is an indicator of the respiration pathway
adopted by tissues. The complete oxidation of glucose through
the aerobic pathway produces an equal CO, level compared
to the O, consumed; as a result, the respiratory quotient is
1. Variations in the RQ may depend on a different substrate
used for respiration, such as malate or long chain fatty acids,
although an increase in RQ generally indicates the onset of
fermentative routes (Taiz and Zeiger, 1998). However, accord-

ing to Makino (2013), an RQ in the range of 0.7-1.3 could be
considered an indicator of aerobic respiration. Approximately

following this indication, it was possible to identify the sam-
ples that were characterized by aerobic metabolism in Fig. 3
that shows values of RRO, and RRCO, of samples at different
OD times. In our experiment, fresh samples had an RQ value
of 1.24, while in Suc and Suc-Calac, RQvalues were lower and
closer to 1, showing negligible anaerobic metabolism.

Anaerobic metabolism can be prompted by either low oxy-
gen or high carbon dioxide concentrations in the environment
that are, respectively, lower than 2%-5% and higher than
4%-5% (Cortellino et al., 2015; Iversen et al., 1989). Although
these values were never exceeded, in some samples, and in
particular in the fresh ones, the CO, content was very close
to this limit after 20h, which may have caused the develop-
ment of some fermentative pathways, leading to an imbalance
between CO, production and O, consumption in the tissue.
This, in turn, increased the RQ. As a result, only samples
treated with Suc-AA and Suc-Calac-AA solutions seemed to
have a non-aerobic response to the treatment.

As aconsequence of OD, an increase in the RQwas observed
by Torres et al. (2008)and by Castello et al. (2010)on mango and
strawberry tissues. Anaerobic metabolism is often found in
plant tissue as a physiological response to stress conditions,
such as dehydration, and as an optional metabolic pathway
(Torres et al., 2008). While oxygen diffusion through the tissue
decreases because of structural alteration in the cells as treat-
ment proceeds, an increase of CO, production has generally
been observed by these authors. The oxygen consumed was
attributed to the effort of some enzymatic systems to react to
the stress caused by osmotic treatment (Lewicki et al., 2001).
Conversely, Moraga et al. (2009) did not nd changes from the
presence of calcium lactate in the RQ of osmo-dehydrated
grapefruit, although the respiration rate generally decreased.

In samples that were dehydrated in the presence of AA, a
lower RQwas calculated and was found to decrease slightly by
increasing the treatment time between 0.72 and 0.64 (data not
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shown). The combination of sucrose and ascorbic acid caused
cellular damage to the tissue, and the effect on the plas-
malemma and tonoplast was different and unclear, but there
was a strong inuence on tissue functionality (Mauro et al,
2016). When both AA and Calac were used, the RQ decreased
sharply, from 0.59 to 0.09, as dehydration proceeded. This
decrease is mainly due to the higher oxygen consumption
observed compared to CO; production.

It is important to note that the variation of the gas com-
position in the sample headspace could be from both the
respiratory metabolism of the tissue and the presence of
other enzymatic reactions. According to Igual et al. (2008),
this O, consumption can be considered as the “apparent”
respiration rate. Because molecular oxygen can be used as
substrate by many enzymes in plant tissue, it can contribute
to the “apparent” respiration rate if measured in terms of oxy-
gen consumption and not in terms CO, production (Taiz and
Zeiger, 1998). Concerning this particular issue, the effect of
sugar, calcium and ascorbic acid on the complexity of fresh
tissue enzymatic activity must be considered.

4, Conclusions

The investigated osmotic dehydration treatments showed dif-
ferent effects on the product in terms of both mass transfer
phenomena during processing and metabolic activity of the
apple tissue. The presence of calcium lactate (Calac) and
ascorbic acid (AA) affected the water and solute transport,
which was attributed to changes in the cellular structure. Sig-
ni cant impregnation of solutes promoted by AA was related
to severe damage caused to the cell structure, increasing
spaces viable for solute transport. Ca?* contributed to the
improvement of dehydration and to limit the sucrose impreg-
nation; however, in combination with AA, its capacity to
restrain solute transport was diminished after 2h of OD, which
was probably because of the excessive AA gain.

Metabolic heat production in samples treated in sucrose
solutions was slightly lower than in untreated samples, and
it was further reduced with calcium lactate (Calac) addi-
tion. However, samples impregnated with ascorbic acid (AA)
showed higher heat production because there was a metabolic
response of the apple tissue to AA treatment. When combined
with Ca?*, heat production decreased sharply to a level that
was lower than untreated samples, except for those treated
for 240 min (higher solid gain), which showed the highest heat
production values. These results conrm previous ndings,
suggesting that AA solution can promote a stress response on
specic fresh-cut vegetable tissues and an increase of their
endogenous metabolic activity, which was further conrmed
by a higher O, consumption that was observed by head space
gas determination.

To clarify the effect on enzymatic activity in apples that
were osmotically dehydrated in sucrose, calcium and ascor-
bic acid osmotic solutions and the real inuence of these
phenomena on respiration pathways, further studies are war-
ranted that can couple the calo-respirometric  approach with
metabolomic analytical techniques.
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Pulsed electric belds (PEF) and ultrasound (US) are promising innovative technologies with the potential
to increase mass transfer when combined with further processes which in turn can provide potential ben-
ebts in the recovery of valuable compounds from food by-products. To provide evidence of the mecha-
nism of mass transfer enhancement, the present study assessed the impact of PEF and US treatments,

applied individually and in combination, at low and high temperatures, on the tissue microstructure of
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was not signibcant.

mushroom stalks. Different indices such as quantitative water redistribution, water loss and qualitative
release of compounds were evaluated. The combination of these physical methods demonstrated that PEF
redistributed a greater proportion of intracellular water into extracellular spaces than US. However, the
application of high temperature treatments alone showed an even greater proportion of intracellular
water migration compared to PEF. When PEF was combined with US at low temperatures the difference

2017 Elsevier Ltd. All rights reserved.

1. Introduction

Recent research on innovative technologies such as pulsed elec-
tric pelds (PEF) and ultrasound (US) have shown great potential for
applications in a number of areas within the food industry. As an
example, they have been studied as an alternative to traditional
thermal treatments for microbial inactivation ( Raso & Barbosa-
Citnovas, 2003) or for the enhancement of mass transfer in various
processes (Dons*, Ferrari, & Pataro, 2010). Pulsed electric belds
treatments create pores at the level of biological membranes which
can be transient and reseal or pores can be permanent leading to
irreversible cell disruption. The extent to which transient/perma-
nent pores occur is a function of the treated matrix and the applied
PEF protocol (Vorobiev & Lebovka, 2009 ). Overall these phenomena
are generally recognized as electroporation. Recent research, used
electroporation in its irreversible form for the valorisation of food
by-products and waste with a view to reducing the waste disposal
problems ( Barba et al., 2015). Generally, electric beld strengths
between 0.5 and 3 kV and short pulses (pulse width of 19100 | s)
at the frequency of 1100 Hz have been successful for irreversible
electroporation of plant tissues ( Vorobiev & Lebovka, 2009 ). Simi-
larly, the application of ultrasound leads to an increase in mass
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E-mail address: nicolo.dellarosa@unibo.it (N. Dellarosa).
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transfer phenomena by physically affecting the treated tissue. US
induces the formation of gas bubbles which collapse generating
high energy shock waves and intense shear forces, a phenomena
known as the cavitation effect ( Patist & Bates, 2008). As a conse-
quence, extraction and puribcation processes of food by-products
assisted by high intensity ultrasound, commonly 1000400 W
applied at 20D100 kHz, resulted in high recoveries of valuable com-
pounds from several plant materials ( Rosell—-Soto, Galanakis et al.,
2015).

These innovative technologies were tested for the recovery of
different components from mushroom by-products ( Cheung, Siu,
Liu, & Wu, 2012; Cheung, Siu, & Wu, 2013; Parniakov, Lebovka,
Van Hecke, & Vorobiev, 2014; Xue & Farid, 2015 ), being rich in sev-
eral high value compounds, namely proteins, chitins, glucans and
other polysaccharides from cell wall, polyphenols and ergosterol
(Rosell—-Soto, Parniakov, et al., 2015. The potential simultaneous
extraction of several compounds promotes the recovery of the
by-products for different industrial sectors such as food, pharma-
ceutics and cosmetic. For example, cell walls of Agaricus bisporus
are an important source of chitinous biopolymers, which can be
used as antimicrobial agent or coating material in the food sector.

It sustainable extraction from mushroom by-products can also
reduce allergenic problems and inconveniences arisen from the
use of harsh solvents that are needed for the extraction from the
traditional sources like shrimp and crab shells ( Wu, Zivanovic,

Please cite this article in press as: Dellarosa, N., et al. The impact of pulsed electric Pelds and ultrasound on water distribution and loss in mushroo ms
stalks. Food Chemistry(2017), http://dx.doi.org/10.1016/].foodchem.2017.01.105




2 N. Dellarosa et al./Food Chemistry xxx (2017) XxxDxxx

Draughon, & Sams, 2004). Moreover, taking advantage of their non-
thermal mechanisms of action, PEF and US can affect the quality of
the extracted material, preventing the damage of some thermola-
bile components which usually occurs with traditional methods
when heat is provided to ease the extraction. In previous studies
(Luo, Han, Zeng, Yu, & Kennedy, 2010; Pingret, Fabiano-Tixier, &
Chemat, 2013), various food materials subjected to heat, US and
PEF treatments were examined to bnd possible degradations of dif-
ferent chemical compounds. Non-thermal technologies, i.e. PEF
and US, resulted in lower degradation of thermolabile vitamins
and proteins when compared to heat processes. Conversely,
polysaccharides, including those that compose the mushroom cell
wall, were inBuenced by PEF and US processes that produced
changes of their morphology and molecular weight. The induced
modibcations might result in a different water uptake of these
biopolymers and in a different viscosity of the extracts.

Rapid methods are very valuable in screening the impact of
innovative process technologies applied across a range of condi-
tions. Appropriate methods include acoustic, texture and colour
measurements ( Lespinard, Bon, Circel, Benedito, & Mascheroni,
2015; Parniakov, Lebovka, Bals, & Vorobiev, 2015; Wiktor et al.,
2016) but assessments can also be made using direct measures
of cell metabolite release ( Dellarosa, Tappi, et al., 2016; Luengo,
Cond—n-Abanto, Cond—n, c¢lvarez, & Raso, 201} In addition to
the aforementioned methods, measuring the changes in electrical
impedance, known as cell disintegration index, has been exten-
sively investigated in recent years and it is the most commonly
accepted quantitative index of the extent of electroporation
(Angersbach, Heinz, & Knorr, 1999; Lebovka, Bazhal, & Vorobiev,
2002). Such indices provide an estimate of microstructural modib-
cations in the inner compartments of plant tissues (  Vorobiev &
Lebovka, 2009) and have been recently adopted to compare the
effect of different technologies on the food matrix ( Barba,
Brianceau, Turk, Boussetta, & Vorobiev, 2015; Barba, Galanakis,
Esteve, Frigola, & Vorobiev, 2015). Another approach to assess
microstructural effects of novel processes is based on the optical
and electronic microscopy, but these results are qualitative
(Faridnia, Burritt, Bremer, & Oey, 2015; Fincan & Dejmek, 2002;
Nowacka, Tylewicz, Laghi, Dalla Rosa, & Witrowa-Rajchert, 2014 )
and can be vulnerable to the subjectivity of the analyst. Further
gquantitative methods focused on tissue microstructure and take
into consideration water distribution through the food matrix.
Indeed, water drip loss as a function of technological treatments
also provides an index of the extent of cell damage which is gener-
ally accompanied with the release of intra-cellular water ( Sun & Li,
2003). In addition, direct insights into water distribution and pos-
sible redistribution upon the application of different process tech-
nologies were recently obtained by means of time domain nuclear
magnetic resonance (TD-NMR) ( Dellarosa, Ragni, et al., 2016;
McDonnell et al., 2013; Santagapita et al., 2013 ). The analysis of
the transverse relaxation time (T ,) curves led to the non-
destructive estimation of water distribution through the cell com-
partments, including the intra/extra-cellular water repartition.

The present study was focused on microstructural changes of
mushrooms stalks, an abundant by-product of the mushroom
industry. The main goal was to gain insight into Pne modibcations
which affect the mechanisms of mass transfer, aiming at improving
the extraction of valuable compounds. Different innovative tech-
nological treatments were tested, i.e. pulsed electric belds (PEF)
and ultrasound (US), and compared to traditional water extraction
processes. A novel multianalytical approach which combined sev-
eral physical techniques, such as cell disintegration index, drip loss
and water distribution by TD-NMR, was employed. Moreover, var-
ious combinations of different technologies were experimented to
highlight possible synergistic or antagonistic effects of the different
mechanisms of action. Results of the study provide useful tools for

the evaluation of the feasible and efbcient industrial application of
the tested technologies.

2. Materials and methods
2.1. Mushroom stalks

Mushrooms ( Agaricus bisporug were purchased from a local
market in Dublin (Ireland) and were analysed within 2 days of pur-
chase. The stalks were manually separated from the caps and cut
with a knife. In order to obtain a homogenous size distribution
and standardize the surface-to-volume ratio, the cut stalks were
sieved and pieces between 1.70 and 4.75 mm were selected for
experimental trials.

2.2. Sample preparation

For all treatments 10 g of mushroom stalks were immersed in
tap water (conductivity = 0.6 mS/cm) for 10 min at a standardized
solid/liquid ratio of 1/10 and constant agitation by magnetic stirrer
at 60 rpm. The temperature was controlled by an external water
bath (DMS360, Fisher Scientibc, UK) and monitored by a digital
thermocouple (TC-08, Pico Technology, UK). Two different temper-
atures were used for the experiments to be representative of the
room temperature (25 C) and the ideal temperature for the extrac-
tion of valuable compounds in mushrooms (90 C).The latter was
also chosen because it is the lowest temperature value within
the optimal range of temperatures reported in the literature
(XuJdie & Wei, 2008), so to minimize the cost of the process from
an industrial angle. Each sample batch was weighed before and
after treatments and water, possibly evaporated at 90 C, was
added again in order to restore the solid/liquid ratio. Control sam-
ples were obtained by only dipping mushroom stalks at both 25 C
(DIP) and 90 C (H). Pulsed electric belds, as a pre-treatment, and/
or ultrasound were tested, either alone or in combination, at both
temperatures, resulting in the following sample groups: PEF, US,
PEF + US, US + H, PEF + H, PEF + US + H.

2.2.1. Pulsed electric belds (PEF)

PEF was applied, as a pre-treatment either alone or in combina-
tion with other technologies, using a 5 kW PEF generator ELCRACK
HVP 5 (DIL ELEA, QuakenbrYck, Germany). The electric pulses of
near-rectangular shape were delivered in a batch 4 4 4cm
chamber with two 4 4 cm stainless steel parallel electrodes.

Fig. 1. An example of bipolar electric pulses used in the present investigation; solid
and dashed lines are voltage and current, respectively.
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Fig. 1. shows an example of two bipolar pulses used for the exper-
iments. Each treatment, which included a series of 500 bipolar
pulses of 17 | s width at 2.15kV/cm (frequency = 10 Hz), was
applied to 10 g of mushroom stalks and the chamber was Pplled
up with approx. 50 mL of tap water (conductivity = 0.6 mS/cm).
Immediately after treatment the stalks and the Plling water were
transferred into a beaker and the solid/liquid ratio was restored
to 1/10. The voltage and current applied were monitored using a
digital oscilloscope Picoscope 2205MSO (Pico Technology, UK).
The specibc energy provided per treatment on average was
344 kJ/kg.

2.2.2. Ultrasound (US)

Ultrasound treatment were carried out for 10 min in a jacketed
beaker containing 10 g of mushroom stalks in water (solid/liquid
ratio of 1/10) and a magnetic stirrer. US treatments were applied
using a power sonicator UP 400S (Hielscher, Germany) which oper-
ates at 24 kHz and 400 W in continuous mode, equipped with a
22 mm diameter titanium probe. The power input was measured
calorimetrically according to Raso, Manas, Pagan, and Sala
(1999), resulting in an efpbciency of the energy transformation
equals to 28.4%. Therefore, the energy input of the US treatment
was 6816 kJ/kg. The control of temperature was with external
water at 10 C Rowing through the jacketed beaker and was mon-
itored by a digital thermocouple (TC-08, Pico Technology, UK) in
order to have probles similar to those of the dipping experiments.

2.3. Analytical determinations

2.3.1. Disintegration index

The cell disintegration index (Z) was calculated according to
Angersbach et al. (1999) by measuring the electrical impedance
of the tissue at suitably Olow® and Ohighd frequencies, namely
0.5 kHz and 20 MHz, respectively ( Angersbach, Heinz, & Knorr,
2002). The Z value was calculated measuring the impedance of
the material (i.e. mushroom stalks and tap water with a conductiv-
ity = 0.6 mS/cm) placed inside a4 4 4 cm chamber. The mea-

surement was taken before and after each treatment at 25 C and
Z index was calculated as follows (Eq. (1)):
_: bfmgh ajlow r by lowp
7y, ab
& phigh 1 biowP

where I is the measured electrical impedance (S/m), the subscripts
b and a refer to the impedances before and after the treatment and

2.3.3. Time domain nuclear magnetic resonance (TD-NMR)

Proton transverse relaxation time (T ;) curves were acquired
using a CPMG pulse sequence implemented in an Oxford Maran
Ultra (Oxford Instruments, UK) operating at 25 C,0.5T and a pro-
ton resonance frequency of 23 MHz. Relaxation decays were
obtained from mushrooms stalks before (control) and after treat-
ments. Furthermore, the same samples were measured following
centrifugation for water loss analysis. Samples for TD-NMR analy-
sis, approximately 2 g, were placed into a 18 mm internal diameter
tubes and directly analysed. Each acquisition included 8192 echoes
over 16 scans with an inter-pulse spacing of 0.3 ms and a recycle
delay of 10 s. The signals, registered by the RINMR ver. 5.2.0.1 soft-
ware (Oxford Instruments, UK), were exported and subjected to a
quasi-continuous btting by means of UPEN Software as described
by Mauro et al. (2016) . Following this, quantitative water distribu-
tion results were achieved by means of an in-house developed dis-
crete btting based on the OLevenbergbMarquardt® algorithm
implemented in an R statistical software (R Foundation for Statis-
tical Computing, Austria) according to the following equation
(Dellarosa, Ragni, et al., 2016):

X
Ssp¥ Inexp ob

v 2;i

where N = number of water populations (set at 3 according to UPEN
results), | = signal intensity and T , = average relaxation time of each
protons population (n).

In addition to the analysis of the mushroom stalks, TD-NMR was
applied to the liquid media used for each process technology. For
this purpose, an aliquot of 1 mL of the liquid media used for pro-
cessing was immediately recovered after each treatment and anal-
ysed using the same acquisition protocol. To calculate the
transverse relaxation time (T ,) of the solutions, Eq. (2) was used
to bt the relaxation decays to a mono-exponential decay (N = 1).

2.3.4. UVDVis spectroscopy

UVDbVis spectra of the recovered liquid media were registered
using a spectrophotometer UVmini 1240 (Shimadzu, Japan). The
water solutions remaining from each technological treatment were
bltered with a blter paper (Whatman 1, Sigma-Aldrich) and then in
succession, the UV and visible spectra were acquired in the regions
between 2209360 nm and 4000800 nm, respectively. The former
analysis required a 1/10 dilution of samples with distilled water
to maintain absorbance values spanning from O to 1 in the UV
region.

Olow® and OhighO refer to Olowd and Ohigh® frequencies (0.5 kHz ar@l3.5. Statistics

20 MHz).

In order to investigate whether the various treatments led to

The OlowO and OhighO frequencies signals were generated by a signibcantly different results, analysis of variance (ANOVA) fol-

function generator DG 1022 (Rigol, Germany) which provides a 4

V peak to peak sinusoidal signal of 0.5 kHz and 20 MHz. The volt-

age drop after the wave passed through the sample was recorded
by using an oscilloscope TDS 2012 (Tektronix, UK). To remove
the parasitic capacitance of the system that becomes important

at high frequencies a calibration curve, using known resistors

spanning from 25 to 200 O, was prepared at the frequency of

20 MHz.

2.3.2. Drip loss

Approximately 1 g of treated mushroom stalks were weighted
and inserted into a 23 mm centrifuge tube with false bottom. The
lower part was blled with cotton wool and closed with blter paper
(Whatman 3, Sigma-Aldrich). Samples were centrifuged at 2900 ¢
for 10 min using a Rotobx 32A centrifuge (Sartorius, Germany).
Drip loss was calculated as the ratio between the weight loss after
centrifugation and the initial weight of the samples.

lowed by TukeyOs multiple comparisons, as a post hoc test, were
performed. Both were run at the signibcance level of 95%
(p < 0.05) and carried out with R statistical software (R Foundation
for Statistical Computing, Austria). All experiments were repeated
three times and results were expressed as mean + standard devia-
tion of replications.

3. Results and discussion

Cell disintegration index (Z) was measured in order to gain an
insight into changes of electrical impedance in mushroom stalks
as a function of the internal microstructural modibcations imposed
by the technological treatments. This index ranges from 0, associ-
ated to a perfectly intact sample, to 1, indicating the cells total dis-
integration ( lvorra, 2010). Fig. 2. reports Z values for each of the
technologies applied on their own. In this context, the DIP sample
which contained stalks which were immersed in tap water with
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Fig. 2. Disintegration index (Z) based on electrical impedance. Results are
means * standard deviations of the replicates and different letters show signibcant
differences (p <0.05). Sample codes: DIP =dipping (25 C); US =ultrasound;
PEF = pulsed electric belds; H = high temperature treatments (90  C).

known conductivity (0.6 mS/cm) with no further treatment, was

set to 0 as reference. The application of US brought the disintegra-
tion index to 0.34 +0.15, a value far lower than 0.63 + 0.02 and
0.68 + 0.06 registered for PEF and H. Despite having a considerably
higher energy input (i.e. US was 20 time higher than PEF in terms
of energy), PEF induced a greater degree of disruption. This con-
bPrms previous Pndings in various foodstuffs where US always
showed lower efbciency than PEF in terms of cell disintegration
at the same energy input ( Barba, Brianceau, et al., 2015; Barba,
Galanakis, et al., 2015). In parallel, it is interesting to notice that
all the combined treatments (i.e. PEF + US, US +H, PEF + H, PEF
+US + H) (data not shown) did not exceed Z values of 0.7 with
no signibcant differences when they were compared to PEF or H
treatments applied individually. This Pnding might be ascribed to
the high extent of cell disruption reached in the present conditions,
which partially hid potential additive or synergistic effects.

According to the literature, the impact on cell disintegration
index mainly ref3ects microstructural changes through the tissue
(Lebovka et al., 2002). The changes induced by PEF, for instance,
have been attributed to the breakage of the cell membranes, with
the consequent redistribution of water which led to an increased
conductivity ( Lebovka, Bazhal, & Vorobiev, 2001). Likewise, regard-
less of the different mechanisms of action of the other applied
technologies, it can be hypothesized that the application of exter-
nal energy boosted water migration from the inner cell compart-
ments toward the extracellular ones. To verify these effects, the
drip loss of the mushroom tissue was also evaluated.

Drip loss of mushroom stalks which were exposed to the vari-
ous processes are illustrated in Fig. 3. Mushroom stalks, used as a
control, exhibited an average loss of around 2 + 1% of their initial
weight, which increased ten times when the stalks were immersed
in water (DIP), probably due to a partial absorbance of the external
water into the mushroom due to the porosity of the tissue. Signif-
icantly higher drip loss scores were achieved when US, PEF or high
temperature (H) were employed, with mean values of 40z 3,
54 + 5 and 61 + 2%, respectively. This trend was in agreement with
the cell disintegration index, conbrming the differing efbciencies of
the studied technologies in terms of their impact on the release of
intracellular solutions. A synergistic effect, expected when differ-
ing technologies were combined, was not observed. On the con-
trary, an unexpected slight antagonistic behaviour on drip loss
was noticed when high temperatures were used in combination
with PEF and US. On one hand, microstructural changes promoted

Fig. 3. Drip loss expressed as weight loss (g) per fresh weight (g ). Results are
means * standard deviations of the replicates and different letters show signibcant
differences (p <0.05). Sample codes: DIP =dipping (25 C); US =ultrasound;
PEF = pulsed electric belds; H = high temperature treatments (90  C).

by these two technologies were probably partially hidden by high
temperatures which in turn caused a high extent of cell disruption.
On the other hand, temperature plays a big role on efbciency of US
cavitation by affecting viscosity, vapor pressure and surface ten-
sion of the liquid media. This can result in a non-linear correlation
between temperature and effects of cavitation ( Patist & Bates,
2008) which might lead to the antagonistic effects observed in
the present work. Moreover, both US and PEF can induce substan-
tial modibcations of structural compounds as previously reported

in literature ( Luo et al., 2010; Pingret et al., 2013 ). Both technolo-
gies generate hydroxyl radicals that have been demonstrated to
degrade polysaccharides, including chitosan. Consequently, those
works found a different morphology and a lower molecular weight

of chitosan upon PEF and US treatments which could affect the
water holding capacity of mushrooms stalks and explain the lower
drip loss achieved in the present study.

To further characterize the microstructural changes leading to
increased water migration and release, an investigation of water
distribution and its redistribution upon treatments through the tis-
sue compartments was performed by TD-NMR. In particular, indi-
rect insight into compartment modibcations could be gained as a
result of the different interactions of water with solutes and
biopolymers. Indeed, short transverse relaxation times (T , 1B
50 ms) was expected to reveal water pools interacting to rigid
structures like cell wall, while long times (T , 200D1500 ms) was
expected to describe water pools located inside the cells that, in
intact tissues, usually represent the highest quantitative contribu-
tion to the total signal ( Dellarosa, Ragni, et al., 2016; Panarese
et al.,, 2012). Nevertheless, in the region with the T , included
between 50 and 200 ms, ascribable to extracellular water
(Lagnika, Zhang, & Mothibe, 2013 ), signibcant changes caused by
the treatments studied were expected.

Fig. 4 shows the water redistribution of mushroom stalks before
and after drip loss induced by centrifugation, respectively. In
agreement with drip loss results, spectra belonging to control sam-
ples did not reveal marked modibcations upon centrifugation. On
average, the distribution of the signal intensities of the three com-
partments were 66 + 2%, 25+ 2% and 11 + 1% with respect of the
total signal, for intracellular, extracellular and cell wall water,
respectively.
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Fig. 4. TD-NMR signal distribution normalized to unitary area before drip loss (A). Residual signals scaled based on the residual amount of water after drip loss according to

drip loss results (B). The vertical dashed lines delimit the signals belonging to the three water pools: cell wall (T

2 1D50 ms), extracellular (T , 500200 ms) and intracellular (T »

200D1500 ms) populations. Sample codes: DIP =dipping (25 C); US = ultrasound; PEF = pulsed electric belds; H = high temperature treatments (90 C).

Conversely, both DIP and US enhanced the fraction of water
protons relaxing between 50 and 200 ms ( Fig. 4a), achieving values
of 36 + 2 and 46 + 2% of the total signal, respectively. In the former
case, the major contribution to that signal was solely ascribable to
the diffusion of the external water solution through the stalks tis-
sue, while, in the latter case, water was also partially removed from
intracellular compartments (T , 200D1500 ms) and redistributed
toward extracellular spaces (T , 500200 ms). Interestingly, in both
cases water that migrated toward the extracellular compartments
was totally removed when an external force, i.e. centrifugation,
was applied ( Fig. 4b). Cavitation induced by ultrasound generates
high shock waves and shear force with a known solubilising effect
mainly on bxed cell structures like cell walls ( Chemat, Tomao, &
Virot, 2008 ). Water redistribution investigated in the present
experiments showed that these microstructural alterations inBu-
enced also the intra/extra-cellular repartition. This suggests that
technological treatments involving mass transfer, for instance
extraction or dehydration, may benept from the application of US
due to both the solubilisation effect of the solid parts and the par-
tial loss of compartmentalization resulting in consequent higher
water diffusivity. Indeed, as qualitatively highlighted by Cheung
et al. (2013), powerful ultrasound can provoke the modibcation
of the internal channel porosity and fragmentation of the mush-
room tissue, with a signibPcant contribution to the extraction
yields. In another work on osmotically dehydrated kiwifruit
(Nowacka et al., 2014 ), results showed that micro-channels were
created when ultrasound was applied during dipping and the
moisture content of the fruit was slightly redistributed through
the cell compartments. Even though the energy input was far lower
than that applied in present work, US signibcantly contributed to
the enhancement of mass transfer during dehydration.

In the present work, the highest redistribution values, which
were in agreement with cell disintegration index and drip loss
results, were registered for PEF and H treatments, which markedly
affected the internal structure and water partition throughout the
tissue (Fig. 4a). Water was noticeably redistributed, so that 82D85%
of the total signal was now ascribable to the extracellular compart-
ments, while cell wall and intracellular water pools accounted for
10 and 5%, respectively. No signibcant differences were found
among samples treated with PEF, H and their combination. It is
worth observing that the main peak of the extracellular water
was sensibly reduced after centrifugation ( Fig. 4b) leading to the
conclusion that both H and PEF provoked a severe loss of compart-
mentalization of the mushroom tissue. However, the extent of dis-
ruption efpciency, resulting in different Z values abovementioned,

was further noticed taking into consideration the distribution of
residual amount of water after drip loss. On one side, high temper-
ature treatments gave rise to a narrow peak, normally distributed,
centred at T, =40 ms, on the other, PEF resulted in a broad peak
ascribable to a probable bimodal distribution (T ,=40 and
T, = 100 ms), equally split between water which was tightly bound

to the bxed structures of the tissue and extracellular water. The
higher efpbciency provided by high temperatures, however, may
be counterbalanced by drawbacks in terms of negative heat
induced impact on the quality of valuable compounds when
extraction is the main goal. In this context, PEF applied in the pre-
sentwork at 25 C can bring advantages because it prevents possi-
ble degradations due to the thermolability of the extracted
mushroom components ( Rosell—Soto, Parniakov, et al., 2019. Ear-
lier work on other thermo-sensitive food matrixes demonstrated,
that PEF used as upstream treatment increased the processesO efp-
ciency in terms of intracellular water diffusivity, for example dur-

ing osmotic dehydration of fresh-cut fruit (  Dellarosa, Ragni, et al.,
2016; Parniakov et al., 2015 ). In order to enhance the effectiveness
of the treatments at low temperatures, PEF can be combined with
US. Water distribution results together with Z and drip loss values

of these combined techniques were not signibcantly different from
high temperature treatments. Another possible benebt described
by several authors is related to the selective extraction operated
by PEF Parniakov et al., 2014; Xue & Farid, 2015 ). Taking advan-
tage of the targeted electroporation of the cell membranes, water
extracts were characterized by a high content of intracellular com-
ponents with a high colloidal stability.

Due to the microstructural changes induced by the various
treatments, the liquid media employed for each treatment was
analysed by means of TD-NMR and UVbBbVis spectroscopy. The mea-
surement of the transverse relaxation time (T ,) by TD-NMR was
employed as a biopolymer extraction index. Protons from cell
biopolymers lead to a fast chemical exchange with water protons
which reduces the average T, (Santagapita et al., 2013). Results,
illustrated in Table 1, show that the highest reduction of T 5, around
400 ms, was registered for every treatment at high temperature
and for the combination of PEF with US. On the contrary, PEF and
US, separately applied, did not modify T , signibcantly.

In parallel, UV/Vis spectra were evaluated taking into account
the whole visible spectra and specibc regions of UV spectra
(Fig. 5). In particular, UV spectra, especially those belonging to
US and H samples, showed an absorbance peak centred at
260 nm. That peak, which markedly increased when US and H were
applied both alone and in combination ( Table 1), was found in pre-
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Table 1
Liquid media features: transverse relaxation time (T
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»2), absorbance at 260 nm (ABS,¢), ratio between absorbance at 260 and 280 nm (ABS ,e0/280) and total absorbance of the

visible spectra between 400 and 800 nm (ABS 400-800)- Values show means + standard deviations of the three replications. Different letters within the same column indicated

signibcant differences (p < 0.05) for each parameter.

ABS60/280

ABS;00-800

0.187+0.004 e
0.480 + 0.008 bc
0.267+0.021 d
0.580+0.038 a
0.508 £ 0.030 b
0.525 £ 0.009 b
0.435+0.008 ¢

T2 (ms) ABSz60

DIP 2860 + 156 ab

us 2724+21b

PEF 2907 +100 a

H 2454+ 25 ¢

PEF + US 2429+ 24 c

US+H 2450+ 54 ¢

PEF+H 2547+ 24 ¢

PEF+US +H 2485+ 49 c

0.485+0.013 b

1.384 + 0.066 de
1.325+0.064 ef
1.276+£0.035 f
2.013+0.035 a
1.451+0.027d
1.800 + 0.007 b
1.846+0.023 b
1.661+0.031 c

22.787 £ 0.060 f
83.133+4.298 b
68.080 £ 3.117 ¢
24412 £2979 f
98.645 + 2.591 a
37.785+1.891d
31.464+0.849 e
41.023+3.164 d

Sample codes: DIP =dipping (25 C); US = ultrasound; PEF = pulsed electric belds; H = high temperature treatments (90 Q).

Fig. 5. UV (A) and visible (B) spectra of liquid media used for treatments. Samples were diluted 1/10 for UV analysis to bt the 0B1 absorbance range. Sample codes:
DIP =dipping (25 C); US = ultrasound; PEF = pulsed electric Pelds; H = high temperature treatments (90 C).

vious work ( Parniakov et al., 2014 ) to be correlated to the concen-
tration of the extracted mushroom compounds in the liquid media.

In fact, the results obtained in the present investigation showed a
good negative correlation with transverse relaxation time (r=
0.88), suggesting that the absorbance at 260 nm can be a gross
index of the release of biopolymers from the mushroom tissue.
Beside the overall release of the mushroom compounds, PEF and
US applications can also induce modibcations of their chemical
structure. As previously reported by Luo et al. (2010) the carbonyl
and carboxyl groups of mushroom chitosan can be degraded by
high voltages leading to different absorbances in specibc regions
of the UV spectra. Similarly, US treatments can also alter the
physico-chemical morphology of polysaccharides ( Pingret et al.,
2013) which probably inBuenced the quality of the extract. Fur-
thermore, as reported in literature ( Glasel, 1995; Parniakov et al.,
2014; Xue & Farid, 2015), the ratio between the absorbance at
260 and 280 nm illustrates the level of proteins/nucleotides that
usually varies in the range between 1 for pure proteins and 2 for
pure nucleotides extracts. Values around 1.3D1.4 were registered
for DIP, US, PEF and their combination while higher values were
reached when treatments were combined with high temperatures.
Interestingly, while H treatment alone showed values around 2,
indicating the selective extraction of pure nucleotides, when H
was combined with either US or PEF that value signibcantly
decreased probably due to the higher release of proteins. That ratio
was further lowered when PEF was followed by US at high temper-
ature, demonstrating an additive effect on the protein release. In
addition to the UV, the overall visible spectra absorption were eval-
uated in the range of 400D800 nm. Although every treatment
increased the total absorbance, the highest values were noticed
for treatments at low temperature among which US (and its com-

bination with PEF) played the major role. The different visible
absorbances can be attributable to both the ability of US and PEF
to extract pigments, abundant in the cell walls of mushrooms
(Rosell—-Soto, Parniakov, et al., 2019 and the thermolability of
those mushroom compounds.

4. Conclusions

Microstructural changes in the mushroom stalks were evalu-
ated by a combination of various physical methods that were able
to describe bPne modibcations of the internal structure of the
mushroom stalks. The cell disintegration index, drip loss upon cen-
trifugation and water redistribution illustrated the migration of the
intracellular solutions toward extracellular spaces. Pulsed electric
belds and ultrasound differentially inBuenced the extent of loss
of compartmentalization through the tissue which was quantita-
tively monitored by TD-NMR. In particular, results showed that
the water pools included between 50 and 200 ms can be used as
an efpbciency index in food processes whenever further down-
stream treatments affecting water have to be applied to mush-
room, for instance dehydration, extraction or puribcation
processes. Moreover, a different selective release of the inner com-
pounds was noticed upon ultrasound, pulsed electric beld and heat
treatments as a consequence of their different mechanism of
action, even though no particular target compounds were analysed
in the present work. This promotes the choice of a specibc appro-
priate technology depending on the required target effect and their
combination with other technologies which may enhance the
effectiveness of the whole processes. Further investigations need
to be carried out to evaluate in depth the quality of the valuable
compounds which can be extracted from mushroom by-products
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and estimate the potential use of these innovative technologies in
terms of production cost.
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ABSTRACT

The aim of this work was to evaluate the effect of pulsed electric field (PERyeptaient on mass transfer
phenomena, water distribution and some physico-chemical parameters ofl@sydoated organic strawberries. For
PEF treatments 100 near-rectangular shaped pulses, with fixed puls@fxd@ us and repetition time of 10 ms were
used. Electric fields strength applied were 100, 200 and 4@0nY Afterwards, samples were subjected to OD
treatments carried out in two different hypertonic solutions (40% ,waéw¢ with sucrose and the other one with
trehalose. The results shown that PEF treatrmpestively affected the mass transfer during OD even at the lowest
electric field strength applied (100 ant), partially preserving the cell viability and maintaining at the same time the
fresh-like characteristics of strawberries.

1. Introduction Osmotic dehydration (OD) is one of the non-thermal
processes used to obtain intermediate moisture products
Increased consumer demand for safety, health andyith improved stability over storage. This because,

environmental friendly food products make the organic guring OD a partial dewatering of plant tissue takes
production one of the fastest growing market segmentsp|ace, reducing both freezable water content and the
over the last few years. Consumers expect the quality olyater activity of the system (Tylewicz et al., 2011;
organic fruits to be higher or at least comparable with thepayro et al., 2016). The application of OD process on
conventionally produced ones, protecting at the samesyrawberry tissue has been widely studied. Cheng et al.
time the nature and reducing the environmental pollution (2014) studied the effect of power ultrasound and pulsed
% D U [2t &1.N2014). vacuum treatments on the dehydration kinetics and the

Berries, and in particular strawberries, are very attractiveStatus of water during osmotic dehydration of
for consumers, because of their unique flavour, textureStrawberries, showing that the highest water loss (lower
and red vivid colour, both in a fresh form and in a freezable water content) and the highest decrease in
variety of food products and snacks. They are also higmyfirmness occurred using ultrasound treatment, while the
appreciated by consumers due to their high amount ofhighest solid gain and the highest firmness values were
ascorbic acid and antioxidants (Velickova et al., 2013; @chieved by pulsed vacuum treatme@astello et al.
Gamboa-Santos et al., 2014). However, strawberries aré2010) observed that OD treatment promoted the
highly susceptible to mechanical injury and also highly Structural collapse, however, when calcium was added to
perishable (Badawy et al., 2016; Kadivec et al., 2016); the osmotic solution a beneficial effect on the
these characteristics could be even more proreslinc maintenance of the sample texture was observed. Since
the organic fruit. Therefore, there is a need to improve OD treatment, especially when applied at room
the processing of these fruits in order to obtain semi-t@mperature, is a time-requiring process, other pre-
dried or intermediate moisture products with longer treatments could be used before OD in order to increase
shelf-life. With regards to organic production practices, the velocity of mass transfer kinetics.

applied treatments and processes should be aimed gbysed electric filed is a process which promotes the
avoiding the chemical additives, while non-thermal mogdification of the membrane permeability by
processingis used with the aim of maintaining the appiication of high voltage short time pulses (Barba et
nutritional and sensorial properties of food products. al., 2015). The application of low electric field strength



creates pores in the biological membrane which affectshape pulses. PEF pre-treatments were carried out by
the mass transfer in tissues. In fact, several studies ofpplying a train of 100 pulses at three different pulsed
PEF-assisted OD have been carried out on different planelectric field (E) strength (100, 200 and 400 ontl), a
tissues such as apples (Dellarosa et al., 2016a; Dellarosfixed pulse width of 100 us and a repetition time of 10
et al., 2016b; Amami et al., 2006), kiwifruits ms (100 Hz). The procedure setting was chosen on bases
(Dermesonlouoglou et al., 2016; Traffano-Schiffo et al., of preliminary experiments.

2016), carrots (Amami et al., 2007), potatoes (Fincan &

Dejmek, 2003) etc. While the effect of PEF pre- 2.3 Osmotic dehydration (OD) treatment

treatment on enhancing the water loss of OD treated-l-he OD treatment was carried out by immersing the

issues seems to be clsaand well statedys effect on strawberry samples in 40 % (w/w) hypertonic solutions.

the solid galln IS amtl)lguou.s. In fact, some aUthorSTwo different solutions were prepared, one with sucrose
reported an increase in solid uptake, for example 'Mand one with trehalose dissolved in distilled water.

mango pieces (Taiwo et al., 2002) and apples (Amani el Calcium lactate (Calac) at a concentration of 1 % (w/w)

al., 2006_; pel!arosa et al., 2016a), while in PEF Pr€- \was added to both the solutions as a structuring agent.
treated kiwifruit samples the solutes uptake was IowerThe treatment was performed at 25 °C with continuous

compared tf) untreateq opes (Traffano—Schiffo et al"stirring maintaining a fruits:OD solution ratio of 1:4
2016). The impact of high-intensity electric field pulses (wiw) that allowed to avoid significant changes in the

on the mass transfer and on some physical Ch""r"’mter's’t'C§olution concentration during the whole treatment (data

(leaching of cell con;tltuents, .colour anq texture) of not shown). The samples were analyses at different
strawberr){ halve§ during osmotic dghydratlon (OD) hastreatment times: 0, 15, 30, 60 and 120 min. Both PEF
been studied (Taiwo et al., 2003). Higher water loss was

obtained in samples treated with a high-intensity electric
field before OD. Moreover, the application of PEF
before OD minimized changes in product colour and

and OD procedures were repeated twice for each
solution. All obtained samples are summarised with
related abbreviations as reported in table 1.

allowed to retain product compactness. Table 1. Codification of analysed samples
To the best of our knowledge, this is the first work aimed Sample code EI?\(/:T;_?)G 'd Type of solution
to the evaluation of the effect of PEF+OD low  NopEF S 0 Sucrose
temperature processes on the mass transfer phenomenaEF_100_S 100 Sucrose
and water redistribution of strawberry tissue. Moreover, PEF_200_S 200 Sucrose
the changes in some quality parameters treated PNEFF;E"(:)O?S 400 TSu'::rcl)se
strawberries from organic production were evaluated. oFEr_ 0 renaose
PEF_100_T 100 Trehalose
. PEF_200_T 200 Trehalose
2. Material and methods PEF 400 T 400 Trehalose

2.1 Raw material handling 2.4. Analytical determinations

Organic str.awberriesF(agaria+ananassa)var p$ O E D% Mass transfer phenomena

(10 £ 1 °Brix) werepurchased from the local market in

Cesena (ltaly). The strawberries were stored at 4 + 1 °dvlass transfer phenomena during osmotic dehydration of
and high relative humidityuntil use, for no longer than Strawberry samples was evaluated by calculating weight
one week. Before processing, fruits were tempered at 25eduction (WR, kg kg), water loss (WL, kg k§ and

oC, washed, hand stemmed and cut into rectangulasolutes gain (SG, kg Ky adopting the following
shape pieces of the dimension 5 x 10 x 20 mm (height xequations:

width x length).

2.2 Pulsed electric field (PEF) treatment 94 La';i (1)

Two rectangular pieces (approximately 1.3 g) were

placed into a rectangular treatment chamber equipped o oa w

with two stainless steel electrodes (20 x 203rwitha W Lw 2)

gap between them of 30 mm and filled with 5 mL of a '

sodium chloride solution with the same conductivity as

the strawberries (1.6 mS/cm). The PEF treatments weres ) | 26%AAR3, G4, 3)

applied to the strawberry samples at 25 °C using an in- .

house developed pulse generator equipment based on

MOSFET technology that delivers near-rectangular



where: cells are able to accumulate intracellularly, because it is
unable to cross cellular membranes that remain intact
(Mauro et al., 2016). Hence, viable cells could be easily
identified by a bright fluorescence. Observations were
performed under a fluorescent light in a Nikon upright

microscope (Eclipse Ti-U, Nikon Co, Japan) equipped
with a Nikon digital video camera (digital sight DS-

Mo - initial weight before osmotic treatment (kg)

m; - weight after a time t (kg)

Ts  initial water mass fraction (kg - kg

Te ¢ - water mass fraction after a time t (kg g

Tii 4 - initial total solids (dry matter) mass fraction (kg -

kg™) . . e

T - total solids (dry matter) mass fraction after a time t Qi1Me, Nikon Co, Japan) at a magnification ot
L leqil

(kg - kg) 2.4.4 Colour

Moisture content was determined gravimetrically by
drying the samples at 70 °C until a constant weight was
achieved (AOAC, 2002).

The colour changes of fresh, PEF pre-treated and osmo-
dehydrated samples were investigated using a spectro-
photocolorimeter mod. Colorflex (Hunterlab, USA). The
measurements were made using CHa*b* scale. The
instrument was calibrated with a black and white tite (

In order to measure the proton transverse relaxation timeg3.47, a* 0.83, b* 1.33) before the measurements.
(T2), strawberry cylinders of about 250 mg (h = 10 mm, Moreover, the hue angle (h°) parameter was calculated
d = 8 mm) were cut with a core borer. The samples wereusing the following equation:

placed inside 10 mm outer diameter NMR tubes, in order A0

to not exceed the active region of the radio frequency P* L Pg’%
coil, and analyzed at 25 °C with the CPMG pulse
VHTXHQFH OHLERRP *LOO

2.4.2 Water distribution by TD-NMR measurements

4

where: a* (redgreen) and b* (yellowblue) are
OLOLVSHEY V SBiukeY OaRRItibrH German parg(m\é{ég Jof gor”measurement (Vega-Galvez et al.,
Q % H ' ) 2012). The analysiwas conducted in twelve repetitions

operating at 20 MHz. Each measurement comprised
. ) ) for randomly selected strawberry samples for each PEF
4000 echoes over 16 scans, with an interpulse spacing of . . .
re-treatment and osmotic dehydration condition.

0.3 ms and a recycle delay set at 10 s. The s:pecifiedp
parameters, .chosen to prevent sample gnd radi02.4.5 Texture analysis

frequency coil overheat, allowed the observation of the

protons with & higher than a few miliseconds. Firmness (N) was evaluated by performing a penetration
According to the protoco| set up by Panarese et a|_teSt on StraWberry reCtangUlar pieces USing a TA-HDi500
(2012), the CPMG decays were analyzed with the UPENtexture analyzer (Stable Micro Systems, Surrey, UK)
software (Borgia et al., 1998), which inverts the CPMG equipped with a 5 N load cel stainless-steel probe of
signal using a quasi-continuous distributon of 2 mm diameter was used and rate and depth of
exponential curves, and through fittings to the sum of anPenetration were of 1 mm/s and 95 %, respectively. The
increasing number of exponential curves. Furthermore, a@nalysis was performed in twelve replicates.

multi exponential discrete fitting was successively

applied to accurately determine , Tand relative  2-5 Statistical analysis

intensities of the water populations (Mauro et al., 2016). sjgnificance of the PEF treatment and OD effects was
The experiment was conducted in triplicate at eacheyaluated by one-way analysis of variance (ANOVA,
treatment condition. 95% significance level) and comparison of means by

Duncan test at a 5% probability level using the software
2.4.3 Cell viability test by Fluorescein diacetate (FDA sTATISTICA 6.0 (Statsoft Inc., Tulsa, UK).
staining

The cell viability test was performed on 1 mm-thick 3. Results and discussion

strawberr_y sﬁces, cut with _a sharp scalpel, using 3.1 Mass transfer phenomena
fluorescein diacetate (FDA, SignBOGULFK 86 $

Q Pem = 518 nm), as described by Tylewicz et al. The kinetics of water loss and solid gain during OD are
(2013) with some modifications. Strawberry slices were Shown in Fig. 1 and Fig. 2 for sucrose and trehalose
incubated for 5 min in a solution containing FDA {10 solutions, respectively. Fig. 1 shows also the effect of the
M) and sucrose in isotonic concentration (10 %, w/w) in different electric field strength applied on water loss and
the darkness at room temperature. The dye used in th&olid gain during osmotic dehydration of strawberries
experiment can passively penetrate the protoplast andmmersed in sucrose-based solution. Samples subj_ected
then it is hydrolysed by cytoplasmic esterases, producingto the PEF pre-treatment presented a significantly higher
the polar product named fluorescein that only the viable water loss compared to the untreated strawberry samples.



effects can be considered time-dependent and the
formation of pores and their growth in the membrane are
not immediate but continue for several minutes after the
treatment. This highlights the importance of taking into
account the time elapsed from the application of pulsed
electric fields before any other treatment in order to
optimize PEF application in a combined multi step
manufacturing process.

Similarly to water loss, solid gain was favoured by the
application of PEF. After 120 min of OD, the solid gain
was about 4 % in the strawberry untreated tissue, while
PEF pre-treated sample reached & 2% gain, in
agreement with the results of Dellarosa et al. (2016a).
The lower enhancement of solid gain compared to the
water loss has already been observed by Ade-Omowaye
et al., (2003), that attributed this result to the higher
molecular size of solutes compared to water and to a
selective membrane permeabilization that favour
dewatering rather than solute diffusion through the

: . : tissue.
Fig. 1. Solid gain and water loss of untreated and PEF pre-

treated strawberry samples, as a function of the osmotic
dehydration time in sucrose-based solution. The same letter on
the same column means no significant difference between the
samples by the Duncan test (p < 0.05).

An improvement of water loss upon PEF pre-treatment

has already been observed by Taiwo et al. (2003) on

strawberries (1200 V ci) and by Traffano-Schiffo et al.

(2016) on kiwifruit (up to 400 V cr. The acceleration

of the kinetics of water and solids transfer is due to the

effect of permeabilization of the cell membranes induced

by the PEF treatment (Amani et al., 2006; Barba et al.,

2015). In the present study, the application of the lowest

electric field intensity (100 V ci) resulted already

sufficient to increase the water loss by 12 % after one

hour of osmotic dehydration. This result is in contrast

with those obtained by Dellarosa et al. (2016), who

observed that the treatment with 10@&v?* did not have

any effect on mass transfer of apple cylinders during the

OD conducted for 60 min. This difference could

probably be explained by the different microstructure of

strawberries which resulted in a different sensitivity to Fig. 2. Solid gain and water loss of untreated and PEF pre-

the electric field strength. In addition, it needs to be treated strawberry samples, as a function of the osmotic

mentioned that, due to both the different conductivity of dehydration time in trehalose-baged 's_olution_. The same letter
. . . on the same column means no significant difference between

samples/media and the higher number of deliveredy, . samples by the Duncan test (p < 0.05).

pulses, the energy input applied to the strawberry

samples (123 J k§ was much higher compared to the The SG and WL behaviours of strawberry samples

one delivered to the apples (8 J%gThe initial mass  dehydrated in the trehalose-based solution were similar

transfer rate in PEF treated samples was faster compare(Fig.2). However, water loss in trehalose-based solution

to the untreated one, proportionally to the PEF intensity. was characterized by a higher initial rate compared to the

Although at the end of the osmotic treatment the samplegreatment in the sucrose solution but by a lower final

treated at 250 and 400 V &rdid not differ significantly, dehydration level. At the end of the treatment, the

in agreement with Traffano-Schiffo et al. (2016). As samples treated at 200 and 400 cuit reached the

reported by various authors (Ade-Omowaye et al., 2003;highest WL of about 50 %.

Angersbach et al., 2002; Dellarosa et al. 2016a), PEF



Fig. 3. T2-weighted signal distribution, normalized to unitary area, of OD samytbssucrose (a) and sample immediately after
PEF pre-treatments (b). Mean transverse relaxation tijye/élues + standard deviation PEF pre-treated and control strawberries.

Interesting results were observed for solid gain. Up to Results are in agreement with those reported by Cheng et
120 min, only the treatment with the lowest electric field al. (2014), who studied the effect of water-osmotic solute
strength caused a higher solid gain compared to theexchange on the strawberry cell compartments (vacuole,
untreated sample, while the treatment at 200 and 400 \cytoplasm plus intercellular space, and cell wall)
cnt! reduced the trehalose uptake due to a lower initial subjected to the ultrasound and vacuum assisted OD
mass transfer rate. Generally thought, samples treated ateatment in sucrose solution. The authors also observed
400 V cntt showed a noticeably lower solids that, upon OD treatments, the relative space occupied by
impregnation. Trehalose is known to exert a protective the vacuole decreased while the one occupied by the
effect on cell membranes during drying or freezing cytoplasm and intercellular space increased. In other
(Ferrando & Spiess, 2001; Atarés et al., 2008), thanks tofruit, such as kiwifruit (Tylewicz et al., 2011; Panarese et
its ability to form hydrogen bonds with the biomolecules al., 2012) and apples (Mauro et al.,, 2016) similar
that allows to stabilize cells and tissues preservingbehaviour on water distribution was observed,
viability and structures (Vicente et al. 2012). In the confirming the migration of water from the inner
present study, the combination of PEF with trehalose compartments toward the external ones.

fe\llowed_ to obtain a higher dewate””g ef_fect \_NlthOUt Fig. 3b shows the effect on water distribution due to the
increasing solute uptake or even reducing it. This could S .

. . ) . application of PEF on the strawberry tissue before
be considered a positive effect if you want to increase.

. . . .__immersion in the hypertonic solution. The
the stability of a perishable organic product while L
L o . ) electroporation induced by the treatment led to a loss of
maintaining/considering its nutritional properties.

compartmentalization that is highlighted by the merging
of the two proton populations into a single one. This
effect was more pronounced when applied E was
Osmotic dehydration itself, generally, promotes increased from 100 to 400 V ¢mDellarosa et al. (2016)
important changes in cellular structure of different plan studied the water distribution in apple tissue subjected to
tissues, that can affect the water mobility and its PEF treatments at similar voltages and determined a no-
distributionthrough different parts of the cellular tissue reversibility threshold at around 150 V 2@mith 60 train
(Tylewicz et al., 2011; Panarese et al., 2012; Mauro etpulses. In the present study, even the lower voltage
al., 2016). TD-NMR permitted to separately observe two applied (100 V cm) seemed to promote a collapse of
main water populations located in vacuoles and the cellular structures although less markedly compared
cytoplasm plus extracellular spaces of strawberry tissueto the higher voltages. As mentioned above, this
that corresponded to the relaxation time) (@f 1139.82 discrepancy could be explained by the higher energy
+ 129.56 and 251.24 + 23.51, respectively. During OD input applied in the present experiment and the different
treatment, it was possible to observe the decrease of theensitivity of strawberry tissue to the field strength in
signal intensity related to the water protons located in thecomparison with apples.
vacuole throughout 120 min. As a consequence, the_. .
. . . . Fig. 3c illustrates mean T values of the water
shrinkage of vacuole led to the increase of the intensity

. populations throughout 120 min of the osmotic
of the water protons belonging to the cytoplasm and ; .
: treatment. As expected, this value decreased during OD
extracellular space, as shown in the way of example for

A due to the water removal and the different water-solutes-
the sucrose treated samples in Fig. 3a. _ . . . .
biopolymers interaction. Indeed, the water that is leaving
the tissue during OD is characterized by high mobility,

3.2 Water redistribution upon treatments



hence with long T Therefore, a marked decrease of T voltages promoted a drastic loss of cell viability that was
values, from 755 + 60 ms to 478 + 89 ms, for untreatedattributed to the irreversible damages of the membranes.
strawberries was observed. Interestingly, each appliedOn the other hand, the tissue treated with 100nv*
electric field strength also showed values spanning in theshowed metabolic indexes comparable to the fresh tissue
range 390-500 ms, immediately after PEF treatment.indicating that the electroporation was only reversible
Such results might not be attributed to the different waterand did not cause loss of cell viability. In the present
content, but to the dissimilar water-solutes-biopolymers experiment, although cell viability was not completely
induced by the loss of compartmentalization within the lost, strawberry samples treated with an intensity of the
strawberry tissue. In addition, similarly to control trends, electric field strength of 100 V cf showed residual
T, values continued to decline during the whole duration cell viability, also if much lower than the fresh sample
of the osmotic dehydration process, so when water wadntensity, as shown ini§. 4. The increase of the electric
also removed. These results, in accordance with masdield strength induced a greater structural damage, as
transfer data, demonstrated that OD efficiency could befound in samples treated at 200 and 400 V'evhere
highly influenced by PEF pre-treatments which eased thethere was a complete loss of cell viability. Consequently,
diffusion of inner water by markedly affecting the cell viability was maintained even after 120 min of
permeability of membranes. The samples dehydrated inosmotic treatment of untreated samples (data not shown).
trehalose-based solution (data not shown) followed aThe preservation of cell viability was observed also by
similar trend as the samples dehydrated in sucroseMauro et al. (2016) after 120 min in 40 % of sucrose
Probably the marked effect of PEF contributed to hide VROXWLRQ ,Q WKH ODXURfV VWXG\ ZK
the effect of different solutes used for dehydration. of calcium lactate was used the cell viability was also
preserved, while increasing quantity of calcium lactate
3.3 Cell viability test by Fluorescein diacetate (FDA) up to 4% in 40% of sucrose compromised the cell
staining viability. However, in the present study, only 1 % of
Fcalcium lactate was used, therefore this parameter was
not affected by OD process, but just by PEF pre-
investigate the possible loss of cell viability. Indeed, the treatment. Moreover, the PEF treated samples at 100 V

1 . L
creation of pores in the cell membrane, through the cn partially preserved their viability also after OD

phenomenon of electroporation, which is a function of p.rocess (data not shown), Wh'le s'amples treated with
higher E were not further investigated, due to the

viability loss following PEF treatment. Therefore, with
the aim of increasing the shelf-life of an organic product,
characterized by quality parameters as close as possible
to the fresh one, the lowest electric field strength applied
in the tested range seems to be the suitable.

Fig. 4 presents images of strawberry tissue after the PE
treatment followed by staining with FDA in order to

temperature, intensity of the applied electric field,

number of pulses, pulse shape, type of tissue etc.
(Buckow et al., 2013), may lead to irreversible damages
causing loss of cell viability.

3.4 Colour

Table 2 shows the L* and hue angle (h°) values of
untreated and PEF treated strawberry tissues subjected to
osmotic dehydration for 120 min in both solutions. L*
parameter of untreated samples did not change during
the whole OD treatment. Similar results were obtained
by Nufez-Mancilla et al. (2013) who did not notice any
variation of the L* parameter in strawberry samples
subjected to the OD process, while this parameter was
influenced significantly by the application of high
hydrostatic pressure.

The luminosity of the samples resulted to be affected by
the electric field intensity. In fact, this parameter
increased significantly after the application of PEF at the
In order to determine the threshold of irreversible intensity of 100 V cm, while decreased due to the
electroporation, Dellarosa et al. (2016 b) measured theapplication of PEF at highest field intensity.

metabolic heat production and the respiration rate of

apple cylinders subjected to 100, 250 and 400 Vt.cm

The authors found that the medium and the high applied

Fig. 4. Microscopy images of fresh strawberry tissue and after
the PEF treatment followed by staining with FDA.



Table 2 Colour parameters (L* - Lightness, h°® - hue angle) of untreatedEElR¢R-treated strawberry samples, as a function of the
osmotic dehydration time in both sucrose and trehalose solutions.

OD Time 0 min 15 min 30 min 60 min 120 min
L*

NoPEF_S 35+ 4P 32+ 6P 40+ 62 38 + 3k 37 + 4de
PEF_100_S 42 + 42 38+ 5ab 38+ 3@ 42 + 32 45+ 52
PEF_200_S 35+ 1P 35+ 2b 34 + 2bc 39+ 2ab 42 + 22
PEF_400_S 26+ 2¢ 42 + 22 34 + 2bc 35+ 2cd 41 + 8¢

NoPEF_T 35+ 4b 37+ 62 36 + Habe 37 £ 5be 34 + 5¢
PEF_100_T 41 + 42 35+ 62ab 33+ 2°¢ 35+ 3cd 35+ 4¢¢
PEF_200_ T 28+ 3¢ 30+ 1¢ 34 + 2bc 33+ 2d 39 + 3¢
PEF_400_T 27 £ 2¢ 37+ 43 33+ 3¢ 35+ 3cd 38 + 2cde

hO

NoPEF_S 40+ 22 36+ 42 36 £ 22 35+ 12 35+ 22
PEF_100_S 35+ 2¢ 29.9+ 0.9 29 + 2¢d 29+ 2P 29+ 2¢
PEF_200_S 38+ 2ab 29+ 1° 31 + 2be 28+ 1P 25+ 3de
PEF_400_S 35 + 4bc 24+1¢ 27 + 3de 24+ 1° 23+2¢

NoPEF_T 40+ 12 37+ 22 38+12 33+12 32.1+0.7°
PEF_100_T 35+ 2bc 30+ 2P 24 + 2¢ 24 + 5he 26+ 2d
PEF_200_T 34+ 3d 28+ 1P 27 + 14 25.5+ 0.8 23+ 2¢
PEF_400_T 36 + 2bc 28 + 2P 32+3P 28+ 1° 24 + 2°¢

The same letter on the same column means no significant differencelyrtben test (p < 0.05).

Also, Wiktor et al. (2015) observed that the colour properties and the treatment conditions. In fact, the
measurement showed unchanged or lower L* value ofauthors noticed the different behaviour of carrot and
PEF treated samples at E=1.85 kV'tand E=3 or E=5  apple tissue subjected to electric field strength at
kV cm?, respectively, in comparison with the untreated different intensities. In both cases browning of the tissue
apple tissue. The darkening of the PEF treated samples atas observed, however in carrots it was more
400 V cm! could be related to the higher release of pronounced when the low voltage treatment was applied,
enzymes such as peroxidase (POD) and polyphenolwhile in apple with high voltage.

oxidase (PPO) and their substrates after the

electroporation of the strawberry cells membrane. In 3.5 Texture

fact, Chisani et al. (2007) observed that the browning of
the stra_wberry fr.u?t. during the storage was related 10 0t the vacuole compartment, changes in size and
both oxidase activities. However, after 120 min of QD structure of the cell walls of outer pericarp and
treatment the PEF treated samples increased their L'yicqqiytion of the middle lamella, which could be
values, which was significantly higher in comparison to translated in decreasing of the firmness of the plant
untreated ones. tissue (Chiralt & Talens, 2005; Panarese et al. 2012).
Since the colour of strawberries is the mixture of red andThe changes of firmness of untreated and PEF treated
yellow, the hue angle (h°) was also calculated and itsStrawberry tissue subjected to OD treatment up to 120
values are reported in table 2, respectively for minin sucrose-based solution is shown in Fig. 5. OD of
strawberries treated in sucrose and trehalose solution. Inuntreated samples promoted a decrease of strawberry
general OD treatment promoted a decrease of thisfirmness, already 15 min after the treatment, and
parameter. The application of PEF promoted a furtherincreased slightly during the OD treatment. In the
decrease of hue angle in comparison with untreatedpresent experiment, PEF pre-treatment drastically
samples, which was proportional to the electric field reduced the hardness of strawbesaynples; further, the
strength applied, at least in samples dehydrated inPEF treated samples remained below the untreated ones
sucrose solution. Similar results were observed byduring the whole OD process and the effect was
Osorio et al. (2007). The reduction of h° colorimetric proportional to the electric field strength applied. Also,
parameter could be due to both solubilisation of Taiwo et al. (2003) observed the decrease in firmness of
pigments in the osmotic solution and degradation of strawberries halves treated with PEF (1200 V'c860
anthocyanin induced by PEF-treatment (Fathi et al.,1s) and then osmo-dehydrated for 4 hours in binary
2011; Odriozola-Serrano et al., 2008). In samples (sucrose, NaCl) solution. The reduction of firmness of
dehydrated in trehalose not significant differences were PEF treated samples could be due to the alteration of the
observed among PEF-treated samples, if not for themembrane permeability due to the pores creation and the
samples treated by 100 V cnat 30 min after OD that rupture of internal structure, which promotes the
showed a significantly lower h° value compared to the softening of the tissue (Fincan & Dejmek, 2002; Wiktor
others. Wiktor et al. (2015) observed that the effect of et al., 2016).

PEF treatment strongly depends on the raw material

It is well known that OD induces plasmolysis, shrinkage



used in the experiment with sucrose (1.35 + 0.2 N), the
decrease of firmness following the OD process was less
marked. In fact, the firmness of samples dehydrated in
trehalose decreased only by 36 % in comparison to 57 %
of decrease observed in sucrose dehydrated samples
already 15 min after the treatment. This behaviour could
probably be due to the protective effect of trehalose on
the tissue structure, as reported by Phoon et al. (2008).
The intensity of the applied electric field strength seems
to be not so relevant in comparison to samples
dehydrated with sucrose. Shayanfar et al. (2013)
observed texture softening and loss of turgor in
frozen/thawed potatoes after the PEF treatment.
) ) However, when Cagland trehalose were added to the
Fig. 5 Firmness (N) of untreated and PEF pre-treated

strawberry samples, as a function of the osmotic dehydration“qu_Id _medlum_ u_sed in PEF treatment, the samples
time in sucrose-based solution. The same letter on the saménaintained their firmness when compared to solely PEF

column means no significant difference between the samplestreated samples.
by the Duncan test (p < 0.05).

: . 4. Conclusions
The slight increase of the texture observed after longer

OD times could be probably due to the penetration of PEF treatment prior to osmotic dehydration was found to
Ca* into the strawberry tissue. The structural role of Positively affect the mass transfer, in term of water loss
calcium ions in the cell wall is due to their interaction from the strawberry tissue. The application of the lowest

with pectic acid polymers to form cross-bridges that electric field intensity (100 V cr) resulted already
reinforce the cell adhesion, thereby reducing cell Sufficient to increase the water loss by 12 % and 6%,
separation, which is one of the major causes of plantafter one hour of osmotic dehydration, respectively for
tissue softening (Van Buggenhout et al., 2008; Mauro etStrawberries dehydrated in sucrose and trehalose
al., 2016). This increase has not been observeden th solution, partially preserving the cell viability and
samples treated at 400 V @mprobably because the Maintaining at the same time the fresh-like
tissue was already completely disintegrated after the PEFcharacteristics of fruits. Concerning the solid gain

treatment, and did not permit the incorporation of results, while the solid gain was favoured by the
calcium ions in the cell walls. application of all the PEF intensities in samples

dehydrated in sucrose solution, the treatment at 200 and
400 V cn? reduced the trehalose uptake due to a lower

initial mass transfer rate. In most of the cases, the PEF
effect on different strawberry characteristics investigated

was proportional to the electric field strength applied.

TD-NMR results showed that the diffusion of inner
water was eased by PEF application because of a marked
effect on membranes permeability. Although similar
effects on the investigated parameters were observed by
using sucrose or trehalose solutions, the combination of
PEF with trehalose allowed to obtain a higher
dewatering effect without increasing solute uptake or
even reducing it. Definitely, the application of the lower
field intensity and the use of trehalose for the

Fig. 6. Firmness (N) of untreated and PEF pre-treated gehydration process, seem to be the optimal combination
strawberry samples, as a function of the osmotic dehydration btaini i-dried strawb duct with
time in trehalose-based solution. The same letter on the sammI.\Or obtaning a semi-dried strawberry - product wi

column means no significant difference between the samplesquality characteristics similar to the fresh one, that is a
by the Duncan test (p < 0.05). fundamental requirement for an organic production.

Similar results were observed in strawberries samples
dehydrated in trehalose-based solution (Fig. 6).
However, considering that the firmness of the material Ade-Omowaye, B., Talens, P., Angersbach, A., & Knorr,
(0.8 = 0.1 N) used for the experiment was almost half D. (2003). Kinetics of osmotic dehydration of red bell
compared with the value relative to the raw material Peppers as influenced by pulsed electric field
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ABSTRACT

Food industry takes advantage of pulsed electric fields (PEF) technologystaresss transfer processes, however, the
optimal application depends on the effectiveness of the induced eleatiopof he present work aimed at exploring
the application of magnetic resonance imaging (MRI), aided with a contramf egmbined with computer vision
system (CVS) analysis to assess the spatial distribution of electroponagipple tissue. PEF-treated apple samples
were compared with dipping and vacuum impregnation to gain insighmechanisms that lead to microstructural
modifications. CVS results described the heterogeneously distributed enzyroatiirly as a consequence of
irreversible electroporation. Accordingly, the MRI analysis of transverse tiglaxane through the apple tissue
confirmed the inhomogeneous distribution and extent of the cell disruphitbe longitudinal relaxation time weighted
images enabled monitoring the migration of the intracellular content.

Industrial relevanceThe novel applications of pulsed electric fields require fast and reliable methaetedcted and
estimate the breakage of the membranes integrity in order to boost thetriaidadoption and optimization. The
present study provided analytical tools able to monitor the spatial distribution tnbpteation in plant tissue within
minutes and consequentially to speed up and improve the assesstheritrgdact of different PEF treatments.

1. Introduction food industry. Particularly, electric field strength, shape,

duration, number and frequency of pulses have an effect
Pulsed electric field (PEF) technology is an innovative o glectroporation (Barba et al., 2015).

process with a growing interest in the food sector for ) )
many potential purposes, mainly related to the microbial Screening methods based on several physical approaches

inactivation and the enhancement of mass transfer. Thd'@Vé been proposed to directly estimate the extent of

application of high electric fields induces the breakage of €l€Ctroporation, especially in its irreversible form and

plasma membranes, also known as electroporation,Conseq“emia”y to optimize the novel industrial PEF

which can be exploited to increase the efficiency of applications. Those procedures include the evaluation of
several food processes, for instance juice extractiontn€ impedance (Lebovka, Bazhal, & Vorobiev, 2002)

(Praporscic, Lebovka, Vorobiev, & Mietton-Peuchot, ©Ptical (Fincan & Dejmek, 2002), acoustic (Wiktor,

2007), air and osmotic dehydration (Traffano-Schiffo et Sledz, Nowacka, Rybak, & Witrowa-Rajchert, 2016) or
al., 2016: Wiktor et al., 2013) or extraction of valuable Magnetic (Dellarosa, Ragni, et al., 2016) properties of
compounds (Luengo, Condén-Abanto, Condén, Alvarez the plant material. Furthermore, the assessment of effects
& Raso, 2014; Parniakov et al., 2015). In general, Wheninduced by electroporation, for instance changes of
the electric field exceeds a critical value, membranesC0lour and texture (Lebovka, Praporscic, & Vorobiev,
2004), release of specific compounds (Luengo, Alvarez,

break down and, whether the field strength is largely -
higher than such threshold, electroporation becomes® R@so, 2013) or metabolic consequences (Dellarosa,

irreversible (Donsi, Ferrari, & Pataro, 2010). In fact, the Tappi, et al., 2016), a_ims at indirectly evaluating. the
extent of electroporation is strongly affected by several extfen_t of electroporation by means of appreciable
treatment parameters, therefore their accurate control j/ariations of relevant food features.

fundamental for the correct implementation of PEF in



The abovementioned tools have demonstrated to be ablalterations induced by the application of PEF
to quantitatively detect the effects of electroporation in technologies.

various matrices, but they are not capable to monitor its

distribution through the treated tissue. Indeed, the 2- Material and methods

assessment of the spatial distribution of the electric field » 1 Raw material

strength is fundamental to assure the effectiveness of the™”
process, especially when the enhancement of mas#\pples Malus domesticacv Cripps Pink) were acquired
transfer is the main target of the PEF treatment. at a local market and stored at 2 + 1 °C for no longer
Generally, two approaches are considered and ofterthan 6 weeks until utilization. The average moisture and
combined to overcome this lack of knowledge. On one soluble solid contents of apples were, respectively, 85.2
hand, the simulation of the process by means of finite+ 0.3 g and 12.6 + 0.3 g per 100 g of fresh produg).(g
element methods is particularly tailored to design the Parenchyma apple tissue was manually cut with a cork
treatment chambers for liquids (Buckow, Schroeder, borer and a sharp knife to obtain cylindrical sampies
Berres, Baumann, & Knoerzer, 2010), on the other hand,14 mm diameter and 25 mm length.

the use of non-destructive techniques, such as magnetic

resonance imaging (MRI), can provide indirect 2.2 Pulsed electric field (PEF) treatments and samples
information to spatially characterized the electroporation processing

through solid plant tissues. In the latter case, a recen'i3ulsed~electric field (PEF) treatments were applied to the

ignovative work in potato .UDQMF %DMG ga'FhHéasDby fhEhns of an in-house developed pulse
»RHYHUH OL N O Bhdwedpthat magnetic generator based on MOSFET technology. The

resonance electrical impedance tomography techniqueequipment provides monopolar pulses of near-
can detect the electric field distribution during the rectangular shape at adjustable voltages, pulse width,
application of the pulses while quantitative information frequency and treatment duration, thus resulting in a

on the induced membrane breakage could be obtained by, japie number of delivered pulses and energy input,
observing the modification of the transverse relaxation

i consequentially. Treatments were run at 25 °C within a
ime.

chamber equipped with two stainless steel electrodes
The present work aimed at exploring the spatial with an active contact surface of 2020 mn¥ and a
distribution of electroporation in apple tissue by distance between them fixed at 30 mm. Each treatment
combining computer vision system (CVS) analysis with included the placement of an apple cylinder into the
magnetic resonance imaging (MRI) methods. PEF chamber with the two circle sides parallel to the
treatment parameters (60 pulses, 10 us pulse width, 10@lectrodes. The chamber was filled up with tap water,
Hz, from 100 to 400 V/cm) were chosen according to With an electrical conductivity of 314 + 46cm at 25
earlier studies in apple (Dellarosa, Ragni, et al., 2016;°C. The process parameters were chosen according to
Dellarosa, Tappi, et al., 2016) to obtain reversibly and previous experiments (Dellarosa, Ragni, et al., 2016)
irreversibly electroporated apple samples. MRI analysis Briefly, 300, 750 and 1200 V were applied to give rise to
was aided with the employment of a contrast agentan average electric field strengths between the electrodes
solution which demonstrated to be unable to passivelyof 100, 250 and 400 V/cm, respectively. Pulse width was
diffuse through the native intact plasma membranes fixed at D0+ 2 § repetition time at 10.0 + Orbs (100
therefore until membranes electroporation took place Hz) and 60 pulses were delivered in each treatment. The
(Dellarosa, Ragni, et al., 2016). A prior optimization step current and voltage values were monitored using
was required to establish suitable MRI sequences andligital oscilloscope (PicoScope 2204a, Pico Technology,
parameters in order to both maximize the spatial UK) connected to the PEF generator amgersonal
resolution and simultaneously reducing the experimentalcomputer.

LR few minutes. T_h's led to obsgrve KINetic Agier PEF treatments, samples were removed from the
alterations  of apple tissue as function of the yo inent chamber and immersed into an isotonic

electroporation from 5 .to 60 minutes after PEF g, 050 solution for 60 min, during which the analysis
treatments. Afterward, to finely understand the effects Ofwere carried out. Apple cylinders used for magnetic

pulsed electric fields on mass transfer mechanisms, tWOasonance imaging analysis were immersed into an
different MR 'mages’ pased on both Iongltudln.al and jsotonic sucrose solution containing also 0.01 M iron
transverse relaxation time {nd ), were a.cquwed. (1) chloride, as contrast agent. The total amount of iron
Those were also compared to untreated dipped appl§yag getermined after 60 min from the immersion in

tissue _f_ind vacuum impregnated samples (Donker, Vanapple samples using the method described by Adams
As, Snijder, & Edzes, 1997) in order to clarify the tissue (1995). Briefly, 0.105 g of freeze dried samples were

dissolved in 10 mL of 2.0 M HCI. After 5 min, 1 mL of



filtered (0.45 um) supernatant was collected, mixed with 2.5 Magnetic resonance imaging (MRI)
1 mL of 1.5 M KSCN and the absorbance at 480 nm was

obtained (V-1601, Shimadzu, Japan) . A 5-points

calibration curve was built using iron (lll) chloride to

obtain concentrations spanning from 0.1 to 1 mM, which

resulted in a coefficient of determinatiod R0.997; the

analysis was performed in triplicate.

2.3 Dipping and vacuum impregnation (VI) treatments,
as references

Dipping into the isotonic solution (with the contrast
agent for MRI analysis) up to 60 min was chosen as
control for untreated apple cylinders. A vacuum
impregnation treatment was used as further reference
and compared to PEF treatments. According to Betoret
et al. (2012), samples were immersed into an isotonic
solution, containing the contrast agent, and a single
vacuum step at 60 + 10 mbar was applied for 10 min
before restoring the atmospheric pressure for 60 min.

2.4 Computer vision system (CVS)

Apple cylinders were removed from the isotonic solution Fig. 1. Experimental setup: schematic layout (A) and example
after 15, 30, 45 and 60 min from PEF treatments, split®’ @ aw acquired MR image (B).

into two equal parts and directly acquired by the apple samples that underwent to MRI analysis included
computer vision system. Digitalized images were pgg pre-treatment at 400 V/cm along with vacuum
obtained by introducing the samples inside a black boXjmpregnation and dipping samples, as references. Fig. 1
under controlled lighting condition with a digital camera displays the experimental setup used for the MRI trials
D7000 (Nikon, Shinjuku, Japan) equipped Witll@ g an example of acquired MR image. Briefly, each
mm lens AF-S VR Micro-Nikkor (Nikon, Shinjuku,  apple cylinder was fixed in the centre of a 50 mL falcon
Japan). Images were acquired at 16.2 megapixels withype that was filed up with the isotonic solution
fixed exposition time 1/8 s, F-stop /8 and 1SO 100. At ¢ontaining the contrast agent. A 0.5 mL falcon tube
least 18 apple cylinders for each electric field strength fjjeq up exclusively with the isotonic solution
were sampled along with dipping, as control. Digitalized ¢oniaining the contrast agent was placed aside, as
images were manually pre-elaborated by using GIMP 2.8gyternal standard, in order to appear in the same field of
software to obtain a centred circular region of interest ;qy (FOV). MRI experiments were carried out using a
(ROI) of H%00-pixels diameter. ImageJ was lately 535 T (100 MHz proton frequency) MRI scanner
employed to understand the effect of electroporation ON(Bruker, Germany) equipped with a DOTY radio
the browning kinetic by evaluating L, a, and b frequency birdcage coil with an internal diameter of 62
parameters of the CIELab colour spage1l6 colours  ym. An asymmetric 2D FOV of 125x 31.4 mn? (256
Lookup table (LUT) was finally applied to each « g4 pixels, i.e. spatial resolution = 0.491 mm/pixel)
parameter of the colour space in order to illustrate theith 3 mm slice thickness was chosen to acquire MR
spatial distribution of L a b changes upon treatmentsjmages using a Multi Slice Multi Echo (MSME) pulse

through the tissue. Nevertheless, in this respect, itsequence. Such sequence gives rise to signal decays
needed to be state that CIELab values calculated fromyescribed by the equation (1):

the computer vision system can differ from those AR A

obtained by official methods based on tristimulus 5 | ¢ |s ATE pATE @)

colorimeters due to the different acquisition tools.

Variations of L, a and b values, in the present work, where, ! is the proton density, ;Tand T are the

should be considered only in a relative scale by longitudinal and transverse relaxation time, respectively,

comparing PEF treated and untreated samples. while TR and TE (repetition and echo time, respectively)
are two adjustable MSME acquisition parameters. Each
MR sequence included 52 equally spaced echoes with a
fixed TE = 9.23 ms. Two TR values were chosen in
order to acquire Fweigthed images (TR = 1,000 ms)



and, on the other hand, images where the effect;of T 3. Results and discussion
was negligible, i.e. governed byand T only (TR = _ o
10,000 ms). The optimization of the two MRI analysis 3.1 Visual changes detected by computer vision system

resulted in relatively short total time of acquisition: Computer vision system analysis was focused on three
approximately 1 min for the former analysis and 8 min gectric fields strength levels which included PEF
for the latter one. Finally, raw data, which was function {reatments at 100, 250 and 400 V/cm (60 pulses, 10 us
of the 2D spatial coordinates and time, was fitted by pulse width, 100 Hz) beside a control sample, i.e. dipped
means of in-house developed R script (R Foundation forjnto an isotonic solution without pre-treatments. Fig. 2
Statistical ~Computing, ~Austria) based on the jystrates kinetic results of the three CIELab parameters
H/HY H QNEarUaldt nonlinear least T X D U Hafiden from image analysis and examples of their spatial
algorithm. In order to compare apple samples treatedgistribution throughout the 500-pixels region of interest.
with the different technologies s fveigthed images were  jptreated apple samples (time = 0) showed CIE values
scaled by fixing the average intensity of the external equalto L=82.0+0.2,a=-1,9+0.1and b = 25.8 + 0.6.
standard at 0.5. Dipping in isotonic solution did not affect those values
significantly during 60 min after the immersion as well
as PEF pre-treatment at 100 V/cm. At that electric field
Significant differences between the treatments werestrength, previous works (Dellarosa, Ragni, et al., 2016;
studied by means of analysis of variance (ANOVA), Dellarosa, Tappi, et al., 2016) demonstrated that
followed by Tukey's multiple comparisons, implemented electroporation occurred only in its reversible form. In
in R statistical softwareat the significance level of 95% that papers, the redistribution of water within subcellular
(p < 0.05). All the experiments were repeated at leastorganelles enhanced mass transfer, however, the present
three times and results were expressed as mean Work highlighted no change in the visual quality. These
standard deviation of replications. two features promote the employment of low electric
field strength levels whenever PEF is adopted to increase
mass transfer in processes where any alteration of
sensorial qualities is undesirable, as in the case of fresh-
cut productions.

2.6 Statistical analysis

Fig. 2 Computer vision system analysis of dipping (Dip) and pulsed electric field (REEments sampled after 15, 30, 45 an
from treatments. Examples of digitalized images and L, a, b elauistributions through the apple tissue (A); mean val
standard deviation (n=18) of L, a, b parameters (B).



On the contrary, a marked browning of the apple tissueevident at the highest electric field strength applied. In
was observed immediately after PEF treatments at 250order to clarify spatially distributed alterations of the
and 400 V/cm. Since the first sampling point, i.e. 15 min tissue microstructure, the effect of the highest energy
after PEF treatments, significant changes in all CIELab PEF pre-treatment (400 V/cm, 60 pulse§, [is pulse
parameters were achieved, furthermore, kinetic width, 100 Hz) in apple tissue was investigated by MRI
behaviours were noticed throughout the observationanalysis.

time. The browning resulted in a lower luminosity (L

value) while redness (a value) and yellowness (b value)3.2 Distribution of electroporation explored by magnetic
simultaneously increased. Those PEF parametergesonance imaging

induced irreversible electroporation of membranes with

the consequent loss of compartmentalization and release

of the intracellular content. This included the leakage of

intracellular enzymes, i.e. polyphenol oxidase (PPO),

which promoted the oxidation of phenolic molecules

leading to the enzymatic browning (Rocha & Morais,

2003)

The two highest electric fields (250 and 400 V/cm)

differentially influenced the browning kinetics taking

into account both L and a values throughout the first

hour after treatments. The different extent of the

enzymatic process was a function of the applied energy,

suggesting that colour changes can be considered as an

index of the extent of irreversible electroporation. This

confirmed previous findings which proved that mass

transfer and metabolic response were significantly

affected by the increasing of the electric field from 250

to 400 V/icm even though irreversible electroporation _ _ _ _

took place at both electric field strength levels Fig. 3 Concentration of Fe3+ in apple cylinders after 60
minutes from vacuum impregnation (VI), dipping (Dip) and

(Dellarosa, Ragni, et al., 2016; Dellarosa, Tappi, et al., pulsed electric fields (PEF) treatments at various electric field
2016). It worth highlighting that those PEF treatments strength along with fresh apple control (Fresh); results were

gave rise to inhomogeneous colour changes spatiallyeXPressed as mean values + standard deviation (n=3).
distributed through the apple tissue, especially mon'toredMultiparametric magnetic resonance imaging provides

as a and b values distribution. The source of 5, ,verview of the membranes breakage since
inhomogeneity can be ascribed to the different local longitudinal (T;) and transverse ¢J relaxation time

conductivity of the apple parenchyma and the | 65 have been demonstrated to be directly affected by
heterogeneous electric field distribution within the electroporation (Hjouj & Rubinsky, 2010). In the present

tissue. In fact, in a.pre.vio.us ;tudy Kranjk et gl. .(201.6) work, a Fed rich contrast agent solution was adopted to
found an asymmetric distribution of the electric field in gqnance the differences of, Bnd B values between

potato tubers not predicted by the numerical simulation.‘,ﬂpme samples and the surrounding solution. That

In the present work, parallel plates were used instead of,| tion was unable to passively diffuse through the
needle electrodes so that a homogeneous distributionisg,e  as  confirmed by the spectrophotometric

was expected according to the literature (Raso et al.,;aqsurement of the Feconcentration. Fig. 3 shows
2016). Moreover, the tissue pieces, which were cut andreqits of its concentration after 60 minutes from the

underwent to CSV analysis, laid in parallel within the {.oatments along with a fresh apple control. Thé' Fe
two plate electrodes of the treatment chamber in order to,

e _ : oncentration in apple samples dipped in the contrast
prevent further field inhomogeneity during treatments.

) X = solution, including those pre-treated by PEF at any
Consequentially, the main origin of the heterogeneousgqctric field strength, spanned from 7 to 10 mg per g of
electric field distribution was ascribed to the local sample with no significant differences among them.
differences in conductivity of the material. According to o wever. those values were far higher than the native
Lebovka et al. (2002), conductivity usually increases .,ncentration of the ion (< 1 mg per g of fresh apple)

upqn ir_reversible PEF trea_tme_nts due to the cell d""m""geand significant lower than apple tissue subjects to prior
which induces the redistribution of water and solutes vacuum impregnation (16.0 + 1.2 mg per g of fresh

within apple tissue. This changes, however, were notynnie)  |ndeed, vacuum impregnation is a recognized
uniformly distributed and the differences became more highly effective tool to enrich porous tissues by



Fig. 4. T-maps of three apple cylinders treated with pulsed electric fields (PEF) &/d® (60 pulses, 1
us pulse width, 100 Hz) and sampled 15, 30, 45 and 60 mintféements; examples of dipping (Dip)
vacuum impregnation (VI) samples after 60 min from the treatments.

replacing the inner air with an external solution (Zhao & systematically lowered by the application of other food
Xie, 2004). Conversely, within the observation time (60 process technologies which similarly affect the inner
min), PEF pre-treatment and dipping showed similar microstructure (Gonzalez et al., 2001; Hills &

results. Such scores suggested that the entrance of thRemigereau, 1997; Mauro et al., 2016).

external solution was not eased by the application of
external electric fields and the increase of the
concentration of F& was probably ascribable to surface

phenomena only.

In the present experiment, a direct comparison with
vacuum impregnation technology was also performed.
VI guaranteed the complete replacement of air with the
external solution without affecting the membrane
The impact of electroporation in apple tissue was integrity (Panarese et al., 2016). As expected and
successfully detected by observing the modification of conversely to results obtained applying PEF treatments,
T, values. Fig. 4 illustrates the>-maps of three PEF- a scattered generalized increase gfafid concurrently
treated samples at 400 V/cm during 60 min after proton density (data not shown) were achieved. Thus, by
treatments and their immersion into the contrast solution.comparing PEF with VI samples, the application of high
In general, T decreased immediately after treatment, voltage electric fields did not foster the diffusion of the
showing consistent values throughout the observationexternal solution through the tissue pores but the
time, lately. On average, apple samples only dipped intobreakage of cell membranes only provoked the
the contrast solution showed avalue equals to 125+10 redistribution of the inner solutions.

ms. That value dropped when electroporation took place
at 400 V/cm, according to previous results in the
literature (Dellarosa, Ragni, et al., 2016).

It worth observing that the reduction of Was clearly
heterogeneously distributed through the apple cylinders
showing values around 80 ms in determinate areas and,
This was due to the irreversible alteration of the atthe same time, regions whergwas not influenced by
tonoplast and plasma membranes which led to thePEF application. Moreover, the extension of the
collapse of the cell vacuole and cytoplasm. The loss ofelectroporated area markedly changed taking into
compartmentalization eased the diffusion of the account the three replicates. This was in perfect
intracellular water and solutes toward extracellular agreement with abovementioned CVS achievements and
spaces and the external solution. That redistribution ofresults previously obtained by Kranjk et al. (2016) that
water together with a lower watey-solutes ratio  studied & variations in potato tubers at similar electric
resulted in a different interaction between field strength. Both 7-maps analysis led to the
water/solutes/biopolymers inside the tissue, i.e. a lowerconclusion that the heterogeneity of the raw material
T2 (Van Duynhoven, Voda, Witek, & Van As, 2010) which undergoes to electroporation plays a non-
Indeed, this finding was in agreement with previous negligible role in the effectiveness of the PEF treatment.
investigations in apple tissue which proved thatwks



As a general rule, MRI techniques are not capable to
distinguish a definite origin of field heterogeneity but it
can provide an accurate snapshot of microstructural
alterations of plant tissues. Nevertheless, tailored
experimental plans can be designed to selectively
monitor, as in the present work, a specific source of
variability among many possible alternative ones.

4., Conclusions

The spatial distribution of electroporation induced by
pulsed electric fields technology in apple tissue was
accurately assessed by combining computer vision
system and magnetic resonance imaging techniques. The

I f compartmentalization n n f th
Fig. 5 Ti-weigthed images of three apple cylinders tre 0SS of compartmentaiization, as a consequence of the

with pulsed electric fields (PEF) at 400 Vicm (60 pulses, ¢ membranes breakage, resulted in a marked reduction of
pulse width, 100 Hz) and sampled 5, 30 and 60 min the transverse relaxation time, measured by MRI
Freatment?; ?C?)mmesl of ﬁdipgigg . ('?ip) tﬁndt VtaC analysis and the simultaneous trigger of the enzymatic
impregnation samples after 60 min from the treatm : . A

Intensities were scaled by fixing the external standard int brownl_ng, which was kinetically evaluated _by CVs
at 0.5 (a.u.). analysis. However, both tools described a

inhomogeneous distribution of electroporation through
T>-maps images, displayed in Fig. 4, also directly revealsthe tissues as a function of the probable different local
the percolation commonly induces by pulsed electric conductivity within the apple parenchyma. Moreover,
fields (Lebovka, Bazhal, & Vorobiev, 2001). In fact, this kinetic MRI analysis highlighted the migration of the
phenomenon was directly visible in samhpl UD 1 R ) Lidiracellular content toward the external solution which
after 30, 45 and 60 min. The average f the  |ed to the shrinkage of the apple samples. Those findings
surrounding contrast solution was 11 + 1 ms whereascan affect the effectiveness of possible industrial
higher values were remarkable in several pixels which gpplications of pulsed electric fields. Therefore, the
surrounded the upper part of the MR images. Furtherpresent work provided useful powerful methods able to
evidences of water migration toward the external monjtor within minutes, and backwardly optimize, novel

solution were provided by,fweigthed images, shown in  mass transfer processes assisted by pulsed electric fields.
Fig. 5. Interestingly, PEF pre-treated apple samples

showed a surrounding ring with intermediate values REFERENCES
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