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Abstract

Minimally processed fruit (MPF) are products that have to maintain their quality similar to those of
fresh ones. Being metabolic active tissues, they show physical and physiological response to
minimal processing (wounding), that negatively influence their shelf-life. In the last decades, novel
non-thermal processing methods have attracted the interest of food scientists, industries and
consumers as technologies useful for shelf-life extension or increasing product functionality, with a
minimal impact on the nutritional and sensory properties of foods. The main aim of this PhD thesis
was to investigate qualitative, metabolic and nutritional aspects of different MPF, submitted to
traditional and innovative non-thermal processes. This issue was addressed considering the product
as a dynamic system, both in terms of endogenous physiological activity and porous matrix
interacting with the surrounding ambient (during processing and storage), through the application of
multi-analytical approach. The most consistent results related to the applied non-thermal techniques
confirmed their different potentiality in the optic of processing and product innovation, but the need
of their modulation in relation to the different raw material susceptibility to degradation and final
product target. Cold plasma treatment effects on fresh-cut fruit, characterized by different kind of
stability criticisms, resulted mainly bound to the inactivation of degradative enzymes and microbial
cells, without evidencing functional modifications in the fina products. The study of osmotic
dehydration and vacuum impregnation highlighted as these techniques can be successfully applied
for cold formulation/enrichment of MPF, but aso the necessity to carefully account for the
metabolic and structural modifications induced by the processing on the vegetable tissues. An
induction of metabolic stress response was a so evidenced as a consequence of pulsed electric fields
treatment related to electric field strength. Below the threshold limit of irreversible damages to cell
membranes, the treatment promoted only dslight and reversible modifications of the metabolic

profiles.
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1. Introduction and objectives

Minimally processed fruit (MPF) are products thavé to maintain their quality (appearance,
texture, flavour and nutritive value) similar ta#e of fresh products (Alzamoeaal, 2000).

The key to understand MPF physiology is that theg metabolic active tissues, and as a
consequence, show physical and physiological respai® minimal processing procedures
(wounding (Toivonen & DeEll, 2002) that negatively influendheir shelf-life. Quality loss of
MPF is principally due to physiological ageing, sad by the loss of cellular compartmentation,
due to peeling and cutting, that causes the migfrenzymes and substrates and an overall increase
in metabolic metabolism (Rolle & Chism, 1987).

One of the main aims of the fruit industry is tovel®p new preservation technologies to efficiently
respond to the exigent quality and safety conswsneerception, defining their choices and food
economics. Consumers demand high quality and caoeneffruit and vegetable products, with
natural flavour and taste, and appreciate the fresthof minimally processed food.

In the last decades, novel non-thermal processiethods have attracted the interest of food
scientists, industries and consumers as technalaggeful for shelf-life extension or increasing
product functionality with a minimal impact on thatritional and sensory properties of foods.
Although some aspects about these technologieslierre widely investigated, there are still some

aspects that are scarcely known.

Hence, after a preliminary evaluation of the effefctipening degree on qualitative, metabolic and
nutritional aspects of different MPHPdper | and I1), the main aim of this PhD thesis was to
investigate qualitative, metabolic and nutritiorzapects of different minimally processed fruit
submitted to traditional and innovative non-therm&cesses.

This issue was addressed considering the prodwctigsamic system, both in terms of endogenous
physiological activity and porous matrix interagtirwith the surrounding ambient (during
processing and storage), through the applicationmaiti-analytical approach based on the

combination of different techniques.

In particular the research was focused on theviallg aspects:
2 Study of the effect of plasma treatment on micrplgjaalitative, metabolic and nutritional
aspects of different MPRPgper 111, 1V, V and VI);
3 Study of the effect of vacuum impregnation (VI) astreatment for technological and

nutritional functionality of MPFRaper VIl and VIII);
1



Study of the effect of osmotic dehydration on muasssfer, water state and metabolic
response of MPHRgper | X and X);

Study of the effect of pulsed electric fields (PER) the metabolic response of minimally
processed applePdper XI).



2. Minimal processing of fresh fruit

The increasing popularity of minimally processadtf{MPF) and vegetables has been attributed to
the health benefits associated with fresh prodeoebined with the ongoing consumer trend
toward eating out and consuming ready-to-eat fowils a higher convenience value, but also
driven by the trend towards healthier eating. Ti@dasing demand of these products represents a
challenge for researchers and processors to make tiore stable and safe.

MPF are products that undergo mild processing djpesathat allow them to maintain their quality
attributes similar to those of the fresh ones. MieF definition has evolved, as the minimal
processing concepts have been better understoadr(®raet al, 2000). According to Bolin &
Huxsoll (1989), the definition can include foodswhich tissues are not alive but whose freshness
should be kept as an important objective of predem.

The expansion of minimal processing concepts has beflected in anew, renewed and improved
products and processes formulated and designedottuge a greater diversity of MPF. There is
also a great interest in the application of nevemerging technologies to obtain MPF using non
thermal processes in the framework of the “hurdlaicept (Alzamorat al, 2000).

Key requirements in minimal processing of freshdpicis are raw material of high quality, strict
hygiene and good manufacturing practices, low teatpees during processing, cleaning and/or
washing before and after peeling, gentle peelind ewmtting, pre-treatment, correct packaging
materials and methods and correct temperature amdidity during distribution and retail
(Varoquaux & Mazollier, 2002).

2.1 Raw material handling and ripening degree

The quality of the raw material is definitely arsestial factors determining the quality of the fina
product (Varoquaux & Mazollier, 2002).

Vegetables or fruits intended for pre-peeling antdilmg must be easily washable and peelable, and
must be of top quality (Ahvenainen, 2000). For leygt reasons, no manure or fertilizer of animal
origin should be used (Varoguaux & Mazollier, 2Q02)

Incoming vegetables or fruits, which are coverethvsoil, mud and sand, should be carefully
cleaned before processing (Ahvenainen, 2000). filsisstep is really important in order to avoid
cross contamination due principally to peeling antling operations.

The extent of the physiological response to miniprakessing is affected by several factors, both
internal and external. Internal factors includecspe and variety, but also both maturity at harvest

and ripeness stage at cutting.



The selection of raw material, and in particul&e torrect choice of cultivar is a critical step to
obtain final products with long shelf life and higluality attributes and has to take into account
various criteria (Varoquaux & Mazollier, 2002) sua$: low sensitivity to physiological disorders
and microbial diseases; low susceptibility to browgnand softening (Hodges & Toivonen, 2008);
mechanical resistance of the tissue; resistancadeteated CQ@ concentration (Varoquauet al,
1996) and/or low @ high sugar contents because sugar depletion magdponsible for energy
stress (Forney & Austin, 1988); low respiratiorer@faroquauet al, 1996).

Degree of ripening at harvesting and at processngn important factor that can influence the
intensity of the wounding response (Hodges & Toamn2008). Generally, processing fruits that
are unripe or slightly unripe, lead to a betterspreation of quality during storage but it could be
detrimental for the organoleptic and flavour p@fiBeaulietet al, 2004).

Conversely, it seems that fruit at an advancedestHgripeness tend to be more susceptible to
wounds, hence to minimal processing (Soliva-Fort&riyartin-Belloso, 2003; Gorngt al, 2000).
Minimally processed apples and pears showed toerbgiteserve their visual and textural
characteristics during storage if processed whti# snripe (Soliva-Fortunyet al, 2002).
Furthermore, the fresh-industry prefers to procBsser and less mature fruits because of
technological suitability, and a consequent longkelf-life of the final product (Hodges &
Toivonen, 2008). On the other hand, during riperfmag develop their characteristic organoleptic
quality and flavour profile (Gornet al, 2000; Beaulieu & Lea, 2003; Aguayd al, 2004b;
Beaulieu, 2006)

According to various authors (Beirdo-da-Costal, 2006; Panareset al, 2012), maturity stage
has an impact also on the effectiveness of prertreyat such as mild heat treatments and osmotic
dehydration (OD) for the production of fresh cutiffs.

Paper | andll reported the effect of ripening degree on the wiamh of various quality indexes
characteristics of fresh-cut fruit; in particulahie in Paper | the attention is focused on kiwifruit,
in Paper Il a comparison among apples, kiwifruit and melowliierent ripening degree during
storage after minimal processing was carried out.

Generally, quality characteristics were found tohighly affected by ripening degree in kiwifruit
and melon, but only slightly in apple. In partiaulkiwifruit and melon processed at low stage of
ripeness showed a better ability to retain initi@racteristics, both in terms of colour and textur

As an example, lightness and hue angle of fruit@esnduring storage are reportedTiable 1.
Tissue lightness (L*) was found to decrease duripgning and during storage, causing surface
darkening that was attributed to variation in thieinal structure of the tissue and the inductioa o

translucent water-soaked tissue, while enzymatevbing in these fruits was scarcely influenced
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(Agar et al, 1999). In fresh cut melon variations were obsgrakso in hue angle, indicating a
variation of hue probably due to changes in fhearotene concentration (Simandjuntatkal,
1996).

Table 1. Colour of apple, kiwifruit and melon at the twipening stages selected during accelerated starage
controlled conditions. Different letters indicaigrsficant differences (p-level < 0.05) betweenreriand unripe fruit for
the same storage time (Table Faper I1).

Fruit  Ripening Storage time (days)

Stage 0 05 1 2 4

Apple U 81.45°+2.05 69.383+2.45 65.57°+1.38 - -

R 82.33%+3.05 71.58+256 67.67 +2.05 - -
L* Kiwifruit U 48.45°+2.11 - 47.98+3.07 47.%+3.16 44.08+3.77
R 38.1P+2.45 - 31.98+361 31.88+3.78 31.78+1.81
Melon U 57.24%+ 2.90 - 4528+1.72 4526+2.12 40.43+4.97
R 57.85 +4.50 - 4297 +4.04 44.1F+2.48 42.38+4.97

Apple U 9757+ 455 93.28+256 88.15+2.07 - -

R 98.67+3.18 90.03+3.56 84.66 +2.28 - -
h° Kiwifruit U 103.93+2.11 - 103.72+0.76 102.19+2.16 101.17°+ 3.11
R 103.83+2.70 - 104.76+ 2.80 104.44 +2.05 106.32 + 4.39
Melon U 61.8F+ 0.98 - 60.89+1.05 59.83+1.76 60.08+1.03
R 64.57 + 0.89 - 62.91+1.16 62.88+1.37 62.11+1.75

On the contrary, surface colour of apple, that &nhy affected by polyphenloxidase activity was
apparently not influenced by maturity degree, asdiiferences were observed in the entity of
browning or enzymatic activity in relation to ripeg index(Paper 11).

Similar results were found for textural parametdR§ening degree influences initial hardness
values and texture evolution during storage in kivii and melon. In particular, unripe fruits
showed a better ability to retain initial hardneshkijle riper ones presented very low values of this
parameters indicating an advanced stage of intestnattures breakdown. The obtained results
suggest that with the progressive ripening of thé,fthe internal structure undergoes a breakdown
that causes a substantial loss of initial firmné3a. the contrary, in fresh-cut apples hardness
increased upon ripening in apple samples, bothdmwipening stages and during 24 h storage.
Moreover, metabolic profiles obtained by isothermalorimetry have been integrated in order to
calculate the total metabolic heat produced byt flissues during 24 h. Results are reported in

Figurel.
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Figure 1. Total metabolic heat production of apple, kiwifrand melon at the two ripening stages selectethg24 h
at 10°C. Different letters indicate significantfdifences (p-level < 0.05) between ripe and unnipé Fig, 4 inPaper

1)

These results suggest that fruits at an advaneg@ stf ripening have a lower metabolism reaction
after wounding, probably due to the loss of thditghtio repair the damage caused by mechanical
stress. While differences were statistically sigaint for all fruit considered, the highest diffece
was observed for kiwifruit that showed, at the auheal stage of ripening, a 50% decrease in the
metabolic heat production compared to the unripg. fr

Generally, results described Faper |1 and Il highlight how the determination of the optimal

ripening degree for fresh-cut production has tadreied out specifically for each type of fruit.

2.2 Pedling, cutting and wounding response

Operations as peeling, cutting and/or slicing mayimportant role in the product shelf-life. The
removal of external barriers, such as the peel, thedtissue disruption due to cutting that cut
through cells and leave intact cells of previoustgrnal tissues exposed, cause a complex chain of
physiological reaction aimed at repairing the daenagused to the tissue, known as wounding
response (Alzamoreat al, 2000).

Hence, the key to understand fresh-cut fruit pHggw is that they are essentially wounded tissues
and present an immediate response to minimal psowgsncluding mechanical stress, removal of
epidermal layer and exposure of the internal tissaair and contaminants (Bredttal, 2004).
Physiological and biochemical responses induceavbynding regard tissues both adjacent and
distant to the wound and are generally deleterioube quality of the product. Changes can occur
immediately after wounding or in the next days.

One of the first response is an increase in eteyf@moduction and in respiration rate that may be

related to the induction of phenolic metabolism dahd wound healing response of the tissue.



Ethylene in turn can stimulate other processesnga membrane deterioration, loss of bioactive
compounds and development of off-flavours and cakemplant tissue more susceptible to
microbial spoilage (Brechet al, 2004). Figure 2 reports the interrelationship agh¢he many

effects of wounding on physiological processegsasti-cut vegetables and fruits.

PHYSICAL WOUND

Physiological signal(s)

Stimulated Ethylene—— Phenolic Wound
respiration / metabolism healing
\ Reduced
Heat
substrate
PPO PAL Cell division
Water &
- Suberin differentiation
Reduced Oxygen Phenolic
Carbohydrates L compounds
Organic acids Lumre(.i
Vitmnia expansion
o Periderm
Lignin - i
= ; tformation
synthesis
Poor Reduced Tissue browning Altered texture &
flavour growth appearance

Figure 2. Schematic representation of the main physioldgffects of wounding response (adapted from (®éltv
2010).

The main physiological responses induced by woundm minimally processed fruits will be
further described ichapter 3.

The intensity of the wounding response can be &ty many factors, both internal and external.
Internal factors include mainly species, cultivadaipening degree as describegaragraph 2.1.
Among external or processing factors, the mainpseling and cutting methods, pre-treatments
applied, packaging parameters and processing arabsttemperature.

Few studies have been conducted on the effecttthgunethods on the quality of fresh-cut fruit
products. In order to be as gentle as possiblena@nomize injuries, hand peeling with a sharp knife
would be the ideal method (Bolin & Huxsoll, 1989IB & Huxsoll, 1991). Nevertheless, for
practical reasons, on industrial scale mechaniealipg is generally adopted and, according to
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Varoquaux & Mazollier (2002) blades are made of stdinless steel and generally are extensively
used and not sharpened enough.

The use of dull knives and blades leads to morenskie bruising and damage, hence it can
significantly and negatively affect product stordife (Garcia & Barrett, 2002).

An example of the effect of blades sharpness isrtep by Portela & Cantwell (2001) that found
that the use of blunt cutting blades for fresh+oeton production lead to variation in the respoati
rate of the tissue with consequences such as higtemol production, off-odour scores and
electrolyte leakage.

According to Abeet al. (1998), also the cutting direction seems to plasigmificant role in the
extent of the physiological response. In particumong various cutting modes, 1 cm-thick
transverse section banana slices showed the |loesgstation rate and ethylene production during
storage.

Cutting shape also seems to be critical for firraldpct quality. Cut cylinders of melon showed to
maintain a higher firmness during storage compéeslices trapezoidal cuts, but at the same time
showed a higher degree of translucency (Aguetyal., 2004a).

Finally, considering the extent of wounding, metabactivity tends to increase by increasing the
number of cuts hence the surface/area ratio. Wadsal. (2004) found that the increase of
endogenous metabolic heat produced by differenvegetables, measured by a calorimeter, was
proportional to the surface to volume ratio of wh@unded tissue.

2.3 Traditional pre-treatments

There are various chemical and physical presenvaticategies that can be applied to maintain
fresh-cut quality; they generally focus on reduamigrobial growth (Artést al, 2009), browning
(Garcia & Barrett, 2002) and tissue softening aftetting (Gornyet al, 2002). Several methods
have been investigated; some of them have a physpgaoach like lowering or increasing the
temperature, while others are based on a chenppabach (Garcia & Barrett, 2002).

Dipping treatment after peeling and/or cuttinghie thost common chemical approach used in order
to delay or control quality degradation in fresh-tuit (Oms-Oliuet al, 2010).

Dipping in aqueous solutions of preservatives antfiidifying agents is very important for the
achievement of both high quality products with prged shelf-life. The first beneficial effect
achieved is due to the rinsing of enzymes and ratlestreleased from damaged cells during peeling
and cutting. Furthermore, these treatments allopaial dehydration of the product and/or the
introduction of substances with stabilizing effe(#sy. antifermentative, antioxidant, antimicrobial

agents), but also the introduction of substancasshave got structuring and functional properties.
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Generally, dipping times range between 1 and 5 mima-Guzmaret al. (1999) observed that
increasing dipping time from 1 to 5 min of fresht-awelon in CaGl solution did not have effect on
fresh-cut melon metabolism and quality. Evaluatihg effect of calcium lactate on minimally
processed melon, iRaper VII, we found that the application of vacuum resultedn increase of
hardness and crispness compared to the produadigtpatmospheric conditions. Nevertheless, the
traditional dipping allowed a better maintenanceabur and microbial stability during shelf-life.
Treatment temperature seems to impact on the pié@etss of the treatment applied, but results are
not always in agreement. For example, while Lunar@anet al. (1999) found that increasing
temperature improved the firming effect of calcidips in fresh-cut melon, according to Lamikanra
& Watson (2004) low temperatures calcium dips hadsitive effect on fresh-cut melon shelf-life.
Traditionally, for sanitizing purposes, chlorinateter is used during industrial processing with
dipping in solution containing between 50 and 2pthmf NaOCI. Recently though, concerns about
health issue related to the formation of toxic lbgeucts have been put forwards and alternative
sanitizers have been studied (Silvegt al, 2008). Artéset al. (2009) reviewed the main
antimicrobial compounds investigated including pgexetic acid, oxygen peroxide, ozonated and
electrolyzed water, organic acids and biologicanpounds such as essential oils and natural
competitive microbiota.

Most dipping treatments aimed at avoiding browrgogtain acidulants, usually citric acid, in order
to lower the product pH and inhibit PPO activityéBhtet al, 2004). Acidulants are often used in
combination with other types of antibrowning age@se of the most used is surely ascorbic acid,
including its various neutral salts, because bainmgducing compound, it is able to reduce the o-
benzoquinones back tdiphenols preventing enzymatic browning (Dorantégsarez & Chiralt,
2000). Other compounds investigated for browningtrab or prevention are other reducing agents,
for example thiol-containg compounds such as aystechelating agents such as EDTA able to
complex the copper present in the active site & #mzyme, complexing agents such as
cyclodextrins that are able to entrap or from camet with the enzyme substrates (Garcia &
Barrett, 2002).

Moreover, the postharvest application of aqueolstisas of calcium salts as dips or sprays has
long been used to maintain tissue firmness of ffasks and vegetables. Calcium is able to form
cross-links or bridges between free carboxylic grotithe pectin chains, resulting in strengthening
of the cell wall and at the same time, preservihg structural and functional integrity of
membranes. Application of calcium salts were fotmanprove texture retention in pears (Gosety
al., 2002), kiwifruit (Agaret al, 1999), nectarines and peaches (Gaehwl, 1999) and melons
(Luna-Guzmaret al, 1999).



Although calcium chloride is the most widely usedlt,sit seems to affect negatively product
sensorial quality imparting a bitter taste, so thiaier calcium salts, in particular lactate, shdugd
preferred (Silveirat al, 2011).

The application of moderate heat treatment in coatimn with calcium dips have shown positive
results for firmness preservation of fresh-cut mellouna-Guzmaret al, 1999) and kiwifruit slices
(Beirdo-da-Costa&t al, 2014). The effectiveness of the combined treatmesndue to the fact that
moderate temperatures promote the activation of RMIE brings about the deesterification of
pectin, thus increasing the number of calcium bigdiites.

In terms of technological and economical aspetissd techniques present some disadvantages
related to the necessity of dipping the producagueous solution (e.g. plant and consumables
costs, disposal of exhausted solutions, labellincthemical agents, further drying).

2.4 Modified atmospher e packaging

Packaging operations play a crucial role in minlgnarocessed products shelf-life. Surely, the
most studied packaging method is the Modified Atpinese Packaging (MAP), which is based on
the alteration of the atmosphere composition withia package. This alteration can be achieved
both actively, replacing the internal atmospher¢éhvihe desired mixture of gas and passively,
exploiting the product respiratory metabolism ahd gas diffusion characteristics of the plastic
film. In the latter case, the choice of the packimagterial based on its permeability to gases and
water vapour is obviously crucial. The aim of batlethods is to reach an optimal atmosphere
inside the package in order to delay degradatiaeti@n rates and prolong shelf-life.

Rocculiet al. (2006) observed that active MAP reduced the ratxygen consumption of fresh-cut
apples compared with passive MAP, in particulgdhatbeginning of storage.

Bai et al. (2001) compared the application of both metholdshing the packages with a 4 kPa O
plus 10 kPa C@gas mixture or developing the same compositionrally during storage of fresh-
cut cantaloupes. The active modification of the cdphere allowed a better colour retention and
reduced translucency, respiration rate, and miafaipiowth compared to the ones obtained with
passive MAP. The authors thought, questioned whetiee improved quality of fresh-cut melon
was actually worth the additional cost of flushthg package atmosphere.

Traditionally, the main gases used for MAP arg OO, and N, in various combinations. It is
important to recognize though, that while atmosphandification can improve the storability of
some fruits and vegetables, it also has the paldntinduce undesirable effects.

Generally, a reduction of £and an increase of G@evels are recommended in order to prolong the

fresh-state of fresh product (Sandhya, 2010), peti§ic levels have to be determined for each
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product, particularly because exposition to coneginins outside of the tolerance limits could
trigger anaerobic respiration and the productionunélesirable compounds (Soliva-Fortuny &
Martin-Belloso, 2003).

Shelf-life of apple slices was significantly exteddwith a 2.5% @and 7 % C@ atmosphere
because of inhibition of ethylene production (Regsaulet al, 2007). Low @ and high CQlevels
showed a synergistic effect in reducing ethylerapction and respiration rates in pears (Gany
al., 2002) and peaches (Gormey al, 1999) and in maintaining the initial antioxidaaxttivity of
fresh-cut strawberries (Odriozola-Serraial, 2010).

Furthermore, although MAP can significantly delgpitage by most aerobic microorganisms, if
anaerobic conditions are reached, the growth ofesamaerobic psychotrophic pathogens might be
possible or even enhanced (Soliva-Fortuny & MaBétloso, 2003).

Anaerobic metabolism can be brought about both tpodow concentration of oxygen (Solomos,
1997) or by a too high concentration of £tat is able to inhibit various enzymes of the tKse
cycle besides various physiological disorders (@@tral, 2002; Oms-Olitet al, 2008)

High oxygen atmosphere (>70 kPa) has been foume teffective in quality maintenance of MPF,
in particular in relation to bacterial spoilagetthbaerobic and anaerobic (Kader & Ben-Yehoshua,
2000; Jacxsenst al, 2001) although the effect can vary in differesimenodities. Moreover,
elevated oxygen concentrations have shown to impespiration rate, metabolism, enzymatic
activity and sensory quality but, again, the effees highly variables among commodities and
depends on other aspects, such as temperaturggetiome and other gases levels (Kader & Ben-
Yehoshua, 2000).

In particular, few works evaluated the effect ofhiO, levels on enzymatic browning. D&y al.
(1998) hypothesized that exposition to high concentratibthis gas caused the substrate inhibition
of polyphenol oxidase (PPO) or alternatively, tlenfation of colourless quinones that in turn
cause feedback inhibition of the enzyme. A slowawmning rate during storage of apple slices,
exposed to 100 kPa,@or 12 days before cutting, in comparison with sdkept in air, was
observed (Lu & Toivonen, 2000).

Recently, in addition to various mixture 0b,NCO, and Q, novel gases have drawn attention for
potential benefits in MAP application. Ar,® and He have been admitted for food application i
the EU as miscellaneous additives and few stucaee been carried out on their influence in MPF
shelf-life.

Although noble gases are chemically inert, argom) (& reported to have some biochemical
activity, probably due to its high solubility in ves compared to nitrogen and it seems to interfere

with enzymatic oxygen receptor sites (Spencer, 1998me studies have reported an effect on the
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growth of certain micro-organisms on the activifyqoality-related enzymes and on degradative
chemical reactions in selected perishable food ymts] such as MP fruit (Powriet al, 1990;
Spencer, 1995; Day, 1996; Kader & Ben-Yehoshuap208mie & Saltveit, 2002; Mostardini &
Piergiovanni, 2002). Roccuét al. (2005) observed a positive effect in the stabitifyfresh-cut
kiwifruit packed in MA with 90% Ar, 5% @and 5% CQ, limited to firmness and respiration rate
and not on colour preservation. Generally, contigsesults have been reported on Ar effect.

The effect of NO on fruit metabolism is still not completely cldart seems to be related to the fact
that it is characterized biiophysical properties, such as relative stabilitigh solubility and
isoteric linear structure, similar to GAt seems to be able to inhibit respiration (Sd&vaowill,
1991; Sowaet al, 1993) and ethylene action and synthesis in higit@nts, delaying ripening
(Goubleet al, 1995) and to reduce the incidence of rots in hivlbs during storage (Benkeblia &
Varoquaux, 2003).

Furthermore, an inhibition of postharvest decay amaxtension of storage shelf-life was reported
upon exposure to #D of various fruits such as apples, strawberry, dagans, tomato persimmon
and guava by Qadir & Hashinaga (2001) and banaralymeret al. (2005).

To this date though, only few researches have bagred out on the use of nitrous oxide in MAP
(Rocculi et al, 2004; Rocculiet al, 2005; Rocculiet al, 2006; Cortellinoet al, 2015). Results
obtained seems to generally indicate that MAP W alone or in combination with other pre-
treatments improves quality maintenance of fredhfrait, delaying softening, reducing respiration
rate and ethylene production, inhibiting PPO witbsipve effect on colour maintenance and

delaying microbial spoilage.
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3 Physiology and quality deterioration of minimally processes fruit

Minimally processed products deteriorate fastemthiae correspondent intact product. Being
metabolically active tissues, they show physical physiological reactions to mechanical stress
suffered from peeling, slicing, dicing, shreddingahopping known as wounding response. The
tissue disruption caused by minimal processingddadthe loss of cellular compartmentalisation
and promotes the contact between enzymes and st#@ssand an overall increase of metabolic
activity (Alzamora et al, 2000; Hodges & Toivonen, 2008). Moreover, furth@ocessing,
packaging and storage conditions may have ultenosequences on the tissue physiology, product
quality and stability.

As shown byFigure 3, investigating metabolic, functional and nutri@bproperties implications of
each processing step and of their interactionss, ffossible to obtain useful information that can
lead to an optimization of the process in orderoktain final products characterized by high
gualitative and nutritional parameters and a prgéahshelf-life.

The main factors affected by wounding responseeafiewed in the next paragraphs.

Process < -1 Optimization < "7 Feed Back

Raw rnau:rial 5 SrsLbinros| chstngal seR T omansing beas M mL IR ':.

Final product

Washing
Respiration
I Pecling and cutting ! :> C Metabolic heat
: o i| Biochemical metabolism
Pretreatment :> % :::} Tissue physiology Enzymatic activity
: e
: |
! u | ,
‘r n e Mutritional aspects
stability
Cc
e
S

Storage :>

Figure 3. Flow-chart of minimal processing of fruit prodiact and principal consequences on tissue physiotogy
quality.

' I
H
H
H

L

13



3.1 Respiration
The energy required by living organism to carry th& necessary metabolic reactions to maintain
cellular organisation, to transport metabolitesuarb the tissue and to maintain membrane
permeability is generally supplied by aerobic resgmn which involves the oxidative breakdown of
organic reserves, generally glucose, to simpleemgés, including C@and water, with release of
energy. The process consumesi®a series of enzymatic reactions. Glycolysig, tticarboxilic
acid cycle, and the electron transport systemhagertetabolic pathways of aerobic respiration. The
complete oxidation of glucose through the aerobitiway produces an equal amount of,@® the
O, consumed, so that the respiratory quotient (RQ@z @oduced (mL) / @consumed (mL)) is 1.
Variations in the RQ may depend on a different sabs used for respiration, such as malate or
long chain fatty acids, although generally, an @ase in RQ indicates a switch to fermentation
reactions (Willset al, 1999). However, according to Makino (2013), RQha range of 0.7 to 1.3
could be considered indicator of aerobic respimtio
In fermentative metabolism, ethanol production Imes decarboxylation of pyruvate to
CO, without & uptake (Fonsecat al, 2002). Anaerobic metabolism can be prompted byeei
low oxygen or high carbon dioxide concentratiothi@ environment, respectively lower than 2-5 %
and higher than 4-5 % (Iversenal, 1989; Cortellincet al, 2015). However, the concentration
at which anaerobic respiration is triggered, knoagthe extinction or anaerobic compensation
point, varies between tissues and depends on $daetars, such as species, cultivar, maturity and
temperature (Yearslest al, 1996).
An increase in the respiration rate of fruits amgjetables is often found as a result of wounding
although it seems to depend on the commodity uocdesideration, since it occurs in kiwifruit but
not in banana (Watads al, 1990). Moreover, the increase in respiration ueounding appears
delayed compared to that found for wound-inducégllehe (Brecht, 1995).
Asahi (1978) observed after wounding variationsnitochondrial structure, number and function
and as a consequence, a general enhanced aerolmchonidrial respiration rate. But the
enhancement in aerobic respiration alone seemsorfatly explain the increase in the respiration
rate due to wounding. Other metabolic pathwaysh sisz-oxidation of long-chain fatty acids that
increased @consumption, were observed by different authoraah-cut potatoes (Laties, 1964;
Latieset al, 1972).
Because high rates of respiration have been nefatorrelated with shelf life potential (Makino,
2013; Kader, 1987), the increases brought abowukiyng are expected to result in a shorter shelf
life (Rolle & Chism, 1987).
The increase of respiration rate is often propagido storage temperatures (Watatial, 1996).
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Increases in respiration in response to cutting bayuite substantial in some cases. Slicing of
mature green tomatoes results in increased regpiréty up to 40% when stored at 8°C, as
compared to intact product (Mencareftial, 1988).

The increase in respiration rate may also leadhé¢odievelopment of anaerobic conditions inside a
package if permeability of the films is not cargfidelected, particularly when product is placed in

MAP, hence already exposed to high£xnd/or low Q.

3.2 Ethylene production
Ethylene is a vegetable hormone that controls nampgects of growth and development of plants;
the rate of its endogenous production can drabticatrease following various stress conditions
such as mechanical wounding (bruising and cuttiriginperature variations, chemicals and
pathogenic infection to plant tissues (Hong & Gr@0).
On the strength of the role of ethylene in themipg process, fruit can be divided into two groups
(Lelievreet al, 1997):
1) fruit that could produce large amount of ethglemnvhich promotes their ripening, defined
“climacteric”, such as tomato, peach, apple, barsarabkiwifruit;
2) fruit that produce only low basal amount of é#mg during ripening and are insensitive to
exogenous ethylene, defined “non-climacteric”, sashgrape, strawberry, watermelon, pineapple
and citrus.
Peeling and cutting operations stimulate ethyleroglyction in fresh-cut fruit. This phenomenon
can start as soon as few minutes to an hour aftending, and reach its maximum rate between 6
and 12 hours (Abelest al, 1992).
The effect can be more evident in climacteric fréiot which wound-induced ethylene promotes
ripening and softening. In climacteric fruit, woum#luced as well as exogenous ethylene may
promote the same effect on tissue, leading to arease in the rate of ripening and softening
(Toivonen & Brummell, 2008). Moreover, the entitiytbe response strongly depends on the type of
product considered, the ripening degree and stdeagperature (Roccudt al, 2004).
Generally, the effects of ethylene are negative ffoit quality; therefore, its concentration or
activity should be minimized in order to increas®duct shelf life. Moreover, ethylene can
accumulate inside packages and lead to detrimeffeadts. Abe & Watada (1991) observed that an
ethylene concentration of @ I accelerated softening in banana and kiwifruitedoat 20°C and
that the loss of firmness was delayed when ethyddaserbents were placed inside the packages.
MAP has been reported to reduce ethylene produatdirespiration rates for the synergic effect of
low oxygen and high carbon dioxide levels (Solivatkny & Martn-Belloso, 2003). Conversely,
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elevated levels of Pshowed to enhance the ethylene production in &ind vegetables during
storage (Kader & Ben-Yehoshua, 2000).

3.3 Quality deterioration
Quality of MPF can be defined as a combination tbfibautes, properties or characteristic that
determine their value to the consumer. Main qualéaparameters include appearance, texture,

flavour and nutritional value.

3.3.1 Colour and visual quality degradation

The appearance of a minimally processed produtteicharacteristic most immediately perceived
and appreciated by the consumer, and it is fundeahenthe decision to buy. It can be affected by
various unrelated factors, from wound-related e#féc drying to microbial colonization.

Colour is one of the main aspects related to viageéptance. In MPF colour is manly related to the
content of some pigments, such as carotenoids agtiglls, antocians and phenolics, that during
ripening, processing and storage can be subjectddgradation (Alzamoret al, 2000).

Enzymatic browning is one of the main factor limgi MPF shelf-life. Browning reactions have
generally been considered as the consequence ofetwtion of a group of enzymes called
polyphenoloxidase (PPO) with polyphenols, made iptssdy the breakdown of membranes that
normally keeps them separated. The loss of thecoelpartmentalization can be brought about by
various deteriorative processes, such as senesaedc&ounding response. Cut-edge browning is
due to two PPO catalyzed reactions, the hydroxmatnf monophenols to diphenols and the
oxidation of diphenols to quinones, which in tunvolve melanin accumulation, although a partial
role not yet fully clarified has been attributedsalto the reaction of peroxidase (POD) on

polyphenols (Toivonen & Brummell, 2008).
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Figure 4. Mechanism for polyphenol-oxidase action on mond di-phenols. (Adapted from Toivonen & Brummel,
2008)
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Figure 4 shows the mechanism for browning that involvesititeraction of polyhenolic substrates
with PPO in the presence of oxygenyayvalues indicate that the hydroxylation processucxc
more slowly compared to the oxidation process.

Furthermore, variations from green to yellow orvelbrown colour can be a consequence of
chlorophyll degradation. Two main mechanisms hagenbproposed for its breakdown. The first
(Type 1) involve the action of enzymes such as @ghyllase and Manesium dechelatase that
convert chlorophyll into the brown pheophorbide leltthe second (Type Il) is mediated by oxygen
radicals and it is far less controlled (Brown, 1991

Short exposure to high concentration of Gfas observed to have a positive effect on retginin
chlorophyll and delaying yellowing in green fruibhdh vegetables, attributed to the inhibition of
ethylene production (Simpson, 1985).

Carotenoids are pigments responsible for coloumahy fruits, they are fairly stable but can be
oxidised by enzymes such as lypoxygenase in theepoe of oxygen. Their oxidation can be
accelerated by metal ions, chemical oxidants andblymoisture levels reached during product
processing (Dorantes-Alvarez & Chiralt, 2000).

Anthocyanins are a group of water-soluble compoubelonging to the flavonoid family and
responsible for bright colours as orange, red dud. T heir stability is highly dependent on pH and
oxygen concentration. Also, PPO was shown to plagi@in their degradation since they can be
involved in oxidation reaction with quinones denigiby the enzyme activity (Dorantes-Alvarez &
Chiralt, 2000)

To control and reduce colour modifications in MRSt successful methods involve combination
of factors or the application of hurdles technology

But appearance of MPF does not depend exclusivelyotour, but also on morphological aspects
such as size, shape, gloss and absence of defectteaay. Choice of cultivar and correct pre and

post-harvest practices and handling are necessgngserve visual quality of MPF.

3.3.2 Textureloss

Main textural attributes of fruits such as firmnesgspness, juiciness and toughness are important
quality factors both for consumers and for shippabgity. Tissue softening and juice leakage can
be the main causes of poor quality and un-marki@talaind are frequently the major problem
limiting the shelf-life of MPF.

During ripening, cell wall polysaccharides undemgodifications induced by enzymes such as

pectinmethylesterase (PME) and polygalacturona&) (Bleased from the symplast into the cell

17



wall space. Specifically, softening is due to tlydrolysis of protopectins to water soluble pectins,
the decrease in cellulose crystallinity, thinnirfgcell walls, diffusion of sugar to the intercebul
spaces and ion movement from the cell wall (Toivo&eBrummel, 2008).

Figure 5 depicts the modifications of major cell wall comgats that take place during softening
of a melting flesh peach variety. It has to be takd@o account that the chronological order and
extent of most of these events varies between fypes, with some processes being reduced or
absent in other species.

100 [ Loss of RG-I Gal/Ara sidechains |
[ Depalymerization of hemicellulose ]
80 ([ Deesterification of pectin |
_ [ mﬂlizﬂiﬂn of ]
= 60 .
i Depoly-
g n}erlzatlnn
E 40 Eectin
20
0

1 2 3 4 5 6 7 8 5Stage
( Maturation |[ Ripening | [ Melting |

Figure 5. Schematic representation of softening and chatggesll wall components occurring during maturatand
ripening of melting-flesh peach (adapted from Toieo & Brummel, 2008).

Wounding causes the acceleration of the deten@athenomena that take place during ripening,
so that the rate of softening of cut-fruit is oftentably faster if compared to the intact fruit
(Toivonen & Brummell, 2008), although there is @bivays a clear relationship (Aguayb al,
2004b).

Water loss is another important factor for textwraftiation in MPF, being strictly related to cell
turgor (Toivonen & DeEll, 2002). In whole fruits,ater in the intercellular spaces is not in direct
contact with the atmosphere. Peeling and cuttirgyains result in the removal of outer periderm
and cuticle and the exposure of internal tissues tibgether with the increase in surface area to
volume ratio, accelerates the rate of water losditey to turgor and crispness loss. However, proper
packaging conditions may reduce water loss by ramiimg high level of relative humidity within
the package.

Furthermore, membrane deterioration caused by ¢heitg of lypoxygenase and phospholipase
and the loss of integrity in damaged cells, cammie leaking of water from the vacuoles diffusing

through the tissue, resulting in water movementtangbr loss.
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3.3.3 Microbial spoilage

Microbial decay is a very important source of spgd of fresh-cut product (Artés al, 2007),
since washing and chlorinated water dips only plytiremove the microorganisms intrinsic to
produce. The presence of damaged cells and theofossllular components during processing
operations provide optimum conditions for the depatent of microorganisms.

The microbial type and loads depends on the tygeudf the cultivation practices and the hygienic
conditions during handling and processing, beingaste temperature the essential factor. Product
pH strongly influences the survival and growth athmgens. While most vegetables have a>pH
5.0, and consequently support the growth of mostlborne bacteria, the majority of fruits have
acidic pH; hence yeasts and moulds representriagir spoilage microorganisms.

Nevertheless, a number of soft fruits/melons ha¥esplues> 5.0 and will support growth of many
pathogens. They are therefore considered highlishwgsle and potentially hazardous foods. The
growth of spoilage microflora and various pathogensluding Salmonellaspp.,Escherichiacoli,
Listeria monocytogenebave been observed in melons (Lamikaetral, 2000; Harriset al, 2003)

and have caused various foodborne disease outhogakshe years (CDC, 2012).

Due to the lack of heat treatments, an efficiemperature control during processing, distribution
and retailing is required for maintaining the miwmogical quality and the safety of these
products. However, potential pre-treatment and tatpre control are not able to either eliminate
or significantly delay the microbial spoilage ok#ie products entirely, and to ensure the product
safety (Soliva-Fortuny & Mai-Belloso, 2003).

Chlorinated water was traditionally used for disittfon, but due to the toxic by-products that can
generate in the tissues, the general concern del@tehealth issues has pushed towards the
investigation about alternative sanitizers (Silaeir al, 2008).

3.3.4 Flavour changes

Consumer acceptance is often driven by flavour iuaff MPF that is mainly related to the
perception of sweetness, sourness, astringentgrriess, aroma and off-flavours.

Nevertheless, establishing shelf-life limits rethte flavour quality is difficult because it is affted

by various aspects linked to product variabilitygspcutting treatments and packaging. As a
consequence, uniform flavour quality and consumeseptance based on flavour remains a
challenge for the industry.

Ripening degree at harvest and at processing signtfy affects the flavour profile of fresh-cut
melons (Beaulieu & Lea, 2007), pears (Darigal, 2000), nectarines and peaches (Gahl,

19



1999) and mangoes (Beaulieu & Lea, 2003), showhadg, tgenerally, increasing maturity lead to

improved sensory attributes.

Maturity degree was linearly correlated to totalatite compounds, in particular total esters, non-
acetate esters, aromatic (benzyl) compounds, alidr ssompounds, and decreasing levels of

acetates and aldehydes in melons (Beaulieu, 2006).

Nevertheless, since an early stage of ripeningegred for better shipping, handling and storage
hence for an acceptable visual shelf-life, frug generally processed when firmer and immature
with a detrimental trade-off between textural andual quality and acceptable flavour/aroma

attributes.

Moreover, unacceptability related to flavour can dhge also to the formation of undesired

compounds or off-flavours associated with the dgwelent of anaerobic conditions (Hodges &

Toivonen, 2008) or microbial spoilage (Artéisal, 2007).

3.3.5 Nutritional loss

Fruits are good source of vitamins, minerals, djetidores and various compounds that have
positive effects on health and on the preventiomasious diseases (Martet al, 2001; Liuet al,
2000).

During post-harvest storage, substantial nutrifidosses can occur, particularly in the content of
vitamin C, and can be enhanced by physical damag@sge and temperature abuses (Lamikanra,
2002). Furthermore, minimal processing operatioas affect the content of those bioactive
compounds that are susceptible to degradation wkeosed to oxygen or light. Degradation can be
promoted also by the activity of oxidatives enzyraesh as ascorbate oxidase, polyphenoloxidase,
cytochrome oxidase and peroxidase.

Gil et al. (2006) studied the antioxidants content of variesh-cut fruits (kiwifruit, strawberry,
melon, papaya, watermelon) during storage comptrétie whole product. Vitamin C losses in
fresh-cut products, after 6 days of storage at 58@ged from 5% in mango to 25% in cantaloupe
pieces, compared to whole fruits, while exposurkgiat promoted vitamin C degradation in kiwi-
fruit slices. Nevertheless, contrary to expectajaninimal processing had little effect on the main
antioxidant constituents, while visual quality viee main limit to product shelf-life.

Studies on fresh-cut apples detected a decreas#abfphenolic content related to the extent of
browning (Rocha & Morais, 2002). The degradationpbinolic compounds was successfully
prevented by pre-treatment with ascorbic acid teaokts reducing activity (Cocei al, 2006).

On the other hand, it is well known that wounditigss can alter the physiology of fresh produce

and, among other consequences, promote the acdionulaf phenolic compounds or other
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secondary metabolites (Saltveit, 1996). The adtwadf phenylalanine ammonia lyase (PAL) leads
to synthesis of phenolic compounds with the aimpuaitecting the plant from water loss and
pathogen attacks. This may lead to an increadeeaditioxidant activity, as it has been observed in
carrots (Heredia & Cisneros-Zevallos, 2002) anaitet (Kang & Saltveit, 2002).

Reyeset al. (2007) studied various types of fresh-produce eodcluded that the amount and
profile of wound-induced soluble phenolics are dejemt on the type of tissue, initial levels of
reduced ascorbic acid and soluble phenolic compund
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4 Innovative pre-treatment for M PF production

The term ‘non-thermal processing’ is referred t@gassing technologies that are effective at
ambient or sub-lethal temperatures. In the lasadies, the interest of food scientists, industmes a
consumers has been attracted by the investigafioowel non-thermal processing methods aimed
at extending shelf life or increasing product fumaality with a minimal impact on the nutritional
and sensory properties of foods. Moreover, they melp industries in obtaining added-values
products, new market opportunities and added safetgins (Morriset al, 2007).

Although some aspects about these novel technalbgiee been widely investigated, there are still
some aspects that are scarcely known.

In the previous chapters, the implications of treumading response to the mechanical stress caused
by processing operations on the physiology and Imoéitan of tissues, that in turn affect product
guality and shelf-life, have been discussed

Pre-treatments can be considered as further piogesteps to the ones normally used for MPF
production and the impact on the wounding respoi$iee tissues cannot be ignored.

In this chapter, the influence of innovative noefthal processing operations such as plasma,
vacuum impregnation (VI), osmotic dehydration (OC&»d pulsed electric fields (PEF) on some

gualitative, metabolic and functional aspects offM#Il be dealt with.
4.1 Cold gas-plasma

Cold plasma is an ionised gas characterized byegptrticles such as electrons, ions, free radicals
and atoms which are both in ground and excite@stéihe excited species emit a photon (including
UV photons) when they get to the ground state (Moet al, 2008). It is produced by applying
energy to a gas or a gas mixture and it is consttigre fourth state of matter.

Non thermal plasma can be generated by microwaad®) frequency, direct or alternating current;
by various set-ups such as dielectric barrier disph (DBD), atmospheric pressure plasma jet
(APPJ) and corona discharges (CD) (Laroussi, 28@@niet al, 2010; Ehlbeclet al, 2011) and

by different gas mixtures, including atmospheris {@xygen, nitrogen and carbon dioxide) as well
as noble gases (e.g. helium and argon). The foralposition greatly depends on the kind of gases
in the mixture, the selected generator set-uppfiezating conditions (flow, gas pressure, power of
plasma excitation) and the exposure mode (direcewrote) (Misraet al, 2011), and it includes
reactive species such as oxygen and nitrogen sp@@S and RNS), atoms, free radicals and UV

radiations.
22



Because temperature is very close to ambientyéla¢nient seems promising for heat sensitive food
products, but although its effect on microbial inaation has been quite extensively reviewed
(Ehlbecket al, 2011; Misraet al, 2011; Niemira, 2012), the effect on qualitatimetritional and

metabolic aspects of fresh-products exposed tonaase still quite scarce.

4.1.1 Effect on microbial inactivation

Cold plasma treatment have been applied to foodymts mainly for microbial inactivation. For
this aim, the most important role seems to be @dyg reactive species, such as OH and NO
radicals, atomic oxygen (O), ozonezf@nd NQ, that can cause lipid peroxidation, proteins and
DNA oxidation (Laroussi, 2002; lat al, 2011; Takaet al, 2012).

Once generated, they can be adsorbed onto thebiatoell surface, causing oxidative damages to
the microbial membranes, essentially charactetelgpid bi-layers and protein molecules, leading
to loss of functionality and exposure of the gemetaterial.

Various authors have assessed the microbial deoamtion of cold plasma on foodstuffs, such as
the outer surface of various fruit and vegetabRzsdr et al, 2014; Niemira & Sites, 2008; Critzer
et al, 2007) and on apple juice (Surowsityal, 2014; Montenegret al, 2002).

Generally, results showed that the effect is highlgited to several operative parameters chosen to
drive the discharge (gas mixture and gas flow, gneevel applied and treatment time),
characteristics of the microorganism itself (tylead and physiological state), and type of matrix.
Paper V reports the effect of DBD plasma treatment on mhierobial quality of minimally
processed melon. Samples were exposed to 15+15anmin30+30 min plasma treatments and
different microbial indexes were evaluated durindggs of controlled storage.

As reported inFigure 6, upon plasma exposure, an immediate reductiorelinviability of the
indigenous bacteria proportional to the treatm@netwas observed although inactivation levels
were dependent on the type of microorganism coreideDuring storage, it was observed that
microbial shelf-life, calculated through the Gontpegquation as the time necessary to reach the
value of 6.0 Log CFU g was improved in the 15+15 min treatment but ndhilonger treatment.
This result was unexpected, considering that, aiegrto current literature on cold plasma
treatments on several raw fruit and vegetables,rthetivation level is generally time-dependent
although non-linear inactivation curves are repbr{éee et al, 2015; Baieret al, 2014).
Nevertheless, most studies are limited to the imateckeffect after the treatment and ignore the
effect during further storage.
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Figure 6. Cell numbers of yeasts (A), lactobacilli (B) dadtococci (C) during storage at 10°C of melon sesfFig.
5 of Paper V)

Results obtained in this study could be attributedissue damages (e.g. cell wall weakening)
caused by the longer treatment resulting in théndrigvater loss recorded for the 30 + 30 min
treated melons, which probably made fruit more spsibsle to microbial spoilage.

These results highlight the necessity of modulatireptment time not only according to its

immediate effects, but also on the further shédf-divaluation.

4.1.2 Effect on quality parameters

As opposed to microbial inactivation power, theegtiic literature is quite poor in terms of effect
on the product quality that cannot however be @aied.

Alterations of the surface colour were found orllghgly in whole Granny Smithapples subjected
to a microwave driven plasma torch (Bagtral, 2015), and during storage in fresh pears treated
with a dielectric barrier discharge device (Beraetli et al, 2012).

A negative impact of plasma exposure was observedgurface morphology of lamb’s lettuce
leaves by scanning electron microscopy (SEM) (Gozasgyvskiet al, 2010). Oxidative species
generated by the plasma discharge appeared to grameoted some erosion phenomena of the
upper epidermis.

Studying the effect of a DBD plasma exposure in M€ obtained different results depending on
the fruit considered. In particular, superficialotmning was reduced in fresh cut apples with a

15+15 min exposure, due to an inhibition of enzymattivity (Paper I11), and visual quality of
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kiwifruit slices was better preserved during steraas shown bifigure 7 (Paper 1V). Conversely,
in fresh-cut melon visual quality was negativelyeafed, and at the end of the storage slices
appeared darker and more translucapér V).

Figure 7. Example of digitalized images of kiwifruit slicasibjected to 20 + 20 min DBD gas plasma treatraedt
control ones acquired after 4 days of storage mrotied conditions (Fig. 3 iPaper V)

Textural parameters seem to be only slightly a#fédty plasma exposure. Raper 111, a slight
decrease in the crunchiness of fresh-cut appleeaed to DBD plasma treatment was observed
and was attributed to the destruction of the sugpalflayer of cells, while other authors (Schnabel

et al, 2014) did not detect significant differencesarttral characteristics of apple flesh.

4.1.3 Effect on enzymatic activity

Recently, the potential effect of cold plasmas oayenatic activity has been studied and first
results showed its potential as innovative treatmim enzymes inactivation and quality
preservation in food products.

Various studies on model systems indicted a chamgbe secondary protein structure and the
modification of some amino acids side chains ofeheyme (Dengt al, 2007; Takaket al, 2012);

in particular Surowskyet al. (2013) found a variation in the relative amountsatia- helix
structures ang-sheet content upon plasma exposure, that wasgsgraorrelated to the loss of
enzymatic activity.

Studying a model system surely allows to obtailm@amogeneous effect and a reproducibility in the
results in that is often lacking in real food sys$e hence to gain a better understanding of the
inactivation mechanisms. On the other hand, tohr@adustrial application, it is necessary to verify
the efficacy and the limitations of the treatmenits. this date, very few experimental researches
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have been conducted to evaluate the effect of plalsina treatments on the enzymatic activity in
real system and in particular in fruit tissues.

Using a DBD generator prototype, Raper I11, fresh-cut Pink Lady apples were exposed to cold
plasma for different treating times, up to 15+15mer side. A time-dependent reduction was

observed after treatment, up to 45% after 30 mishasvn inFigure 8.
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Figure 8. PPO activity AA/min) of apple samples treated with plasma gaspaoed to the controls. Different letters
indicate significant differences between contrgl §48d treated (T) sample at a p-level<0.05 (Fig. Baper 111).

The observed reduction of PPO activity in the tdalpple samples was attributed to a
modification of the enzyme structure due to OH, A other reactive radical species present in
the plasma discharge (Ragatial, 2010).

In Paper V, the effect of cold plasma on peroxidase (POD) pedtinmethylesterase (PME)
activity was evaluated in fresh-cut melon trea@d1f5+15 and 30+30 min. As shownFkigure 9,
POD activity was reduced proportionally to the tmeent time, as the residual activity was found
91% (15+15) and 82% (30+30) compared to the costoiple. PME activity was not affected by
the shorter treatment, but the residual activitg Yeaind to be 94% after the longer one.

Comparing results obtained Raper 11 andV, it seems that the effect of plasma is relatethéo
enzyme typology. The different resistance to demaditn by plasma agents could be caused by the
different structure and by the presence of isoemsynfrurthermore, the kind of fruit tissue, the
specific microstructure and porosity (e.g. 13.3.& % for melon and 27.3 £ 1.1 % for apple, as
found by Muujica-Paet al. (2003)) can be assumed to affect the differemtitnent response.
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POD Residual activity (30%)

PME Residual activity (%)

15+15 30+30

Figure 9. Peroxidase (POD) and (b) PectinmethylesteraseEjPidsidual activity of melon samples treated with
plasma for 15+15 and 30+30 min. * indicates samgias were significantly different from control spla at a p-
level<0.05 (Fig. 2 irPaper V).

4.1.4 Effect on tissue metabolism

The impact of plasma exposure on tissue metabadisat date, still largely unknown.

Respiration rate during storage of strawberries emelry tomatoes was found not significantly
affected by in-package plasma treatment by Mesral. (2014) and Misrat al. (2014).

Papers Il andV evaluated the production of the tissue metabodiat tassessed by isothermal
calorimetry upon plasma exposure on apple and medmmples respectively. For apples, plasma
treated samples showed an irregular and highergredtiction, but only in the first six hours after
treatment. These results may indicate a physichbgeaction to the stress induced by the reactive
species. In the second part of the analysis, mtdétbsamples a lower heat profile compared to the
control sample was observed.

For melons, heat production after plasma treatmest lower compared to the controls for all the
duration of the analysis. Differences were morenpumced as the analysis proceeded, as shown by
the total metabolic heat produced obtained intagganetabolic heat profiles during the first 12 h
and during 24 h at 10°C, as reportedHogur e 10.

Simultaneously, in both apple and melon tissuesaltaration of the cellular respiration pathway
was observed after cold plasma exposure. In péaticplasma exposure seemed to have caused a

decrease of ©consumption in relation to the G@roduction. To explain these results, a partial
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conversion of the tissue respiratory metabolisrmfieeerobic to anaerobic has been hypothesized as
a consequence of a chemical stress of the frgit¢ipromoted by the treatmeRbper 111 andV).
Nevertheless, the mechanisms appeared complexhamdlation with treatment time was not clear

highlighting the need for further clarifications thre response mechanisms.
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Figure 10. Normalized heat produced by melon samples dutidgand 24 h of analysis at 10°C. Different letters
indicates samples that were significantly differanp-level<0.05 (Fig. 4 iRaper V).

4.1.5 Effect on nutritional value

Although few researches have been carried outisadéite about the impact of plasma treatment on
the nutritional value, it is important to take irdocount the fact that plasma reactive speciesicoul
promote the oxidation of bioactive compounds suekitamins C and E, or of polyphenols which
are naturally occurring antioxidants in fruit andgetable products. Moreover, considering that
oxidation of components occurs mostly at the producface, the penetration power of plasma
reactive species into the food matrix is not kn@md it probably depends on the food porosity and
microstructure.

Wang et al. (2012) observed that loss of vitamin C contendiffierent vegetables exposed to
plasma was only slight and probably mostly affedigd)V.

Grzegorzewskiet al. (2011) and Grzegorzewsktt al. (2010) studied how plasma treatment on
lamb’s lettuce Yalerianella locusta affected polyphenolic compounds content, compatime
effect on pure substances and within the productrixnaDegradation of compounds was
proportional to treatment time and reduced by ffextof the matrix.

Berardinelliet al. (2012) and Gozzt al. (2013), using the same plasma generator we usetied

the effect of plasma treatment on whole “Abate Feiear and “Fuji” apples on the antioxidant
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activity of both pulp and peel, finding a reductiam a consequence of the longer treatment, but the
results were affected by the type of fruit consadier

Generally, the literature review showed that thielding effect of the matrix greatly influences the
effect of plasma reactive species on bioactive ammgs, hence the nutritional evaluation should
be carried out for each specific product.

Paper 1V reports an approach to test the effect of doubleidr discharge (DBD) cold plasma
treatment on the potential effect on health properf minimally processed kiwifruit. Content of
antioxidant compounds such as chlorophyll, carattnoascorbic acid and polyphenols was
evaluated after plasma exposure but also duringaggo Furthermore, thm vitro antioxidant
activity was quantified by differenin vitro assays: the 2,2'-azino-bis(3-ethylbenzothiazoline-6
sulphonic acid) (ABTS) radical scavenging assay #h2-diphenyl-1-picrilhydrazyl (DPPH
radical scavenging assay, and the ferric reduamigxdant power (FRAP).

According to the obtained results, no significamamges in antioxidants (ascorbic acid and
polyphenols) content and antioxidant activity weleserved among treated samples and control
ones.

In Paper VI a plasma treatment, that was already proved tbemeficial in terms of enzymatic
browning reduction in fresh-cut apples, was testedrder to evaluate the effects on antioxidants
content and antioxidant activity of the product.eTphenolic composition of treated and control
samples, analysed by HPLC-MS (high-performanceidiqthromatography-mass spectrometry)
showed a different effect on different classes ompounds according to treatment time. In
particular, as a consequence of catechin polyntemsaproducts and of the increase of
hydroxycynnamic acids and chalcones, phenolic lerodif fresh-cut apples was significantly
affected by 10 min treatment, both in quantita{eeout 20% of increase) and qualitative terms.
After 30 min of treatment, when plasma effect ozyamatic browning inhibition was significant,
flavan-3-oils content was lower compared to notted apples, while dihydrochalcones and
flavonols evidenced a slight increase.

As expected, considering its strict connection leet polyphenols amount, antioxidant activity
evaluated by differenin-vitro methods followed a similar trend, increasing aft€r min of
processing. The DPPHe showed a lower sensibilijmgared with TEAC assays, while FRAP
showed similar values to TPI assay, as reportdchbie 2.

Moreover, for the longest treatment time inveseda30 min), that was found to have a significant
positive effect on browning inhibition, sone-vivoantioxidant test were carried out, in particular
the ability of polyphenolic extracts from treatatlauntreated apples to protect Caco2 cells, which

show biochemical characteristic of normal aduleemtytes, against oxidative stress.

29



Table 2. Total phenolic content (TPI) and antioxidant ityi (umol kg'.,) of Pink Lady apples as affected by plasma
treatment timeTable 3 in Paper VI)

time|
(min)
Extract 0 10 20 30 120
TPI® amphiphilic 12633%  13702* 12460° 11383 82074
TPI? hydrophilic 8550 9173 081 10502 623¢
TPI® hydrophilic + amphiphilic 13484 14622* 13357° 12242¢ 87904
ABTS?  amphiphilic 142650 15076 14734% 13526 10098°
ABTS?  hydrophilic 8552 644 840 6860 803

ABTS?  hydrophilic+ amphiphilic 15120 157200 15574® 14212b 10900°
DPPH?  hydrophilic+ amphiphilic 22543= 23008 21311* 21868 16608F
FRAP® hydrophilic+amphiphilic 26900b 30123 27781b 25913b  17024¢

Values followed by different letters within the same row are significantly different ata p<0.05level.
Humol GAE kglew), Wumol TE kglew,), (umol Fe2kglew)

To our knowledge, no previous researches have ss$éise effect of chemical species generated
during gas plasma treatment on human cell lineuResbtainedRaper VI) demonstrated that the
polyphenolic extract from plasma treated apple does induce significant changes in cell
proliferation in comparison with untreated applertRermore, Caco 2 cells exposed to moderate
oxidative stress induced by the polyphenols exdradministration are able to protect themselves
through the expression of phase Il detoxifying enesy.

According to the results obtained in this firstdstuthe DBD plasma treatment seems to be a
promising tool to preserve the qualitative progertand the phytochemical profile of fresh-cut Pink
Lady apples. Further, apple exposure to gas platmea not seem to generate chemical species
harmful to human cells although other studies itlutsg models are needed to confirm this

preliminary data.
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4.2 Vacuum Impregnation

Vacuum Impregnation (VI) is an innovative techngldbat allows the introduction of desirable
ingredients into a porous food structure, explgitia mass transfer known as hydrodynamic
mechanism (Fitoet al, 2001). The process involves a two-step pressbhenge. In the first
(vacuum step) the pressure in a solid-liquid systemeduced causing the expansion of the gas in
the product pores and its partial outflow until fm&aical equilibrium is achieved. In the second
step (atmospheric step), the atmospheric pressureestored, the residual gas in the pores
compresses and the external liquid flows into tbeep (Tylewiczet al, 2012). Compared to the
classical diffusion processes, such as candyingngasoaking, osmotic dehydration, which are
carried out by simple dipping or prolonged immensaf the product in the solution for several
hours or days, VI has the advantage of a fast pmrm@t — only few minutes — of the active
substances directly into the internal structuréhefproduct (Saurel, 2002).

VI has been recognized as a potential technologyttie enrichment of food with nutritional
substances, nutraceutical and/or functional comgeuantimicrobial and antioxidant substances,

organic acids, structuring substances, etc. (Besbra,, 2003).

4.2.1 VI for technological functionality
VI treatment can be considered a gentle procegsshibrt treatment times at low temperatures that
minimize heat damage to plant tissues thus allowangreserve colour, aroma and heat sensitive
components. It has been used as a pre-treatmannt tpridrying, freezing and frying (Bolin &
Huxsoll, 1993). Moreover, according to Alzamat al. (2000), VI can exert a positive effect
inhibiting oxidative and enzymatic browning by oeygremoval from the pores.
With the aim of improving product quality and stélj VI has been used in combination with
different compounds in order to inhibit browningeplomena (Perez-Cabreztial, 2011), reduce
pH (Derossiet al, 2013, 2010), improve freezing tollerance (Velica@t al, 2013; Phooret al,
2008) and for aroma enrichment (Comaneinal,, 2010).
Few works have been carried out on the impregnatitimcalcium to improve texture of minimally
processed products. Occhirbal. (2011) investigated the effect of calcium and otsteucturing
compounds in zucchini slices, while Degraeteal. (2003) and Guillemiret al. (2006) combined
calcium and pectinesterase for strawberry and appipregnation finding a remarkable synergistic
effect in increasing firmness. Nevertheless, gdlygpablished studies are limited to the immediate
effect of the treatment and do not take into cagrsition the evolution of the product quality during

storage in real conditions.
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In Paper VII, the effect of VI with calcium lactate (CalLac) wassestigated on qualitative
parameters of minimally processed melon duringasfer

In the first part of the research, an optimisatéthe process parameters, such as vacuum pressure
and Calac concentration was carried out usingfacorial design and modelling data with second
order polynomials that allowed to evaluate the affeof linear, quadratic, and interactive terms of
the independent variables. Moreover, in order ttiebainderstand the interactive effects of the
independent variables, surface plots based on thedels were drawn.

An example of the graphical representation of tffece of the selected variables on product

firmness is reported iRigure 11.
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Figure 11. Three-dimensional contour plots showing the afed the interactions [P] x [C] on weight gain (\W&)
(Fig. 1 inPaper VI1).

Both pressure and CalLac concentration were foumufiteence significantly the impregnation level
and the qualitative parameters assessed. On tiedfdke overall results obtained in this firsttpa
of the study, sample impregnated at 600 mbar andC&¥%ac concentration, although it showed the
lower impregnation level, was chosen for the furiterage study.

In the second part of the study the effect of tekeced vacuum treatment (VI), compared to a
dipping at atmospheric pressure in the same Cablatian (D) for the same duration and to the
control ones (C) on some quality aspects of fragh¥elon samples during storage were analysed.
Despite of the high variability of the raw materiaésults showed that VI allowed a better
maintenance of texture during storadgeéiglre 12A). Nevertheless, other quality traits were
negatively affected by the application of vacuumpitegnated products were characterised by a
darker and more translucent appearance on the rsicobthe alteration of the structural properties
(Figure 12B). Moreover microbial shelf-life, calculated as titae necessary to reach a threshold
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microbial load of 6 Log CFU Y was reduced to four days compared to the sevéined for

control and dipped samples.
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Figure 12. Textural parameters (hardness and linear disjaanog colour coordinates (L* and h°) of melon saespl
during storage. Different letters indicate statisilly significant values among samples at the sstorage time (p<0.5).
(Adapted from Fig. 3 and 4 Paper VII)

4.2.2 VI for nutritional functionality

Main studied carried out on the nutritional enri@mnof fruit and vegetable products by VI with
different bioactive compounds have been reviewedlzgmoraet al. (2005) and include mainly
fortifications with probiotic microorganisms or nerals such as calcium, iron and zinc in order to
increase the daily intake and reach nutritionabm@mendations. More recently, fruit juices with a
high content in bioactive compounds (Castagatral, 2015; Diamantet al, 2014; Betorett al,
2012) or other health-promoting substances suchlas vera (Sanzanat al, 2011) or honey
(RoRleet al, 2011) have been used for product enrichment.

The enrichment of fruit and vegetable matrices utictional compounds can be interesting from
different perspectives, it opens the opportunitydefveloping novel products for the industry
combining the health properties of both compondnis.can also increase the bioavailability of the
active components. Indeed, various authors agre¢éhenncreased health benefits of bioactive
compounds within a food matrix compared to the nam#ion of the single compounds (Betogét
al., 2012).
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Moreover, VI process itself seems to exert a pasigffect on the stability of some compounds
such as anthocyanins in strawberries, helping &sgwe antioxidant activity during processing
(Watanabeet al, 2011).

Surely, in order to develop a functional produdsihecessary not only to successfully impregnate
the matrix with the bioactive compounds but alsevaluate their stability during storage and their
bioavailability.

In Paper VIII, VI of apple cylinders has been carried out with iaotonic sucrose solution
containing a green tea extract (GTE) with the aoldibf ascorbic acid and the stability of some
gualitative and nutritional characteristics of ti#ained product has been evaluated during storage.
Green tea is a high source of catechins, knowrate Istrong antioxidant properties, widely studied
both in in-vitro and in-vivo studies, and its consumption is related to theaedse of various
diseases. The amount of GTE was chosen in ordebtein after impregnation a concentration of
catechins in the final product equal to the qugribtind in a cup of tea (50-110 mg), according to
Lavelli et al. (2011), considering a 50 g apple portion.

The addition of GTE to the impregnating solutioompted various effects. Firstly, a reduction of
the respiration rate, evaluated measuring the gagaosition of packages, was observed. Lack of
previous reports on the impact of catechins ort tissue metabolism makes these results difficult

to interpret, and highlights the need for furtherastigation.
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Figure 13. Colorimteric parameters, L* and h°, of of fregipke (F) and vacuum impregnated samples with saqi®s
sucrose and GTE (SG), sucrose and AA (SA) and saciA and GTE (SAG)as affected by VI treatmenftfddent
letters show significant differences among samfelevel < 0.05).Fig.1 in Paper VIII)
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Main variations though were observed on produatwoind antioxidant properties during storage.
In particular, the addition of catechins leadsrtaramediate increase of the yellow/orange colour
components of impregnated samples as showfidwyr e 13, and to a higher degree of browning
development. Due to oxidation phenomena, a markdde browning was observed during
storage in samples impregnated with GTE, as showfidure 14, along with a decrease of total

phenolic content (TPC).

Figure 14. Visual examples of fresh, untreated sample (f) samples impregnated with sucrose and GTE (SG) and
sucrose, ascorbic acid and GTE (SAG) solutioneeaehd of the storageri. 3 in Paper VIII).

On the other side, antioxidant activity, measurdth vthe in-vitro DPPH method, although it
showed a good correlation with the TPC, did notagsvreflected the decrease in antioxidant
compounds. To better understand this discrepandysther investigation on the quality of the
phenolic compounds during storage should be caougd

The addition of 1% of ascorbic acid allowed to &etireserve colour and antioxidant properties
during storage, limiting oxidative phenomena. Itkisown that ascorbic acid is able to inhibit
browning reactions, mainly because of its abildystavenge oxygen and to be oxidised reducing
guinones to phenols, before they can participafarther reactions that lead to coloured pigments.
Results obtained in this preliminary study showwat enrichment of apples with GT catechins and
ascorbic acid seems to be promising in order tainb& nutritionally fortified fruit product,
nevertheless represented only a first step in dimisction. Future researches on the qualitative
characterization of the phenolic compounds duringrage and their relationship with the
antioxidant activity, together with furth@r-vitro andin-vivo experiments for the evaluation of the
antioxidant properties need to be carried out. Meoee, aspects related to the tissue metabolism and
respiration of the fresh apple tissue need furitheagstigations.

In terms of sensorial acceptability, the impactapiple VI with green tea has to be carefully
examined, considering its astringency and bittetetataking into consideration the possibility to

change in quantitative/qualitative terms the foratiolh of the impregnating solution.

35



4.3 Osmotic Dehydration

Osmotic dehydration (OD) consists in the partialvalering of a cellular tissue process by
immersion in a hypertonic solution. The concentratgradient between the solution and the
intracellular fluid is the driving force of the press that involves dehydration or water removal
from tissues and the simultaneous impregnatiomefsblute (or solutes) present in the solution in
contact with the food (Kowalska & Lenart, 2001).

OD has a wide range of applications in the devekamnof minimally processed plant foods or as
pre-treatment for other preservation methods sadreazing or drying (Loredet al, 2013).

The type of solute used in the osmotic solutioratiyeaffects the dehydration kinetics, but also the
organoleptic and nutritional properties of the fipeoduct and the process cost.

Calcium in OD solution has been used with the @inm¢rease firmness of plant tissue and enhance
the process efficiency, restricting the sugar gaid increasing the water loss (Peretal, 2006;
Ferrari et al, 2010; Mavroudiset al, 2012), but also as a method for obtaining notmgily
fortified products (Silvaet al, 2014Db).

The addition of ascorbic acid to the osmotic soluthas been used for reducing enzymatic
browning by Lenart (1996) and for compensate thes lof ascorbic acid in the fruits during the

dehydration process by Ramallo & Mascheroni (2010).

4.3.1 Masstransfer kinetics

OD involves two main mass transfer phenomena: wéteving out of the tissue and the
simultaneous counter flow of solutes into the tsdaut there can also be some leaching of native
soluble solutes such as organic acids, sugars,raténand flavours. Kinetics of mass transfer
depends on many variables, some in relation togsparameters, such as temperature, treatment
time, concentration of the osmotic solution andetygf solutes, some in relation to structural
parameters of the biological tissue, such as catunty and porosity.

The kinetics of mass transfer is usually descrittedugh the terms: water loss, solids or solutes
gain, and weight reduction. These parameters candukelled to obtain constant able to describe
the dehydration kinetics. The equation proposedPbleg (1988) and redefined by Paleual.
(1994) that has already been successfully appledddscribe osmotic dehydration kinetics
(Tylewicz et al, 2011; Santagapitat al, 2013), was used iRaper X.

Moreover, the efficiency of water removal in retetito sugar impregnation of tissues, can be
expressed by the following equatidPaper 1X):
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Efficiency= WL
ASuc

where WL indicate water loss an&uc indicates the gain in sucrose.

Paper I X andX investigated the effect of the addition of calcilactate (CalLac) and ascorbic acid
(AA) to sucrose (Suc) osmotic solutions on masssfier in apple tissue.

The presence of calcium in solution promoted a driglater loss and a lower sucrose gain,
compared to the Suc solution enhancing processiasffiy, as already observed in various fruit
tissue subjected to osmotic dehydration in the gures of calcium salts (Pereigd al, 2006;
Mavroudiset al, 2012; Silvaet al, 2014a; Silveet al, 2014b). The effect of restriction of solute
transport has been attributed to the reductiorelhveall porosity and to the formation of calcium
pectate due to the interaction of the ion with ecarboxylic groups.

With the combination of both solutes, water contesais further reduced probably because the
higher osmotic potential due to the lower wateivégtof the ternary solution, while sucrose gain
was favoured.

To better understand the influence of the solutesttee mass transfer kinetics, the effective
diffusion coefficients for water, sucrose, calcitand ascorbic acid were calculated based on
Diffusion Equation Paper X, Materials and Methods section), considering dmite cylinder;

results are reported ihable 3.

Table 3. Effective diffusion coefficients of water, sucep@scorbic acid and calcium (Table Faper X)

D D D
L , RRMSE " , RRMSE " ,  RRMSE D, x100 s
%1010 R (%) %1010 R (%) %1010 R (%) 7 i E
Tl 2 25 [m?s] (%)
[mls] [mis!] [m2s1]
Sue 1.4 0.976 5.8 1.2 0.961 6.8
Suc-Calac 1.6 0972 6.3 1.4 0.971 37 34 0.985 12.8
Suc-AA 1.8 0.980 49 1.9 0.979 8.1 - - 2.5 0984 66
Suc-CaLac-AA 14 0.973 6.9 0.9 0.951 7.5 2.0 0.984 6.5 1.7 0982 54

When the selective permeability of the membrangweéserved, the transport of larger molecules
such as sucrose through the cell tissue is redocetbared to the diffusion of smaller molecules

such as water, as indicated by the higher D caeffidor water in Suc samples.

Moreover, for pure sucrose-water solutions, diffasicoefficients decrease as concentration
increases. However, diffusivities in multi-componealutions present particular behaviour because
of the interference between the fluxes and thegmes of other solutes that may affect diffusivities

in a different way (Silvaet al, 2014b).
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In particular, water and sucrose diffusivities wérigher and similar after the addition of 2%
ascorbic acid, indicating losses of the tissuegintyy, making available all cellular spaces for arat
and solutes diffusion.

Conversely, when CalLac and AA were both preserthénsolution the diffusion coefficients, for
sucrose but also for Ca and AA, were lower as é@xigected when the concentration gradient was

higher.

4.3.2 Effect on water state and cellular compartments

Water in cells is compartmentalised into severgbmaivisions, i.e. extracellular spaces, cytoplasm
and vacuoles. NMR relaxometry is an analytical métthat has been successfully applied for the
determination of the water content and its mobilitythe different cell compartments (Hills &
Duce, 1990). By acquiring transverse relaxatioretiffy) weighted curves, it can give quantitative
information in relation to water content and wapeoperties in different proton pools within the
tissue (Tylewiczet al, 2011; Panareset al, 2012). LF-NMR allowed to study a number of
different physiological conditions in several faiiand vegetables, including changes caused by
ripening, bruising, microbial infection, drying,ezing and high pressure processing (Hills &
Remigereau, 1997; Hills & Clark, 2003; Marighetioal, 2004).

Furthermore, this techniqgue has been used in O[plafts to evaluate water mobility and
distribution within the cellular tissue (Tylewiet al, 2011; Panareset al, 2012; Santagapitet

al., 2013).

Paper I X reports LF-NMR analysis to evaluate the changewater mobility occurring at cellular
level on apple tissues during OD with sucrose (Seadtium lactate (Ca) and ascorbic acid (AA).

By fitting the To-weighted curves to a continuous distribution op@xential curves, three proton
pools were observed and ascribed to cell compatsyies vacuole, cytoplasm plus extracellular
space and cell wall (Cornillon, 2000). The relatimensity of the three populations observed
during OD treatment is reported kingur e 15.

Upon OD, water was dislocated from vacuoles to mgem+free space. This expected effect was
influenced by the presence of other solutes. Itiquaar, the Suc-CalLac-AA solution promoted a
higher water released from vacuoles, probably eatia higher osmotic potential.

The presence of calcium in the osmotic solutionmssk to have had an impact on the water

population related to the cell wall, reducing rigensity compared to other treatments.
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Figure 15. Peak intensity of the proton pools in differentlg@r compartments as a funct of the osmotic
dehydration time, in different osmotic solutionsll e intensities wel scaled so that the total signal from fre
samples (t=0) equals 10(a). Vacuole and cytoplasm plus free spa(b). Cell wall. The same letter on the sa
column in the auxiliary tables means no signifiadifference by the Duncan test (p < 0.05)g. 3 in Paper 1X).

4.3.3 Effect on cell viability and tissue metabolism

Various authors have studied the effect of OD dhwability and tissue metabolisnPanareset
al. (2012) observed progressive reduction in the metabolic heat pradaauringOD in Kiwifruit
slices and suggested that the decrease was duestiuetion of cell viability induced by osmo
stress. Mavroudist al. (2004)found thaionly few layers of cells on the surface are expktbedie
upon an osmotic treatment of apple te in a 50% sucrose solution, while plasmolysis
shrinkage occur in the rest of the tissSalvatori & Alzamora (2000jound that a 25% wh
sucrose solution can cseivesciculation and rupture of cell membranegpieatissue

Moreover, a reduction ithe respiration rate of osmotically dehydrated nom: (Torreset al,
2008), strawberries (Casteld al, 2010) and grapefruit (Moragd al, 2009 has been observed.
In paped X andX, we attempted to ewate the effect of OD with calcium aascorbic acid on cell
viability and tissue metabolism in apple cylind
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Figure 16. Slides of parenchyma apple tissue stained with Bfiér immersion in osmotic solutions for 120 m{ay).
Control; (b-d). Osmotically dehydrated in osmotic solutiondy.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 (Fig. 2 Paper 1X)

Figures 16 and 17 show apple tissues stained with fluorescein deaeetFDA) and neutral red
(NR) after OD. As it can be observed, while the 408 sucrose treatment generally preserved the
viability of apple cells, the presence of otheruse$ had different effects. In particular, high
concentration of calcium (4%) reduced fluoresceimtensity and although vacuoles were still
visible, the red colour was less spread out higilng the possibility of some membrane damage.
On the other hand, the presence of AA in the smhytiead to a strong loss of cell viability and no
stained vacuoles suggesting that high AA conceaatratand/or very low pH affect the membrane
integrity and permeability.

Unexpected results were found for treatments inGaicac-AA solutions that strongly affected the
tissue functionality. Although it is possible toswualize vacuoles ifrigure 17e.1 to 17e.3, the
vitality was completely lost in cells that underwehis treatmentRigure 16e.1 to 16e.3). This
effect may be due to a different pH of the solusiohigher after CalLac addition, that allowed a
better preservation of the tonoplast semi permiabdlthough plasmalemma was probably

damaged due to the low pH and/or high AA conceiatnabecause no vitality was detected.
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Figure 17. Slides of apple tissue stained with neutraldbefore immersion in osmotic solutions for 120 may.
Control; (b-d). Osmotically dehydrated in osmotic solutiondy.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%CalLac+1.5%AA;
(e.3). 40%Suc+4%Calac+2%AA (Fig. 3 Paper 1X).

In order to better understand the effect of thattments, iPaper X, metabolic heat production and
respiration rate of samples dehydrated in the tbifierent solution for 30, 60 and 120 min, were
evaluated up to 24 h after the treatment.

Although fluorescence results indicated that vigbivas preservedPaper |X), a slight reduction

in metabolic heat production proportional to treatintime and a lower respiration rate compared to
the fresh samples, both in terms of O@oduced and ©consumed Kigure 18) were observed
after Suc treatment.

The presence of calcium in the osmotic solutionsedua further decrease of metabolic heat
production and respiration rate. In previous stsidi€astelléet al, 2010; Luna-Guzmaet al,
1999), the ability of calcium to slow down tissuetabolic activity and thus to enhance its stability
has already been observed.

On the other hand, the presence of AA in the osmstiution promoted a drastic increase of
metabolic heat production as treatment time in@@asp until 50% compared to the fresh sample.
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Paper I X already showed that the presence of AA can caeseus injury to cellular structure,
probably due to low pH of the solutions (Limbo &Rjiovanni, 2007; Roccudt al, 2005).
Furthermore, a change in the respiratory pathway atserved in sample dehydrated with the Suc-
AA solutions Paper X), showing a sharp increase in oxygen consumptammpared to other

samples that in turn promoted a respiratory quotigerior to one.

X fresh Aerobic behaviour
*Suc (0.8<RQ<1.3)
25 ASuc-Calac 7 ‘ Makinoetal., 2013
W Suc-AA rd
; |i.—‘
o Suc-Calac-AA .
20 : H“—
- P 8

. E—
——

RRCO, (mg kg'th?)
&

0 5 10 15 20 25 30
RRO, (mg kg'h1)

Figure 18: Respiration rates expressed as oxygen consumB@.jRand carbon dioxide produced (RRgOfor
treatment time of 30 min (smaller size symbol),r8®, 120 min and 240 min (higher size symbélig( 3 in Paper
X).

When combined with Ca, heat production decreasedpshto a level lower than untreated
samples, except for those treated for 240 min @rigiolid gain), which showed the highest heat
production values. These results confirm previouslimgs, suggesting that AA solution can
promote a stress response on specific fresh-cuetablp tissues, and an increase of their
endogenous metabolic activity, confirmed by a higbgconsumption observed by head space gas

determination.
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4.4 Pulsed Electric Field (PEF) treatment

PEF technology is an innovative non-thermal protieasinvolves the application of short duration
pulses of high voltage electric fields to a samipi&gween two electrodes. It has been studied
primarily as a tool aimed at microbial inactivatiqifimmermanset al, 2014; Gonzalez-Arenzana
et al, 2015), but recently several studied have focusedits application for mass transfer
enhancement (Taiwet al., 2002; Donsiet al, 2010; Puértolagt al, 2012). The partial cell
membranes electroporation induced by PEF treatthants exploited for the acceleration of mass
transfer processes, can cause permanent damagd orembranes and even induce cell death.
The extent of the process, also known as electatipor, strongly depends on the applied process
parameters such as electric field strength, nurahdrshape of pulses, their width and frequency.
Indeed, different goals and industrial applicatiar@ be achieved by adjusting the treatment
conditions (Barbat al, 2015).
Application for MPF, aimed at aiding mass exchabgéveen the tissue and an outer solution,
could be limited since PEF, by acting at the levemembranes, can also deeply affect the cell
activities. As a consequence, metabolic stressoresgs of cells can be induced and lead to
undesired effects on the quality of the final prasu
In Paper XI, the evaluation of the metabolic response of apipiie subjected to PEF treatment
was attempted. Treatments were carried out usiagnmeetangular shaped pulses with fixed 100 ps
pulse width and 10 ms repetition time at threeedéht specific voltage (100, 250 and 400 Vm
and fixed pulse number series (n=60).
Isothermal calorimetry was used to measure metlb@at production during 24 h after the PEF
treatment. Simultaneously,@onsumption and CQOproduction were monitored through a static
method and compared to a fresh untreated sampseiltReshowed that the lowest voltage (100 V
cm?) applied did not induce a significant modificatiam the metabolic heat production but
promoted a slight acceleration of the respiratiate, rthat was attributed to a response to thesstres
caused by the treatment. Conversely, samples gatjéz medium and high voltages (250 and 400
V cm™) showed a heavy reduction of the metabolic hedt @inthe respiration rate suggesting
irreversible electroporation of apple cells. Hentecan be affirmed that the metabolic stress
response induced by pulsed electric fields wasgtyorelated to the electric field strength.
Moreover, in order to better understand the immddPEF treatment on tissue metabolism, high
resolution *H nuclear magnetic resonance (HR-NMR) was emplof@dthe analysis of the
metabolic profiling. Among the 38 metabolites idees, statistical multivariate analysis allowed to
select 8 compounds that discriminated the samflbs. quantification of these 8 metabolites,
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represented ifrigure 19, allowed to put forward some hypothesis about tfferdint PEinduced
metabolic pathways.

Variations of ethanol, acetaldehyde and-propanol confirmed that anaerobic respiration t
place and that loss of cell viability occurredta highest treatment field streng

Moreover, the generation of reactive oxygen spe¢R®S) induced imndiately after the
formation of pores (Teissiet al, 1999)seems to have caused an oxidative stress to thee
highlighted by the changes inrt@ric acid and epicatechin, while an alteratiorihegf Kreb’s cycle
was hypothesized on the basis of theiation of y-Aminobutyric acid, as already observed

Galindoet al.(2009) on PEF treated potato tis:
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Figure 19. Concentrations of the important metabolites asearisom metabolom analysis. Values are means
standard deviations (n=36) and differences bet means with the same lettare not significant at p<0.05ig. 4 in
Paper XI)

Since irreversible damages to membranes are natablesin MPF, an accurate control of ti
process parameters is fundamal for the feasible application of PEF to thisdkof products. Oi
the other side, the application of electric fieldesgth below the threshold of irreversibili
promoted only slight modifications of the metabopoofiles indicaing the feasibility of th

treatment at those conditions.
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5 Conclusions

The research findings of this PhD activity increasiee understanding of the main phenomena
involved on quality aspects of fruit minimal prosgg). The most consistent results related to the
applied non-thermal techniques confirmed theiredéht potentiality in the optic of processing and
product innovation, but also the need of their mation in relation to the different raw material

susceptibility to degradation and final producter

Cold plasma treatment effects on fresh-cut fruitiralsterized by different kind of stability
criticisms, resulted mainly bound to the inactigatiof degradative enzymes and microbial cells,
without evidencing functional modifications in tfieal products.

The study of osmotic dehydration and vacuum impaégn highlighted the potentiality of these
techniques to be successfully applied for cold fdation/enrichment of minimally processed fruit,
but also the necessity of carefully accounting fioee metabolic and structural modifications
promoted by the processing on the vegetable tisguesduction of metabolic stress response was
also evidenced as a consequence of pulsed eléetds treatment, related to electric field stréngt
Below the threshold limit of irreversible damagescell membranes, the treatment promoted only
slight and reversible modifications of the metabgirofiles, evaluated through calorimetry and

metabolomic analysis on fresh-cut apples.

The applied methodologies, approaching the prodiscta dynamic system both in terms of
endogenous physiological activity and porous maitniberacting with the surrounding ambient
(during processing and storage), resulted very mmiogn for the development of innovative
vegetable products increasing related knowledges Tan only be carried out through the
application of a multianalytical approach basedt@combination of different techniques, such as
calorimetry, fluorescencel/light microscopy, TD-NMIRd NMR-based metabolomics, coupled with

other physico-chemical and enzymatic assessments.
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ABSTRACT

The aim of this work was to evaluate the influence of the ripening stage on fresh-cut kiwifruit tissues in terms of quality and tissue
metabolism, during accelerated storage (AS) in controlled conditions. For this purpose three different ripening stages were selected,
corresponding to about 11, 13 and 15 °Brix. For each ripening stage the fruits were peeled and cut into 1 cm thick slices and stored
in climatic chambers at 10 °C, 90% RH, for 3 days. During storage, quality indices as soluble solid contents, titrable acidity, colour
and texture were monitored. Metabolic assessment was carried out evaluating the endogenous metabolic heat using isothermal calo-
rimetry, and monitoring O, consumption and CO, production simultaneously. Differences were found in the evolution of the quality
indexes during storage; in particular kiwifruit at the lowest ripening stage showed the slowest quality degradation, both in terms of
softening and visual quality modifications. Metabolic heat production results were different at the different ripening levels investi-
gated, evidencing a strict connection between the physiological state of the tissue and the entity of its wounding response.

Key words: kiwifruit, accelerated storage, quality.

REZIME

Cilj ovog rada je bio da se proceni uticaj stadijuma zrelosti sveze secenog tkiva kivija u pogledu kvaliteta i metabolizma tkiva, to-
kom ubrzanog skladistenja (AS) u kontrolisanim uslovima. Za ovu svrhu izabrana su tri razlicita stadijuma zrelosti, $to odgovara sa-
drzaju suve materije od 11, 13 i 15°Brix. Za svaki stadijum zrelosti plodovi su oljusteni i iseceni na 1 cm debljine i ¢uvani u klima
komorama na 10°C, relativnoj viaznosti od 90%, tokom 3 dana. Tokom skladistenja, praceni su kvalitativni pokazatelji: rastvorljivih
évrstog sadrzaja, titraciona kiselost, boja i tekstura. Metabolicka procena sprovedena je ocenjivanjem endogene metabolicke toplote
koristeci izotermni kalorimetar i pracenjem potrosnje O, i proizvodnje CO, istovremeno. U oceni kvaliteta tokom skladistenja
pronadene su razlike;, posebno je kivi na najnizem stadijumu zremja imao najsporiju degradaciju kvaliteta, kako u pogledu
omeksSavanja tako i vizuelnih promena kvaliteta. Rezultati metabolicki proizvedene toplote bili su razliciti pri razlicitim nivoima zre-
losti, pokazujuci strogu vezu izmedu fizioloSkog stanja tkiva i odgovora subjekta na ostecenje.

Kljucne reci: kivi, ubrzano skladistenje, kvalitet.

ing storage compared to partially ripe and full ripe slices (Soliva-
Fortuny et al., 2002). Slices of slightly under ripe ‘Conference’
pears underwent minor browning and softening processes com-
pared to slices of riper fruits (Soliva-Fortuny et al., 2004), prov-
ing the first to be more suitable to minimal processing proce-
dures. Generally the fresh-industry prefers to process firmer and
less mature fruits because of technological suitability, and a con-
sequent longer shelf-life of the final product (Hodges and Toivo-

INTRODUCTION

Minimally processed fruits are products that have to maintain
their quality attributes similar to those of the fresh ones. How-
ever, being metabolically active tissues, they show physiological
reactions to mechanical stress suffered from peeling, slicing, dic-
ing, shredding or chopping. These minimal processing opera-
tions result in a major tissue disruption, consequently the loss of T A > ’
cellular compartmentalisation promotes the contact between en- "€/ 2008), although at this ripening stage the fruit organoleptic
zymes and substrates and an overall increase of metabolic activ- quality and flavour profile are lower (Gorny et al., 2000; Beau-
ity (Alzamora et al.,2000; Hodges e Toivonen, 2008). lieu and Lea, 2003, Aguqyo. et al., 2004, Beaulieu 2006a). Ev.en,

Severity of the wounding response could be affected by sev- generally the.: ﬂavogr is 1ndlcat§d by consumers as the most im-
eral factors, both internal and external. Internal factors include portant quality attribute for fruits and vegetables, textural flaws
species and variety, but also both maturity at harvest and ripe- ~ a1¢ more often cause of non-acceptability of a fresh product
ness stage at cutting. Many studies have shown that the more (Harker et al:,.2003). Furthermore consumers are often found to
advanced is the stage of ripeness, the more susceptible the fruit ¢ More sensitive to small changes in texture than flavour (Beau-
is to wounds, hence to minimal processing (Brecht, 1995; Gorny ~ lieu et al., 2004). )
et al., 2000; Soliva-Fortuny and Martin-Belloso, 2003) thus em- Furthermore .several researches haye been focused on the in-
phasizing the fact that maturity influences stress tolerance fluence of maturlty stage on the. effectiveness of pretreatment for
(Hodges and Tovoinen, 2008). Mature green apple slices exhi- the production of fresh cut frqlts. Beirdo-da-Costa et al. (2096)
bited a better preservation of their initial firmness and color dur-  €Valuated the application of mild heat treatments to delay quality
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loss in fresh cut kiwifruit, and found that the treatment was ef-
fective only if the fruit was at an early maturity stage. Panarese
et al. (2012) studied the use of osmotic dehydration (OD) on ki-
wifruit at different ripening stages, finding a higher sensibility of
fully ripened fruits to osmotic stress. The higher reduction of
metabolic heat production in the ripe fruit was attributed to the
loss of membrane integrity and the consequent increase of mem-
brane permeability during ripening.

Kiwifruit is commercially important as fresh-cut fruit (4n-
tunes et al., 2010) and it has been the subject of several studies
addressed to the increase of its shelf-life through the application
of different pre-treatments (Mao et al., 2007; Villas-Boas and
Kader., 2007; Beirdo-da-Costa et al., 2006, 2008, Dalla Rosa et
al., 2011) and modified atmosphere packaging (Antunes et al.,
2010). In kiwifruit, minimal processing operations are known to
lead to excessive tissue softening (O ’Connor-Shaw et al., 1994,
Varoquaux, et al, 1990), to increased CO, and ethylene produc-
tion, to larger mass loss (Agar, et al, 1999) and to decreased fla-
vour intensity (O’Connor-Shaw et al., 1994), although loss of
firmness has been indicated as the most noticeable change in ki-
wifruit even at low temperatures storage (Varoquaux et al.,
1990; Gil et al., 2006). As a consequence, raw kiwifruits used in
the fresh-cut industry require high firmness and low soluble con-
tent (Beaulieu, 2010) in order to perform the mechanical opera-
tions, resulting though with an inadequate level of ripening for
consumption.

Although several researches have been carried out regarding
fresh-cut fruit quality, some basic aspects are still unknown,
mainly because only a few studies have been performed about
fresh-cut fruit metabolic response to processing stress. The aim
of this work was to evaluate the influence of ripening stage on
fresh-cut kiwifruit tissues in terms of quality and tissue metabo-
lism, during accelerated storage (AS) in controlled conditions.

MATERIAL AND METHOD

Raw materials

Kiwifruits (Actinidia deliciosa var deliciosa cv Hayward)
were brought on the local market. They were partially ripened at
4 £ 1 °C and 90-95% of relative humidity in air. Along the rip-
ening time, three different stages were selected, corresponding to
refractometric index values of 11.6 = 0.9 (LB-Low Brix); 13.5 +
0.8 (MB-Medium Brix) and 14.9 + 0.6 (HB-High Brix). For each
ripening stage the fruits were hand peeled and cut into 10 mm
thick slices with a sharp knife and stored in climatic chambers at
10 °C, 90% RH, for 3 to 4 days.

Qualitative determinations

Moisture content of kiwifruit samples was determined gra-
vimetrically by difference in weight before and after drying in
vacuum oven (pressure<100 mm Hg) at 70 °C. Drying was per-
formed until a constant weight was achieved (AOAC Interna-
tional, 2002). Triplicate measurements were conducted for each
sample. Soluble solids content (SSC) was determined at 20 °C
by measuring the refractive index with a digital refractometer
(PR1, Atago, Japan) calibrated with distilled water. Titrable
acidity (TA) was determined by titration with NaOH 0.1 N until
pH 8.1 (AOAC Official Method 942.15) and expressed as mg of
citric acid/100 g FW. For each sample, SSC and TA were deter-
mined in triplicate on the juice obtained from 10 kiwifruit slices,
after filtering through Whatman #1 filter paper. The ratio be-

tween SSC and TA has been used as a ripening index (Sweeney
etal., 1970).

Firmness (N) was evaluated by performing a penetration test
on kiwifruit slices outer pericarp tissue using a TA-HDi500 tex-
ture analyzer (Stable Micro Systems, Surrey, UK) with a 5 kg
load cell. Experiment was run with a metal probe of 6 mm di-
ameter, and a rate and depth of penetration of 1 mm s ' and 6
mm, respectively (Beirdo-da-Costa et al., 2006). Firmness (N)
was evaluated as the first peak force value according to other
authors. The mean of two replicates of each kiwifruit slice was
averaged (n=30).

Surface colour was measured wusing a colour-
spectrophotometer mod. Colorflex (Hunterlab, USA). Colour
was measured using the CIELab scale and Illuminant D65. The
instrument was calibrated with a white tile (L*93.47, a* 0.83, b*
1.33) before the measurements. Results were expressed as L*
(luminosity), a* (red index) and b* (yellow index).

Metabolic determinations

Six cylinders were sampled using a core borer from the outer
pericarp tissue of each kiwifruit slice and placed in sealed 20 ml
glass ampoule. Four 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 (precision) of £10 uW (Wadsé and
Gomez-Galindo, 2009). This instrument contains eight twin
calorimeters. Each calorimeter had its own reference and the
measured signal is the difference between the sample signal and
the reference signal. The reference is a sample with thermal
properties similar to the sample, except that it does not produce
any heat; water was chosen as the reference material. By assum-
ing that the heat capacity of kiwifruit dry matter (CST)is 1 J g—1
K-1, the quantity of water in each reference ampoule (Mw) was
determined as:

:CST'MST+CW'MW
Cy

M w
(1)

where Mgy is the dry matter content and My, is the water con-
tent of the kiwifruit sample; Cy is the water heat capacity. The
measurements were performed at 10 °C for 24 h. Immediately
after the ampoules discharging from the calorimeters, the CO,
percentage was measured in the ampoule headspaces by a gas
analyzer (MFA III S/L gas analyzer, Witt-Gasetechnik, Witten,
Germany).

Respiration rate was evaluated using a static method. Six cyl-
inders were sampled from the outer pericarp tissue of the slice
and sealed in 20 ml glass ampoule. CO, percentage of triplicate
specimens was measured in the ampoule headspace by a gas ana-
lyzer mod. MFA III S/L (Witt-Gasetechnik, Germany) after se-
lected intervals during 24 h at 10 °C from the sampling.

The respiration rate (RRCO,) was calculated as:

%CO

Mgy Vi - g 24101.325

t-m-R-283 )

where mmCO; is the oxygen molar mass (g/mol), Vi,q is the
ampoule headspace volume (L), %CO,, head is the carbon diox-
ide percentage in the ampoule headspace at time t (h); m is the
sample mass (kg); R is the gas constant (L kPa K™ mol™).
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Statistical analysis

Significance of the effects of ripening stage was evaluated by
means of t-Test and one-way analysis of variance (ANOVA,
95% significance level) using the software STATISTICA 6.0
(Statsoft Inc., Tulsa, UK).

RESULTS AND DISCUSSION

Physico-chemical parameters

Means values of the soluble solids content (SSC), titrable
acidity (TA) maturity index (°Brix/TA) and water content are
shown in Table 1.

Table 1. Physico-chemical parameters of kiwifruit samples
during storage at 10 °C 90 % RH.

Samples Days of SSC TA.(mg citric Maturi'ty index| Water con-
storage [(°Brix)| acid/100 g) (°Brix/TA) | tent (%)
0 11.56° 1.45° 7.95° 84.1°
LB 1 12.07° 1.50° 8.06° 83.9°
3 14.58° 1.47° 9.93° 82.6°
0 13.46° 1.47° 8.92° 85.1°
MB 1 14.64° 1.57° 9.35° 81.3°
4 16.27° 1.59° 10.26° 79.6°
0 14.88° 1.42° 10.04° 83.7°
HB 1 16.55° 1.48° 11.26° 82.4°
3 17.53° 1.56° 11.26° 80.6°

"Values followed by different letters for the same ripening
group differ significantly at p < 0.05 levels.

Soluble solid content increased of about 3°Brix compare to
the initial value in all samples during storage, showing a pro-
gressive conversion of starch into soluble sugars as a response
induced by minimal processing. TA did not show significant
modifications in LB and MB kiwi samples but underwent a
slight, but significant increase in High Brix (HB) sample. In
general, in all samples an increase of maturity index, calculated
as ratio between SSC and TA, was observed.

Initial moisture content was similar for the three different
ripening stages groups and decreased in all samples during stor-
age as reported in table 1. Disruption of cell membranes due to
wounding can lead to water loss from tissues (Rolle et al.,1987).
The intermediate ripeness (MB) sample showed a higher water
loss, going from 85.1 to 81.3% of water content in the first day
and to 79.6 % at the end of the storage. The sample at the lower
ripeness degree shows a better retention of water during storage
with a loss of less than 2%.

Degree of ripening affected lightness of the flesh, as reported
in fig la. LB fruit were significantly lighter compared to HB
fruits, showing a difference in the L* value of ten units; similar
results has been found by Beirdo-da-Costa et al. (2006). During
storage the a* chromatic component of colour reported a pro-
gressive decrease in all samples. As far as a* and b* values are
concerned, during storage all samples showed modifications that
led to the increase of the first and decrease of the second one.

Kiwi fruit samples at LB and MB ripening stages, did not
show significant differences, whereas the riper fruit appeared
always less green and yellow. The colour of kiwifruit flesh is
mainly due to the presence of some pigments, as chlorophyll and
carotenoids. Variations from green to yellow are due to the dis-
appearance of chlorophyll that unmask the carotenoids and to the
changes in the chemical composition and cell wall structure
(Brady, 1987). According to Montefiori et al. (2009) cultivars of
Actinidia deliciosa Hayward retain better their green colour dur-
ing maturation and ripening compared to other cultivars, as a

consequence of a low enzymes activity responsible for chloro-
phyll catabolism and a retention of the chloroplasts structure.
The changes of colour observed in this experiment could be
caused by a variation in the internal structure of kiwifruit tissue
due to ripening. According to Agar et al. (1999) surface darken-
ing in kiwifruit slices can be attributed to translucent water soak-
ing of the tissues, while low polyphenoloxidase activity and high
ascorbate content inhibit enzymatic colour degradation.
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Fig. 1. Changes in colour parameters L*, a* and b* of kiwifruit
samples (#Low B Medium and A High Brix) during storage at
10°C and 90% RH.

As expected LB fruit showed a higher initial flesh firmness
(11.28 N + 5.22) compared to medium ripe MB (9.33 N + 3.74)
and riper fruits HB (1.66N £ 0.32) indicating a progressive
breakdown of internal structure during fruit maturation that it is
a consequence of the solubilisation of the protopectin fraction of
the cell wall components (Varoquaux et al., 1990). Furthermore
Beirdo-da-Costa (2006) found that calcium content was higher
in partially mature fruits compared to fully ripe one, resulting in
a greater formation of calcium pectates.

Differences in the ability to maintain initial firmness during
storage were also found. As reported in fig 2, at a lowest stage of
ripening, kiwifruit slices exhibited a good retention of their tex-
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ture after one day of storage at 10°C. Only at the third day, a
substantial firmness loss, more than 50% of the initial value,
was observed. In MB kiwifruit slices, a 50% loss was observed
right after the first day, whether riper fruit slices maintained very
low and similar values during the three days of storage.

Texture loss in kiwifruit slices can be considered the most
noticeable change during storage (Soda et al., 1986; Varoquaux
et al., 1990; Gil et al., 2006) and it is related to structural
changes (Muntada et al., 1998). According to Varoquaux et al.
(1990) texture breakdown in kiwifruit slices is due to the enzy-
matic hydrolysis of cell wall components. These enzymes, acti-
vated by operations as peeling and cutting, diffuse through the
inner tissue and catalyze the demethoxylation and depolymerisa-
tion of pectic compounds. These authors also affirmed that en-
zymatic activity due to cutting promote the degradation of uronic
acid polymers, demethylation of the water soluble fraction and
rupture of calcium bridges.

The results of the present study suggest that with the pro-
gressive ripening of the fruit, the internal structure undergoes a
breakdown that causes a substantial loss of initial firmness.
Moreover, mature fruits are more sensible to peeling and cutting,
and undergo a faster softening process compared to partially ripe
fruits. These results are in agreement with previous findings by
Soliva-Fortuny et al. (2002; 2004) and Dobrzanski and
Rybezynsky (2000).

14
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Fig. 2. Evolution of firmness of fresh-cut kiwifruit slices at three
ripening stages ($ Low, 8 Medium and A High Brix) during
storage.

Metabolic response

Figure 3 depicts an example of heat production profiles of
Low, Medium and High Brix kiwifruit samples during 12 hours
at 10°C. The initial disturbance due to ampoule loading into the
calorimeter lasted about 1 h and was not taken into considera-
tion. The thermograms evidenced a progressive decrease of the
specific thermal power P (mW per gram of sample) by increas-
ing the ripeness level.

Generally, when the wounded tissue ‘send the signals’, the
plant starts a number of protective processes that lead to an in-
crease of the produced metabolic heat (Wadsé et al, 2004). As
reported by Gomez et al. (2004), after wounding, the energy re-
leased by the cell is due to the sum of the ‘‘normal’’ metabolic
activity and that originating from wounding stress produced by
the cells near the cut surface. Part of the processes that occur af-
ter wounding are design to membrane restoration and strengthen-
ing of cell walls by cells close to the site of injury (Rolle et al,
1987 and Satoh et al., 1992). These results suggest that fruits at
an advance stage of ripening have a lower metabolism reaction
after wounding, probably due to the loss of the ability to repair
the damage caused by mechanical stress.
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Fig. 3. Specific thermal power profiles of pericarp tissue cylin-
ders or kiwifruit at three ripening stages during 24 h of analysis
at 10°C. Each thermogram is an average of four replicates.

Mean values of the respiration rate during storage of 24 h in
controlled conditions are reported in Table 2. LB sample showed
consistently higher values of CO, produced and O, consumed
compared to the riper samples.

Table 2. Rate of respiration (RCO,) of pericarp tissue cylin-
ders or kiwifruit at three ripening stages during 24 h of analysis
at 10°C.

Time of Sample
storage (h) LB MB HB

2 61.61| £3.90 [PB6.39 +4.27 | 40.82 | £0.59
4 379 [ £5.60 P9.400 +£3.50 | 32.77 | £2.03
6 3390| £9.45 p4.23 +4.41 | 33.82 | £3.50
8 P5.68 +£0.64 | 26.63 | £2.93
24 33.52| £2.48 PR4.51] £0.44 | 21.86 | £2.65

CONCLUSION

The present work showed that the ripening stage has an im-
portant influence on the entity of the wounding response of kiwi-
fruit tissue. All samples showed an increase of maturity index,
while the sample at the lower ripening degree showed a better
retention of water during storage. Differences in the ability to
maintain initial firmness during storage were also found. At a
lower stage of ripening, kiwifruit slices exhibited a good reten-
tion of their texture during the first two days of storage at 10°C,
while more mature fruits were more sensible to peeling and cut-
ting, showing a faster softening process compared to partially
ripe fruits.

Metabolic heat production results were different at the dif-
ferent ripening levels investigated, evidencing a strict connection
between the physiological state of the tissue and the entity of its
wounding response in terms of heat production

The approach purposed in this research can be very useful to
standardize the raw kiwifruit selection from fresh-cut industry,
permitting the understanding of kiwifruit metabolic response
mechanisms to minimal processing operations.
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ABSTRACT

The aim of this work was to evaluate the influence of the ripening stage on three fresh-cut fruit (apple, kiwifruit and melon) in
terms of quality and tissue metabolism, during accelerated storage (AS) in controlled conditions. For this purpose, two different
ripening stages were selected for each fruit. At each ripening stage the fruits were peeled and cut into 10 mm thick slices and stored
at 10 °C, RH 90 %, for 24 hour for apples and 4 days for kiwifruit and melon. During storage, samples were monitored for the main
quality indexes and the activity of the main degradative enzymes (polyphenoloxidase, peroxidase and pectinesterase). Production of
the endogenous metabolic heat was also monitored using isothermal calorimetry.

Results showed that, whether for melon and kiwifruit marked differences were found in the evolution of the parameters considered
during storage and in relation to their ripening degree, apple quality and metabolic characteristics proved to be less affected by the
ripening degree during storage.

Key words: fresh-cut fruit, wounding response, ripening degree, enzymatic activity, tissue metabolism.

REZIME

Cilj ovoga rada je ocena uticaja stepena zrelosti tri sveZe rezane vocne vrste (jabuke, kivija i dinje) u odnosu na kvalitet i
metabolizam tkiva, tokom postupka ubrzanog skladiStenja u kontrolisanim uslovima. U tu svrhu, dva razlicita stadijuma zrelosti su
odabrana za svaku vocnu vrstu. Svaki uzorak razlicitih stepena zrelosti je oljusten i izrezan na kolutove debljine 10 mm i potom
skladiSten na 10°C pri relativnoj vlaznosti vazduha 90%, u trajanju od 24 sata za jabuku i Cetiri dana za kivi i dinju. Tokom
skladiStenja, praceni su glavni indeksi kvaliteta uzoraka i aktivnosti glavnih degradativnim enzima (poliphenolokidaze, peroksidaze i
pektinasterase). Proizvodnja endogene metabolicke toplote je takode pracena koriséenjem metode izotermne kalorimetrije.

Rezultati su pokazali uocljive razlike u ocenjivanju parametara tokom skladistenja kada je rec¢ o dinji i kiviju i njihovom stepenu
zrenja, ispostavilo se da na kvalitet jabuke i metabolicke karakteristike, stepen zrenja ima manji uticaj tokom procesa skladistenja.

* [k * [k [k

Kljuéne reéi: sveie rezano voce, uticaj secenja, stepen zrenja, enzimaska aktivnost, metabolizam tkiva.

INTRODUCTION

Fresh-cut fruit are products that undergo minimal processing
operation such as peeling, cutting, dicing, shredding etc. and
maintain their quality characteristics similar to those of fresh
products. However, their quality degrade faster compared to that
of the intact product due to the physiological response to the
mechanical stress called ‘wounding response’ (Brecht, 1995).

The loss of cellular compartmentalisation, promoted by
processing operations, leads to the contact between enzymes and
their substrates and a general increase of enzymatic and
metabolic activity that accelerate the quality degradation.

Appearance and texture changes are the main factor
determining consumer acceptability of fresh-cut fruit and, being
strictly related to tissue deterioration, are often used as measures
of product freshness and quality.

The selection of raw material is a fundamental factor for
product quality and its shelf-life. Degree of ripening at
harvesting and at processing is an important factor that can
influence the intensity of the wounding response (Hodges and
Toivonen, 2008). Generally, processing fruits that are unripe or
slightly unripe, lead to a better preservation of quality during
storage but it could be detrimental for the organoleptic and
flavour profile (Beaulieu et al., 2004).

However, few studies have been performed about the
influence of ripening degree on the metabolic response to
processing stress in fresh-cut fruit. Therefore, the aim of this
work was to evaluate the influence of the ripening stage on
fresh-cut apple, kiwifruit and melon in terms of quality and
tissue metabolism, during accelerated storage (AS) in controlled
conditions.

MATERIAL AND METHOD

Raw materials

Kiwifruits (Actinidia deliciosa var deliciosa cv Hayward)
and apples (Malus domestica var. Pink Lady) were brought on
the local market. They were partially ripened at 4 + 1 °C and 90-
95 % of relative humidity in air for about a month, selecting two
different ripening stages defined as Unripe (U) and Ripe (R).
Melon (Cucumis melo var. Reticulatus) was harvested at
different degrees of development of the abscission layer, also
called ‘slip’, in particular at % slip as unripe (U) and full slip as
ripe (R). For each ripening stage the fruits were hand peeled and
cut into 10 mm thick slices with a sharp knife and stored in
climatic chambers at 10 °C, 90 % RH, for different time period
depending on the kinetics of quality degradation that were
defined in preliminary tests as 24 hours for apples and 4 days for
kiwifruit and melon.

Journal on Processing and Energy in Agriculture 19 (2015) 5

219


mailto:silvia.tappi2@unibo.it

Tappi, Silvia et al. / Enzymatic Activity and Metabolism of Fresh-Cut Fruit as a Function of Ripening Degree

Dry matter content, soluble solid content and titrable acidity
were determined to characterize the raw material. Dry matter
was determined gravimetrically after drying in vacuum oven
(AOAC International, 2002). Soluble solids content (SSC) was
determined at 20 °C by measuring the refractive index with a
digital refractometer (PR1, Atago, Japan) calibrated with
distilled water. Titrable acidity (TA) was determined by titration
with NaOH 0.1 N until pH 8.1 (AOAC Official Method 942.15)
and expressed as mg of citric acid/100 g FW. Triplicate
measurements were conducted for each sample. The ratio
between SSC and TA has been used as a ripening index. Results
are presented in table 1.

Table 1. Physico-chemical parameters of apple, kiwifruit and
melon at the two ripening stages selected

Maturity
index
(°Brix/TA)
359+0.4
50.6 +1.1
7.9+0.2
10.0+0.4
16.8+0.3
17.9+0.3

SSC
(°Brix)
13.0+0.2
134+0.2
116 0.9
149+0.6
11.8+0.1
143+0.1

Ripening
Stage

ITA (mg citrig
acid/100 g)

0.36 + 0.02
0.27 £0.01
1.45 +0.02
1.42+0.01
0.7+0.1
08+0.1

Dry matter
(9/1009)

134 +0.2
145+0.7
159+05
16.3+05
13.1+0.9
16.2+05

Fruit

Apple

Kiwifruit]

Melon

(C|o|Cc(o|C

Quialitative determinations

Firmness (N) was evaluated by performing a
penetration test on fruit pulp using a TA-HDi500
texture analyzer (Stable Micro Systems, Surrey,
UK) with a 5 kg load cell. Experiment was run
with a metal probe of 6 mm diameter, and a rate

Six cylinders were sampled using a core borer from the fruit
tissue and placed in sealed 20 ml glass ampoule. Four replicates
for each sample were performed. The rate of heat production
was continuously measured at 10 °C for 24 h. Immediately after
the end of the analysis, the O, and CO, percentages were
measured in the headspaces by a gas analyzer (MFA 1l S/L gas
analyzer, Witt-Gasetechnik, Witten, Germany).

RESULTS AND DISCUSSION
Qualitative determinations

The values of hardness measured in the fruit samples at
different ripening stages during storage are reported in table 2.
As it can be observed, hardness increased upon ripening in apple
samples, both between ripening stages and during 24 h storage.
On the contrary, melon and Kiwifruit slices showed a notable
loss of hardness between the two ripening degrees selected,
almost tenfold for kiwifruit. After 4 d of storage, it can be
observed a loss of hardness up to 23 and 60 % compared to the
initial values for respectively unripe melon and unripe kiwifruit,
while ripe fruit showed always low and similar values.

Textural characteristics are related to ripening degree and
variations of such properties are often due to enzymatic
hydrolysis of cell wall components. Melon and kiwifruit are
particularly subjected to softening during storage (Silveira et al.,
2011; Gil et al., 2006) and, in agreement with results found by

Table 2. Hardness (N) of apple, kiwifruit and melon at the two ripening
stages selected during accelerated storage in controlled conditions. Different
letters indicate significant differences (p-level < 0.05) between ripe and unripe
fruit for the same storage time

and depth of penetration of 1 mm s™ and 6 mm, Fruit Ripe. Storage time (days)
respectively (Beirdo-da-Costa et al., 2006). Stage 0 0.5 1 2 4
Firmness (N) was evaluated as the first peak U [15.222+3.41{20.12°+3.71 | 19.99° + 2.84 -
force value. APPle 119 767 7.80] 22.67° £ 437 ] 25.35" £ 4.00 - -
Surface colour was measured with a colour- U |18.42°+3.77 16.63% + 3.31 |16.08° + 3.91(14.14° + 4.12
spectrophotometer mod. Colorflex (Hunterlab, Melon 15 13> 261 10.81° + 4.40 [10.16" + 4.78/ 8.98" + 2.87
USA) using the CIELab scale and Illuminant . U [11.28°+5.22 12.21% +3.49 |17.23° +5.26| 4.43% £ 0.79
D65. A white tile (L* 93.47, a* 0.83, b* 1.33) | "' TR [1.66°£ 0232 1.48°+037 | 1.26°+0.31 |1.03° £ 0.18

was used for calibration. Results were expressed
as L* (luminosity) and h° (hue angle).

Enzymatic activity

The activity of the enzyme mainly responsible for quality
degradation for each fruit was evaluated.

Polyphenoloxidase =~ (PPO)  activity = was  assayed
spectrophotometrically according to the methods proposed by
Baritaux et al. (1991) on fresh-cut apples and after 2, 4, 12 and
24 h of storage for both ripening degrees.

Pectinmethylesterase (PME) was extracted and assayed
spectrophotometrically according to the methods proposed by
Hagerman and Austin (1986) on fresh-cut kiwifruit after 0, 1, 2
and 4 days of storage for both ripening degrees.

Peroxidase = (POD) was extracted and assayed
spectrophotometrically according to the methods proposed by
Morales Blancas et al. (2002) on fresh-cut melon after 0, 1, 2
and 4 days of storage for both ripening degrees.

Metabolic determinations

A TAM air isothermal calorimeter (Thermometric AB,
Jarfélla, Sweden), described in details by Wads6 and Gomez-
Galindo (2009), was used to assess metabolic heat production.

Beaulieu et al. (2004), texture was significantly affected by the
maturity stage but the effect of storage time decreased as
maturity increased.

As it can be observed in table 3, in the first 12 h of storage
apple slices underwent a relevant variation of colour parameters
in terms of luminosity and hue angle decrease, that indicates a
general surface browning that can be attributed to PPO activity.
In the second part of the storage, both parameters further
decreased but no significant differences were found between
ripening stages.

Colour changes in fresh-cut melon and kiwifruit are mainly
due to variation in the internal structure of the tissue and the
induction of a translucent water-soaked tissue while enzymatic
browning is scarcely influent.

Whether in both fruits and in both ripening stages a surface
darkening was observed during 4 d of storage, degree of ripening
significantly affected lightness in kiwifruit but not in melon.
Conversely, hue angle although decreasing during storage, was
consistently higher in riper melon slices indicating a variation
from vyellow to red tonality possibly due to a higher
concentration in B-carotene upon ripening (Simandjuntak et al.,
1996).
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Table 3. Colour of apple, kiwifruit and melon at the two ripening stages selected during accelerated storage in controlled
conditions. Different letters indicate significant differences (p-level < 0.05) between ripe and unripe fruit for the same storage
time

Fruit Ripening Storage time (days)
Stage 0 0.5 1 2 4
Apple U 81.45%+2.05 69.33%+2.45 65.57%+1.38 - -
R 82.33%+3.05 71.55%+2.56 67.67 +2.05 - -
L* Kiwifruit 0] 48.45;1 +2.11 - 47.982 +3.07 47.21abi 3.16 44.08% +3.77
R 38.11"+2.45 - 31.93"+3.61 31.88° +3.78 31.75° + 1.81
Melon U 57.24%+2.90 - 45.25°+1.72 45.26°+2.12 | 40.43*+4.97
R 57.85%+4.50 - 42.92% + 4.04 44.11°+2.48 42.38%+4.97
Apple 0] 97.57%+ 455 93.25%+ 2,56 88.15%+2.07 - -
R 98.67° + 3.18 90.03% + 3.56 84.66 + 2.28 - -
h° Kiwifruit U 103.93° + 2,11 - 103.72° £ 0.76 102.19°+2.16 | 101.17%+3.11
R 103.83% £ 2.70 - 104.70° + 2.80 104.44° +2.05 | 106.32° + 4.39
Melon U 61.812 +0.98 - 60.89;’l +1.05 59.83ba +1.76 | 60.08%+1.03
R 64.57" + 0.89 - 62.91°+1.16 62.85° +1.37 62.11° + 1.75
Enzymatic activity
Figure 1 reports PPO activity measured in fresh 30
cut apples during 24 h of storage. Straight after 25 |
cutting, riper fruit showed a higher activity = ' —+—Uu
compared to unripe one but differences were not ‘g 20 Ja A LR
statistically significant. After 2 h, it increased g "l
sharply until doubling its values, but then decreased 2 15|
again. PPO is rapidly activated by peeling and = ™
cutting operations that lead to the contact with its & 10 :
substrate. After 12 and 24 h the activity was very e
low and did not show any significant differences < 05 Z a
between samples. ' a
Texture _Io§s i_s one of Fhe ma_in factor limiting 0.0 4 ‘ » ‘ ‘ »
fresh-cut kiwifruit shelf-life (Gil et al., 2006) 0 8 12 16 20 24

Softening and textural changes are brought about by
the actions of a multitude of cell-wall-localized
enzymes acting on specific, potentially highly
localized substrates. According to Varoguaux et al.
(1990) texture breakdown in Kiwifruit slices is
mainly due to the enzymatic breakdown of pectic
compounds, due to demethoxylation and
depolymerization by pectinolytic enzymes such as
PME and polygalacturonase (PG). In particular,
PME causes the removal of methylester groups from
pectins in the cell wall that are further
depolymerised by PG.

Figure 2 shows Pectinmethylesterase (PME)
activity in fresh-cut kiwifruit slices during 4 d of
storage. Unripe fruits showed an activity tenfold
compared to ripe fruit. PME activity is generally
higher early in ripening (Toivonen and Brummel,
2008) increasing accessibility of PG to its substrate.

Peroxidase (POD) is an ubiquitous enzyme
found in most vegetable tissues and comprises many
isozymes (Lamikanra and Watson, 2000). Its
activity causes the oxidation of mono and di-
phenols when even small quantities of hydrogen
peroxide act as oxidising agent. It is involved in
many degradative reactions that affect colour,
aroma, texture and nutritional characteristics of fruit
and vegetables. According to Lamikanra et al.
(2005), a high POD activity is related to the

Time of storage (h)

Fig. 1. Polyphenoloxidase (PPO) activity (U/ml) of apple at different
ripening degrees during 24 h of storage in controlled conditions. Different
letters indicate significant differences (p-level < 0.05) between ripe and

unripe fruit for the same storage time

2,0 U
* a

= R

E 1,5 A a a a

)

>

2 10 - I 1 I

Q

W b b

= b T z

05, _ 1

0,0 f . . ; .

0 1 2 3 4

Time of storage (days)

Fig. 2. Pectinmethylesterase (PME) activity (U/ml) of kiwifruit at different
ripening degrees during 4 d of storage in controlled conditions. Different
letters indicate significant differences (p-level < 0.05) between ripe and

unripe fruit for the same storage time

Journal on Processing and Energy in Agriculture 19 (2015) 5

221




Tappi, Silvia et al. / Enzymatic Activity and Metabolism of Fresh-Cut Fruit as a Function of Ripening Degree

development of off-odour and off-colours in food and
Lamikanra et al. (2000) suggested that could substantially
reduce shelf-life of melons.

As it can be observed in figure 3, POD activity was double in
unripe melons compared to ripe ones. In both samples it
increased until the second day of storage, probably as a
consequence of the physiological response to wounding stress,
and then decreased again.

As it can be observed, for all fruits, riper fruits showed a lower
metabolic heat production. This may indicate a loss of the ability
to repair the damage caused by mechanical stress. While all
differences were statistically significant, the highest difference
was observed for kiwifruit that showed at the advanced stage of
ripening a 50 % decrease in the metabolic heat production
compared to the unripe fruit.

CONCLUSION

129 The results obtained in this research showed how the
a main qualitative and metabolic characteristics of the
10 - three different fruit were affected by ripening degree
— A during storage.
—E' g I Degree of ripening influenced significantly flesh colour,
3 < hardness and enzymatic activity in fresh-cut kiwifruit
> I and melon, but it showed little effect on fresh-cut apple
E 6 - é— characteristics during the storage time considered.
& - 1 Metabolic heat decreased upon ripening in all three
Q 3 v fruits, showing a strict connection between the
O 4 a b oo 9 . . .
o physiological state of the tissue and the entity of its
wounding response.
2 p —Uu Results highlight how the determination of the optimal
ripening degree for fresh-cut production has to be
0 carried out specifically for each type of fruit.
0 1 2 3 4 ACKNOWLEDGMENT: The authors acknowledge
. the financial support of the Italian Ministry for
. . Time c?f_s,torage (days) . Education, Universities and Research (FIRB, Project
Fig. 3. Peroxidase (POD) activity (U/ml) of melon at different RBFR100CEJ: Innovative approach for the study of
ripening degrees during 4 d of storage in controlled conditions. fresh-cut fruit: qualitative, metabolic and functional
Different letters indicate significant differences (p-level < 0.05) aspects) '
between ripe and unripe fruit for the same storage time '
° REFERENCES
uy R a
5 | a T AOAC International (2000). Official methods of
analysis (OMA) of AOAC International, USA. Method
—_ number: 942.15. Auvailable at
g 4 http://www.eoma.aoac.org/
S AOAC International (2002). Official methods of
3 a analysis (OMA) of AOAC International, 17th Edition,
E T USA. Method number: 920.15. Available at
s http://www.eoma.aoac.org/
,92 1 Baritaux, O., Amiot, M., Richard, H., Nicolas, J.
(1991). Enzymatic browning of basil (Ocimum
1 - basilcum L.) studies on phenolic compounds and
polyphenol oxidase. Sciences des Aliments, 11, 49-62.
0 . . . Beaulieu, J. C., Ingram, D. A., Lea, J. M., Bett-Garber,

Apple Kiwifruit Melon

Fig. 4. Total metabolic heat production of apple, kiwifruit and melon
at the two ripening stages selected during 24 h at 10°C. Different
letters indicate significant differences (p-level < 0.05) between ripe

and unripe fruit

Metabolic heat production
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storage of 24h (10°C, 90% RH). In terms of browned areas, a significant decrease was observed in treated samples
compared to the control ones (up to about 65% for 30min and after 4 h of storage). PPO residual activity decreased
linearly by increasing the treatment time (up to about 42%). In general the treatment appeared to slow down the
metabolic activity of the tissue. Other qualitative parameters were only slightly affected by the treatment.
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crobiological decontamination of foods makes this technique very encouraging for fresh-cut fruit stabilization.
However very important aspects have to been clarified in order to deeply understand gas plasma effect on
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fresh-cut apple quality and on the metabolic response of the tissue.
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1. Introduction

Factors controlling the quality maintenance of fresh-cut fruits are a
result of a complex process, concerning a number of physico-chemical
and biochemical modifications, that mainly affect flavour, colour and
texture (Mencarelli & Massantini, 1994). The disruption of the cellular
structure due to peeling and cutting puts enzymes and their substrates
in direct contact. Several reactions can be promoted, and a sudden in-
crease in the respiration rate and in the metabolism, leading to a faster
tissue deterioration, can be observed. These reactions involve negative
changes in fundamental characters highly appreciated by consumers,
as the visual quality (mainly changes in colour) and the texture (tissue
softening) (Toivonen & Brummell, 2008).

For fresh-cut apples the most important phenomenon responsible of
its quality degradation is the enzymatic browning (Rocha & Morais,
2003). It is worth noting that apple tissue cutting allows the interaction
between the polyphenol oxidase (PPO) with the polyphenolic substrate,
in the presence of oxygen (Martinez & Withaker, 1995). Cut-edge brow-
ning is due to two PPO catalyzed reactions, the hydroxylation of
monophenols to diphenols and the oxidation of diphenols to quinones,
which in turn involve melanin accumulation (Toivonen & Brummell,
2008).

* Corresponding author. Tel.: +39 0547338113; fax: +39 0547382348.
E-mail address: annachi.berardinelli@unibo.it (A. Berardinelli).

1466-8564/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.ifset.2013.09.012

At date different chemical and physical techniques were explored to
control enzymatic browning of fresh-cut apples. Chemical techniques
that act to inactivate the enzyme are based on dipping procedures and
on the use of organic acids in combination with calcium salts, carboxylic
acids, thiol containing compounds and phenolic acids (Oms-Oliu et al.,
2010). Edible coatings, as carriers of the anti-browning chemical agents,
were also extensively studied (Baldwin, Nispero-Carriedo, Chen, &
Hagenmaier, 1996) and several researches were focused on the con-
tribution of modified atmosphere packaging (MAP) on browning in-
hibition (Aguayo, Requejo-Jackman, Stanley, & Woolf, 2010; Rocculi,
Romani, & Dalla Rosa, 2004).

Recently different innovative treatments were tested to inhibit brow-
ning reactions. For fresh-cut apples, UV-C light (200-280 nm) exposure
(Manzocco et al., 2011) and short term exposure to nitric oxide (NO)
gas (Pristijono, Willis, & Golding, 2006) showed high potentialities.

Among advanced techniques, gas plasma is currently used for bio-
treatments; it is an ionized gas characterized by active particles such as
electrons, ions, free radicals, and atoms which are both in ground and ex-
cited states; the excited species emit a photon (including UV photons)
when they get to the ground state (Moreau, Orange, & Feuilloley,
2008). The ionization occurs by applying energy to a gas mixture and
particularly to electrons which in turn transmit the energy to the heavy
species by collisions. Non-thermal or non-equilibrium plasmas are pro-
duced at low pressure (e.g. atmospheric), and the behaviour of electrons
and ions is in turn influenced by the excitation frequency. When atmo-
spheric air is used as working gas to generate non-equilibrium plasma
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discharges, reactive oxygen species (ROS) and reactive nitrogen species
(RNS) are formed. Ozone (O3), atomic oxygen (O) and hydroxyl radical
(OH), are the main generated ROS active components. OH radicals are
produced from the direct dissociation of the water molecules by elec-
tronic impact (Moreau et al., 2007). Excited molecules of N, and nitric
oxide radical (NO) are the main RNS species characterizing a non-
equilibrium plasma and having a role in the decontamination. The oxida-
tive species produced during the discharge can cause lipid peroxidation,
and protein and DNA oxidation (Montie, Kelly-Wintenberg, & Roth,
2000). Main biological applications of non-thermal plasmas are un-
doubtedly medicals (Fridman et al, 2008) and regard the microbial
decontamination of complex and expensive heat-sensitive medical
devices (Weltmann et al., 2008), the sterilization of living tissues and
wound healing (Kong et al., 2009). In the medical field, protein destruc-
tion (bovine serum albumin) was also observed by treating medical
surgical instruments with atmospheric gas plasma (Deng, Shi, Chen, &
Kong, 2007; Deng, Shi, & Kong, 2007).

Recently, non-thermal plasma was used for the decontamination of
agricultural products and its inactivation power was studied with
respect to several microbial species (Shama & Kong, 2012). In terms of
microbiological lethal power, main results showed that this technique
can be a valuable alternative to the washing procedures with chemicals
such as those used for fresh fruits and vegetables such as apples,
cantaloupe, lettuce (Critzer, Kelly-Winterberg, South, & Golden,
2007), mango, melons (Perni, Liu, Shama, & Kong, 2008), and pears
(Berardinelli, Vannini, Ragni, & Guerzoni, 2012). Other studies re-
garding the food sector were conducted on the decontamination of
shell eggs (Ragni et al., 2010), chilled poultry wash water (Rowan
et al,, 2007), food packaging materials such as polyethylene tere-
phthalate bottles (Koulik, Begounov, & Goloviatinskii, 1999) and
sealed packages (Keener et al., 2012).

Fundamentals of cold plasma technology and its applications to
the decontamination of foods have been reviewed by Misra, Tiwari,
Raghavarao, and Cullen (2011) and Niemira (2012). Unlike research
for food-borne pathogen inactivation, few studies have been conducted
to this end to evaluate the effect of cold gas plasma on fresh-cut fruit and
vegetable quality aspects.

Grzegorzewski, Rohn, Kroh, Geyer, and Schliiter (2010) and
Grzegorzewski, Ehlbeck, Schluter, Kroh and Rohn (2011) studied the
effect of non-thermal plasma on lamb's lettuce morphology and chemi-
cal composition, particularly on phenolic compounds content. According
to their findings, leaf surfaces were significantly affected by the treat-
ment, showing a degradation of epicuticular waxes and an increase in hy-
drophilicity proportional to plasma exposure time. They also found that
generally the treatment caused a reduction of the leaf phenolic content,
although the plant matrix acted as a protection against oxidation of bioac-
tive compounds by reactive species generated by plasma.

Baier et al. (2013) tested the antimicrobial efficacy and the physio-
logical effect of non-thermal plasma treatment applied with different
power intensities on lamb's lettuce. Results showed that the treatment
can cause an inhibition of photosynthetic activity that became more
severe and permanent with increased power settings. The impact on tis-
sue physiology was attributed both to the thermal damage, particularly
at the higher power, and to the stress brought by charged particles and/
or reactive species generated by plasma treatment.

More recently, the effect of cold plasma on tomato peroxidase
(Pankaj, Misra, & Cullen, 2013), on polyphenol oxidase and peroxidase
in a model food system (Surowsky, Fischer, Schlueter, & Knorr, 2013),
was evaluated. Although the results obtained in these studies underline
the potential of cold plasma treatments for enzyme inactivation, further
researches are needed to assess the effect on more complex systems
such as fresh-cut fruit and vegetable.

Since the product temperature during the treatment is very close to
the ambient one, this technique could be suitable for fresh-cut product
processing, where temperature and pressure must be controlled in
order to preserve the product quality.

Given that the application of cold gas plasma treatment on fresh-cut
fruit and vegetable is in its infancy, in the present work we have
pioneered the study of its effect on fresh-cut Pink Lady® apple quality
and endogenous metabolic activity during controlled storage. Particular
attention has been given to colour modification and PPO inhibition, con-
sidering that enzymatic browning is the most important phenomena
limiting the product shelf-life.

2. Materials and methods
2.1. Raw material, handling and storage

Apples (Malus domestica cv. ‘Pink Lady®’) grown in the Emilia-
Romagna region of Italy were harvested in November 2012. Fruits
were stored at 2 4 0.5 °C and approximately 100% RH in air, in plastic
bins for 2 months. 20 kg of fruits free from defects was selected and
transported to our laboratory and placed in a closed refrigerated cham-
ber at 4 °C and saturated atmosphere in darkness for one week. When
the experiments were performed, apples had a dry matter content of
15.73 g (+0.29) 100 g fw~ !, a soluble solid content of 14.27 (+0.35)
°Brix and a titrable acidity of 0.39mg (+0.03) of malic acid g fw™".

2.2. The gas plasma generator

A Dielectric Barrier Discharge (DBD) generator was used for the
treatment of Pink Lady® apple slices (Fig. 1). Within the low frequency
plasma sources, the DBD configuration is one of the most investigated
and industrialized non-equilibrium plasma generator. It presents nu-
merous advantages in terms of flexibility of geometrical configurations
(planar or cylindrical), operating parameters (medium, frequency and
voltage), costs and characteristics of the power supply (Kogelschatz,
2003; Morgan, 2009).

Power switching transistors

HYV transformers

<— Fan

\ {P Samples

Electrodes /

O N ) [ N Y ) E—

Fig. 1. Layout of the DBD gas plasma generator.
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The used generator was characterized by three parallel pairs of elec-
trodes made of brass (supplied by a DC power supply) and a glass
(5 mm thick) was used as dielectric material. These electrodes, placed
at the top of an hermetic chamber (70 dm> of maximum available vol-
ume), were powered by high voltage transformers and power switching
transistors. A polystyrene parallelepiped was used to reduce the volume
chamber (about 29dm?). The gas, generated using the atmospheric gas,
was directed to the apple slice surface (15 slices for treatment, placed at
about 9 cm from the electrodes), by means of three fans mounted over
the electrodes. The measured air speed was about 1.5 m/s at the elec-
trodes and 0.8 m/s at the apple surface. The total consumed power for
the three electrodes is about 150 W.

The device was electrically and chemically characterized in previous
studies (Ragni et al., 2010). According to these studies, a potential differ-
ence of 15kV (peak-to-peak) can be measured at the electrodes with an
input voltage of 19V (fundamental frequency of oscillation: 12.7 kHz).
The emission spectroscopy of the atmospheric plasma generated by
the device showed the presence of OH and NO radicals and ions promot-
ing plasma chemical reactions.

2.3. Gas plasma treatments and storage

Samples of 30 pieces (40 x 10 x 10 mm) of Pink Lady® apple tissue
were prepared starting from about 8 apples. Each sample was randomly
divided in two sub-samples of 15 pieces each, one for the treatment and
the other for its control.

After preliminary tests aimed at finding treatment conditions that
avoid evident damages of the fruit surface, treatments of 10 min
(5min for side), 20 min (10 min for side) and 30 min (15 min for side)
were considered.

It was observed in previous studies that the emission of OH radi-
cals can be increased by increasing the humidity of the air (Ragni
et al., 2010). Gas plasma treatments were conducted at RH of about
60% (22 °C). This condition was selected on the basis of preliminary
experiments, because an excess of water vapour (>80%) can de-
crease the gas plasma effectiveness (Muranyi, Wunderlich, & Heise,
2008). During treatments, each control sample was stored for the
same time and at the same temperature (22 °C) and RH (60%) of
the tested treatment.

24. Qualitative assessment of fresh-cut apples

24.1. Chemical parameters

Soluble solid content (SSC) was determined at 20 °C by measuring
the refractive index with a digital refractometer mod. PR1 (Atago Co.
Ltd, Tokyo, Japan) calibrated with distilled water.

Dry matter content of apple samples was determined gravimetrically
by difference in weight before and after drying at 70 °C, until a constant
weight was achieved (AOAC International, 2002).

Titratable acidity (TA) was determined by titration with NaOH 0.1N
until pH 8.1 was reached (AOAC Official Method 942.15, 2000), and
expressed as mg of malic acid/100gfw ™.

For each sample, SSC and TA were determined in triplicate on the
juice obtained from 10 apple slices, after filtering through Whatman
#1 filter paper. SSC, dry matter and TA were determined immediately
after treatment and after 24 h of storage in controlled conditions
(10°C, 90% RH).

2.4.2. Texture

Penetration tests were conducted by means of a Texture Analyser
mod. TA-HDi500 (Stable Micro Systems, Surrey, UK) equipped with a
50N load cell and a 6 mm diameter stainless steel cylinder. Compression
test speed of 0.5 mm s~ ! and a maximum deformation of 90% were
respectively used.

For each treatment time 30 apple slices (15 controls and 15 treated)
were respectively analysed after 0, 6 and 24 h of storage in controlled
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Fig. 2. Force (N) versus time (s) during a penetration test of a Pink Lady® apple slice. F:
Firmness (N); Ag: work (Ns) required to rupture the flesh; G: gradient between 0 s and
F; LD: linear distance between F and the firsts 20s.

conditions (10 °C, 90% RH). From the analysis of the acquired curves,
the following parameters were evaluated: Firmness F (N) as the first
peak force value representing the limit of the flesh elasticity, the work
required to rupture the flesh Ag (Ns) (from O to F), the gradient G
between 0 and F, and the linear distance (LD) between F and the first
20s (time required to attain a flesh deformation of about 85%) (Fig. 2).
This last parameter was calculated according to the following equation:

X=n

LD = 3 /flee + )=F (2 + [d(x + 1)—ds(o)?

x=1

where fis the force (N) and d is the distance (mm).

The software (Stable Micro Systems, v. 2.61) automatically calculat-
ed LD by summing the length of the straight segments connecting each
acquired point between selected times. Since for a crunchy product a
great fluctuation of the force with a corresponding high value of LD
can be observed, this parameter can be considered a useful indicator
of the product crunchiness (Gregson & Lee, 2003).

2.4.3. Browning extent using computer vision system (CVS)

Digitalized images of apple pieces were acquired by positioning the
samples inside a black box under controlled lighting condition. A digital
camera mod. D7000 (Nikon, Shinjuku, Japan) equipped with a 60 mm
lens mod. AF-S micro, Nikkor (Nikon, Shinjuku, Japan) was used to
acquire the images.

For each treatment time, acquisitions (exposition time 1/2s; F-stop
f/16) were conducted on samples of 20 apple slices each (10 for the
treatment and 10 for the control) immediately after the treatment and
after 1, 2 and 4 h of storage in controlled conditions (10 °C, 90% RH), in
order to understand the treatment effect on the browning kinetic.
Time intervals were chosen as the most representative of the browning
kinetics of Pink Lady® apple slices, identified by preliminary tests.

Digitalized images were evaluated with an advanced Image Analysis
Software (Image Pro-Plus v. 6.2, Media Cybernetics, USA) using RGB
scale. Total and browned areas were selected and a colour model was
set up according to Rocculi et al. (2004). Two different pixel ranges
were identified on the basis of different chromatic characteristics,
considered as ‘not browned’ and ‘browned’ area. The model was then
applied to each digitalized image, and by evaluating all pixels, the per-
centage of each chromatic area was calculated by the software.
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Table 1
Mean values of the measured chemical parameters.
Chemical parameters
Time of Time of Sample . N TA
treatment storage P SSC (°Brix) DM (%) (mg malic acid/100g)
X SD X SD X SD
Oh [« 1432 0.11 15.9° 029 0372 0.00
t 14.3° 0.15 16.12 0.14 039 0.01
5+ 5min
24h c 14.8% 0.19 18.1° 0.29 0.32% 0.00
t 15.2° 0.10 17.0° 0.05 035" 0.00
Oh c 146° 0.18 1547 0.64 042* 0.01
t 154> 0.05 15.9° 043 0.42°2 0.02
10 + 10 min
24h c 1472 0.12 17.6° 0.78 031° 0.00
t 15.4° 0.29 17.5% 0.65 0337 0.00
Oh [« 139° 0.12 15.9% 0.53 039 0.00
t 145" 0.29 16.0* 04 041° 0.00
15+ 15min
24h [« 15.5° 0.26 17.2% 0.62 031° 0.01
t 16.0° 0.15 16.8% 0.19 028 0.01

SSC: soluble solid content (SSC). DM: dry matter. TA: titratable acidity. SD: standard deviations. c: control; t: treated. Differences between means with the same letter for the same storage

time are not significant at a p-level < 0.05.

2.5. Metabolic determinations
2.5.1. Polyphenol oxidase activity (PPO)

2.5.1.1. Enzyme extraction. Enzyme extraction was carried out according
to Baritaux, Amiot, Richard, and Nicolas (1991) with slight modifica-
tions. 50 g of sample was homogenised in 100 ml of cold Mcllvaine's
buffer solution at pH 7.5 containing 0.5% Triton X100, 25 mM ascorbic
acid and 0.5% PVPP, using an Ultra-Turrax blender for 30s. The homog-
enate was kept under agitation and in the dark at 0 °C for 15 min and
then centrifuged for 30 min at 4 °C and 25,000 g. The supernatant was
filtered and used as extract.

2.5.1.2. Enzyme assay. 4-Methylcatechol 50 mM prepared in Mcllvaine's
buffer solution at pH 7.5 was used as substrate. PPO activity, measured
just after gas-plasma treatment, was determined reading the adsorbance

at 420nm and 25 °C and calculated on the basis of the slope of the linear
portion of the curve (AA/min).

2.5.2. Respiration rate

Respiration rate was assessed on control and treated apple
slices, using a static method. Six cylinders (6 x 10 mm) were sam-
pled from the outer pericarp tissue of each apple piece and sub-
jected to plasma treatments. Controls were obtained by placing
cylinders at the same temperature and relative humidity charac-
terising the treatment chamber. Control and treated cylinders
were then placed in 20 ml glass ampoules and sealed with a Teflon
coated rubber seals and an aluminium crimp cap. O, and CO, per-
centage of triplicate specimens was measured in the ampoule head-
space by a gas analyzer “check point 0,/CO,” mod. MFA III S/L (Witt-
Gasetechnik, Witten, Germany) after 1, 2, 4, 6 and 24 h at 10°C from
preparation. Respiration rate was calculated as mg of consumed

Table 2
Mean values of the mechanical parameters calculated from penetration tests.
Time of treatment Time of storage Sample F (N) Ar (Ns) G (N/s) LD
b3 SD X SD X SD X SD
Oh [« 18.9% 40 22.0° 7.8 7.6 18 66.1° 15.1
t 21.8° 56 32.2° 10.9 7.0 18 61.17 13.2
5 + 5min
6h [« 2157 24 27.6° 6.5 7.7% 14 57.9° 8.1
t 2222 53 28.9° 14.7 8.1% 15 60.4% 82
24h [« 2337 46 38.6° 13.0 6.5° 13 4892 79
t 239° 56 4537 15.0 5.5° 12 44.1° 7.8
Oh [« 19.6% 3.7 25.4° 74 7.2% 1.7 62.8° 11.2
t 2240 36 36.5° 11.2 6.3° 1.1 56.0° 14.2
10 + 10 min
6h [« 25.7% 41 38.4° 12,6 8.1° 19 52.6° 8.8
t 27.6° 7.6 48.5° 199 7.3% 1.8 51.4° 8.1
24h [« 2432 48 4342 149 6.3% 1.0 49.12 114
t 25.12 44 46.3* 11.0 6.2¢ 14 44,77 93
0h [« 1932 36 25.0° 11.6 7.3% 1.8 64.9° 103
t 213? 6.1 30.3¢ 10.7 6.7% 1.7 57.9° 9.7
15+ 15 min
6h [« 26.0° 44 42.0° 185 7.6% 1.2 57.5% 7.0
t 245° 33 41.3° 9.5 6.4° 1.0 54.0° 6.2
24h [« 26.4° 79 4947 20.5 6.57 23 49.1° 10.1
t 25.12 53 4722 154 5.9? 13 458 79

F (N), Ar (Ns), G, and LD, see Fig. 2. SD: standard deviations. c: control; t: treated. Differences between means with the same letter are not significant at p-level < 0.05.
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Fig. 3. Mean values of percentage of browning area of apples during 4 h of storage in con-
trolled conditions (10 °C; 90% RH). --- control; __treated. Differences between means with
the same letter are not significant at p-level <0.05 (within the same time of storage).
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Fig. 4. PPO activity (AA/min) of apple samples treated with plasma gas compared to the
controls. Differences between means with the same letter are not significant at p-level
<0.05.

0, (RRO,) or produced CO, (RRCO,) h™! kg fw~! according to the
following equations:

(20.8 —%Oz,head)

cro, Mo, Vhead - 100 -101.325
2= t-m-R-283
%CO
MMo, - Viead % -101.325
RRCO, =

t-m-R-283

where mmg; and mmco, refer to gas molar mass (g/mol), Vhead
represents the ampoule headspace volume (dm?), % O,head and %
COa,neaq refer to gas percentages in the ampoule headspace at time
t (h); m is the sample mass (kg); and R is the gas constant
(8.314472dm>kPaK~'mol~1).

2.5.3. Metabolic heat by isothermal calorimetry

Rocculi et al. (2012) studied the use of isothermal calorimetry
to monitor metabolic responses of different fresh-cut fruit tissues
subjected to different processing and storage conditions. The measure-
ments allowed the heat production determination of endogenous (tissue
metabolism) biological process. In order to measure the effect of gas
plasma treatment on metabolic heat production of apple tissue, the
same technique was applied on apple sample cylinders.

From each apple slice, six cylinders were sampled using a core borer
and subjected to the different plasma treatments. Controls were obtain-
ed by placing cylinders at the same temperature and relative humidity
characterising the treatment chamber. Control and treated cylinders
were then placed in 20 ml glass ampoule (six cylinders for ampoule,
about 2.5g) and sealed with a teflon coated rubber seals and an alumin-
ium crimp cap. For each control/treatment condition, four replicates
were analysed. A TAM-Air isothermal calorimeter (Thermometric AB,
Jarfdlla, Sweden) was used to measure the rate of metabolic heat
production. This instrument is characterised by a sensitivity (precision)
of £10 uW (Wadsd & Gomez-Galindo, 2009) and contains eight twin
calorimeters in which eight sample ampoules can be inserted, each
one with its own reference. The instrument measures the difference be-
tween the sample and the reference signal. Reference has to be chosen
as a material not producing heat, but with heat capacity similar to the
sample analysed. In this case water was chosen as reference material
and the amount to be placed in each ampoule (Mw) was determined as:

_ Gor x Mgr + Gy x My
— "

My

where Csr is the specific heat of dry matter assumed to be 1Jg~ 1K™,
Msr is the dry matter content and My is the water content of the
apple sample; Cy is the water specific heat (~4.186 g~ ' K™ ). Isother-
mal measurements were performed at 10 °C for 24 h. Before and after
the measurements, baseline was recorded for 30 min.

2.6. Data analysis

Significant differences (P<0.05) between control and treated mean
values were found by using Student's t-test and the Analysis of Variance
(ANOVA) according to Tukey's HSD. Mann-Whitney test was used in
the case of significance of the Levene test (SPSS 13.0 for Windows,
IBM SPSS Statistics).

3. Results and discussion
3.1. Qualitative assessment of fresh-cut apples
3.1.1. Chemical parameters

Mean values of the soluble solid content (SSC), dry matter content
(DM), and titratable acidity (TA) are shown in Table 1.
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Table 3

Mean values of the respiration rate during storage for 24 h in controlled conditions (10 °C; 90% RH).

Time of treatment Time of storage Sample Respiration rate (mg/h kg of sample)
RROZ (consumed) RRCOZ (produced)
X SD X SD
5+ 5min 1h c 4437 1.95 43.92° 1.59
t 37.10° 1.25 36.03° 2.69
2h c 22.13° 271 22.69° 1.20
t 23.82° 1.21 17.15° 056
4h c 16417 1.33 13.62% 032
t 18.76% 1.30 12.26 129
6h c 16.52% 2.07 12422 0.67
t 18.70° 0.73 12.80° 078
24h c 13.70° 0.16 12.78% 0.62
t 15.75" 0.28 11.38° 033
10 + 10 min 1h c 43.92° 1.59 36.24° 131
t 36.03° 2.69 53.4° 444
2h c 22.69° 1.20 31.2° 1.66
t 17.15° 0.56 35.37° 1.15
4h c 13.62% 0.32 28.09° 0.66
t 12.26% 1.29 28.75° 1.85
6h c 1242% 0.67 23.24° 0.87
t 12.80% 0.78 24.38° 0.60
24h c 12.78% 0.62 18.61% 041
t 11.38° 0.33 16.95% 0.98
15 + 15 min 1h c 50.89° 469 40.96° 443
t 442 1.05 48.39° 1.16
2h c 23.92% 1.59 35.01° 324
t 23.19° 2.06 33.85° 224
4h c 14.24% 143 30.65% 1.77
t 11.62% 1.23 27.98° 1.88
6h c 12.94° 1.55 24.89° 0.68
t 11.22° 0.87 23.22° 374
24h c 1347% 0.63 19.217 125
t 11.05" 0.42 16.30° 0.65

RRO,: mg of consumed O, h~ ! kg fw~!. RRCO,: mg of produced CO, h~! kg fw~!. SD: standard deviations. c: control; t: treated. Differences between means with the same letter are not

significant at p-level < 0.05.

Slight significant differences emerged between control and treated
sample means for all the parameters, but not for all the treatments
and storage times. In terms of SSC, limited increments in the treated
sample values (from 0.4 to 0.8 °Brix) were observed with respect to
the control ones, except that immediately after the 5 + 5 treatment.
For DM, a slight significant difference was found between control and
sample means only after 24 h of storage for 5 + 5 min sample, while in
terms of TA the only significant differences were found after 24 h for
5+ 5min and immediately after 15 + 15 min.

Generally, obtained results evidenced that the response of apple
tissue in terms of modification of the measured chemical parameters
(often used to describe the ripening evolution of fruit) was very limited,
and mainly represented by a slight increase of SSC. In this direction, the
physiological stress promoted by the tested plasma treatment could
have slightly increased the conversion rate of starch to glucose in the
apple tissue, influencing significantly neither the water content nor
the titrable acidity value.

3.1.2. Texture

Table 2 summarizes the results of the uniaxial compression tests
conducted on apple pieces during 24 h of storage in controlled condi-
tions (20 °C, 90% RH).

In terms of firmness (F) and work required to the flesh rupture (Ag),
significant differences emerged between mean values of the control and
treated samples for the treatment time 5 + 5 min and 10 + 10 min.
Treated sample values were higher than the control ones immediately

after the treatment (for F and Ar parameters) and after 6 h of storage
(only for Ag). Generally the plasma treatment seemed to trendily in-
crease the sample firmness. On the contrary one of the problems of
the traditional anti-browning dipping treatment usually adopted for
fresh-cut apple production (based on ascorbic and citric acid or their
salts) is the consequent softening of the tissue (Gil, Gorny, & Kader,
1998; Rocculi et al.,, 2004) and the addition of anti-softening agents
such as calcium salts is often unavoidable (Garcia & Barrett, 2002;
Rocculi et al., 2004).

Gradient (G) and linear distance (LD) results showed sparse signifi-
cant lower values for treated samples, compared with the control. Par-
ticularly this happened after 24 h of storage following a treatment of
5+ 5min (for both G and LD), immediately after 10 + 10 min of treat-
ment (only for G) and immediately after 15 + 15 min of treatment
(only for LD) and after further 6 h of storage (for both G and LD). Trend-
ily it seems that the gas plasma treatment has reduced the ‘crunchiness’
of the apple slices (LD and G reduction). From a visual examination, the
treated samples seemed covered by a sort of bio-film, probably generat-
ed by the destruction of superficial cells promoted by gas-plasma oxi-
dant radicals; this micro-structural alteration could be the cause of the
detected LD and G modifications.

3.1.3. Browning extent using computer vision system (CVS)

The results of the image analysis conducted on apple slices are re-
ported in Fig. 3. Mean values of the percentages of not browned and
browned areas are shown according to the storage duration for both
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Fig. 5. Specific thermal power profiles of apple tissue cylinders during 24 h of analysis at
10 °C (isothermal calorimetry). Black line: control sample. Grey line: treated sample.

control and treated sample. Significant differences were observed be-
tween means for all three times of treatments. In terms of browned
area, highest values were measured for the control samples. For the
plasma treatment 15 + 15 min and after 4 h of controlled storage
(10 °C; 90% RH), control samples showed, with respect to the treated
ones, a significant increase in the browned area of about the 65%,
while the treated sample seemed to maintain the initial level until the
end of the experiment. It is important to underline that Pink Lady® is
one the most used apple by industry for fresh-cut production, because
of its low susceptibility to browning after minimal processing. However,
the gas-plasma treatment seemed to affect apple colour degradation
through the inhibition of enzymatic browning, also if the phenomenon
was not as intense as for other varieties (R6Ble, Gormley, Brunton, &
Butler, 2011).

3.2. Metabolic evaluation

3.2.1. PPO activity

The inactivation of fruit and vegetable endogenous enzymes is one
of the most important aims of food preservation operations. Recently,
for the first time, Pankaj et al. (2013), demonstrated the applicability
of in-package cold plasma for the inactivation of vegetable enzymes,
particularly of tomato peroxidase that was taken as a model enzyme.
In that work, the enzyme activity was found to decrease with both treat-
ment time and voltage, the former variable exhibiting a more pro-
nounced effect. Furthermore, Surowsky et al. (2013) found that
treatment time greatly affected inactivation of polyphenol oxidase and
peroxidase enzymes in a model food system and observed a two-stage
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reduction of activity that lead to an irreversible although incomplete
inactivation.

Fig. 4 shows the results of the PPO activities (AA/min) of treated
apple samples, each one compared to its control.

By increasing the treatment time, a significant and roughly linear
decrease in sample PPO activities was measured. Taking as 100% the
PPO activity of each specific control sample (fresh tissue), treated sam-
ple residual activities were about 88, 68 and 42%, respectively for 5 + 5,
10+ 10 and 15 + 15min treatment times. Takai, Kitano, Kuwabara, and
Shiraki (2012) used low frequency helium plasma jet system for the
treatment of egg white lysozyme attributing the decrease in the enzyme
activity to a change in the secondary protein structure and modification
of some amino acid side chains of the enzyme. The study of the effect of
atmospheric pressure glow discharge plasma on bovine serum albumin
performed by Deng, Shi, Chen, and Kong (2007) confirmed the degrada-
tion of protein integrity upon plasma treatment. Surowsky et al. (2013)
investigated the relative amounts of secondary structure fractions in
PPO and POD enzymes, before and after plasma treatments, through cir-
cular dichroism spectroscopy and found a significant decrease in the
amount of alpha-helix structures that was strongly correlated to the
loss of enzymatic activity. Protein structural modifications were further
confirmed by changes in tryptophan emission fluorescence measure-
ments that were affected by plasma exposure times.

Takai et al. (2012) suggested a mechanism of reaction between plas-
ma generated reactive species and proteins to explain the inhibitory
effect of cold plasma on tomato peroxidase that was further reported
by Pankaj et al. (2013) and in accordance with Surowsky et al. (2013).
In particular they hypothesised that OH, O3, HOO and NO radicals in-
duced chemical modifications of chemically reactive side-chain of the
amino acids, such as cysteine, aromatic rings of phenylalanine,
tyrosine, and tryptophan, that consequently lead to a loss of enzyme
activity. A similar mechanism for decomposition of C—H, C-N and
N-H bonds of protein was also described by Hayashi, Kawaguchi, and
Liu (2009). In this direction the characterization of the atmospheric
plasma generated by the device used in this study by using emission
spectroscopy revealed the presence of OH, NO and other reactive radical
species (Ragni et al., 2010). As just mentioned, the observed decrease of
PPO activity in the treated apple samples was probably due to the action
on enzyme amino acid structure.

3.2.2. Respiration rate

The oxygen level within the ampoules after 24 h at 10 °C was in the
range of 16.7 and 17.6% in the control and in the range of 16.6 and 18.2%
in the treated samples.

Mean values of the respiration rate during a storage of 24 h in con-
trolled conditions are reported in Table 3. In general and when significant,
lower values in terms of mg of consumed O, (RRO,) were obtained for
the treated sample respect to the control one. These differences were
generally observed for all the three treatments, particularly after 24 h of
storage. The inhibition of respiration in terms of consumed O, did not al-
ways correspond to a significant decrease of CO, production (RRCO,).

Actually, while 5 + 5 min sample showed lower values than the
control, CO, production of samples 10 + 10 min and 15 + 15 min was
higher respectively after 1 and 2 h from experiments. This contrasting
behaviour could be caused by an instantaneous response of the vegeta-
ble tissue to the chemical stress promoted by the treatment, that macro-
scopically promoted an increase of CO, production. The results obtained
in this study suggest that the plasma treatment can cause an alteration
of the cellular respiratory pathway; it seems therefore to be a more
complex response if compared to traditional anti-browning thermal
treatments, such as blanching, that promote a complete inactivation of
cell metabolic activity.

3.2.3. Metabolic heat by isothermal calorimetry
Specific thermal power profiles of apple tissue cylinders during 24 h
of analysis at 10 °C are reported in Fig. 5.
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All the thermograms of treated samples showed during the first 6 h
of analysis an irregular and intense heat production profile compared
with the control, as there was a physiological response of the tissue to
the chemical stress promoted by the gas plasma treatment. After this
period, the heat production of the treated samples was lower than the
controls for all the 24 h of analysis, proportionally to the treatment
time. The decrease of the heat production from vegetable tissue can be
attributed to a lower extent of cell vitality promoted by processing op-
erations; this finding has been previously showed as a consequence of
blanching for fresh carrot (Gémez, Toledo, Wadso, Gekas, & Sjoholm,
2004) and of osmo-dehydration for kiwifruit pericarp tissue (Panarese
et al., 2012).

4. Concluding remarks and future perspectives

In this study we have pioneered the use of gas plasma for the treat-
ment of fresh-cut apples.

Promising results have been obtained regarding enzymatic browning
inhibition and a specific effect on the reduction of polyphenol oxidase
activity on the apple slices has been found.

The potential application on in-packed cold plasma technology
showed by Pankaj et al. (2013), together with its known effect on mi-
crobiological decontamination of foods (Misra et al., 2011; Niemira,
2012) makes this technique very encouraging for fresh-cut apple
stabilization.

However several very important aspects have to be clarified in order
to deeply understand gas plasma effect on fresh-cut apple quality and
on the metabolic response of the tissue.

First of all, considering the high oxidative action of gas plasma treat-
ment, its effect on the bioactive compounds of the fruit tissue has to be
deeply studied in order to highlight the nature of gas plasma effect on
biochemical tissue response. In addition the sensorial impact of the
treatment has to be assessed. Both aspects have to be investigated in
terms of direct effect (immediately after the treatments) and further
stress response in real storage conditions (e.g. modified atmosphere
packaging, refrigeration).

Moreover the metabolic response to the treatment of the fresh apple
tissue evaluated by calo-respirometric measurements has to be clari-
fied, eventually with the aid of ultra- and micro-structural techniques
to assess the cellular compartment modifications of the apple tissue,
verifying whether apple cell wall undergoes degradation during the
treatment (Panarese et al,, 2012); this could give interesting indications
also about the treatment effect on macroscopic textural aspects.
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The efficacy of atmospheric plasma treatment on microbial decontamination of different kinds of food
products is already known. Recently, new applications of this innovative technology have been proposed,
in order to test the improvement of quality maintenance of minimally processed fruit and vegetables.
Nevertheless, the knowledge on the modifications of functional and nutritional properties of minimally
processed fruit is still scarce.

gell’(‘j""’;d“ The objective of this study was to evaluate the effect of atmospheric double barrier discharge (DBD)
Ffeshl?c?lstri?wi fruit plasma treatment on the quality maintenance of fresh-cut kiwifruit. Treatments of 10 and 20 min per side
Quality were performed and their consequences were evaluated during four days of storage in controlled

conditions by monitoring parameters related to visual quality, texture, chlorophyll, carotenoids and
polyphenols. The in vitro antioxidant activity was evaluated through a multimodal approach, combining
different assays for the analysis of antiradical activity and reducing activity of antioxidants. According to
the obtained results, plasma treatments positively influenced the quality maintenance of the product, by
improving colour retention and reducing the darkened area formation during storage, not inducing any
textural change compared with the control. Plasma treatments caused an immediate slight loss of
pigments, but a better retention during storage. No significant changes in antioxidants content and
antioxidant activity were observed among treated samples and control ones.

© 2015 Elsevier B.V. All rights reserved.

Antioxidant activity
Antioxidants

1. Introduction

Among the known pre-treatments for extending storage life of
minimally processed kiwifruit, some of the most used (in order of
increasing intensity degree) include: dipping in calcium salt
solutions, osmotic-dehydration, edible coating, tissue vacuum
impregnation with glucose and hot water dipping (Muntada et al.,
1998; Agar et al., 1999; Dalla Rosa et al., 2011; Tylewicz et al., 2011;
Benitez et al., 2013). In terms of technological and economical
aspects, these techniques present some disadvantages related to
the necessity of dipping the product in aqueous solution (e.g. plant
and consumables costs, disposal of exhausted solutions, labelling
of chemical agents, further drying). In addition, these processing
techniques are principally aimed at maintaining colour and texture

* Corresponding author. Tel.: +39 0547 338120; fax: +39 0547 382348.
E-mail address: silvia.tappi2@unibo.it (S. Tappi).

http://dx.doi.org/10.1016/j.postharvbio.2015.04.008
0925-5214/© 2015 Elsevier B.V. All rights reserved.

(Agar et al., 1999) and slowing down deteriorative phenomena
induced by tissue wounding response, but not at sanitising the
product.

Cold plasma is an ionised gas characterised by active particles
such as electrons, ions, free radicals and atoms that is produced by
applying energy to a gas or a gas mixture. Operative and
configuration conditions of the atmospheric plasma generators
and the assessment of the efficacy of the ionised gas on microbial
inactivation were extensively reviewed (Moreau et al., 2008). The
oxidative species produced during the discharge (reactive oxygen
and nitrogen species) can cause peroxidation of lipids and
oxidation of proteins and DNA (Montie et al., 2000).

Since the decontamination can be carried out in atmospheric
conditions, the treatment was tested in terms of the efficacy of
surface decontamination on different kinds of foods such as fruits
(Berardinelli et al., 2012; Baier et al., 2014), vegetables (Keener
et al., 2012; Baier et al., 2014), almonds (Deng et al., 2005), nuts
(Basaran et al., 2008), grains and legumes (Selcuk et al., 2008), shell
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eggs (Ragni et al., 2010), hatching eggs (Pasquali et al., 2010) and
meat (Noriega et al., 2011).

Recently, new applications of cold plasma have been proposed
in the food processing sector. The oxidative power of plasma was
tested in order to preserve the qualitative characteristics of fresh-
cut fruit and vegetables. These applications were mainly addressed
to the reduction of the activity of oxidative enzymes such as
polyphenol oxidase in fresh-cut apples (Tappi et al., 2014; Bulller
et al,, 2013), peroxidase in tomatoes (Pankaj et al., 2013) and
polyphenol oxidase and peroxidase in a model food system
(Surowsky et al., 2013).

All the cited works evidenced a significant effect on the activity
of degradative enzymes, in some cases with a consequent
improvement of the product visual quality, as documented for
fresh-cut Pink Lady apples (Tappi et al., 2014).

Other interesting works regard the effect of cold plasma on the
total phenolic content of lamb’s lettuce (Grzegorzewski et al., 2010,
2011) and on the physiological behaviour of green plant tissue
(Baier et al., 2013, 2014). According to the aforementioned authors,
plasma exposure leads to a detrimental effect on tissue photosyn-
thetic efficiency, erosion phenomena of the leaves upper epidermis
and a time and structure-dependent degradation of phenolic
compounds, although the plant matrix seems to protect them from
the oxidation caused by interaction with plasma-induced reactive
species. In theory, the intense oxidative power of plasma
treatment, due to the presence of OH®, NO*® and other reactive
radical species (Ragni et al., 2010), could also promote the
oxidation of the bioactive compounds contained in fruit tissue,
such as vitamin C and polyphenols, with a consequent decrease of
the antioxidant properties of fresh fruit. Wang et al. (2012) found a
slight decrease in the vitamin C content of different sliced
vegetables subjected to microjet plasma treatment, probably
due to oxidation, but within a range considered acceptable. The
knowledge of the modifications on the functional and nutritional
properties of minimally processed fruit is still scarce, and while
there are some reports on the effect of plasma on the antioxidant
content and activity of whole fruit (Berardinelli et al., 2012), the
effect on fresh-cut fruit is largely unknown.
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Among minimally processed fruit, kiwifruit is a very interesting
product from a nutritional point of view because it contains high
levels of vitamin C, vitamin E, flavonoids, minerals (Du et al., 2009)
and significant amounts of pigments, including chlorophyll and
carotenoids (Tavarini et al., 2008). Vitamin C is considered the
major antioxidant compound in kiwifruit, contributing to about
40% of the total antioxidant activity (Tavarini et al., 2008), but also
phenolic compounds have been reported to have a role in the
antioxidant properties (Du et al., 2009). The consumption of
kiwifruit has been recognised to have a preventative effect against
different cancers due to its cytotoxic and antioxidant activities
(Collins et al., 2001; Rush et al., 2002).

This study represents an early attempt to test the effect of
double barrier discharge (DBD) cold plasma treatment on the
quality of minimally processed kiwifruit and on its potential effect
on health properties. In particular we monitored physical
parameters related to visual quality (colour and darkened area),
texture and standard chemical parameters. The chlorophyll,
carotenoids, ascorbic acid and polyphenols content was also
measured. The in vitro antioxidant activity was quantified by
different in vitro assays: the 2,2’-azino-bis(3-ethylbenzothiazo-
line-6-sulphonic acid) (ABTS) radical scavenging assay, the 2,2-
diphenyl-1-picrilhydrazyl (DPPH®) radical scavenging assay, and
the ferric reducing antioxidant power (FRAP). The same param-
eters were tested during storage in controlled conditions.

2. Materials and methods
2.1. Raw material, handling and storage

Kiwifruits (Actinidia deliciosa cv. Hayward) were harvested at
the beginning of November 2012 (Emilia Romagna region, Italy)
and stored in a bin in a refrigerated room for one month (from
—1°C to 1°C, RH. 98%). After this period, defect-free fruits of
uniform size were selected and transported to the laboratory,
where they were stored for a further 15d at 4°C and R.H. 98%
before being treated. At the time of sample preparation, the raw
material had a soluble solid content of 13.5 4- 0.77%, titrable acidity
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Fig. 1. Emission spectra of the discharge acquired during 10 min of treatment (15kV peak-to-peak, at about 22 °C and 60% of R.H.).
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of 147 £0.07 g of citric acidkg™! and a dry matter content of
149g+5.8kg ! on a fresh weight basis.

Analytical grade chemicals were purchased from Sigma-
Aldrich (Steinheim, Germany). Hydrochloric acid and methanol
were purchased from Romil (Feltham, UK).

2.2. DBD gas plasma generator

DBD cold plasma treatments were run at atmospheric
conditions inside a cabinet described in previous studies (Ragni
etal., 2010; Berardinelli et al., 2012). The ionised gas was produced
using atmospheric gas (according to a DBD configuration) between
three couples of parallel plate electrodes, made of brass (one
electrode of each couple was covered by a 5 mm thick glass sheet as
dielectric material). The electrodes were powered by a DC power
supply whose voltage can be varied from 2 to 19V. As described in
the cited studies, a potential difference of 15 kV (peak-to-peak) was
measured at the electrodes with an input voltage of 19V (the level
chosen for the treatment). The emission in the 200-450nm
wavelength range (at approximately 22°C and 60% of R.H.) was
chemically characterised by an optic fibre probe (Avantes, FC-
UV400-2) placed at 20 mm from the discharge and connected to a
spectrometer (Avantes, AvaSpec-2048). Preliminary assessments
showed that the presence of the fruit does not affect the emission
during the duration of the treatments considered in this study.

The emission spectra acquired after 1, 5 and 10 min of treatment
are shown in Fig. 1. Probably due to a thermal stabilisation of the
system (electrical components, electrodes, etc.), the measured
irradiance increases by increasing the min of treatment. After
about 10min, a stabilization of the irradiance values can be
observed.

In terms of emission peaks, those related to the neutral nitrogen
molecules N, (290-440 nm) and to the positive ion N,* (391.4nm)
were dominant, as can be commonly detected for atmospheric air
discharge. The emission peaks of OH (305-309 nm) and NO (226-
248 nm) radicals were also observed.

2.3. Sample treatment and storage

Kiwifruit slices were placed under the electrodes (at a distance
of 70 mm) and the discharge was directed on the surface of the fruit
by three fans mounted over the electrodes (fan speed: 1.5m/s at
the base of the electrodes) as shown in Fig. 2.

After preliminary tests aimed at avoiding evident surface
damage, two treatment times were chosen: 20 min (10 + 10 min for
each side) and 40 min (20+20min for each side). Atmospheric
conditions (approximately 22°C and 60% R.H.) were defined
according to previous experiences which showed that OH radicals
increase by increasing the air humidity level (Ragni et al., 2010).

Each treatment (10 + 10 and 20 +20) was repeated in triplicate
and for each replication 30 slices from 10 different kiwifruit were
used. To minimise differences due to natural variability, kiwifruit
slices were randomly divided into two sub-samples of 15 treated

and 15 control samples. Control samples were stored at the same
temperature and R.H. conditions for the duration of the treatment.

Kiwifruit slices were stored for four days in controlled and
constant conditions; in particular, temperature and relative
humidity were respectively 10°C and 95% in order to simulate
an accelerated storage. The storage temperature was chosen in
order to simulate an accelerated storage that requires the use of a
temperature higher than the optimal one, but, at the same time, in
order to avoid the change of the typology of degradative reactions,
a temperature close to the real storage condition in the
supermarket was chosen.

Furthermore, to avoid interaction with packaging variables such
as passive modified atmosphere, samples were placed on trays and
stored unpacked. Colour, visual quality by image analysis and
texture were assessed for each treatment immediately after the
plasma exposition and after one and four days of storage.

To analyse chlorophyll and carotenoids content, samples were
freeze-dried after treatment and after four days of storage. They
were subsequently ground under liquid nitrogen and stored at
—18°C for two weeks.

Antioxidants content and antioxidant activity were determined
only on samples subjected to the longest treatment and their
relative controls after freeze-drying.

2.4. Qualitative assessment
2.4.1. Visual quality

2.4.1.1. Colour. Surface colour was measured on the kiwifruit
pericarp with a Chroma Meter CR-400 reflectance colorimeter
(Minolta Italia, Milano, Italy) using the D65 illuminant and the 10°
standard observer. For each slice, an average value of three
measurements performed in three different points was calculated.
The L',a’ and b” parameters of the CIELAB system were measured, a’
and b" parameters were further used to calculate Hue angle
(Eq. (1)) and chroma (Eq. (2)) values (C.LE., 1987).

o (arctan[b*/a*]
e — (2D /4]
2

> x 360 (1)

Chroma = \/a*2 + b*2 (2)

2.4.1.2. Darkened area by computer vision system (CVS). A digital
camera mod. D7000 (Nikon, Shinjuku, Japan) equipped with a
60 mm lens AF-S micro, Nikkor (Nikon, Shinjuku, Japan) was used
to acquire digitalised images of kiwifruit slices (exposition time
0.5s; F-stop f/16) placed inside a black box under controlled
lighting condition.

Images (RGB scale) were processed with Photoshop (Adobe
Photoshop, 8.0) in order to separate the pericarp area from the core
tissue. These two portions were separately analysed with an
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Fig. 2. Top view of the electrodes and of the kiwifruit slices placed under the discharge.
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advanced Image Analysis Software (Image Pro-Plus v. 6.2, Media
Cybernetics, USA), according to a chromatic model set up by
Rocculi et al. (2005). After conversion in grey scale (8 BPP), on the
basis of the chromatic characteristics, two different pixel ranges
were defined corresponding to “darkened” (0-177 BPP for pericarp
and 0-215 BPP for the core) and “not darkened” (178-253 BPP 216-
153 BPP for the core) areas. All pixels were then evaluated by the
model in terms of percentage of darkened area on the total.

2.4.2. Texture

Penetration tests were run using a Texture Analyser TA-HDi500
(Stable Micro Systems, Surrey, UK) equipped with a 50 N load cell
and a 6 mm diameter stainless steel cylinder by setting the test
speed at 0.5mms~! and the maximum deformation at 90%.

For each slice, penetration tests were carried out in two
different points of the pericarp. The acquired curves (Force, N,
versus time, s) were analysed and the following mechanical
parameters were extracted: firmness, the first peak force (N) value
representing the limit of the flesh elasticity (F), work (m]) required
to rupture the flesh from Os to F (AF), and gradient (Nmm™!)
between Os and F (G).

2.4.3. Chemical parameters

Soluble solids content (SSC) was determined at 20°C by
measuring the refractive index with a digital refractometer mod.
PR1 (Atago Co., Ltd., Tokyo, Japan) calibrated with distilled water.

Dry matter content was determined gravimetrically by differ-
ence in weight before and after drying at 70°C, until a constant
weight was achieved (AOAC International, 2002).

Titratable acidity (TA) was determined by titration with NaOH
0.1 N until pH 8.1 was reached (AOAC International, 2000), and
expressed as mg of citric acid kg~! on a fresh weight basis.

For each sample, SSC and TA were determined in triplicate on
the juice obtained by crushing 10 kiwifruit slices with a food
processor, after filtering through Whatman #1 filter paper. SSC, dry
matter and TA were determined immediately after treatment and
after 24 h of storage in controlled conditions (10°C, 90% R.H.).

Electrolyte leakage (EL) was measured as described by Rolny
et al. (2011) with small modifications. Briefly, one slice of kiwifruit
(approx 10g) was floated on 100mL of deionised water. The
electrolyte content in the solution was measured immediately (Cp)
and after 3 h (C3) of incubation under continuous shaking at room
temperature using a conductometer (Crison Instrument, Barce-
lona, Spain). The flasks were then put in an oven at 100°C for 1 h.
After cooling to room temperature, total conductivity (TC) was
then measured again. Results were expressed as percentage of
electrolyte leakage according to Eq. (3):

(C3 —Co)

%EL = 100 x TC

3)

Electrolyte leakage was measured in order to assess a possible
cell membrane damage, as an increased value of this parameter
indicates disruption of the plasma membrane.

2.4.4. Chlorophyll and carotenoids content

0.5 g of freeze-dried sample were extracted for 2 min with 5 mL
of 80% acetone and centrifuged (3273 x g for 10 min at 10°C). The
supernatant was directly assayed spectrophotometrically at three
different wavelengths (662, 645 and 470 nm). Quantifications were
obtained according to Lichtenthaler and Wellburn (1983) using the
Egs. (4)-(6):

Ca =11.75 x A662 —2.350 x A645 (4)

Cb = 18.61 x A645 —3.960 x A552 (5)

1000 x Ag70 — 2.270C; — 81.4C,

& 227

(6)

where C,, G, and Cs are respectively chlorophyll a and b and
carotenoids concentrations (mgL~!), and A is the absorbance
values at the different wavelengths. Results were expressed as
mgkg~! of dry weight.

2.4.5. Antioxidants and antioxidant activity

2.4.5.1. Sample preparation and solid phase extraction for antioxidants
determination. Hydrophilic fraction extraction: 0.5g of freeze-
dried sample were added to 10 mL of 0.1 N sulphuric acid ina 50 mL
polypropylene tube, wrapped in an aluminium sheet. The mixture
was vortexed for 2 min, then was centrifuged for 10 min at 1500 x g
in an Allegra™ X-22 R centrifuge (Beckman Coulter, Inc., Brea, CA)
set at 4°C. The supernatant was filtered through a Whatman
541 filter paper (GE Healthcare, Buckinghamshire, UK). The solid
residue was stored at 4°C and then used for the extraction of
amphiphilic fraction. 4 mL of the sample was loaded onto a Strata
C18-U cartridge connected to a vacuum manifolds system
(Phenomenex Inc., Torrance, CA, USA) and previously
conditioned with 10 mL of methanol 100% followed by 25 mL of
water. After the complete absorption of the sample, the hydrophilic
compounds were eluted with 2 x4 mL of 0.1N sulphuric acid,
collected in a 15 mL polypropylene tube (final volume 12 mL) and
used for antioxidants and antioxidant activity determinations.

Amphiphilic fraction extraction: 1 mL of methanol 100% was
added to the solid residue obtained after hydrophilic compounds
extraction and it was dried under a gentle nitrogen stream. Sample
was then added to 10 mL of methanol 60% and vigorously shaken
for 10 min at room temperature. The mixture was centrifuged for
10min at 1500 x g in an Allegra™ X-22 R centrifuge (Beckman
Coulter, Inc., Brea, CA) set at 4°C. 4mL of the supernatant were
loaded onto the same C-18 cartridge previously used for the
separation of the hydrophilic fraction. After the complete
absorption of the sample, the amphiphilic compounds were eluted
with 2 x 4 mL of methanol 60%, collected in a 15 mL polypropylene
tube (final volume 12mL) and used for antioxidants and
antioxidant activity determinations.

2.4.5.2. Ascorbic acid determination. Ascorbic acid was determined
on the hydrophilic extract by HPLC analysis carried out according
to Odriozola-Serrano et al. (2007). The HPLC system LC-1500
(Jasco, 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 mm x 150 mm) was used as
stationary phase. Samples were introduced in the column through
an autosampler (Jasco AS-2055 Plus). The mobile phase was a
0.01% solution of sulphuric acid adjusted to pH 2.6. Flow rate was
fixed at 1.0 mL/min at room temperature. Data were processed by
the software ChromNAV (ver. 1.16.02) from Jasco. Ascorbic acid
content was quantified at 245 nm through a standard calibration
curve that was linear in the range 0-284 wM ascorbic acid.

2.4.5.3. Total phenolic content (TPC) determination. The content of
total polyphenols was quantified by the Folin-Ciocalteu phenol
reagent method, according to Singleton and Rossi (1965), modified to
fit a 96-wells plate. The TPC depends on the specific phenolic profile,
in particular the type of phenolics present and their relative amounts
or proportions (Naczk and Shahidi, 2004 ). The analysis was carried
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out after solid phase extraction on C-18 cartridges, which has been
reported as a suitable technique of separation for phenolic
compounds (Antolovich et al., 2000; Nackzk and Shaidi, 2004).

The fresh working solution was prepared daily by diluting Folin—
Ciocalteu phenol reagent to a final concentration of 0.6 N in water.

250 L of Folin-Ciocalteu phenol reagent were aliquoted in a
96-well microplate and the reaction was started by adding 60 L of
hydrophilic or amphiphilic extracts. Six different dilutions for each
extract were analysed. After 6 min in the darkness the reaction was
neutralised by the addition of 22puL of sodium carbonate
0.3 gmL~. After an incubation of 30 min at room temperature in
the darkness, the absorbance was measured at 765 nm using the
EnSpire™ Multimode Plate Reader (PerkinElmer, Waltham, MA).
60 L of 0.1 N sulphuric acid or methanol 60% were used for the
blank sample, for hydrophilic or amphiphilic extracts respectively.

Gallic acid was used as standard for the calculation of total
phenolic content of hydrophilic and amphiphilic extracts. Gallic
acid was dissolved in water for hydrophilic extract and in methanol
60% for the amphiphilic extract. 60 L of water or methanol 60%
were used for the blank sample, for hydrophilic or amphiphilic
extracts respectively. The standard curve was linear in the range 0-
39 uM gallic acid.

2.4.5.4. Radical scavenging capacity by ABTS**. The ABTS free
radical scavenging activity was determined according to the
method described by Re et al. (1999) and modified to fit a 96-wells
plate. Briefly, ABTS was dissolved in deionised water to a final
concentration of 7 mM and ABTS** was produced by reacting ABTS
solution with potassium persulphate 2.45mM and allowing the
mixture to stand in the dark at room temperature for 12-16 h.
ABTS*" was then aliquoted into small vials for storage at —80°C
until used. For the study, the ABTS®** solution was diluted in
deionised water to an absorbance of 1.829 4 0.028 at 734 nm. Fresh
diluted ABTS"* solution was prepared daily.

250 L of ABTS*" were aliquoted in a 96-wells microplate and
the reaction was started by adding 30 L or 60 L of hydrophilic or
amphiphilic extracts, respectively. Six different dilutions for each
extract were analysed. After 5min of incubation at room
temperature in the darkness, ABTS® blanching was measured at
734 nm using the EnSpire™ Multimode Plate Reader (PerkinElmer,

Waltham, MA). 30 L or 60 L of 0.1 N sulphuric acid or methanol
60% were used for the blank solution, for hydrophilic or
amphiphilic extracts respectively.

Trolox was used as standard for the calculation of the radical
scavenging activity (RSA) of hydrophilic or amphiphilic extracts.
Trolox was dissolved in PBS buffer (pH 7.3) for hydrophilic extract
and in methanol 60% for the amphiphilic extract. 30 L of PBS or
60 wL of methanol 60% were used for the blank sample for
hydrophilic or amphiphilic extracts, respectively. The standard
curve was linear in the range 0-58 uM Trolox.

2.4.5.5. Radical scavenging capacity by DPPH®*. The DPPH free
radical scavenging activity was determined according to the
method described by Brand-Williams et al. (1995) modified to fit a
96-wells plate. The DPPH* stock solution 0.913 mM was prepared
in methanol 100% and was stored at —20 °C until used. The working
solution was obtained diluting DPPH® stock solution in methanol
60% to a final concentration of 0.290 mM. Fresh diluted solution
was prepared daily. 250 L of DPPH® were aliquoted in a 96-wells
microplate and the reaction was started by adding 60 pL of
amphiphilic extract. Six different dilutions of amphiphilic extract
were analysed. DPPH® reduction was measured at 515 nm using the
EnSpire™ Multimode Plate Reader (PerkinElmer, Waltham, MA) at
25°C, after 10 min of reaction at room temperature in the darkness.
60 L of methanol 60% were used for the blank sample. Trolox was
used as standard for the calculation of the RSA of amphiphilic
extract. Trolox was dissolved in methanol 60% and the standard
curve was linear in the range 0-58 wM Trolox. 60 pL of methanol
60% were used for the blank solution.

2.4.5.6. FRAP determination. The FRAP assay was carried out
according to the method described by Benzie and Strain (1996),
modified to fit a 96-wells plate. The FRAP reagent (1.67 mM ferric
chloride and 0.83 mM 2,4,6-tripyridyl-s-triazine (TPTZ) in 250 mM
acetate buffer, pH 3.6) was prepared daily.

250 pL of FRAP reagent was aliquoted in a 96-wells microplate
and the reaction was started by adding 60 L of amphiphilic
extract. Six different dilutions of amphiphilic extract were
analysed. After 6 min of reaction at room temperature in the
darkness, the absorbance was measured at 593 nm using the

Table 1

Pericarp colour and factorial ANOVA results of control (C) and treated (T) for 10+ 10 and 20 + 20 min fresh-cut kiwifruit immediately after the treatment and after 1 and 4 days

of storage.
Sample Treatment time (min) Storage time (d) Lightness Chroma Hue angle (°)

Mean s.d Mean s.d. Mean s.d.

C 10+10 0 49.3° 5.5 30.1° 6.8 120.4° 2.3
T 10+10 0 47.6%° 6.2 27.1% 8.1 120.2% 2.4
C 20+20 0 47.5% 5.7 29.0%° 7.0 119.9% 2.6
T 20+20 0 46.4%b¢ 48 26.2° 6.3 120.7° 3.5
C 10+10 1 44 73bce 8.4 20.1°¢ 45 111.5° 71
T 10+10 1 46.23b¢ 7.4 18.6<¢ 3.8 111.6° 3.7
C 20+20 1 43,0cd 6.9 19.0« 4.6 112.5° 33
T 20+20 1 481 9.3 19.7¢ 5.1 111.4° 2.9
C 10+10 4 39,99 6.4 18.4%° 4.4 112.5° 5.5
T 10+10 4 43,2bcde 6.4 21.1°¢ 4.6 112.1° 6.3
C 20+20 4 37.3° 5.4 16.7¢ 3.5 112.4° 43
T 20+20 4 41.19f 6.5 1773 4.7 111.1° 33
F Sample 10.1 . 111 n.s. 0.01 n.s.
F S.t. 57.1 171 237
F Sample x S.t. 8.00 8.32 0.75 n.s.
F Tt. 4,57 6.83 0.99 n.s
F T.t. x S.t. 1.48 n.s. 2.44 n.s. 0.55 n.s.

C: control; T: treated; F: F value; S.t.: storage time; T.t.: treatment time, s.d.: standard deviation; n.s.: not significant.
Data marked with the same letter within each column are not significantly different at a p < 0.05 level.

p<0.05.
" p<0.01.
™ p<0.001.
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EnSpire™ Multimode Plate Reader (PerkinElmer, Hamburg,
Germany). 60 L of methanol 60% were used for the blank sample.

FeSO, dissolved in water was used as standard for the
calculation of the reduction capacity of amphiphilic extract. The
standard curve was linear in the range 0-174 LM FeSOg4. 60 L of
water were used for the blank sample.

Results of TPC, ABTS*", DPPH* and FRAP are expressed in mmol
of standard kg~ on a dry weight basis of freeze-dried sample and
were calculated by the ratio of the correlation coefficient of the
dose-response curve of sample, and the correlation coefficient of
the dose-response curve of the standard.

2.5. Statistical analysis

All the analyses were carried out at least in triplicate on
3 independent samples and results were reported as mean and
standard deviation.

Factorial analysis of variance (ANOVA) was carried out to test
the significance of the effects of treatment (sample), storage time
(S.t.), and their interaction (sample x S.t.); the effect of treatment
time (T.t.) and its interaction with storage time (T.t. x S.t.) was
further studied within treated samples.

Significant differences (p < 0.05) between mean values were
tested by the Tukey’s HSD test. In the case of significance of the
Levene test, non parametric Mann-Whitney test was used.

Correlations among the results of different antioxidant activity
assays were calculated by Pearson’s correlation analysis. Statistical
analyses were carried out using the software STATISTICA for
Windows 7 (StatsoftTM, Tulsa, OK).

3. Results and discussion
3.1. Visual quality

3.1.1. Colour

Mean values and standard deviations of the colorimetric
parameters obtained from the measurements conducted on the
pericarp of the kiwifruit slices are shown in Table 1.

Samples lightness significantly decreased during storage but,
although no significant differences among control and treated
samples were observed immediately after the treatment, plasma
showed a positive effect on colour lightness maintenance during
storage, finally resulting in a less darkened product.

According to Agar et al. (1999), surface darkening of kiwifruit
slices can be attributed to translucent water soaking from the
tissue, since low polyphenol oxidase activity and high ascorbate
content limit enzymatic browning.

Plasma treatments did not affect colour Hue angle and
saturation (chroma), whilst the latter was affected by treatment
time. Storage time after treatment significantly decreased both
parameters.

3.1.2. Darkened area by CVS

InTable 2, mean values and standard deviations of the darkened
area (%) calculated for the pericarp and the core areas of the
kiwifruit slices are reported.

Storage time significantly increased the extent of darkened
areas, and, even though no significant differences were observed
immediately after the treatment, plasma treated samples showed a
more limited darkening during storage compared to control
samples due to the interactive effect between sample and storage
time.

Furthermore, a significant interactive effect between treatment
time and storage time on the extension of darkened areas of the
pericarp was observed, with sample treated for long time
presenting a faster darkening than those treated for the shortest

Table 2

Pericarp and core darkened area and factorial ANOVA results of control (C) and
treated (T) for 10+10 and 20+20min fresh-cut kiwifruit immediately after the
treatment and after 1 and 4 days of storage.

Sample Treatment time (min) Storage time (d) Darkened area

Pericarp (%) Core (%)

Mean sd Mean s.d.

C 10+10 0 5.73° 4.60 8.70° 9.09
T 10+10 0 132 185 13.5° 9.36
C 20+20 0 134 116 154° 163
T 20+20 0 19.7° 130 214° 258
C 10+10 1 16.9° 797 28.0° 17.0
T 10+10 1 8.00° 634 232° 153
C 20+20 1 55.8° 194 61.5° 193
T 20+20 1 21.7° 8.84 25.0° 155
C 10+10 4 95.8 493 70.7% 278
T 10+10 4 823 240 63.3% 225
C 20+20 4 94.0° 101 875 238
T 20+20 4 79.2% 23.7 60.8°° 27.6
F Sample 1861 7 1239 7
F S.t. 4357 7 108.7

F Sample x S.t. 1441 7 740

F Tt 2160 7 1223

F Tt xSt 1491 7 135 ns.

C: control; T: treated; F: F value; S.t.: storage time; T.t.: treatment time, s.d.:
standard deviation; n.s.: not significant.
Data marked with the same letter within each column are not significantly different
at a p<0.05 level.
p<0.05.
“p<0.01.

™ p<0.001

time, but resulting in similar final values of darkened area at the
end of the storage. Visual examples of control samples and treated
samples (20 +20 min) after 4d of storage are given in Fig. 3.

3.2. Texture

Results of the penetration test are reported in Table 3. DBD cold
plasma treatment did not affect the texture of kiwifruit slices in
terms of hardness, work necessary to rupture the flesh and
gradient. Storage time determined a dramatic decrease of all the
texture parameters after 4 days of storage which were neither
influenced by the treatment nor by the treatment time.

According to Varoquaux et al. (1990) and Rocculi et al. (2005),
texture breakdown in kiwifruit slices is due to physiological events
that include enzymatic mediated degradation of hemicellulose,

Control

.

Fig. 3. Example of digitalised images of kiwifruit slices subjected to 20+20 min
DBD gas plasma treatment and control ones acquired after 4 days of storage in
controlled conditions.
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Table 3
Pericarp mechanical parameters and ANOVA results of control (C) and treated (T) for 10 + 10 and 20 +20 min fresh-cut kiwifruit immediately after the treatment and after

1 and 4 days of storage.

Sample Treatment time (min) Storage time (d) Hardness (N) Energy to rupture (m]) Gradient (Nmm™1)
Mean s.d Mean s.d Mean s.d
C 10+10 0 6.3%° 2.3 4.60° 1.86 9.38% 237
T 10+10 0 6.8° 18 4.81° 1.63 9,62 3.26
C 20+20 0 6.0%° 21 4572 2.09 9.16%° 3.65
T 20+20 0 5.3P 2.3 4207 2.29 8.12° 3.24
C 10+10 1 5.2° 18 4.81° 1.77 8.85% 2.84
T 10+10 1 6.3 1.9 4.47% 1.53 10.93? 3.05
C 20+20 1 5.0° 1.8 4.27% 1.42 9.373® 3.54
T 20+20 1 5.4 1.9 4.69° 1.82 9.15% 2.94
C 10+10 4 2.0° 0.5 1.84% 117 3.67¢ 2.34
T 10+10 4 2.0° 0.6 1.687 0.79 3.35¢ 1.58
C 20+20 4 1.8¢ 0.8 1.54% 0.89 3.08¢ 1.78
T 20+20 4 1.7¢ 0.7 1472 0.89 2.94° 1.78
F Sample 1.01 n.s. 0.63 n.s. 0.26 n.s.
F S.t. 202 . 350 1364
F Sample x S.t. 211 n.s. 1.79 n.s. 2.38 n.s.
F Tt 8.09 . 5.13 : 4.07 ’
F T.t. x S.t. 0.93 n.s. 0.37 n.s. 017 n.s.

C: control; T: treated; F: F value; S.t.: Storage time; T.t.: treatment time, s.d.: standard deviation; n.s.: not significant.
Data marked with the same letter within each column are not significantly different at a p <0.05 level.

" p<0.05.

" p<o0.01.

™ p<0.001.

solubilization of polyuronide and release of galactose from pectic 3.3. Chemical parameters

polymers, cell wall swelling and a decrease in water and osmotic

potential. Although in previous studies it has been reported that
plasma treatment can promote enzyme inactivation (Pankaj et al.,
2013; Surowsky et al., 2013; Tappi et al., 2014), in this research, the
activity of enzymes responsible for structure breakdown, generally
activated by operations such as peeling and cutting, do not seem to
be influenced by the applied treatments. To our knowledge, no
researches have yet been carried out on the effect of plasma
reactive species nor on this type of enzymes nor in this matrix
(kiwifruit), hence, at the moment, to hypothesise a mechanism to

Mean values and standard deviations of soluble solid content
(SSCQ), titrable acidity (TA), electrolyte leakage (EL) and dry matter
(DM) are reported in Table 4.

SSC increased with storage time probably due to starch
conversion into sugars but was not affected by the treatment.
Nevertheless, a significant interactive effect was observed between
treatment time and storage time as samples treated for longer time
showed a more pronounced increased of SSC.

TA was significantly affected by storage time, treatment time

explain the different results would be too speculative. and their interactions, although considering treated and control

Table 4
Chemical parameters and ANOVA results of control (C) and treated (T) for 10 + 10 and 20 + 20 min fresh-cut kiwifruit immediately after the treatment and after 1 and 4 days of

storage.

Sample Treatment time (min) Storage time (d) SSC (%) TA (mg citric acid kg™!) EL (%) DM (%)

Mean s.d Mean s.d Mean s.d Mean s.d
C 10+10 0 15.3° 0.6 1312 1.0 67.3% 2.6 10.9¢ 0.6
T 10+10 0 15.4° 11 13.6 0.7 61.6 6.7 11.7¢ 0.3
C 20+20 0 14.1%¢ 0.4 11.22 1.0 59.9% 0.3 12.2¢ 0.7
T 20+20 0 14.9% 0.5 11.72 0.5 61.9% 0.5 13.0¢ 0.3
C 10+10 1 16.24 0.3 14.2° 0.7 55.6% 46 11.9< 0.7
T 10+10 1 16.9¢ 0.3 16.7° 3.1 63.1° 7.7 13.2¢ 0.2
C 20+20 1 18.2¢ 1.5 15.4° 0.9 60.9% 3.0 13.1¢ 0.2
T 20+20 1 17.24 0.7 16.7° 0.5 55.2% 3.0 14.3¢ 0.2
C 10+10 4 19.0 0.8 17.3° 0.4 73.7% 5.7 22.3¢ 1.0
T 10+10 4 17.7¢ 0.2 14.0° 0.7 66.7% 48 20.1° 0.1
C 20+20 4 17.6¢ 0.2 13.7° 1.0 66.4° 22 21.8% 1.0
T 20+20 4 19.4 0.3 13.6% 0.7 66.7 18 22.4° 12
F Sample 0.64 n.s. 0.65 n.s. 0.26 n.s. 342 n.s.
F S.t. 7913 4794 7.25 h 793.56 -
F Sample x S.t. 0.52 n.s. 13.21 142 n.s. 8.01
F Tt 0.43 n.s. 14.76 0.52 n.s. 26.64
F Tt xSt 6.80 - 8.71 0.25 n.s. 0.33 ns.

C: control; T: treated; F: F value; S.t.: storage time; T.t.: treatment time, s.d.: standard deviation; n.s.: not significant. SSC: soluble solid content, TA: titrable acidity, EL:
electrolyte leakage, DM: dry matter.

Data marked with the same letter within each column are not significantly different at a p < 0.05 level.

p<0.05.

p<0.01.
™ p<0.001.
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samples at each storage day, the only significant differences
observed by Tukey’s HSD mean comparison test was after 4d of
storage for the 10+ 10 sample.

EL is a measurement of membrane integrity and it is often used
to assess the effect of stress or senescence on plant tissue (Rolny
et al., 2011). As it can be observe in Table 4, this parameter was
affected only by storage time, although no significant differences
were found according to the Tukey’s HSD mean comparison test.
Hence, it can be assumed that the treatment did not affect cell
membrane integrity.

Dry matter content underwent an increase of about 7%
compared to the control immediately after the treatment for both
samples, probably due to the effect of the fan, similarly to the result
found by Wang et al. (2012). During storage, a progressive increase
was observed in all samples but, as the interaction between sample
and storage time shows, plasma treatment seems to have induced a
faster dehydration of the tissue exposed to the air. After the longer
treatment, differences in dry matter compared to controls were
more pronounced as it can be observed in Table 4.

Generally, the obtained results showed that the response of
kiwifruit tissue to plasma treatment in terms of physico-chemical
parameters was limited and mainly represented by an increased of
dry matter content.

3.4. Chlorophyll and carotenoids analysis

Mean values and standard deviations of the concentration of
the chlorophyll a and b and of the carotenoids are reported in
Table 5.

A significant decrease in chlorophyll a (about 15%) was
observed soon after treatment, even though no significant
differences among control and treated samples were observed
after 4d of storage. Storage time significantly decreased the
chlorophyll and carotenoids content, but plasma treated samples
showed a more limited pigments loss than control samples.

The chlorophyll degradation upon plasma treatment could be
associated to the Type Il breakdown mechanism (Brown et al.,
1991), which is mediated by the presence of oxygen radicals
produced during reactions related to tissue metabolism or, as in
this case, by plasma. Their presence is favoured by membrane
breakdown as it normally occurs in minimally processed fruit and
vegetable products. Hence, it can be hypothesised that the free
radicals produced during the treatments caused the first pigments

Table 5

oxidation. At the same time, plasma is known to produce a partial
protein denaturation (Pankaj et al., 2013; Surowsky et al., 2013;
Tappi et al., 2014), which may have caused a slowdown in
chlorophyll catabolism operated by enzymes such as chlorophyl-
lase and magnesium dechelatase (Type I breakdown) during
storage.

3.5. Ascorbic acid and total phenolic content

Ascorbic acid and TPC of treated and control kiwifruit samples
were evaluated and the results are summarised in Table 6.

The minimally processed kiwifruit samples showed an average
ascorbic acid content of 33 mmol kg~ on a dry weight basis, higher
than values reported by other authors (Agar et al., 1999; Gil et al.,
2006; Tavarini et al., 2008) ranging between 20 and 25 mmol kg !
on a dry weight basis. However, Tavarini et al. (2008) showed that
the ascorbic acid content of kiwifruit could vary more than two-
fold due to harvest time and post-harvest storage.

The DBD plasma treatment did not affect the ascorbic acid
content (Table 6) immediately after the treatment, but a significant
reduction of ascorbic acid of about 7% after 4d of storage was
highlighted by ANOVA, even though the Tukey’s HSD mean
comparison test did not evidence significant difference among the
samples.

Agar et al. (1999) found a 20% reduction of ascorbic acid in
kiwifruit slices after 6 d of storage at 10 °C due to oxidation, while
Gil et al. (2006) found a 10% reduction of ascorbic acid after 4d of
storage at 5°C and a 13% reduction after 6d.

The TPC of the hydrophilic extracts resulted higher than that of
the amphiphilic extracts, even though C-18 cartridges retain most
of the phenolic compounds. This happens because the ascorbic
acid in the hydrophilic extract, whose recovery was 95% as
determined by the standard addition method, could react with the
Folin-Ciocalteu reagent (Antolovich et al., 2000; Vinson et al.,
2001). This fact is often overwhelmed when discussing total
polyphenols data. The analysis of TPC without separation of the
hydrophilic fraction (i.e. by SPE) could determine a dramatic
overestimation of kiwifruit TPC. For example Tavarini et al. (2008)
detected about 16 mmolkg™! on a dry weight basis of total
phenolics in kiwifruit using the colorimetric assay with the Folin-
Ciocalteu reagent without SPE separation, whilst other authors (Gil
et al., 2006; Dawes and Keene, 1999) detected about 1.6 mmol kg !
of total phenolics by HPLC analysis. In this study, a total phenolic

Chlorophyll and carotenoids content and factorial ANOVA results of control (C) and treated (T) for 10+ 10 and 20 + 20 min fresh-cut kiwifruit immediately after the treatment

and after 4 days of storage. Data are expressed on dry weight basis.

Sample Treatment time (min) Storage time (d) Chlorophyll a (mgkg ') Chlorophyll b (mgkg™") Total carotenoids (mgkg 1)
Mean s.d Mean s.d. Mean s.d.
C 10+10 0 100.5° 8.04 43.97% 4.41 42,0220 3.31
T 10+10 0 87.15° 2.08 38.833¢ 3.38 40.69%>¢ 0.50
C 20+20 0 100.0° 3.45 44.19° 4.00 43357 3.49
T 20+20 0 86.44° 3.12 41,73%¢ 2.93 40.21%b¢ 2.31
C 10+10 4 88.16" 3.29 37.32¢ 3.29 37.52¢ 0.21
T 10+10 4 90.53° 419 42,653 2.75 38.34<d 3.44
C 20+20 4 88.16° 4.29 37.32° 3.29 37.52< 0.21
T 20+20 4 89.59° 465 37.78" 424 35.20¢ 455
F Sample 26.79 0.21 n.s. 4.84 ’
F S.t. 15.61 11.34 " 42.44
F Sample x S.t. 47.28 10.89 119 n.s.
F T.t. 0.24 n.s. 0.18 n.s. 0.19 n.s.
F T.t. x S.t. 0.00 n.s. 3.89 n.s. 2.16 n.s.

C: control; T: treated; F: F value; S.t.: storage time; T.t.: treatment time, s.d.: standard deviation; n.s.: not significant.

Data marked with the same letter within each column are not significantly different at a p < 0.05 level.

" p<0.05.
" p<o0.01
™ p<0.001.
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Table 6

Ascorbic acid and total phenolic content and factorial ANOVA results of control (C) and treated (T) for 20+20 min fresh-cut kiwifruit immediately after the treatment and after

4 d of storage. Data are expressed on dry weight basis.

Sample Storage time (d) Ascorbic acid content (mmol kg™?) Total phenolic content (mmol kg™~1)
Hydrophilic extract Hydrophilic extract Amphiphilic extract
Mean s.d. Mean s.d. Mean s.d.
C 0 34.86% 1.65 7.54% 0.38 448 0.62
T 0 36.69% 0.81 7.91% 0.57 4.213° 0.62
C 4 31.52? 241 7.25° 0.33 3.21°¢ 0.10
T 4 35.15% 1.83 7.56% 0.36 2.88¢ 0.35
F Sample 0.59 n.s. 1.51 n.s. 0.14 n.s.
F S.t. 5.67 ) 1.40 ns. 23.2 B
F Sample x S.t. 0.02 n.s. 0.01 n.s. 0.06 n.s.

C: control; T: treated; F: F value; S.t.: storage time; T.t.: treatment time, s.d.: standard deviation; n.s.: not significant.
Data marked with the same letter within each column are not significantly different at a p <0.05 level.

" p<0.05.
~ p<0.001.

content of about 4mmolkg~! was measured in the amphiphilic

fraction after SPE separation; this amount can be considered
comparable with previously reported results, since the TPC of
kiwifruit can show up to three-fold variations due to harvest time
and post-harvest storage (Tavarini et al., 2008).

The DBD plasma treatment did not affect the response to the
Folin-Ciocalteu reagent in both the hydrophilic and the amphi-
philic extract (Table 6). A significant reduction of TPC in the
amphiphilic extract of about 30% after 4d of storage was
highlighted by ANOVA analysis.

In fresh-cut fruit tissues, phenols could undergo chemical or
enzymatic oxidation mediated by polyphenol oxidase (PPO) or
peroxidase (POD); however, as a consequence to wounding, new
phenolic compounds can also be synthesised through an increase
of the activity of the enzyme phenylalanine ammonia lyase (PAL) as
a defence mechanism (Heredia and Cisneros-Zevallos, 2009). In
this study, the TPC of the kiwifruit amphiphilic extract, accounting
for polyphenols, decreased after 4d of storage whilst Gil et al.
(2006) did not find any TPC variation during storage of fresh-cut
kiwifruits at 5°C for 9d; these differences could be due to the
different storage conditions adopted.

3.6. Antioxidant activity (AOA) determination
In the present study, the antioxidant activity of kiwifruit

samples was investigated with a variety of methods aimed to
measure their RSA and reducing power (Table 7).

Table 7

The ABTS®* assay was conducted on both the hydrophilic and
amphiphilic extracts; the former showed a radical scavenging
activity much higher (about 5-fold) than the latter probably
because kiwifruit is very rich in ascorbic acid and less in
polyphenols. Since the amount of ascorbic acid in kiwifruits was
measured and the relative radical scavenging activity of this
molecule is known (Re et al., 1999) it is possible to assume that all
the antioxidant activity of the hydrophilic extract is due to ascorbic
acid.

Even though the TPC in kiwifruit is about 4 mmol kg~ on a dry
weight basis (taking into account only the amphiphilic fraction)
and ascorbic acid is about 33 mmol kg~ !, the former accounts for
about the 40% of total TEAC (Trolox equivalent antioxidant
capacity) and the latter for the remaining 60%. This data are in
complete accordance with those found by Tavarini et al., (2008)
using different analytical assays.

DBD plasma treatment did not affect the TEAC of both the
hydrophilic and the amphiphilic extract; similar results were
also found using the other antioxidant activity assays (DPPH
and FRAP), which were carried out on the amphiphilic extracts.
The DBD plasma treatment adopted in this study did not
affected the antioxidant activity and antioxidants content of
kiwifruit. Even though the DBD plasma-induced reactive species
could have caused the oxidation of single phenolic compounds
responsible for the antioxidant activity of minimally processed
kiwifruit, this effect was counteracted by tissue response
mechanisms.

Antioxidant activity and factorial ANOVA results of control (C) and treated (T) for 20 + 20 min fresh-cut kiwifruit immediately after the treatment and after 4 days of storage.

Data are expressed on dry matter basis.

Sample Storage time (d) RSAagrs (mmol TEkg ™) RSApppr (mmol TEkg™1) FRAP (mmol Fe?*kg 1)
Hydrophilic extract Amphiphilic extract Amphiphilic extract Amphiphilic extract
Mean s.d. Mean s.d. Mean s.d. Mean s.d.
C 0] 22.46° 0.19 4.89° 0.19 8.89° 0.42 9.49° 0.42
T 0 23.35% 0.55 4.75% 0.44 8.66° 0.66 8.56%" 0.66
C 4 20.77° 0.45 4.22° 0.45 8.74° 0.64 8.13b 0.64
T 4 21.37° 0.79 423 0.57 9.28° 0.59 818" 0.59
F Sample 6.97 ) 0.09 n.s. 0.02 n.s. 1.64 n.s.
F S.t. 56.8 - 7.16 ’ 0.54 n.s. 630 ’
F Sample x S.t. 0.72 n.s. 0.15 n.s. 0.02 n.s. 2.01 n.s.

C: control; T: treated; F: F value; S.t.: storage time; T.t.: treatment time, s.d.: standard deviation; n.s.: not significant; RSA: radical scavenging activity; GAE: gallic acid

equivalents; TE: Trolox equivalents; FeSO,4 equivalents.

Data marked with the same letter within each column are not significantly different at a p < 0.05 level.

" p<0.05.
" p<0.001.
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Table 8
Pearson correlation coefficients between the different assays used to evaluate the total phenolic content and antioxidant capacity of control and plasma treated fresh-cut
kiwifruit.
Total phenolic content, TPC RSAagTs (mmol TEkg 1) RSApppn (Mmmol TEkg™!) FRAP (mmol Fe?* kg~1)
(mmol GAEkg ™)
Hydrophilic extract Amphiphilic extract Hydrophilic extract Amphiphilic extract Amphiphilic Amphiphilic extract
extract
TPC hydrophylic extract 1.000 0.412 0.365 0.543 0.291 0.279
TPC amphiphilic extract 0.412 1.000 0.682 0.782" —0.082 0.804"
RSAagts hydrophilic extract  0.365 0.682 1.000 0.511 0.156 0.370
RSAagrs amphiphilic extract 0.543 0.782" 0.511 1.000 0.034 0.843"
RSApppn amphiphilic extract 0.291 —0.082 0.156 0.034 1.000 -0.215
FRAP amphiphilic extract 0.279 0.804" 0.370 0.843" —-0.215 1.000

RSA: radical scavenging activity; GAE: gallic acid equivalents; TE: Trolox equivalents; Fe?*:FeSO, equivalents.

p<0.05; p<0.001.
" p<0.01.

The antioxidant activity of both the hydrophilic and amphi-
philic extracts decreased with storage time (Table 7), except for the
DPPH* assay which did not evidence any difference in AOA after
storage, thus showing a lower sensibility than the other assays.
Antioxidant constituents of vegetable tissues are susceptible to
degradation when exposed to oxygen or light, or upon interaction
with enzymes, such as ascorbate oxidase, polyphenol oxidase,
cytochrome oxidase and peroxidase as a consequence of wounding
(Gil et al., 2006). Several studies have been performed regarding
the effect of wounding response on antioxidant activity (Kang and
Saltveit, 2002; Reyes and Cisneros-Zevallos, 2003; Reyes et al.,
2007; Heredia and Cisneros-Zevallos, 2009). Results generally
indicate that changes in the antioxidant activity as a consequence
of wounding depend on the type of tissue, the initial content of
ascorbic acid and phenolic compounds, and the specific phenolic
profile.

The Pearson correlation analysis was performed to correlate
results obtained with different methods (Table 8). A significant
correlation between the ABTS®* and the FRAP applied to the
amphiphilic fraction was found despite the different reaction
mechanisms implied in the two assays. Noteworthy, both these
assays were strongly correlated with the TPC when they were
carried out on the amphiphilic fraction of kiwifruit extract, which
contains only polyphenols. The TPC is based on the capacity of
phenolic compounds to react with the Folin-Ciocalteu reagent
under basic conditions and thus has been extensively used as a
method for the estimation of total phenolics; nonetheless, taking
into account that polyphenols show different reactivity with the
Folin-Ciocalteu reagent (Nazck and Shahidi, 2004) and that the
mechanism is based on a oxidation/reduction reaction, TPC can be
also considered an antioxidant method (Prior et al., 2005). The
results of the DPPH* assay a less sensible method than the others in
evidencing changes in the AOA of the amphiphilic fraction, carried
out in methanolic medium, were neither correlated with those of
other antioxidant methods nor with the TPC.

4. Conclusions

According to the obtained results, the DBD cold plasma
treatments promoted an immediate loss of pigment and visual
quality on minimally processed kiwifruit but positively influenced
the quality maintenance of the product, by improving colour
retention and reducing the darkened area formation over storage
time in controlled conditions. In addition, although DBD cold
plasma treatment had an effect in increasing dry matter content
over storage, it did not induced any textural changes compared
with the control.

In general, no significant changes in antioxidants (ascorbic acid
and polyphenols) content and antioxidant activity were observed
among treated samples and control ones.

In this direction the purposed DBD plasma treatment is a very
promising tool to preserve the quality of minimally processed
kiwifruit.

Further studies will be necessary to confirm the sanitising effect
of DBD plasma already showed for different commodities on
minimally processed kiwifruit and the eventual sensorial proper-
ties modification induced by the treatment.
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The aim of this study was to evaluate the effect of gas plasma treatment on fresh-cut melon stability during con-
trolled storage. Plasma treatments of 15 + 15 and 30 + 30 min were conducted on fresh cut melon using a di-
electric barrier discharge (DBD) generator. Samples were packed and stored for 4 days at 10 °C and evaluated
for qualitative, metabolic and microbiological indexes. Qualitative parameters of fresh-cut melon (titratable acid-
ity, soluble solid content, dry matter, colour, texture) were only weakly affected by plasma treatment. Peroxidase
(POD) and pectin methylesterase (PME) activities were slightly inhibited by the treatment up to respectively

Keywords: N ) - X . X

DBD cold plasma about 17 and 7%. Tissue metabolic heat production decreased proportionally to the treatment duration, while a
Fresh-cut melon partial conversion to anaerobic metabolism was observed. Microbial results showed that a significant increase
Quality in microbial shelf-life was achieved following the 15 + 15 min plasma treatment due to a delayed growth of

Tissue metabolic activity
Microbial shelf-life
Spoilage

spoilage mesophilic and psychrotrophic microflora.

Industrial relevance: The demand for fresh-cut products characterized by high qualitative and nutritional values
and an acceptable shelf-life has promoted the research for non-thermal treatments.

Fresh-cut melon is considered to be highly perishable and potentially hazardous food because it can support the
growth of spoilage microflora and several pathogens.

Cold plasma has shown its potentiality as an antimicrobial treatment and has been tested on different food prod-
ucts, but the impact on product quality and metabolism is still scarcely known.

The results obtained in this study contributed to deepen the knowledge on the effect of plasma treatment on mi-
crobial, qualitative and metabolic aspects of fresh-cut melon.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Fresh-cut fruit and vegetables are products subjected to minimal
processing operations, maintaining the fresh-like quality, with a high
convenience value (Ragaert, Devlieghere, & Debevere, 2007). Minimal
processing operations such as slicing, peeling and/or other mechanical
injuries cause physical damages to the product, resulting in a number
of physiological disorders called ‘wounding response’ (e.g. increased
rate of respiration and ethylene production, enzymatic activity, quality
degradation and dehydration), which favour also the growth of the
spoilage microflora leading to a very limited shelf-life (Soliva-Fortuny
& Martin-Belloso, 2003).

Furthermore, fresh-cut products such as melon, characterised by quite
high pH (5.2-6.7) and water activity (0.97-0.99) values, are considered to
be highly perishable and potentially hazardous foods because they can
support the growth of spoilage microflora and several pathogens, includ-
ing Salmonella spp., Escherichia coli, and Listeria monocytogenes, particular-
ly if they are not subjected to adequate preservative treatments and to

* Corresponding author. Tel.: +39 0547 338120; fax: +39 0547 382348.
E-mail address: silvia.tappi2@unibo.it (S. Tappi).
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cold storage (Harris et al., 2003; Lamikanra, Chen, Banks, & Hunter,
2000), or if their surface has been damaged prior to consumption (EFSA,
2014). Melon surface, characterized by a complex netting skin (peel), pro-
vides an environment on which bacteria can strongly attach (Ukuku,
Olanya, Geveke, & Sommers, 2012; Vadlamudi, Taylor, Blankenburg, &
Castillo, 2012) and from which they can be easily transferred onto
melon flesh during cutting operations.

The US Centres for Disease and Control and Prevention (CDC) iden-
tified 34 foodborne disease outbreaks related to the consumption of
melons in the US between 1973 and 2011 (CDC, 2011). Moreover,
among the 16 outbreaks reported in 2012 due to contaminated fruits,
which caused a total of 858 illnesses, four were associated to melons
(Centers for Disease Control and Prevention, CDC, 2011). The majority
of these outbreaks were caused by Salmonella. Nevertheless, one of the
most widespread outbreaks of L. monocytogenes food poisoning in the
US, which caused 146 illnesses in 28 states and led to 32 deaths, resulted
from contaminated cantaloupes (Centers for Disease Control and
Prevention, CDC, 2011).

Studies on innovative physico-chemical processes to improve the
shelf-life of whole and fresh-cut melons mainly refer to the use of irra-
diation (Palekar, Taylor, Maxim, & Castillo, 2015), X-ray (Mahmoud,
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2012), UV-C light (Manzocco, Rumignani, & Lagazio, 2013), gaseous
ozone (Selma, Ibafiez, Cantwell, & Suslow, 2008), edible coatings
(Martifion, Moreira, Castell-Perez, & Gomes, 2014) or modified atmo-
sphere packaging (MAP) (Zhang, Samapundo, Pothakos, Siirengil, &
Devlieghere, 2013). On the other hand, most of the literature data are
focused on sanitizers alternative to chlorine washing (Silveira, Conesa,
Aguayo, & Artés, 2008; Ukuku, Huang, & Sommers, 2015), which is the
procedure currently used at industrial level despite the widely diffused
concerns of potential formation of harmful by-products.

The growing demand for fresh-cut products has pushed the re-
searchers to develop new non-thermal treatments able to keep a desir-
able shelf-life, preserving the original fresh-like attributes of the raw
material.

Recently, cold plasma, which in the past has been mainly used in the
medical field, particularly for microbial decontamination of surfaces and
living tissues (Emmert et al., 2013; Juwarkar, 2013; Weltmann et al.,
2012), has drawn considerable attention as a novel non-thermal treat-
ment for food product decontamination (Niemira, 2012). Plasma is con-
sidered the “fourth state of matter” and it is generated by applying
energy to a gas mixture, causing the ionisation of the gas and the forma-
tion of active components, such as radicals, charged particles and UV
radiations.

Nonthermal plasma can be generated by microwaves, radio frequen-
cy, direct or alternating current; various set-ups such as dielectric barri-
er discharge (DBD), atmospheric pressure plasma jet (APP]) and corona
discharges (CD) (Ehlbeck et al., 2011; Laroussi, 2002; Ragni et al., 2010);
and different gas mixtures, including atmospheric gas (oxygen, nitrogen
and carbon dioxide) as well as noble gases (e.g. helium and argon) can
be used. The plasma composition greatly depends on the kind of gases
in the mixture, the selected generator set-up, the operating conditions
(flow, gas pressure, power of plasma excitation) and the exposure
mode (direct or remote) (Misra, Tiwari, Raghavarao, & Cullen, 2011),
and it includes reactive species such as oxygen and nitrogen species
(ROS and RNS), atoms, free radicals and UV radiations.

Among all the different plasma constituents, the most important role
in microbial inactivation and protein denaturation seems to be played
by reactive species, such as free radicals (Laroussi, 2002; Li et al.,
2011; Takai, Kitano, Kuwabara, & Shiraki, 2012).

The oxidative damage to the microbial cell surface can lead to the
loss of functionality of the cell membrane and the exposure of the genet-
ic material. Various authors have assessed the microbial decontamina-
tion of cold plasma on foodstuffs, such as the outer surface of various
fruit and vegetables (Baier et al., 2014; Critzer, Kelly-Wintenberg,
South, & Golden, 2007; Misra et al., 2011; Niemira & Sites, 2008) and
on apple juice (Montenegro, Ruan, Ma, & Chen, 2002; Surowsky,
Frohling, Gottschalk, Schliiter, & Knorr, 2014). The effect was found to
be highly dependent on the operative conditions (type of plasma gener-
ator, flow rate, treatment time, gas mixture), type of microorganism and
matrix exposed to gas plasma.

Moreover, cold plasma treatments have recently drawn attention
as possible treatments for fresh-cut vegetable products with the aim
of inactivate endogenous enzymatic activity. In a previous study,
Tappi et al. (2014) observed a significant reduction of PPO activity
in fresh cut Pink Lady apples (up to 45% compared to the control)
and of browning reaction during storage. The observed reduction
was probably due to reactions between the enzymes and the radicals
produced during treatment. Protein structural modifications upon
plasma treatment were observed in different studies, in which mod-
ifications in the amino acid side chain and the decrease in the
amount of a-helix structures in various enzymes were detected by
means of techniques, such as circular dichroism spectroscopy and
tryptophan emission fluorescence, and related to the loss of enzy-
matic activity (Pankaj, Misra, & Cullen, 2013; Surowsky, Fischer,
Schlueter, & Knorr, 2013; Takai et al., 2012).

Furthermore, few researches have evaluated the effect of plasma
on bioactive compounds and antioxidant activity in lamb's lettuce

(Grzegorzewski, Ehlbeck, Schliiter, Kroh, & Rohn, 2011) and fresh-cut
kiwifruit (Ramazzina et al., 2015).

However, the differences among the types of plasma and the operat-
ing conditions used in these studies make difficult the comparison of the
obtained results.

In this contest, the aim of this research was to evaluate the effects of
cold plasma, generated by a DBD device, on fresh-cut melon quality and
safety. In particular, the effect of different treatment times has been
evaluated on qualitative, metabolic and microbiological aspects of
fresh-cut melon during controlled storage.

2. Materials and methods
2.1. Raw material, handling and storage

Melons (Cucumis melo L. var. Reticolatus cv. ‘Raptor’) grown in the
Emilia-Romagna region of Italy were harvested in July 2013. The fruits
were stored in plastic bins at 2 4+ 0.5 °C and approximately 100% RH
in air for 2 weeks. After this period, 20 kg of fruits free from defects
were selected, transported to our laboratory, placed in a dark refrigerat-
ed chamber at 4 °C and saturated atmosphere for one week. At the be-
ginning of experiments melons had a dry matter content of 15.73 g
(£0.29) 100 g fw™!, a soluble solid content of 14.27 (+0.35) % and a
titratable acidity of 0.39 mg (4 0.03) of malic acid g fw ™! measured as
an average of 10 fruits.

Before cutting operations, whole melons were washed and scrubbed
with a sponge to eliminate dirt from the surface and then immersed for
2 min in a 200 ppm sodium hypochlorite solution, in order to sanitize
the peel and avoid cross contamination during processing. Work surface
and cutting tools were also sanitized with the same solution prior to use.

Melons were then halved and blossom and stem ends were elimi-
nated. Skin and seeds were also removed. From the central part of
each half, 10 mm slices were cut using a sharp knife and each slice
was divided in 4 trapezoidal pieces (about 10 g each).

2.2. Gas plasma generator

A dielectric barrier discharge (DBD) generator composed by three
parallel pair electrodes made of brass and a 5 mm thick glass covering
one electrode of each couple, was used for the treatment as described
in previous works (Berardinelli, Vannini, Ragni, & Guerzoni, 2012;
Ragni et al,, 2010; Ramazzina et al., 2015). The electrodes were confined
in a cabinet (about 3 x 102 m? of air volume) and were DC powered by
three independent power supplies at 19 V and about 3 A. The high volt-
age (about 15 kV peak to peak and a dominant frequency of 12.5 kHz)
was generated by switching transistors and transformers.

Air gas was used to generate the discharge (at 22 °C and 60% of RH)
and, according to previous studies (Ragni et al.,, 2010), it led to the for-
mation of OH and N radicals and ions. Samples made of 15 melon pieces
were placed at about 70 mm from the electrodes (Fig. 1). The plasma
species were directed to the sample surface by three fans mounted

over the electrodes (flow rate of about 7 x 1073 m3s™1).

2.3. Gas plasma treatments and sample storage

Preliminary tests were run in order to select treatment time and to
avoid visible damages on the melon fresh-cut surface. On the basis of
the obtained results, treatment durations of 30 min (15 min for each
side) and 60 min (30 min for each side) were selected. Each treatment
was repeated in triplicate. For each replication, samples of 30 pieces,
obtained from 5 different melons, were randomly divided in two sub-
samples of 15 pieces each, one used for plasma treatment and one
used as control in order to minimize differences due to natural
variability.

Control samples were stored at the same temperature and RH
conditions for the duration of each treatment. Gas plasma treated
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Fan

Picces of melon

Fig. 1. Schematic representation of the electrode configuration.

samples and control ones were packed in propylene trays, sealed
with a micro perforated polypropylene film in order to maintain at-
mospheric air composition avoiding dehydration, and stored for
4 days at 10 °C and 90% RH. During storage, three packages for each
sample were selected after 0, 1, 2 and 4 days for analytical determi-
nations. Microbiological analyses were performed after 0, 1, 2, 3
and 4 days of storage.

2.4. Qualitative determinations

2.4.1. Chemical parameters

Dry matter content was determined gravimetrically by difference in
weight before and after drying at 70 °C, until a constant weight was
achieved (AOAC International, 2002).

Soluble solid content (SSC) was determined at 20 °C by measuring
the refractive index of melon juice with a digital refractometer mod.
PR1 (Atago Co. Ltd, Tokyo, Japan), calibrated with distilled water.

Titratable acidity (TA) was determined by titration with NaOH 0.1 N
until pH 8.1 was reached (AOAC Official Method 942.15, 2000).

For each sample, SSC and TA were determined in triplicate on the
juice obtained by crushing 10 melon pieces, after filtering through
Whatman #1 filter paper.

24.2. Texture

Penetration tests were performed using a Texture Analyser mod. TA-
HDi500 (Stable Micro Systems, Surrey, UK) equipped with a 50 N load
cell and a 6 mm diameter stainless steel cylinder. Compression test
speed was 0.5 mm s~ !, the test ended when a maximum deformation

of 90% was reached. Tests were performed on 10 melon pieces for
each sample.

Firmness F (N), as the first peak force value representing the limit of
the flesh elasticity, and the gradient G between 0 and F were considered.

24.3. Colour

A spectrophotocolorimeter (Colorflex, Hunterlab) was used to mea-
sure surface colour of melon pieces (Dgs illuminant and 10° standard
observer). For each piece, measurements were performed on each
side. The L*, a* and b* parameters of the CIELAB scale were measured,

hue angle (h° = arctan[b*/a*]) and chroma (chroma = Va2 + b*?)
values were also calculated (C.LE, 1987). Results were expressed as av-
erage of 10 measurements for sample.

2.5. Metabolic determinations

2.5.1. Peroxidase (POD) and pectin methylesterase (PME) activities

POD activity was assayed using slight modifications of the spectro-
photometric method of Morales-Blancas, Chandia, and Cisneros-
Zevallos (2002). 25 g of sample was homogenized with a hand blender
with 50 mL of cold (0-2 °C) potassium phosphate buffer 0.1 M (pH 6.5)
for 2 min. The homogenized solution was filtered through filter paper
and centrifuged for 30 min at 4 °C and 10,000 x g. The supernatant (en-
zymatic extract) was collected.

POD substrate solution was prepared by mixing 0.1 mL of 99.5%
guaiacol, 0.1 mL of 30% hydrogen peroxide, and 99.8 mL of 0.1 M po-
tassium phosphate buffer (pH 6.5). POD activity was tested by
adding 150 pL of enzyme extract to 3.35 mL of substrate solution in
10-mm pathlength glass cuvettes. The solution was mixed with a
vortex for 3 s and by overturning the cuvette 3 times. POD activity
was measured at 25 °C by monitoring the increase in absorbance at
470 nm.

PME activity was assayed using slight modifications of the spectro-
photometric method described by Hagerman and Austin (1986). 50 g
of sample was homogenised with a hand blender with 50 mL of cold
(0-2 °C) NacCl 8.8% (w/v) for 2 min. The homogenized solution was
stirred for 15 min, filtered through filter paper, and centrifuged for
30 min at 4 °C and 10,000 x g. The pH of each enzymatic extract was ad-
justed to pH 7.5 by adding a few drops of 0.1 NaOH.

PME substrate was prepared by mixing 0.5 g of pectin from citrus
peel in 100 mL of distilled water. The pH of the substrate was adjusted
up to pH 7.5 with NaOH.

PME activity was assayed by adding 2000 L of substrate, 100 L of
bromothymol blue solution, 740 pL of 3-mM potassium phosphate buff-
er (pH 7.5), and 160 L of enzyme extract, directly in 10-mm pathlength
glass cuvettes. The solution was mixed with a vortex for 3 s and by
overturning the cuvette 3 times.

PME activity was measured at 25 °C by monitoring for 5 min the de-
crease in absorbance at 620 nm. Reaction rates were calculated from the
slope (AAmin~ ') of the linear portion of the plot absorbance compared
with time. Blank was prepared with water.

Residual enzymatic activity (%) was expressed as ratio of treated
sample versus its control, according to Pizzocaro, Torreggiani, and
Gilardi (1993), and measured just after gas-plasma treatment on three
independent extracts.

2.5.2. Respiration rate

Respiration rate was evaluated using a static method as previously
described (Tappi et al,, 2014). Four cylinders (4 x 10 mm) were sampled
from each melon piece, half were subjected to plasma treatments and
half were used as control. Samples were then placed in sealed 20 mL
glass ampoules and stored at 10 °C for 24 h. O, and CO, percentage
was measured in the ampoule headspace by a gas analyzer “check
point 0,/CO,” mod. MFA III S/L (Witt-Gasetechnik, Witten, Germany)
after 1, 3, 5, 22 and 24 h. Respiration rate was calculated as mg of
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consumed O, (RRO,) or produced CO, (RRCO,) h™! kg fw~! according
to the following equations:

(20.8— %03 head)

100 -101.325

mmOZ . Vhead :

RRO, = t-m-R.283
%CO
eRCO MMco, - Viead - % -101.325
2= t-m-R-283

where mmyo, and mmco, refer to gas molar masses (g mol™ 1), Viead
represents the ampoule headspace volume (dm?), % Oy peaq and %
CO- heaq refer to gases percentages in the ampoule headspace at
time t (h); m is the sample mass (kg); and R is the gas constant
(8.314472 dm> kPa K~ ' mol~!). For each sample, the average of
three replicates was considered.

2.5.3. Metabolic heat by isothermal calorimetry

Isothermal calorimetry allows the evaluation of the metabolic re-
sponse to stress in fresh cut tissue through the determination of meta-
bolic heat production as reported by Rocculi et al. (2012) and Tappi
et al. (2014).

Four cylinders were sampled from each melon piece using a core
borer and subjected to the different plasma treatments, and then placed
in 20 mL glass ampoule (about 2.5 g). ATAM-Air isothermal calorimeter
(TA Instrument, New Castle, USA) previously described by Wads6 and
Gomez Galindo (2009) was used to measure the rate of metabolic
heat production.

[sothermal measurements were performed at 10 °C for 24 h. For
each sample, the average of four replicates was considered. Before and
after the measurements, baseline was recorded for 30 min.

2.6. Microbiological analyses

Samples of untreated and plasma-treated melon (10 g) were
suspended into sterile 0.1% (w/v) buffered peptone-water solution
and homogenized with a Stomacher Lab Blender (Seward, PBI Interna-
tional, Whitstable, Kent, UK) for 2 min at room temperature.

Mesophilic lactobacilli and lactococci were determined on MRS agar
(Oxoid Ltd, Basingstoke, Hampshire, UK) containing 0.1% of cyclohexi-
mide (Sigma Chemical Co.) and M17 agar (Oxoid Ltd), respectively at
30 °C for 48-72 h under anaerobic conditions. Yeasts were enumerated
on Yeast Extract Peptone-Dextrose agar (YPD, Oxoid Ltd), added of
150 ppm chloramphenicol, at 30 °C for 72 h. Viable counts of total aero-
bic mesophilic and psychrotrophic bacteria were determined on Plate
Count Agar (Oxoid Ltd) at 30 °C for 48 h and 4 °C for 10 days,
respectively.

Microbial analyses were carried out for melon samples exposed to
three independent plasma treatments for each process time, which
were analysed in duplicate (i.e. total six analyses for each process time).

2.7. Data analysis

Significant differences in qualitative and metabolic parameters and
in microbial loads, at the same sampling time, were assessed using the
t-test, and significance of differences was defined at p < 0.05. Moreover,
microbiological data of mesophilic and psychrotrophic bacteria collect-
ed over storage were modelled using the Gompertz equation as modi-
fied by Zwietering, Jongenburger, Rombouts, and Van't Riet (1990) in
order to obtain the microbial growth parameters, i.e. maximum growth
rate (umax), lag phase length (\) and maximum cell increase attained
at the stationary phase (A). The growth parameters derived by the
Gompertz equation in relation to plasma treatment times were then
used to estimate the product shelf-life, which was calculated as the
time necessary to attain a threshold level of 6 Log CFU g™ ! as a critical
cell load for the spoilage-associated microflora.

3. Results and discussion
3.1. Qualitative assessment of fresh-cut melon

As a consequence of minimal processing operations, wounding re-
sponse promotes an increase in the vegetable product maturation pro-
cesses due to higher respiration and conversion rate of starch (Beirdo-
da-Costa, Steiner, Correia, Empis, & Molddo-Martins, 2006).

As reported in Table 1, soluble solid content (SSC), titratable acidity
(TA) and dry matter (DM) showed few significant differences among
control and plasma treated melon samples. After 2 and 4 days of storage,
30 + 30 plasma treated samples showed higher DM and lower SSC con-
tents than control ones. When significantly different, TA was lower in
treated samples (after 0 and 2 days for 15 + 15 treatment and after
2 days for 30 + 30 treatment).

Generally, results seem to point out a higher water loss during stor-
age, which was more evident when the longest plasma treatment was
used. Similar results were obtained in previous experiments on fresh-
cut kiwifruit (Ramazzina et al., 2015) and various fresh-cut fruit and
vegetable (Wang et al., 2012); this behaviour was attributed to the
moderate effect of the fan during the treatment.

Various authors (Aguayo, Escalona, & Artés, 2004; Fundo et al.,2014)
have reported softening during storage of fresh-cut melon as a conse-
quence of the degradation of the internal structures due to tissue ripen-
ing, and the solubilisation of the protopectinic fraction of the cell wall
components and to the loss of cell adhesion (Varoquaux, Lecendre,
Varoquaux, & Souty, 1990).

In this case, treated samples did not exhibit significantly different
textural parameter values (Table 2) compared to control ones, with
the exception of samples treated for 15 + 15 min that showed lower
values for both firmness and gradient just after the treatment, and sam-
ples treated for 30 + 30 min that were characterised by lower values of
gradient compared to the control ones after 2 and 4 days of storage.

Tappi et al. (2014) found a slight decrease in the crunchiness of
fresh-cut apples subjected to plasma generated by the same DBD gener-
ator that was attributed to the destruction of the superficial layer of
cells, but no significant differences in textural characteristics of kiwifruit
slices were observed (Ramazzina et al., 2015). Other authors (Schnabel,
Niquet, Schliiter, Gniffke, & Ehlbeck, 2014) did not detect any difference
in apple flesh using a different device for plasma generation.

The colour changes occurring during storage in fresh cut melon can
be attributed to the variation of pigment concentration and to induction
of a translucent water-soaked tissue (glossy) caused by the loss of cellu-
lar compartmentation and water redistribution within the tissues
(often tissue softening) since melon is not affected by enzymatic brow-
ning (Agar, Massantini, Hess-Pierce, & Kader, 1999). The development
of translucency has been found to be the principal visual change of de-
terioration in fresh-cut melon stored under MAP (Aguayo et al., 2004;
Bai, Saftner, Watada, & Lee, 2001; Oms-Oliu, Raybaudi-Massilia Marti-
nez, Soliva-Fortuny, & Martin-Belloso, 2008).

Table 3 shows mean values and standard deviations of colorimetric
parameters obtained for plasma treated samples and related controls.
During storage, although significant differences were found only after
2 and 4 days between the 15 + 15 min treated and control samples, it
can be trendily observed a reduction of all the colour parameters in
the plasma treated samples. At the end of storage, treated melon sam-
ples appeared darker and more translucent compared to control ones.

The increased translucency may be due to a variation on the struc-
ture of the tissue that however did not affect textural parameters.

3.2. Metabolic evaluation

POD is a ubiquitous enzyme in vegetable cells and it can promote
several reactions that adversely influence product quality, such as lipid
and phenolic oxidations with consequent deterioration of flavour,
colour and nutritional quality (Morales-Blancas et al., 2002). It is
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Table 1
Changes of soluble solid content (SSC), titratable acidity (TA) and dry matter (DM) in control (C) and plasma treated (T) melon samples during storage.
Treatment Storage (days) SSC (%) TA (mg malic acid 100 g fw 1) DM (%)
C T C T C T
15 + 15 min 0 1.41 £ 0.01* 1.41 4+ 0.03* 0.0081 £ 0.0002* 0.0062 + 0.0004° 9.8 +£0.1° 8.9 £+ 0.3°
1 1.44 4+ 0.05° 145 4+ 0.18* 0.0058 + 0.0007% 0.0058 + 0.0002? 9.8 + 04° 9.1 £0.2°
2 1.51 + 0.02* 1.48 + 0.04* 0.0075 4 0.0007* 0.0050 + 0.0003° 8.8 +£0.2° 93+03°
4 1.45 + 0.07% 1.40 + 0.06* 0.0102 4 0.0002* 0.0093 + 0.0003* 9.0 + 0.5% 8.9 +0.3°
30 + 30 min 0 1.50 + 0.07% 1.64 4+ 0.08* 0.0080 =+ 0.0003* 0.0081 =+ 0.0003* 9.1 + 0.6° 8.9 £ 0.6°
1 1.41 £ 0.06° 147 £ 0.07¢ 0.0059 + 0.0002% 0.0055 + 0.0003? 92 4+ 04° 9.1+ 03¢
2 1.54 + 0.03* 1.35 + 0.02° 0.0099 + 0.0004* 0.0065 + 0.0002° 84 +0.2° 102 + 0.3°
4 1.46 + 0.03* 1.36 & 0.02° 0.0109 £ 0.0001* 0.0110 £ 0.0002? 8.5+ 0.3 92+02°

Different letters indicate significant differences between control (C) and plasma treated sample (T) for each storage time (p < 0.05).

characterized by a high stability to thermal (Anthon, Sekine, Watanabe,
& Barrett, 2002; Lemmens et al., 2009) and pressure treatments, and by
a substantial number of different isoenzymes.

As shown in Fig. 2a, POD activity underwent a significant reduction
in plasma treated melon samples proportional to the treatment time,
as the residual activity was found 91% (15 + 15) and 82% (30 + 30)
compared to the control sample.

PME is a cell wall bound enzyme which is able to de-esterify pectins
producing methanol and pectins with a lower degree of esterification
(Alandes, Pérez-Munuera, Llorca, Quiles, & Hernando, 2009), that are
further degraded by other pectolitic enzymes, causing tissue softening.

PME activity (Fig. 2b) was not affected by the 15 + 15 min treatment
but after the 30 + 30 min the residual activity was found to be 94%.

The obtained reduction in the enzymatic activity is lower compared
to the results obtained in our previous study on polyphenoloxidase
(PPO) in Pink Lady apples (up to 54% after 15 + 15 min of treatment)
(Tappi et al., 2014). It can hence be assumed that different enzymes
present a different resistance to denaturation by plasma agents, possibly
due to their different structure and to the presence of isoenzymes. The
type of fruit tissue, the specific microstructure, and porosity (e.g.
13.3 £+ 0.6 % for melon and 27.3 + 1.1 % for apple, as found by
Muujica-Paz, Valdez-Fragoso, Loopez-Malo, Palou, and Welti-Chanes
(2003)) can also play a role in the different treatment response.

Furthermore, the reduction observed in the enzymatic activity did
not seem to have any relationship with colour and textural results.

In Table 4 data on respiration rate of fresh-cut plasma treated and
control melon samples measured during 24 h at 10 °C are reported. In
terms of percentages, at the end of the experiment, the oxygen level
within the ampoules was in the range of 14.8 and 17.3% in the control
and in the range of 16.1 and 17.8% in the treated samples. Moreover,
for either control or treated samples, CO, level never exceeded 5%
that, according to Iversen, Wilhelmsen, and Criddle (1989) is the
threshold for triggering anaerobic metabolism in vegetable tissues.
Hence, it is possible to assume that the ratio between product and head-
space amount was appropriate to maintain aerobic metabolism during
the 24 h considered. However, the treatment effect has changed the
normal respiration pathway of the product in aerobic conditions.

Table 2
Textural parameters of control (C) and plasma treated (T) melon samples during storage.

Storage Firmness (N) Gradient (Ns™ 1)
(days) ¢ T c T

0 13.70 + 4.47° 9.28 4+ 1.63° 3.88 + 0.82° 3.16 + 0.87°
1 9.84 + 2317 830+ 2.33% 217 £0.64° 1.86 4 043
2 9.64 +2.01* 9.91 £ 1.25° 232 + 040° 2.53 4+ 0.49*
4 9.31 4 2.80% 823 £2.49" 234 +0.72° 2.08 +0.51°
0
1
2

Treatment

15 + 15 min

30 + 30 min 842 4 1.84* 9.68 +2.617 2.51 4+ 0.54" 2.60 + 0.53°
931 4+ 1.47% 9.44 +3.27° 205+ 0.32* 2.00 &+ 0.59*
10.18 4 2.34° 9.33 4+2.94% 2.63 +0.51° 2.15 4 0.42°

4 9.96 4+ 3.10° 9.62 2957 230 + 0.64° 1.82 =+ 0.50°

Different letters indicate significant differences between control (C) and plasma treated
sample (T) for each storage time (p < 0.05).

Actually, plasma treatment seemed to promote an increase in CO,
production if compared to control sample, that was statistically signifi-
cant after 22 h in the 15 + 15 sample and after 1, 3, 5 and 24 h in the
30 + 30 one. O, consumption, when significantly different (after 3 h
in the 15 + 15 treated sample and after 5 h in the 30 + 30 treated sam-
ple), was lower in the treated samples than in the control ones. Gener-
ally, it seems that the plasma treatment has caused a higher CO,
production and a lower O, consumption, as can happen as a conse-
quence of a partial conversion of the tissue respiratory metabolism
from aerobic to anaerobic. These results confirmed what we found in
a previous study on apple tissue subjected to the same kind of treatment
(Tappi et al., 2014), hence contributing to highlight the complexity of
the tissue response to plasma treatments.

Specific thermal power profiles of melon tissue cylinders during 24 h
of analysis at 10 °C are reported in Fig. 3.

For limitations of the instrument sample holders (22 mL vials), it
was not possible to evaluate metabolic heat production on samples of
the same size and surface-volume ratio as the one used for qualitative
evaluation. Hence, considering that plasma treatment is considered to
be mainly a surface treatment, the response of the tissue in larger pieces
could be different. Nevertheless, the results can give useful information
about the comparison of the effect of different treatment times on the
melon tissue metabolism, particularly in terms of metabolic activity of
regular cylindrical samples.

The heat production of the treated samples was lower compared to
the controls for all the 24 h of analysis, proportionally to the treatment
time. Metabolic profiles obtained by isothermal calorimetry have been
integrated in order to calculate the total metabolic heat produced by
fruit tissues during the first 12 h and during 24 h at 10 °C. Differences
among samples were more pronounced after 24 h of analysis than
after 12 h, as it can be observed in Fig. 4. The variation in the respiratory
pathway observed by the respiration rate results could be the cause of
the decrease of the heat production detected. Plasma treatment could
also affect cell vitality by decreasing it, as it has been observed for
different minimal processing operations such as blanching for fresh
carrot (Gomez, Toledo, Wadso, Gekas, & Sjoholm, 2004) and osmo-
dehydration for kiwifruit (Panarese, Tylewicz, Santagapita, Rocculi, &
Dalla Rosa, 2012).

3.3. Microbiological evaluation

In order to evaluate the effects of gas plasma treatments on the mi-
crobial traits of melon samples, cell viability immediately after treat-
ments and over refrigerated storage was measured for the spoilage-
related microflora, i.e. total mesophilic and psychrotrophic bacteria,
lactococci, lactobacilli and yeasts (Table 5 and Fig. 5).

Initial populations of total aerobic mesophilic and psychrotrophic
microorganisms were about 3.4 and 2.5 Log CFU g~ ! respectively,
while lactic acid bacteria ranged between 2 and 3 Log CFU g~ !, On the
other hand yeasts were roughly above the detection limit. Such values
are in agreement with results reported by other authors for fresh-cut
“Piel de Sapo” (Fernandez, Picouet, & Lloret, 2010) and cantaloupe
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Table 3
Colorimetric parameters of control (C) and plasma treated (T) melon samples during storage.
Treatment Storage (days) L* a* b* Hue angle Chroma
C T C T C T C T C T
15 + 15 min 0 58.7 £33 574+£24% 180+ 18 170+ 1.0% 37.3+28 369+20° 2443+ 13" 2452 +£09° 414 +32% 406 +22°
1 574 +£56° 57.04+50% 1744+22% 167 +£23* 36,1 +34% 342+27° 2442 + 14 2440+ 1.8° 40.1 £39* 381+ 3.3°
2 586 £ 4.1° 582455 181+25 161+ 15° 385435 361 +£3.1% 2448+ 1.3 2459 +£07° 425+ 42% 395+ 34°
4 579 +47% 5444+35° 208 +1.7% 175+27° 466+3.1% 340+37° 2459+ 1.1° 2427 +0.8° 51.0 +34° 382 445"
30 + 30 min 0 59.4 £2.6% 595+29 1724+11° 1804+ 18" 372+1.8" 37.7+£27" 24514+09° 24444+ 1.0° 41.0+21" 418 +3.1°
1 56.6 +3.4° 573439 1764+ 1.8 17.0+2.1* 37.6 £32% 358 +33% 2449+ 0.7° 2446 +1.1° 415+37%° 396+ 3.8°
2 57.7 £ 46 556 +31* 1754+ 12* 17.04+23* 382 +24* 36.6+37° 24534 0.6° 24524+ 1.1° 42.0+£2.6° 404 + 4.3
4 55.6 £ 6.6° 528 +£8.0° 186429 1724+33* 358+50" 33.6+£53" 24264+ 1.0° 24294+ 1.1° 404 +£57* 378 +£6.2°

Different letters indicate significant differences between control (C) and plasma treated sample (T) for each storage time (p < 0.05).

(Fang, Liu, & Huang, 2013) melons, except for yeasts that were found at
lower levels than literature data.

Overall, gas plasma treatments resulted in marked immediate re-
ductions in cell viability of the indigenous bacteria by increasing the
treatment time. The highest inactivation levels were observed for the
mesophilic and lactic acid bacteria whose cell loads were under the de-
tection limit in the 30 4+ 30 min treated samples which correspond to
3.4 and 2 log reductions, respectively. On the other hand cell load reduc-
tions not exceeding 1 Log CFU g~ ! were recorded for the psychrotrophs.

The microbial inactivation observed after plasma exposure has been
attributed to the effect of the various reactive species generated during
the discharge. As reported in previous studies (Ragni et al., 2010;
Ramazzina et al., 2015), the discharge generated by the DBD device
showed the presence of nitrogen (N2 +, NO+) and oxygen (OHe) reac-
tive species. The inactivation mechanism has been related to plasma
membrane damage due to oxidation of membrane lipids, and leakage
of the intracellular components. Also, the oxidation of amino acids and
nucleic acids can contribute to cell injury or death (Critzer et al., 2007).
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Fig. 2. (a) Peroxidase (POD) and (b) pectin methylesterase (PME) residual activity of
melon samples treated with plasma for 15 + 15 and 30 + 30 min. * indicates samples
that were significantly different from the control sample at a p-level < 0.05.

The fate of the surviving cells over the refrigerated storage was quite
different among the various microbial groups also in relation to plasma
processing time. Yeasts showed the worst growth ability as the maxi-
mum cell loads attained in the gas plasma treated samples did not
exceed 3.5 Log CFU g~ ! regardless of the treatment time, which was
significantly (p < 0.05) lower compared to the control fruit
(7.5 Log CFU g~ !; Fig. 5a). Lactobacilli remained under the detection
limit up to 2 days in the plasma treated samples, while they displayed
a cell growth over 6 log units in untreated samples after 3 days of stor-
age (Fig. 5b). Nevertheless final counts of 5.4 and 7 Log CFU g~ ! were
attained in 15 + 15 min and 30 + 30 min treated samples, respectively.
Similar final cell loads were achieved also by lactococci although they
showed slower growth dynamics compared to lactobacilli (Fig. 5c).
Total mesophilic and psychrotrophic bacteria presented the highest
growth ability reaching levels of 7-7.8, 5.4-5.9 and 7.3-7.6 Log CFU g !

in the control, and in the 15 + 15 min and 30 + 30 min samples, re-
spectively. To better evaluate their recovery dynamics over storage
and the effect on the products shelf-life, their cell count data were
modelled with the Gompertz equation as modified by Zwietering et al.
(1990). Table 5 reports the Gompertz parameters for mesophilic and
psycotrophic bacteria in relation to gas plasma treatments as well as
the time necessary to reach the value of 6.0 Log CFU g~ !, which was
chosen as a spoilage threshold according to literature data (Patrignani,
Vannini, Kamdem, Lanciotti, & Guerzoni, 2010). As expected, K values,
corresponding to the initial levels of bacteria surviving the gas plasma
processes, decreased by increasing the plasma exposure time. Also A
values were negatively affected by plasma treatments being significant-
ly higher than in the control samples in the case of psychrotrophic bac-
teria. These data clearly indicate that plasma treatments resulted in an
inactivation and/or severe damages which however were repaired by
microbial cells during storage. On the contrary, an opposite effect was
detected for umax values. In fact, significantly higher growth rates
were found for treated melon samples compared to the control ones,
and particularly for those corresponding to the longest process time.

Table 4
Respiration rate expressed as oxygen consumed and carbon dioxide produced during 24 h
of storage at 10 °C.

Treatment  Storage RRCO, (mgh~'kg fw™') RRO, (mg h~' kg fw—1)
time T C T
15+ 15min 1 59.5 + 11.19* 49.1 £ 691* 59.7 & 0.21* 48.5 + 7.44°
3 38.2 4 12.99% 383 + 123" 3454 222% 236+ 1.59°
5 354 +3.6597 39.2 + 458 320+ 054° 27.4 + 444
22 2554+ 0.85° 3194+ 210° 2214069 18.6 + 0.24°
24 253 +£437° 2944019 2124 1.82% 192 + 142°
30 + 30 min 1 41.0 £1551° 66.8 £643° 27.8 +493% 355+ 2.03°
3 2954 354" 572 4+212° 259+ 1.75% 264+ 1.16%
5 30.6 & 2.68° 441 +£472° 247 £1.77* 212 +£029°
22 195 4+ 326 3254 1059° 169 £ 2.44° 184 £ 0.29°
24 20.8 £220° 3694552 1754 1.61* 17.1 £ 029°

Different letters indicate significant differences between control (C) and plasma treated
sample (T) for each storage time (p < 0.05).


Image of Fig. 2

S. Tappi et al. / Innovative Food Science and Emerging Technologies 33 (2016) 225-233 231

1.0E-04 Control 15+15 30+30
=
S~
2 80605 -
:
& 6.0E-05
[}
£
]
=
= 4.0E-05 -
h
5
2
»  2,0E-05 -
0.0E+00 - - T - : .
0 a 8 12 16 20 24
Time (h)

Fig. 3. Specific thermal power profiles of melon tissue cylinders in relation to gas plasma
treatments during 24 h of analysis at 10 °C.

Compared to the rinsing with traditional or emerging sanitizers
(Silveira, Aguayo, & Artés, 2010), both the plasma treatments provided
higher reductions of the initial contaminating microflora. In addition,
the processing conditions used in this study negatively affected the
fate of lactic acid bacteria and yeasts which are usually reported to be
the main spoilage species for fruits including fresh-cut melon (Zhang
et al,, 2013). Likewise the growth of the mesophilic and psychrotrophic
bacteria was markedly limited following the 15 + 15 min treatment
thus leading to a significant increase in the melon samples shelf-life.
However, unexpectedly the increase in processing time, although it
allowed an immediate higher microbial inactivation, did not offer any
additional advantage in terms of microbial shelf-life, despite no appre-
ciable differences were observed for the qualitative indices. The current
literature on cold plasma treatments on several raw fruit and vegetables
reports that the inactivation level is generally time-dependent although
non-linear inactivation curves are reported (Baier et al.,, 2014; Lee, Kim,
Chung, & Min, 2015), but the evaluation is often limited to the immedi-
ate effect after the exposition and ignores the behaviour of the surviving
microbial cells during further storage.

The overall effect observed in this study after the longest plasma
treatment on microbial shelf-life was negligible if compared to that of
untreated samples and comparable shelf-life values were obtained.
Conversely, the 15 + 15 min exposure to gas plasma gave rise to a sig-
nificant extension of the microbial shelf-life. In fact, the critical spoilage
threshold was reached beyond four days in the treated samples, while
the untreated melons were spoiled after 2.5-3 days.

This phenomenon could be related to tissue damages (e.g. cell wall
weakening) caused by prolonged treatments resulting in the higher
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Fig. 4. Normalized heat produced by melon samples during 12 and 24 h of analysis at
10 °C. Different letters indicate samples that were significantly different at p-level < 0.05.

Table 5

Gompertz parameters of mesophilic and psychrophilic bacterium recovery dynamics in
melon samples during storage at 10 °C in relation to the gas plasma treatment.

Microbial Gas plasma K A pmax A\ R Shelf-life

group treatment (days)™
time (min)

Mesophilic bacteria ~ Control 336 444 124 0.14 0973 23

15+ 15min 148 392 155 020 0998 >4%
30+ 30min nd.* 7.61 239 003 0991 29
Psycotrophic bacteria Control 248 434 145 007 0987 29
15+ 15min 2.08 3.82 259 183 0985 >4%
30 +30min 148 5.77 3.69 125 0999 26

Data are the mean of three different samples. The variability coefficients ranged between
5% and 7%.
K = initial cell level (Log CFU g~ ') after gas plasma treatments.
A = maximum cell increase attained at the stationary phase with respect to the initial cell
load (Log CFU g™ ).
pmax = maximum growth rate (A Log [CFU g~ ] per day).
N\ = lag phase length (days).
R = correlation coefficient.

* n.d. Under the detection limit.

** Time necessary to attain a cell count of 6 Log CFU g~ ', calculated using the predicted

Gompertz parameters.

§ Since the threshold level of 6 Log CFU g~ ! was not attained within 4 days, shelf-life
could not be predicted by using mathematical models.
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Fig. 5. Cell numbers of yeasts (A), lactobacilli (B) and lactococci (C) during storage at 10 °C
of melon samples.
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water loss recorded for the 30 4+ 30 min treated melons which probably
made fruit more susceptible to microbial spoilage.

These results highlight the necessity of modulating treatment time
not only by its immediate effects but also on the further shelf-life
evaluation.

4. Concluding remarks and future perspectives

Among the fresh-cut products, melon is considered as highly perish-
able and potentially hazardous food, as demonstrated by the number of
foodborne disease outbreaks registered in the recent years in developed
countries.

The overall results obtained in this study indicate that the tested cold
plasma treatment is very promising in order to stabilize fresh-cut
melon, allowing efficient decontamination. Moreover, by modulating
the treatment time a significant enhancement of microbial shelf-life
was achieved due to a delayed growth over storage of the surviving
spoilage microflora.

As far as quality characteristics are concerned, the treatment effect
was very limited and mainly related to a slight increase of both dry mat-
ter content and translucent appearance during storage.

In addition, a slight reduction of enzymatic activity was observed but
this effect was dependent on the type of enzyme considered, and did
not seem to have any positive reflection on related qualitative parame-
ters. A reduction of metabolic heat was obtained along with an alter-
ation of the respiratory pathway, indicating a stress response of the
tissue to the treatment that should be further clarified.

The potential application on in-packed cold plasma technology
showed by Pankaj et al. (2014) makes this technique very encouraging
for fresh-cut commodity stabilization, aiming to replace traditional
chemical sanitizers such as chlorine and hydrogen peroxide.
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Abstract

The atmospheric double barrier discharge (DBD) mkagechnology is a promising tool in food
industry as an alternative to traditional food preation methods. However, the effect of the
reactive chemical species generated during thdmesda on the quali-quantitative content of
bioactive compounds in food is still little studiéd addition, to the best of our knowledge thar a
no studies concerning the effect of treatment-gerdr chemical species on physiological cell
functions.

The aim of this study is to investigate the effeicplasma technology on antioxidants content and
antioxidant activity of minimally processed Pinkdyaapples. Moreover, we assessed the role
exerted by polyphenolic extracts from treated apple cell viability and cell response to oxidative
stress. According to the obtained results, thenpdasreatment causes only a slight reduction of
antioxidant content and antioxidant capacity. Natgtwy, the plasma treated polyphenolic extracts

do not impair the cellular response triggered lmporehomeostasis imbalance.

Keywords:. fresh-cut apples, cold gas plasma, polyphenotgecd, in-vivo, ex-vivo, antioxidant

activity

1.Introduction

The major issue for the food science is to mainitaijportant food quality attributes, to increase the
level of food safety and to enhance the productf4ife. In the last decade, non-thermal
technologies for food stabilization have been dgwed in response to the worldwide interest for
more fresh-like and natural food products, minimigzithe typical thermal alterations such as
sensorial changes, formation of off-flavours andsés of nutritional components (Pereira, &
Vicente, 2010; Surowsky, Schliter, & Knorr,, 2014).

Among non-thermal treatments, cold gas plasma ptesseveral advantages. Gas plasma is an
ionised gas characterized by active particles sischlectrons, ions, free radicals and atoms which
are both in fundamental and excited states; thieation occurs by applying energy to a gas or to a
gas mixture (Moreau, Orange, & Feuilloley, 2008xtually, when atmospheric air is used as
working gas, reactive oxygen species (ROS) andiveaaitrogen species (NOS) are formed. These
oxidative species can cause lipids peroxidation pnodeins and DNA oxidation (Montie, Kelly-
Wintenberg, & Roth, 2000) and may potentially iatgrwith bioactive compounds altering their

content/effect in food products.



Operative and configuration conditions of the atpiesic plasma generators and the assessment of
the efficacy of the ionized gas on model systemeal food products, in terms of microorganism
decontamination, were extensively reviewed (Mordarange, & Feuilloley, 2008; Scholtz,
Pazlarova, Souskova, Khun, & Julak, 2015; SurowSlopluter, & Knorr, 2014). In addition, a lot
of studies have been published concerning the itnplaplasma on the quality of both solid and
liquid foods (Surowsky, Schltter, & Knorr, 2014h&se applications were mainly addressed to the
stabilization of model system or food productsptigh the reduction of the activity of oxidative
enzymes, such as polyphenol oxidase in fresh-cpleapgBul3ler, Schnabel, Ehlbeck, & Schluter
2013; Tappi et al., 2014), peroxidase in tomat&amnkaj, Misra, & Cullen, 2013) and polyphenol
oxidase and peroxidase in a polysaccharide gel hiodé system (Surowsky, Fischer, Schltter, &
Knorr, 2013b).

Nevertheless the effect of gas plasma treatmenthenbioactive compounds and nutritional
properties of food products has to be deeply sthdparticularly for its application to fresh-like
commodities.

Among them, minimally processed fruit and vegetsble one of the major growing segments in
food retail establishments, playing an importarie ron the antioxidant intake of an increasing
number ofconsumers (Kanlayanarat et al. Acta Hort. 746, 1ISH87). For this products, that
present an endogenous metabolic activity duringstiedf-life period, it is crucial to understand not
only the direct effect of plasma treatment on theel and the antioxidant properties of their
bioactive components, but also their modificatiaurinly storage as consequence of the tissue
response to the processing stress.

In this context, interesting works regard the iaflae of cold plasma reactive species on the
stability of pure phenolic compounds and on thealtqthenolic content of lamb’s lettuce
(Grzegorzewski, Ehlbeck, Schliter, Kroh, & Rohn120Grzegorzewski et al., 2009). The authors
demonstrated by high-performance liquid chromatolgya a time- and structure-dependent
degradation of phenolic compounds, although thentptaatrix seemed to protect them from
oxidation caused by plasma-induced reactive spebesble barrier discharge (DBD) cold plasma
treatments of minimally processed kiwifruit, in &dth to no induction of textural changes and to
the improvement of the product visual quality, dimt promote significant changes in antioxidants
(ascorbic acid and polyphenols) content and ardamd activity of the product (Ramazzina et al.,
2015). Plasma treatment applied to freshly squeeratge juice had almost no effect on vitamin C
content. This study showed how the effect of plasmascorbic acid was strongly dependent on
the type of food matrix (Surowsky, Schluter, & Knda014).



In this regard, the possible preservation of foolyphenols and vitamins after plasma treatment on
minimally processed fruit and vegetable is of maittr interest due to their potential effect on
health properties. Oxidative stress is involvedniany diseases, such as atherosclerosis, diabetes,
neurodegenerative diseases, aging and cancer (iir&&ebastiani, 2013; Lall, Syed, Adhami,
Khan, & Mukhtar, 2015; Rahman, Hosen, Islam, & $taak 2012). A growing number of studies
point out ROS as key compounds of resilience amdamupathologies (de Roos & Duthie, 2014).
Dietary polyphenols, in particular flavonoids, masotect against oxidative stress by scavenging
ROS, chelating trace elements involved in freecadjeneration and inducing cellular antioxidant
defence by modulation of redox-sensitive gene esgwa (Kumar & Pandey, 2013; Rahman
Hosen, Islam, & Shekhar,2012). However, pro-oxidactivities of polyphenols have also been
reported (de Roos & Duthie, 2014).

According to Niemira (2012), the U.S. Food and DAdpministration has not yet allowed the use
of cold plasma for food processing because of #u& bf knowledge on the primary modes of
action and on the effects on sensory and nutritigmeperties of the products. In particular,
researches about the impact on antioxidant pregseend bioactive compounds, on the potential
chemical residue effects and on the formation gicents are therefore needed in order to provide
sufficient information to assess the health-relateglication of the process.

Previously, we provided evidence that gas plasetrirent on fresh-cut Pink Lady apples causes
an inhibition of polyphenol oxidase activity withcansequent improvement of the product visual
quality (Tappi et al., 2014). Nevertheless, theseguence of treatment on bioactive compounds
content has not yet been investigated. The purpbtgs study was to determine DBD cold plasma
effects on antioxidants content and antioxidaniagtof fresh-cut Pink Lady apples. The phenolic
composition of treated and control samples werdéyaad by HPLC-MS (high-performance liquid
chromatography-mass spectrometry) in order to betteerstand the plasma effect on the single
polyphenols level. Additionally, then vitro antioxidant activity was evaluated through a
multimodal approach, combining different assays tloe analysis of antiradical activity and
reducing activity of antioxidants. Moreover, foetlongest treatment time investigated (30 min) we
assessed the ability of polyphenolic extracts frioeated and untreated apples to protect Caco2

cells, which show biochemical characteristic ofmal adult enterocytes, against oxidative stress.

2. Materials and methods
2.1 Chemicals
Chemicals of analytical grade were purchased fragm&-Aldrich (Steinheim, Germany) except

for hydrochloric acid and methanol, which were pased from Romil (Feltham, UK).
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Theaphenon & a standardized green tea extract preparationeg{gallocatechin-3-gallate
(EGCG), 68.58%; (-)-epigallocatechin (EGC), 10.56%s)-epicatechin (EC), 4.31%; (-)-
epicatechin-3-gallate (ECG), 5.95%; (-)-gallocateedrgallate (GC) and other trace catechin
derivatives) was a kind gift from Doctor Hara (T®alutions, Hara Office Inc). Fresh 1 mg/mL
Polyphenon E stock solution was prepared in de-ionized stevier and diluted immediately in

complete medium at the final concentration requicecach experiment.

2.2 Raw material, handling and storage

Apples Malus domestica cv. ‘Pink Lady®’) harvested two weeks before, werevided by the
local market. Fruits free from defects were tramgzbto our laboratory and stored in a refrigerated
chamber at 5+1°C and saturated atmosphere in deskoe one week. Apples were characterized
by a dry matter content of 15.73 (+ 0.29) g 100fgy, a soluble solid content of 14.27 (+ 0.35)
°Brix and a titrable acidity of 0.39 (+ 0.03) mg linacid g* fw.

2.3 DBD gas plasma generator and treatments

Cold plasma was generated by a Dielectric Barriegcltarge (DBD) device that was already
described and characterized by Ragni et al. (20L@pnsists of an hermetic chamber containing
three parallel pair of electrodes (brass) suppbgda DC power supply and powered by high
voltage transformers and power switching transsst&r 5 mm thick glass was used as dielectric
material. As feed gas, atmospheric gas driven&aslin was chosen. Frequency of oscillation was
12.7 kHz and the supply power was in the rangeb0f\W.

The discharge was characterized by emission sgecipy in previous studies (Ragni et al., 2010)
that showed the presence of oxygen and nitrogeicaladand ions as commonly detected when

atmospheric air is used to generate plasma.

2.4 Sample preparation and plasma treatments

Apple slices (40x10x10 mm) were manually obtainexif apple flesh using a sharp blade. For

each treatment time, 15 slices were used. Sampmes @xposed to cold plasma at a distance of 70
mm from the electrodes for a total of 10 (5+5 oaheside), 20 (10+10 on each side) and 30 (15+15
on each side) min.

In the treatment chamber, temperature was 22°CRah@d0%. Control sample were stored at the

same temperature and humidity conditions for thatton of the treatment.

Treatment time was stressed to 120 (60 + 60) mpradessing only for polyphenols aimgvitro-

antioxidant activity determinations.



2.5 Physico-chemical parameters

Water content was obtained gravimetrically on alfogtof finely chopped apples exactly weighted,
after drying at 70°C until constant weight (AOAQdmational 2002). Soluble solid content was
measured on the juice obtained from apple slicks:; filtering through Whatman #1 filter paper,
with a digital refractometer (Atago Co. Ltd, Tokydapan). Titratable acidity was determined
according to AOAC (International Method 942.15, @DMaturity index was expressed as the ratio
between SSC and TA (Sweeney, Chapman, & Hepne)1&71d apple juice pH was measured
with a Crison pH-meter.

For each sample, soluble solids, titratable aciditgt pH were carried in quintuple for each sample
on the juice obtained by nine apple slices, takemfthe three replicated treatments.

Surface colour was measured in control and treatdples using a Chroma Meter CR-400
reflectance colorimeter (Minolta Italia, Milanoaly) with a D65 illuminant and the 10° standard
observer. In order to verify the effect on enzymdirowning, colour was monitored just after
treatment and every hour up to the following 4 rsonslices for sample.

The remained 30 apple slices (in total 45; 15 attrent x three repetitions) for each treatment

condition have been immediately freeze dried amdi dgr the phenolic and antioxidant analysis.

2.6 Polyphenolic content by HPLC

Polyphenolic extract preparation

Freeze-dried apple powder (250 mg) was weighedanteppendorf tube. A total of 1.5 mL of 60%
of aqueous methanol with 1 % (v/v) of formic acidsvadded, and the suspension was vortexed
vigorously for 2 min. Tubes were left 60 min in @& bath. The extract was centrifuged for 20
min (20.878g), and supernatant was collected at 4°C and tramslféo a vial before the injection
into the HPLC system.

High-performance liquid chromatography and masstspmetry analysis

Before analysis 20 pl of each internal standardeveetded to the samples (genistein: 580 pg/mi;
genistin: 380 pg/ml).

HPLC separations were carried out by means of aSHELL C18 (2.1 i.d. x 100 mm) column,
2.6 um particle size with mobile phase, pumped at a {tate of 0.3 mL/min, consisting of a
mixture of acidified acetonitrile (0.1% formic agigsolvent A) and 0.1% aqueous formic acid
(solvent B). Following 62 min, 2% B; 2—13 min, 2% to 30% B; 13—20 min, 30% to 80% B; 20—22
min, 80% to 2% B; 2230 min, 2% isocratic; this step was followed by the washing and

reconditioning of the column.



The identity of the phenolic compounds was confitrasing a triple quadrupole mass spectrometer
(Thermo Scientific, TSQ Vantage) with a heated tebspray ionization (H-ESI 1) operating in the
negative ionization mode. The capillary temperatvas 270 °C; the sheath gas and auxiliary gas
were 40 and 5 arbitrary units, respectively; arelgburce voltage was 3kV, Vaporizer Temperature
200°C argon was used for MS MS experiments witloligton Pressure of 1.0.

For the identification a full scan analyses wadqered scanning from m/z 100 to 950, while a
product ion scan experiment was applied for ions fady identified in the previous method.
Identification was performed by comparing the magsctra with literature data, and whenever
possible, the identification was confirmed by usinge standards of the components.
Quantification was achieved in Selected lon Momigmode according to the concentrations of a
corresponding internal standard, respectively,gganfor glucoside and genistein for aglicone.

2.7 In vitro-Antioxidant activity and total phenolics index

Antioxidant activity and total phenolics index gfpde samples was assessed by differenitro
microplate assays, using the methods previouslgrtep (Ramazzina et al., 2015). The antioxidant
activity was performed by ABTS (2,2'-azino-bis(Bydbenzothiazoline-6-sulphonic acid)), DPPH
(2,2-diphenyl-1-picrilhydrazyl) and FRAP (ferricdecing antioxidant power) methods. The total
polyphenols content was quantified on both amphipland hydrophilic extract by the Folin-
Ciocalteu phenol reagent.

2.8 Ex vivo-antioxidant activity

Preparation of extracts

For ex-vivo analysis, 3 g of freeze-dried apple i@ were added with methanol 60% (v/v) and
vortexed for 2 min. mixtures were vigorously shakiem 10 min and then centrifuged for 10 min at
room temperature (10000g). the supernatant wasatetl and the pellet was subjected to a second

extraction. The total supernatant was dried intaryoevaporator .

Cell line and culture

Caco?2 cells were a kind gift from Professor Bussdldniversity of Parma, Parma, Italy). Cells
were routinely grown in 1:1 mixture of Ham's F12:BEM medium. Culture media was
supplemented with 10% fetal bovine serum (LonzseBaSwitzerland), 2 mM L-glutamine, 100
U/mL penicillin and 100ug/mL streptomycin. Cells were incubated at 37°Ceaund 5% CQ
atmosphere. Cell harvesting was performed by Tryg&TA (Sigma-Aldrich, Steinheim,

Germany) treatment.



For the reactive oxygen species determination aoiderase assay the Caco2 cells were grown in
1:1 mixture of Ham's F12:DMEM medium without red epbl (Sigma-Aldrich, Steinheim,

Germany).

WST-1 assay
Inhibition of cell proliferation by polyphenols eatts was measured by WST-1 assay (Roche,
Lewes, United Kingdom). The assay is based onddaation of tetrazolium salt WST-1 to soluble
formazan by electron transport across the plasmabrane of actively dividing cells. Formazan
formation was detected at 450 nm spectrophotonadliricCaco?2 cells were plated in triplicate in
96-well microplates at a density of 4X1€ells/well and allowed to adhere overnight. Cellsre

=R

treated with increasing concentrations of TheapheEoor polyphenolic apple extracifter 5 h

of incubation the WST-1 assay was performed.

Reactive oxygen species determination

The production of intracellular ROS was detectethgighe 2,7-dichlorofluorescein diacetate
(DCFH-DA) assay. Briefly, Caco2 cells were seedetlack 96-well plates (4xf@ells/well) and
allowed to attach overnight. After 5 hours of treabt with increasing concentrations of
Theaphenon Eor polyphenolic apple extracts, cells were washéde with PBS and loaded with
20 mM DCFH-DA in PBS for 15 minutes at 37°C. Aftacubation, cells were washed with PBS
and ROS generation was measured by the fluoresaeteresity of dichlorofluorescein (DCF, exc.
475 nm, em. 535 nm) using an Enspire Multimode ePlReader (Perkin Elmer, Waltham,
Massachusetts). Inside the cells, DCFH-DA is cldabg nonspecific esterases forming non-
fluorescent DCFH, which is oxidized to the fluorestcompound DCF by ROS. In the same wells
the total protein content was quantified using Bie-Rad DC Protein assay (Bio-Rad, Berkeley,

California).

Plasmid construction and luciferase assay

To generate the recombinant plasmid pGL4-NQOL1, gen®NA was extracted from human liver
using the QIAamp DNA mini Kit (Qiagen, Venlo, theetiierlands) according to manufacturer’s
protocol. The upstream promoter region of the Ngefie (635 pb) was PCR amplified using the
following primers: fw 5-ACCTGCCTTGAGGAGCAGGGGTGGTGAG-3’, rv 5'-
GGCTCTGGTGCAGTCCGGGGCGCTGATTGG-3' (Dhakshinamoortky Porter, 2004). The
PCR product was subcloned in the f@RTOPO vector (Invitrogen, Carlsbad, CaliforniaheT



Kpnl/Xhol restriction fragment obtained from digest of TOPO-NQO1 was then ligated into the
pGL4.10 vector (Promega, Madison, Wisconsin) aredésulting plasmid was sequenced.

Caco2 cells were seeded in a 96-well white mictepkat a density of 2xfOcells/well and
transfected using Viafect (Promega, Madison, Wisoon using 0,2ug of pGL4-NQO1 and
pGL4.10 empty vectors. Transfection efficiency wamnitored by pEGFP-N1 transfection
(Clontech Laboratories, Mountain View, California).

The luciferase activity was measured after 5 haoecsbation with increasing concentrations of
Theaphenon € or polyphenolic apple extracts using the BritéNteplus reactive (PerkinEmler,
Waltham, Massachusetts) and the EnSpire® MultimBi#e Readers (PerkinEmler, Waltham,
Massachusetts). The luciferase activities were abred to the total protein content after checking
for equal transfection efficiency in each well. Tiesults are representative of three independent

experiments run in quadruplicate.

Determination of cellular reduced glutathione (G$bBitent

Caco2 cells were seeded in a 96-well white micttepéa a density of 2xf@&ells/well; the cellular
GSH and GSSG were quantified under basal conddraafter 5 hours incubation with increasing
concentrations of Theaphenorf Br polyphenolic apple extracts using GSH/GSSG-Gésay
(Promega, Madison, WI), according to manufacturgnstocol. GSH and GSSG levels were
normalized to protein concentrations and the GSING $atio was calculated.

RNA extraction, reverse transcription and quantieateal-time PCR

Caco2 cells were seeded in a 35 mm dishes at dylen$x10 and allowed to attach overnight.
After 5 hours of treatment with two different cont@tions of treated or untreated polyphenolic
apple extracts, total RNA was extracted with thedlrReagent (Fisher Molecular Biology, Rome,
Italy) and cleaned-up with the NucleoSpin RNA isiola kit (Macherey-Nagel, Diren, Germany)
according to the manufacturer’s instructiéior reverse transcription reaction, 100 ng of tBtslA
from each experimental condition was combined uithL of random primers (0.2g/uL) and
heated up to 65°C for 5 min. Following a brief tbih ice, the Reverse Transcription mix (Thermo
Scientific, Boston, MA) was incubated at 25°C fomfn, 45°C for 60 min and 70°C for 10 min.
The first strand synthesis reaction was dilutedtthdh 2ulL of each cDNA preparation were used
for quantitative real-time PCR with the set of pen®m described below. The thermal cycling
comprised an initial denaturation step at 95°C30rs, followed by 40 cycles of denaturation at
95°C for 5 s, annealing and extension at 60°C @bs.3Analysis of results was performed by DNA
Engine Opticon 4 (MJ Research, Walthman, MA) usimg2X SYBR Premix Ex Taq (Takara Bio
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Inc, Japan). Relative quantification was calculabgdthe 2**“T method (Livak & Schmittgen,
2001) using glyceraldehyde 3-phosphate dehydroge(f@aPDH) as housekeeper gene for data
normalization. The results are expressed as me8D Hf two independent determinations each

performed in duplicate.

Primers sequences used for GST members were tlsviiod) (Scharmach, Hessel, Niemann, &
Lampen, 2009):

GSTT2-fw 5-CTTTCCTGGGTGCTGAGCTA-3 GSTT2-rv 5'-
GGTGTTGGGAGGGTTTTCTT-3'
GSTP1-fw 5'-GGAGACCTCACCCTGTACCA-3’ GSTP1-rv 5'-
CTGCTGGTCCTTCCCATAGA-3’
GSTA4-fw 5-TCCGTGAGATGGGTTTTAGC-3’ GSTA4-rv 5'-

GGTGGTTACCATCCTGCAAC-3’

Primers sequences used for UGT members were tlogviog (Ohno & Nakajin, 2009):

UGT1A1-fw 5-AATAAAAAAGGACTCTGCTATGCT-3’ UGT1Al-rv 5'-

ACATCAAAGCTGCTTTCTGC-3

UGT1A4-fw 5-GAACAATGTATCTTTGGCCC-3 UGT1A4-rv 5'-
ACCACATCAAAGGAAGTAGCA-3

UGT2B7-fw 5'-GGAGAATTTCATCATGCAACAGA-3’ uGT2B7-rv 3

CAGAACTTTCTAGTTATGTCACCAAATATTG-3

2.9 Statistical analysis

Data are expressed as mean values * SD for theatedi number of independent determinations.
One way (ANOVA) for than vitro analysis was carried out to test the significavicihe effects of
treatment time. Significant differences (p<0.05)Een mean values were tested by the LSD test.
ANOVA for the ex vivo analysis was carried out to test the significapicthe effects of treatments
versus control. Significant differences (p<0.00&veen mean values were tested by Holm-Sidak
method. Statistical analyses were carried out usheg software STATISTICA for Windows
(StatsoftTM, Tulsa, Oklahoma).

3. Results and discussion

3.1 Chemical parameters
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Chemical parameters of apple samples are repamntd@ble 1. Water content and maturity index
(SSC/TA) were not affected by the treatment andndidshow any significant difference compared

to control sample at all treatment times.

Table 1. Physico-chemical parameters of Pink Laaples as affected by plasma treatment time.

time (min)
0 10 20 30
Water content (%) 83.73+0,2983.53+0,14 84.84+0,43 83.63+0,40
MI (SSCITA) 34.88+0% 33.08+0.63 37.68+1.62 34.54+0.40
pH 3.73+0.03 3.64+0.08 356+004 3.65+0.08
L* 77.89+1.08 76.93+1.52 76.87+0.88 79.48+151
a* 059+0.84 0.08+0.70 -056+1.00 -2.49+0.89
b* 26.75+2.71 27.03+2.02 27.16+1.489 24.54+2.20

Values followed by different letters within the samow are significantly different at a p<0.05 level

A slight acidification was observed upon plasmaosxpe independently by treatment time. While
some other quality parameters, such as colouretdre have been studied in a wide range of food
products, the impact of plasma on product pH ha$een investigated often. No differences were
observed by Gurol, Ekinci, Aslan, & Korachi (20i2)milk or other model liquid systems treated
with argon plasma. However, Satoh, MacGregor, Asaler Woolsey, & Fouracre (2007) found a
strong decrease of PBS buffer pH from 7.3 to 3 tandl an increase of conductivity as a
consequence of pulsed plasma exposure. A sligkiifiaeition was observed also in pork loins
treated with a DBD device with helium and oxygemasking gas (Kim, Yong, Park, Choe, & Jo.,
2013). The authors suggested that those changesduerto the dissolution of acidogenic moleculs
such as nitrogen oxides, generally generated snmmadischarges, in the food system.
Colour was measured four hours after treatmentderoto evaluate a possible effect on fresh cut
apples browning. No differences were observed u@@omin of treatment; however samples
exposed for 30 min were characterized by highevalties and lower a* and b* values compared to
untreated sample.
These results confirm those obtained in a prevgtudy of plasma effects on browning inhibition
(Tappi et al., 2014), where at the same experinhezdadition, a reduction in browning was
observed after 30 min treatment by image analyBis.the same study, an inhibition of
polyphenoloxidase (PPO) activity proportional teattment time up to 57% for 30 min was
reported.
Reduction of enzymatic activity upon plasma expeshas been observed in various studies
(Pankaj, Misra, & Cullen, 2013 Surowsky, Fischechl8eter, & Knorr, 2013) and it has been
11



attributed to the oxidation of reactive side-chairthe amino acids by plasma radicals, in particula
OH, O;; HOO and NO, that promote a change in the secgngaotein structure and the
modification of some amino acids side chains of égheyme (Deng, Shi, Chen, & Kong,. 2007;
Takai, Kitano, Kuwabara, & Shiraki, 2012). In paudiar, Surowsky, Fischer, Schlueter, & Knorr,
(2013) found a variation in the relative amountsalff- helix structures angtsheet content upon
plasma exposure, that was strongly correlated ¢oldlss of enzymatic activity. Generally the
inhibitory effect is dependent on the type of eneymonsidered and on the matrix effect (Tappi et
al., 2015).

3.2 Phenolic content

The phenolic content of apples was measured by HABIMS analysis and the content of each
detected phenolic is reported in Table 2. The phemontent of Pink Lady apples was of 2.14
mmol kg*w. (144 mg k) which is higher than literature data (90 mg'kg) reported in a
previous study (Veberic et al., 2005). However ¢heslues are lower than those of the most widely
studied variety, Golden Delicious, whose valuegjeabetween 233 and 417 mgkg depending

on agricultural practices and harvesting years ,(lkdm, Kim, Lee, & Lee, 2003; Tsao, Yang,
Young, & Zhu, 2003; Chinnici, Gaiani, Natali, Rippr& Galassi, 2004; Ceymann, Arrigoni,
Scharer, Nising, & Hurrell , 2012).

In order to verify if the DBD plasma treatment, readl out in the experimental conditions of this
study, could have determined a significant decredgelyphenols, the product was over treated for
120 (60 + 60) min of processing and a significaatrdase (20% ca.) of total phenolic was
observed.

At the investigated treatment time, suitable fesfr-cut apple stabilization (Tappi et al., 2015, t
treatment significantly affected the total phenantent of apples with a significant increase (21%
ca.) after 10 (5 + 5) min of processing, slightigduced in the 20 (10+10) min treated sample, to
reach values after 30 (15 + 15) min non signifigadifferent from those of raw apples (Table 2).
Specifically, the initial phenolic increase aft€r thin of processing was mainly due to a significant
increase of procyanidin B trimer, flavonols, hydoixyamic acids and phloretin xylosyl glucoside.
The increase of procyanidin B trimer is the modstanding in relative terms and corresponds, in
molar terms, to a reduction of catechin, epicateclind dimers B1 and B2, suggesting the
occurrence of polymerization reaction. When cal®dan percentage on total procyanidins, the
content of trimeric procyanidins increased whilesd of dimeric and monomeric procyanidins
decreased. According to Nicoli, Calligaris, & Maozo (1999), the formation of procyanidins upon

catechins polymerization occurs in apples due tb bazymatic and chemical oxidation reactions;

12



the latter could easily take place during plasneatiment, thanks to the production of radical

species and the availability of oxygen in the atphese.

Table 2. Content of phenolicgrfiol kg';,,) of Pink Lady apples as affected by plasma treatrime.

time
(min)

Compound 0 10 20 30 120
Flavan-3-ols Catechin 466  40.5° 48.8 36.9 26.8

Epicatechin 365 353" 39¢ 303 229

Procyanidin dimer B1 40°1 37.8 39.0 31.2 17.8

Procyanidin dimer B2 138 135* 147 113 70.9

Procyanidin dimer B4 9.61 9.86 9.40" 7.63 4.63

Procyanidin B trimer 8.62 8.14 7.8F 6.57 3.53

Procyanidin B trimer 2 15°3 14.8 14.4 11.4 7.0T

Procyanidin B trimer 3 49% 49.0 46.3 37.¢ 20.3

Procyanidin B trimer 4 7.60 7.30 6.50" 5.40 2.68

Procyanidin B trimer 5 0.39 15.08  13.52 0.14 0.0%8
Hydroxycinnamic  Caffeic acid 0.96 0.58 1.13 0.98 1.0Z
acids

Caffeoylquinic acid 292 384 291 263" 238

isomer 1

Caffeoylquinic acid 613° 837 685’ 620° 59T

isomer 2

4-Coumaroyl quinic acid 91°9 99.7 97.7 77.9 80.8

Coumaroyl quinic acid 247 307 268" 257 283"
Dihydrochalcones  Phloretin-2'-O-(2"-O- 1458’ 196 187 197 139

xylosyl)glucoside

Phloridzin 35.7 49.9° 54.8 81.7 25.8
Flavonols Myricetin rhamnoside 289  4.95% 3.64 2.94¢ 2.30

Quercetin 2.7% 4.27 3.4g" 3.55 2.33

Quercetin-O-glucoside 2.90 6.27 3.70 2.97 2.28

Quercetin-O-rhamnoside 270 377 32.8" 33.7 24.2

Rutin 0.13 0.06* 0.14 0.08 0.00
Total phenolics hydrophilic + amphiphilic 2142 2588 2357 2092 1774

Values followed by different letters within the saumow are significantly different at a p<0.05 level
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High molecular weight procyanidins (from tetram@sdecamers) where not found in this study,
but the extraction of polyphenols from freeze drgaanples for the HPLC-MS/MS analysis was
carried out in methanol:water, while these compasuai@ generally extracted using acetone:water
mixtures (Foo & Lu, 1999; Lazarus, Adamson, Hammoers, & Schmitz, 1999).

The increase of trimer concentration could alsoehather explanation since the extraction of
procyanidins in apple could be favoured by thevtgtof some carbohydrate-hydrolyzing enzymes,
such as pectinase, cellulase, hemicellulase, amchgase, which help the release of polyphenols
complexed with cell walls (Landbo & Meyer, 2001;r&msen, Pedersen, Anders, & Meyer, 2005,
Pinelo, Zornoza, & Meyer, 2008), which are mainatechin and procyanidins. Polysaccharides-
polyphenols complexes exist as a consequence afdheovalent binding of polyphenols, which
are mainly located in vacuoles, to extracellulail valls upon decompartmentation (Jiménez-
Escrig, 2014).

Since 10 min of cold plasma processing in the sarperimental conditions of this study, were
proven to slightly affect (12% ca. reduction) tmzymatic activity of apples (Tappi et al., 2014), i
is not clear if other naturally occurring apple gmes (e.g. pectinases) are likely to exert their
hydrolytic activity in this lapse of time. In th&gudy, no catechin and dimeric procyanidin increase
was observed after 10 min of treatment; this fastsdnot suggest the occurrence of any enzyme-
mediated release of procyanidins, because the mootd32 dimeric procyanidin has to increase as
a consequence of enzymatic hydrolysis (Pinelo, @mn& Meyer, 2008; Zheng Hwang, & Chung
2009).

However, since cell walls polysaccharides formghlbr number of complexes with high molecular
weight procyanidins than low molecular weight ofleencet-Legrand et al., 2010), the increase of
trimeric procyanidins (17%), which could be caubsgda polymerization reaction upon oxidation,
could also have been influenced by the enzymatidiated release from cell walls-polyphenols
complexes during 10 min of processing.

Chlorogenic acid and phloridzin showed a 30 and 4@8tease of their initial concentration after
10 min of cold plasma treatment. The increase alréwycinnamic acids and chalcones in plant
tissues is associated to wounding response, tldaic@s an increase of the content of phenolic
compounds, likely due to their biosynthesis througl phenyl-propanoid pathway, as a plant
defence mechanism (Uritani & Asahi, 1990; Heredia G8sneros-Zevallos, 2009). Selected
antifungal polyphenols such as chlorogenic acioch#orogenic acid and chalcones, among which
phloridzin, could be synthesized after an elicitetreased activity of the key enzymes
(phenylalanine ammonia lyase and chalcone synthatethe phenyl-propanoid biosynthetic

pathway (Uritani & Asahi, 1980; Lattanzio Lattanz&& Cardinali, 2006). In this study the increase
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in chlorogenic acids seems solely dependent oryhibssis consequent to the wounding response
to minimal processing (peeling and cutting), and toothe effect of hydrolases activity. In fact,
contrarily of what we observed (Table 2), a dramaticrease of caffeic acid (as a consequence of
chlorogenic acid hydrolysis) and no increase ofoidenic acid (hydroxycinnamic acids are,
generally, retained not able to bind with cell walwas previously found, as a consequence of
carbohydrate hydrolases-assisted polyphenol eidragh apples (Pinelo, Zornoza, & Meyer,,
2008; Zheng Hwang, & Chung ,2009). On the othedh&melo and co-workers (2008) attributed
the increase of phloridzin and rutin that we fowmdil 30 min of treatment (Table 2) to enzymatic
assisted hydrolysis.

Moreover, also the quercetin and quercetin gluesidrease observed as a consequence of 10 min
of plasma treatment could be a consequence ofyitilysis of the cell wall (Zheng et al., 2009).
In general a 40% to 110% increase of polyphenatgugated to the monomeric constituents of the
cell walls, among which rhamnosides and xylosigesarticular, was observed (Table 2), but these
types of polyphenols are not considered as coestisuof the cell walls (Pinelo et al., 2006).

With some exception, at treatment time longer tl#&n min, all the polyphenols showed a
progressive reduction.

When calculated in percentage on total procyanjdinser reduction was higher than that of
monomers and dimers. In addition to oxidation amdymerization, as previously discussed,
catechin and procyanidins could also undergo bmdinthe cell walls, and oxidized procyanidins
and high molecular weight procyanidins could binektér than the reduced and monomeric
compounds respectively (Poncet-Legrand et al., 2010

The total phenolic index (TPI) (Table 3) of appl®ducts has been estimated by measuring their
ability to reduce the Folin-Ciocalteu reagent, ateesively used method for the estimation of total
phenolics, after solid phase extraction on C-18ricges, considered suitable technique for the
separation of phenolic compounds (Antolovich et2000; Nackzk and Shaidi, 2004).

In this study, a total TPI of about 12u6nol g'q.w. (2.2 mg GAE guw) was measured in the
amphiphilic fraction, after SPE separation; alsohis case, this value is lower than that of Golden
Delicious apples but comparable with literatureutss(Tsao Yang, Young, & Zhu, 2003; Sacchetti
Cocci, Pinnavaia, Mastrocola, & Dalla Rosa, 2008yi@ann Arrigoni, Scharer, Nising, & Hurrell.,
2013).

The DBD plasma treatment significantly affected @l of apples with a significant increase
(+8.5% ca.) after 10 min of processing, followedaprogressive decrease with the increasing of
processing time to reach significantly lower valalsout -9%) than those of raw apples after 30

min and of about -35% in the sample over treated 20 min (Table 3).
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The spectrophotometric determination of total pbbmols underestimated the initial polyphenols
increase after 10 min of processing, but overeséchéhe final polyphenol decrease after 120 min
of processing, when compared to HPLC-MS/MS analydiss happened probably because the TPI
assay is based on the capacity of phenolic compotmdeduce the Folin-Ciocalteu reagent under
basic conditions, being the mechanism of the TBhydased on an oxidation/reduction reaction.
This result roughly indicates that the polyphenadsich increase during the first 10 min of

processing show a generally low reducing power,lsvithose which undergo oxidation with

increasing processing time show an high reducivgepo

3.3 Antioxidant activity

In the present study, the antioxidant activity pple@ samples was investigated with a variety of
methods aimed to measure their RSA (ABTS and DP§4dya and reducing power (FRAP and
TPI). Results are presented in table 3. As mendipthe total phenolic index is a method measuring
the reducing power of the phenolic extract; fos tleason it can be used to investigate the reducing
power of a polyphenol mixture, being considereduatmoxidant method (Prior et al., 2005).

Table 3. Total phenolic content (TPI) and antioridactivity (1mol kg';,,) of Pink Lady apples as affected by plasma
treatment time.

time
(min)
Extract 0 10 20 30 120

TPP amphiphilic 12633 13707 12460 11383 8207
TPP hydrophilic 858 917 98 1050 623
TPP hydrophilic + amphiphilic 13484 14627 13357 12242 879(
ABTS"  amphiphilic 14265 15076 14734 13528 10098
ABTS®  hydrophilic 858 644 840" 686 803"

ABTS?  hydrophilic + amphiphilic 15176 15726 15574 14212 10906
DPPH  hydrophilic + amphiphilic 22543 23008 2131Ff 21868 16608
FRAF  hydrophilic + amphiphilic 26900 30123 2778Ff 25913 17024

Values followed by different letters within the saumow are significantly different at a p<0.05 level
¥umol GAE kg%..), °(umol TE kgk.,.,), S(umol Fé kg',,)

The ABTS and TPI assays were conducted on botlanmehiphilic and hydrophilic extracts; the
former showed a radical scavenging activity muahér than the latter, which accounts for about
the 6% of total TEAC (sum of TEAC values of the dmpilic and hydrophilic extracts). Similarly,

the reducing power of hydrophilic extract, as meadiby the TPI, accounted for about the 6% of
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total TPI. This result is due to the fact that &pjd very poor of water soluble polyphenols and
ascorbic acid, which could filtrate through thetgdge set upon washing with the acidulated water
extract prior to the elution of amphiphilic compaign

The DBD plasma treatment significantly affected TeAC of amphiphilic compounds of apples
with a significant increase (6% ca.) after 10 mirmpacessing, followed by a progressive decrease
with the increasing of processing time, to readneslower than those of raw apples (-30%) when
over treated (120 min) (Table 2). The total TEA®whRd an initial increase of 5% ca. and a final
decrease of 28%, since no initial increase of tABAQT of hydrophilic compounds of the raw apple
and a lower final decrease of the latter index vaedrgerved during plasma processing.

The DPPHe assay did not evidence any differen@ntioxidant activity after 10 min of processing
whilst it evidenced an antioxidant activity decreadter 120 min of processing (Table 2), showing
a lower sensibility of this method than the TEAGass.

The DBD plasma treatment significantly affected T of amphiphilic compounds of apples as
well a total TPI, which showed both a significantrease (8.5% ca.) after 10 min of processing,
followed by a progressive decrease with the inengasf processing time, to reach values lower
than those of raw apples (-30%) when over treafadl¢ 2).

Differently from the ABTS assay, the TPl assay ewited an initial increase of the reducing power
of hydrophilic compounds of the raw apple and alfidecrease of this index during plasma
processing. These two assays differs for the mesmasnof action which are radical scavenging for
ABTS and single electron transfer for TPI, and bibign polyphenols formed and consumed during
plasma treatment showed lower radical scavengitigitgcthan reducing power. The FRAP assay
showed values similar to those of the TPI assatyyais more sensitive since it evidenced an initial
reducing power increase of 11% after 10 min an@% Beduction after 120 min of processing.

The initial increase of antioxidant activity afté® min of treatment could be ascribed to the
increase of selected polyphenols as a responsewoding. Several studies have been performed
regarding the effect of wounding response on aidant activity (Kang & Saltveit, 2002; Reyes &
Cisneros-Zevallos, 2003; Reyes Villareal, & Cisser®vallos, 2007; Heredia & Cisneros-
Zevallos, 2009) and the results observed in thidysare similar to those reported by Heredia &
Cisneros-Zevallos (2009). On the other hand, thimimncrease of antioxidant activity after 10 min
of treatment could be also due to catechins oxadatvhich causes the formation of procyanidins
(e.g. trimers) having and higher antioxidant atgivhan the former compounds (Nicoli Calligaris,
& Manzocco, 1999; Di Mattia et al., 2013). An iaitincrease of antioxidant activity followed by

its reduction was also observed during the oxigatid processed apple products by Sacchetti
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Cocci, Pinnavaia, Mastrocola, & Dalla Rosa (20@@8)0 observed that this increase depends on

both the activity of oxidases and the concentratibpolyphenols.

3.4 Effect of treated and untreated apple polypheeatracts on Caco?2 cells viability

In order to investigate the effect of plasma tedbgy on cell viability we performed the WST-1
colorimetric assay. Caco2 cells were seeded in-awébmicroplate and incubated for 5 h in the
presence of different concentrations of treatedrdreated apple polyphenolic extracts. As shown
in Fig. 1A, no reduction on cell proliferation wabserved for both plasma treated and untreated
samples, even at the highest concentration tesieghown in Fig. 1B, the polyphenolic extracts
obtained from plasma treated samples do not indigrficant changes in cell proliferation in
comparison with extracts obtained from untreatquleaplides.

The Caco2 cells viability was also evaluated in firesence of different concentrations of
Theaphenon & The concentration range examined in our studypri®s the concentration
achievable in human plasma (Chow, Hakim, Viningowzzll, Ranger-Moore, Chew, et al., 2005).
The results indicated that the concentration rg@§emg/mL and 75 mg/mL) chosen for the further
experiments did not significantly contribute tcealtell proliferation in human cultured cells.

The concentrations tested are also comparable tiwéhpolyphenol content of the apple extracts
prepared by us. As shown in Fig. 1C, the extragdtrait cause cytotoxicity. In vitro studies have
demonstrated a cell-specific and dose-dependemtoxyt response to EGCG treatment (Kim,
Quon, & Kim, 2014). In particular, Salucci and covkers have reported that in Caco2 cells EGCG
is not toxic at the concentrations ranging betwBed-250uM, whereas a 60% cytotoxicity occurrs
at 500uM (Salucci, Stivala, Maiani, Bugianesi, & Vanni@02).
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Fig 1. Effects of polyphenolic extracts from unteh(A) and treated for 30 min (B) apple and Theaoim E (C) on
Caco? cells viability. Caco2 cells were treatechvdtfferent concentrations of polyphenols for 5Cell viability was
determined by WST-1 assay. Data are presented aissmeSD from four replicate wells of three differexperiments

as percentage of control sample. Statistical siganite versus control was calculated by two-sidedéht’s t-test. *,
p<0.05.
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3.5 Effect of treated and untreated apple polypheeatracts on ROS production

Intracellular ROS levels affect cell viability andgh ROS concentrations can cause cellular
damage. Using the DCFH-DA assay, we evaluated the@uhation of intracellular ROS in Caco2
cells after 5 h incubation with treated and unedatpple polyphenolic extracts. As shown in Fig. 2,
the production of oxidizing species is dependengxinacts concentration. The treated apple extract
caused a statistically significant decrease in R@8uction as compared to untreated apple extract.
The plasma treated sample pointed out a decred®@®$level of about 1.8-fold with respect to the
untreated sample at the concentration of 75 mgHhuwever, it is important to underline that these

concentrations exerted no effects on cell viability
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Fig. 2 Effects of polyphenolic extracts from treht80 min) and untreated apple on Caco2 cells R@8uygtion.
Caco2 cells were treated with different concerdreati of polyphenols for 5 h. ROS production was meiged by
DCFH-DA assay. Data are presented as means + 3Ddight replicate wells of three different expemtse Statistical
significance versus untreated samples was calculgtéwo-sided Student’s t-test. **, p<0.001.

Noteworthy, the pro-oxidative and antioxidative pedies of plant-derived polyphenols are well
documented (Babich, Schuck, Weisburg, & Zuckerbr@dil; Elbling, Herbacek, Weiss, Gerner,
Heffeter, Jantschitsch, et al., 2011; Rizzi, Naplorgilva, Modernelli, Ramazzina, Bonacini, et,al.
2014). The imbalance of the redox homeostasis, iwharurs after the administration of EGCG
(the major constituent in green tea) in differeell tnes, showed a dose-dependent trend (Babich,
Schuck, Weisburg, & Zuckerbraun, 2011; Elblingakt 2011; Rizzi, et al., 2014). Accordingly,
incubation of Caco2 cells for 5 h with concentrasicof Theaphenon “Ehigher than Sug/mL
produced a significant increase in ROS productigdhaut reducing cell viability (data not shown).
The same biological effect has been reported onoZaells after incubation with high
concentrations of apple extracts (Bellion, Digha&l|, Dietrich, Baum, Eisenbrand, et al., 2010).
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3.6 Effect of treated and untreated apple polypheeatracts on phase Il defence enzymes

To further determine whether plasma treatment cgalterate reactive species able to modulate the
response of phase Il defense enzymes, we perfdootbcyene-reporter assay and gPCR.

Phase Il enzymes perform conjugation reactions withaim of transforming toxic endogenous
compounds and xenobiotics in hydrophilic compouthds can be more easily excreted. They play
also an important role in the metabolic inactivatmf pharmacologically active substances. The
Nrf2/EpRE pathway is one of the main cell signalgygtem involved in the safeguard against
oxidative stress. It regulates the expression of keotective enzymes such as glutathione
peroxidase (GPX), glutathione S-transferase (GSIBDPH quinine oxidoreductase 1 (NQO-1)
and UDP-glucuronosyltransferase (UGT) (de Roos &hi2y) 2014; Zhang, An, Gao, Leak, Chen,
& Zhang, 2013).

A DNA fragment containing the EpRE sequence waslsaled upstream a firefly luciferase into a
suitable promoterless reporter plasmid (pGL4 vectdfter transient transfection with the
expression plasmid, different concentrations ofeated and plasma treated polyphenolic extracts
were added to the cell culture and incubated far Bs shown in Fig. 3A, there is no statistically
significant difference in the induction of lucifee activity between untreated and plasma treated
extract. Although the plasma technology genera®$ Rnd NOS (Montie, Kelly-Wintenberg, &
Roth, 2000), their concentrations does not seemddify the Nrf2/ARE pathway response with
respect to untreated apple extract. However, theméinant plasmid used for the gene reporter
assay contains just one copy of the EpRE motif previous data showed a good correlation
between the number of EpRE repeats in the repptéamid and the level of luciferase activity
(Wang, Hayes, & Wolf, 2006). Noteworthy, incubatiof Caco2 cells for 5 h with different
concentrations of Theaphenofi &etermines a statistically significant increaseuiiferase activity
(Fig. 3B). The different response obtained with gene reporter assay is probably due to the
presence of contaminants in the apple extractstalgj@ench the luciferase signal.

In order to confirm the harmless effect of plasmehhology, we quantified by gPCR the mRNA
levels of genes belonging to GST and UGT familyyemzs, which are targets of the Nrf2/EpRE
pathway. GST family members are able to catalyzecibnjugation of the sulfhydryl moiety of
glutathione (GSH) with a broad range of endogerangs exogenous electrophilic substrates (Tew
& Townsend, 2012). UGT family members are endopiasmticulum-bounded enzymes that
catalyze glucuronidation of endogenous and exogerobstrates, like bilirubin, bile acids, steroids
and xenobiotics (Shuji Ohno and Shizuo Nakajin 2009
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Fig. 3. Effects polyphenolic extracts from treat86 min) and untreated apple (A) and Theaphenor(B®n Caco2
cells ARE luciferase activity. Caco2 cells wereatssl with different concentrations of polyphenats & h. The
luciferase activity was normalized for the totabtgin content. Data are presented as means + 3D fivar replicate
wells of three different experiments. Statisticajnfficance versus untreated sample was calculatedwo-sided
Student’s t-test. *, p<0.05.

Previous data have shown that in different colomdu cell lines apple polyphenols (Veeriah,
Miene, Habermann, Hofmann, Klenow, Sauer, et &Q82 and digitoflavone (Yang, Cai, Yang,
Sun, Hu, Yan, et al., 2014) are able to induce gapeession of detoxification enzymes. As shown
by comparison of plasma treated and untreated apyitacts (Fig. 4A and B), the polyphenolic
extracts are able to induce a different respongeriga/ARE in a dose dependent manner. At the
lowest concentration tested (28 mg/mL) of plasneated apple extract, the mRNA levels of both
GST and UGT family members are less induced wisipeet to untreated apple extract. The low
concentration of ROS revealed by DCFH-DA assaytsemough to induce a specific cell response
to oxidative stress. In contrast, when used atraeauatration up to 75 mg/mL, the treated apple
extract induces a phase Il enzyme response, inr@gmooe with the increase of ROS level.
Concerning the GST family members, while the GSTRNA level is comparable in Caco 2 cells
exposed to both treated and untreated sample$$1¢1 mMRNA level increases and the GSTA4
MRNA level remains less induced (Fig. 4A) in ceflsubated with plasma treated apple extract.
Within the UGT family, our results evidenced anrease of the UGT1A4 mRNA level after
incubation with plasma treated apple extract, waeithe UGT1AL1 and UGT2B7 mRNAs levels
are comparable in both treatment groups (Fig. ZBgse data point out that after administration of
apple polyphenols extracts derived from the plage@tment, Caco 2 cells are able to maintain the
physiological response to moderate oxidative sti®ssncreasing the transcription of phase Il

detoxifying enzymes.
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Figure 4. Relative expression of mRNA levels of Nafctivated phase Il enzymes in Caco2 cells lodadlef h with
different concentrations of polyphenols extractedrf plasma treated (30 min) apples. The relatiyession of gene
transcripts was calculated by thé“?™ method using untreated apples extract as refesamoele. Data are presented
as means * SD from three different experimentdisital significance versus untreated sample vedsutated by two-
sided Student’s t-test. *, p<0.05.

4. Conclusions

The effect of plasma treatment on physico-chempeahmeters was mainly observed on a slight
acidification of the tissue, and in a reductiorbadwning after the longer exposure time (30 min),
probably due to enzymatic activity inhibition shalia previous study (Tappi et al., 2014).

As a consequence of catechin polymerisation predant of the increase of hydroxycynnamic
acids and chalcones, phenolic profile of fresh-apples was significantly affected by 10 min
treatment, both in quantitative (about 20% of iased and qualitative terms.

After 30 min of treatment, when plasma effect omyamatic browning inhibition was significant,
flavan-3-oils content was lower compared to notated apples, while dihydrochalcones and
flavonols evidenced a slight increase.

As expected, considering its strict connection leetw polyphenols amount, antioxidant activity
evaluated by differenin-vitro methods followed a similar trend, increasing aft€r min of
processing. The DPPHe showed a lower sensibilimmgared with TEAC assays, while FRAP
showed similar values to TPI assay.

Moreover, this research represents the first agpraa assessing the effect of chemical species
generated during the gas plasma treatment on hurelinline. We demonstrated that the
polyphenolic extract obtained from plasma treaf@oleadoes not induce significant changes in cell
proliferation in comparison with untreated applertRermore, Caco 2 cells exposed to moderate
oxidative stress induced by the polyphenols extradministration are able to protect themselves

through the expression of phase Il detoxifying enay.
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In conclusion, the DBD plasma treatment is a vergnpsing tool to preserve the qualitative
properties and the phytochemical profile of fresihfink Lady apples. Further, apple exposure to
gas plasma does not seem to generate chemicabsgenimful to human cells. Other studies in
cellular models are needed to confirm this prelamyndata.

Further studies of the product microstructure arstammolomics features are needed. Firstly to
understand the chemical or enzymatic nature ofgtmgols modification phenomena, secondly to
clarify the induced metabolic response promotethlytreatment to the fresh apple tissue. This has
to be focused on the product packed in real paokafpassive modified atmosphere packaging)

and storage conditions (during 10-15 days of refated storage).
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Abstract

Vacuum impregnation (VI) is a process that allotwes impregnation of fruit and vegetable porous
tissues with a fast and more homogeneous penetraficactive compounds compared to the
classical diffusion processes. The objective of thiudy was to investigate the effect on VI
treatment with calcium lactate on qualitative pagtars of minimally processed melon during
storage. For this aim, the present work was dividedwo parts. Initially, the optimization of
process parameters was carried out in order tosehtite optimal VI conditions for improving
texture characteristics of minimally processed mé¢hat were then used to impregnate melons for a
shelf-life study in real storage conditions. On biasis of a 2factorial design, the effect of Calcium
lactate (CalLac) concentration between 0 and 5 %ofmdinimum pressure (P) between 200 and
600 mbar were evaluated on colour and texture.d2sieg parameters corresponding to 5% Calac
concentration and 600 mbar of minimum pressure wkosen for the storage study, during which
the modifications of main qualitative parametersemevaluated. Despite of the high variability of
the raw material, results showed that VI alloweldetter maintenance of texture during storage.
Nevertheless, other quality traits were negativalyected by the application of vacuum.
Impregnated products showed a darker and moreldzamd appearance on the account of the
alteration of the structural properties. Moreoveicrobial shelf-life was reduced to four days

compared to the seven obtained for control andedigamples.

Practical application: Minimally processed fruit represent a growing seéto the fresh produce
industry, on the account of their health properti@sbined with a high convenience value, but they
are characterized by a shorter shelf-life compacethe intact product. Therefore, preservation
processes able to increase the product shelfddeofigreat interest to fruit processing industries
Vacuum impregnation with calcium has been studedniprove product texture properties of
various fruit and vegetable. Nevertheless researalege often limited to the immediate effect of
the treatment not taking in consideration the evmfuof the product quality during storage in real

conditions.

Keywords: vacuum impregnation, minimally processed melafgiam, shelf-life.

1. Introduction

Vacuum impregnation (V1) is a process that allotwes impregnation of fruit and vegetable porous

tissues, exploiting a mass transfer known as hydvaaic mechanism (HDM) (Fitet al, 1996). A
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two-step pressure change is implicated in this rmeisim. At first, vacuum pressure is applied to a
solid-liquid system (vacuum step), causing the agjm of the gas inside the product pores and its
partial outflow until mechanical equilibrium is aeted. In the second step (atmospheric step),
atmospheric pressure is restored and the compressithe residual gas in the pores leads to the
penetration of the external liquid into the por€gléwicz et al, 2012). Compared to the classical
diffusion processes, carried out by simple dippimgorolonged immersion of the product in the
solution at atmospheric pressure, VI presents theargage of a fast and more homogeneous
penetration of the active compounds directly irte tnternal structure of the product (Saurel,
2004).

Various substances can be introduced inside the dmattrix such as nutritional, nutraceutical and/or
functional compounds, antimicrobial and antioxidasubstances, organic acids, structuring
substances, etc. (Betoret al, 2003). Depending on the type of component chdeenthe
impregnation, the final product will be charactedzby modified/improved sensorial or nutritional
guality or an extended shelf-life.

One of the most critical issue for quality maintece of minimally processed melon during
refrigerated storage is its susceptibility to tessoftening. The application of calcium dips hasrbe
widely investigated in pears (James al, 2002), kiwifruit (Agaret al, 1999), nectarines and
peaches (Gorngt al, 1999) and melons (Luna-Guzmaénal, 1999; Silveiraet al, 2011). The
structuring effect of calcium is due to its ability form cross-links or bridges between free
carboxylic group of the pectin chains, resultingstrengthening of the cell wall and at the same
time, preserving the structural and functional gmityy of membranes.

The use of VI with calcium salts has been consdiésefortification of various fruit and vegetables
(Fito et al, 2001; Grast al, 2003; Tapieet al, 1999), in order to obtain food with higher cafaiu
content suitable for consumers with specific heaéibds.

Few works have been carried out on the impregnatitimcalcium to improve texture of minimally
processed products. Occhirbal. (2011) investigated the effect of calcium and oteucturing
compounds in zucchini slices, while Degra@teal. (2003) combined calcium and pectinesterase
for strawberry impregnation finding a remarkableegistic effect in increasing firmness.
Nevertheless, generally published studies areduitib the immediate effect of the treatment and do
not take in consideration the evolution of the prdjuality during storage in real conditions.

The objective of this study was to investigate dffect on VI treatment with calcium lactate on
gualitative parameters of minimally processed meloning storage. For this aim, the present work
was divided in two parts. Initially the optimizati@f process parameters was carried out in order to

choose the optimal VI conditions for improving tave characteristics of fresh melon. In the second
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part of the research, the optimal processing cmmditwere used to impregnate melons, and
evaluate modifications of main qualitative paramsetduring storage, compared to fresh cut

samples and to samples dipped in the same cal@lutioh at atmospheric pressure.

2. Materialsand Methods

Sample preparation

Two different batches of about 50 melorGu¢umis melovar Reticulatus) were harvested at
commercial maturity during August 2013 and 2014Emilia-Romagna region (ltaly); care was
taken to select fruits with similar ripening degrea the basis of their soluble solid content and
titratable acidity. The first batch was used foe thptimization study, the second for the storage
study. The fruits were brought to our laboratoryewehthey were held at 4°C for 48 h before
processing.

Prior to processing, selected whole fruits were hedswith water, scrubbed with a sponge to
eliminate dirt on the external surface and themepfor 1 min in a 200 ppm chlorine solution.
Fresh samples were characterized by soluble sohtkat, colour, textural parameters and porosity
by means of methodology reported below.

After water removal with tissue paper, each frudiswhalved longitudinally, stem ends were
eliminated and the central part was cut in 2 crokthslices. From each slice cylindrical samples
(=2 cm, h=2 cm) were obtained from melon flesimgisi manual sharp cork borer.

VI system and experimental plan

The impregnation process was performed using autowecuum controller system (AVCS, S.LA.,
Bologna, Italy), a programmable device designecbiutrol the pressure acting on the impregnating
solution during the impregnation process. The AME€8onnected to the impregnation chamber by
a Teflon tube and to a vacuum pump.
The experiment was divided into two parts as foow

a. Optimization of VI process parameters for improvigalitative characteristics of fresh-cut

melon

Among calcium salts, lactate (CalLac) was selectedhe account of literature, as it is able to
improve/preserve the texture attributes of freshroalon during storage, having lower impact on
the organoleptic properties compared to other $aioride, carbonate and propionate) (Aguayo
al., 2008; Lamikanra & Watson, 2004; Luna-Guzneéial, 1999).
The impregnation (at minimum pressure) and thexagian (after atmospheric pressure restoration)

times were 5 min each. The time was selected asnihanum time able to obtain a level of
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impregnation corresponding to the product real piypas too long exposure to high vacuum level
can cause tissue deformation (Mujica-leaal. 2003).

A 2° full experimental plan was applied in order tolaate the singular, quadratic and interactive
effects of the selected variables on some qualdgtarameters. Each factor had 3 levels ranging
from 0 to 5% for CalLac and from 200 to 600 mbarrfonimum pressure, as shown in table 1. The
highest salt concentration has been selected afieiminary tests, aimed at evaluating the
maximum level not detected by sensorial analysise Tmpregnation medium was isotonic
regarding native soluble solids content of meloavoid water transfer phenomenon.

The minimum absolute pressure reached during #enrent was obtained applying a stepwise
protocol chosen on the basis of preliminary expents that involved the application of vacuum
pressure in different steps of 200 mbar each. [Quirtermediate steps, samples were held at the
relevant pressure value for 30 seconds. Each tezdtwas repeated in three independent replicates,

each with 50 g of products and a ratio productismhuof 1:4.

Table 1. Coded and real values of the independsmidhles in the experimental plan
Coded value -1 0 1

Calac concentration (%) 0 2.5 5

Minimum absolute pressure (mbar) 200 400 600

Impregnated melon samples were tested for porosigight gain (WG), colour and textural
parameters. On the basis of the obtained resultquatity parameters, the combination of the

process parameters was chosen for the shelf-fs.te

b. Study of the modification of qualitative characstids of vacuum impregnated fresh cut
melon during storage

Vacuum impregnated melons were obtained accordiriget protocol chosen during the first part of
the experiment (600 mbar and 5% Calac). Fresh alidmwas used as control (C). In order to
evaluate the effect of the vacuum treatment, VIgamwere also compared to fresh-cut melon
dipped at atmospheric pressure in the same Callataso(D) for the same duration. About 45 g
for package of each type of melon sample (VI, D @dvere packed in trays sealed with a micro-
perforated film of polyethylenetereftalate (PET) pn thick, and subjected to storage for 10 days
at 10°C. This temperature was chosen in order rtaulsite the temperature abuse commonly
occurring at retail stores and to accentuate amefi@al or negative effects of the postharvest

treatments (Saftnat al, 2003). In each packagegadspace was about 900 mL.
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During storage, at 0, 2, 4, 7 and 10 days the sssnpkre analysed for gas composition in the
headspace, soluble solid content, titrable acidity, matter, colour, texture and the microbial cell
loads. At each sampling time, three packages wealkigted for each sample (C, D and VI).

Analytical determinations

Chemical parameters

- Sample porosity was determined using pycnometethod measuring real and apparent density
according to Grast al, (2003). Total or real porosityr] constitutes a measure of the empty spaces
in the fruit tissue, and represents the maximuntesphat could be impregnated with an isotonic
solution. It was determined on five different metyinders.

- The impregnation parameter weight gain (WG) wakudated according to (Tylewicet al,
2012) with the following equation:

WG =100 x (m — rg)/mg

where mis the mass of the impregnated sample (g) anis the initial mass (g).

- Soluble solids content (SSC) was determined at@®y measuring the refractive index with a
digital refractometer mod. PR1 (Atago Co. Ltd, Tokyapan) calibrated with distilled water.

- Titratable acidity (TA) was determined by tit@ti with NaOH 0.1 N until pH 8.1 was reached
(AOAC Official Method 942.15, 2000). Results werpressed as ml of malic acid/100 g.

For each sample, SSC and TA were determined ihcatp on the juice obtained from 10 melon
slices, after filtering through Whatman #1 filtexger

- Dry matter content was determined gravimetrichiydifference in weight before and after drying
at 70 °C, until a constant weight was achieved (AJAternational, 2002) on three different melon

cylinders.

Gas composition
O, and CQ percentage was measured in the packages headspacgas analyzer “check point
0O,/COy” mod. MFA Il S/L (Witt-Gasetechnik, Witten, Germg). At each sampling time, it was

measured in three packages for each sample.

Colour
Surface colour was measured with a spectrophotaowdter (HUNTERLAB ColorFlexTM, A60-
1010-615, Reston, Virginia) using the D65 illumihamd the 10° standard observer. For each

treatment the average of 15 measurements was a&@dulThe L*, a* and b* parameters of the



CIELAB system were measured, a* and b* parametereviurther used to calculate Hue angle

(4, = (arctan [Z—] /27r) x 360

Texture

Mechanical parameters were measured with a pelogttast using a Texture Analyser TA-HDI500
(Stable Micro Systems, Surrey, UK) equipped with0aN load cell and a 6 mm diameter stainless
steel cylinder until a maximum deformation of 90%sample thickness. For each treatment the
average of 15 measurement was calculated.

The acquired curves (Force, N, versus time, s) waralysed and the following mechanical
parameters were extracted: firmness - the firsk f@ae (N) value and the linear distance (LD) as
an index of crispness. LD was determined, using‘lihear distance” function (1) within Texture
Expert Exceed software (version 2.61, Stable Migystems) on a plot Force (F) in Newton versus

distance (D) in millimetres (Gregson & Lee, 2003).

L, =S JFx+D) - FOOF +[D(x+1) - ST
= (1)

This function automatically calculates the lineddmby summing the lengths computed between
consecutive data points using the Pythagoras equakhe software calculate Ld by summing the
length of the straight segments connecting eachtmmquired (500 points/s) between selected
times or distances. Although a length is calculatistance units cannot be used because one axis

has force units. Generally, an increase of Ld gpwads to an increase of crispness.

Microbiological analysis

Melon samples (10 g) were suspended into sterilo0(w/v) peptone-water solution and
homogenized with a Stomacher Lab Blender (Sewdtl JiRernational, Whitstable, Kent, UK) for

2 min at room temperature.

Mesophilic lactobacilli and lactococci were detemed on MRS agar (Oxoid Ltd, Basingstoke,
Hampshire, UK) containing 0.1% of cycloheximidegi®a Cemical Co.) and M17 agar (Oxoid
Ltd), respectively, at 30 °C for 48-72 h under aob& conditions. Yeasts were enumerated on
Yeast Extract Peptone-Dextrose agar (YPD, Oxoid,ladded of 150 ppm chloramphenicol, at 30
°C for 72 h. Viable counts of total aerobic mestipland psychrotrophic bacteria were determined
on Plate Count Agar (Oxoid Ltd) at 30 °C for 48rfd&°C for 10 days, respectively.
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Microbiological counts were carried out in tripliegor all the samples at each storage time.

Statistical analysis

For the optimization of parameters, & f2ll experimental plan was applied. The experiraént
design allows to establish a second order polynidnyia

y = by + byx;y + byxy + bipx1X, + by1x% + byyx2
The statistical analysis was performed using thieveoe Statistica 8.0 (Statsoft Inc., Tulsa, UK) to
obtain the cofficients of the polynomial, F-values, standard err(®&) and the explained
variability percentage @ in order to evaluate the global fitting of the debto the obtained
experimental values.
During storage, significant fierences among samples in qualitative parametersnandcrobial
loads, at the same sampling time, were assessad tle® analysis of variance (ANOVA), and

significance of differences was defined accordinipéd_SD post-hoc test a&®.05.

3. Resultsand discussion

Results of the chemico-physical parameters of #ve materials of the two different batches are
reported in Table 1. Even if in terms of SSC andté two batches were very similar; regarding

colour, fruits of the first batch presented a leghdnd less orange colour.

Table 2. Colorimetric and textural parameters ef2tbatches of fresh melon samples.

1st batch 2nd batch
X SD X SD
SSC 12.5 0.2 12.3 0.1
TA 0.11 0.01 0.10 0.01
L* 68.41 3.75 61.22 4.01
h° 73.22 0.97 69.86 2.02
Firmness 7.28 2.5 5.8 0.9
LD 17.27 2.1 30.5 3.5

porosity 9.78 1.75 5.74 1.15

These melons were characterized by higher firmnasd, their averaged porosity (9.78 %) was
almost the double of the one of the second batatsf(5.74 %). In any cases, these values are in

agreement with previous literature studies, thpored porosity of melon in the range of 4-13%



(Fito et al, 2001; Mujica-Pazt al, 2003), also considering the variability of thigrameter as a

function of cultivar, agricultural practices andvesting year.

a. Optimization of VI process parameters for improviopgglitative characteristics of fresh-cut
melon

Table 3 reports weight gain (WG), textural and dotetric parameters of samples impregnated
according to the experimental plan. The secondropdé/nomials for the response parameters,
determined by data analysis, are shown in tablEhdse models allowed evaluating the effects of
linear, quadratic, and interactive terms of theepghdent variables (pressure level - P and Calac
concentration - C) on the chosen dependent vagaBigart from LD, all other models showed high
R? values (from 0.795 to 0.999).

To better understand the interactive effects of ittteependent variables, surface plots based on
these models were drawn. As examples, the repagenbf WG and Firmness as a function of P

and C are shown in Figures 1 and 2.

Table 3. Experimental plan factor values; mean emland standard deviations of weight gain (WG){utex and
colorimetric parameters of each fresh cut melonpdas

Calac WG Firmness Linear he
Sample Pressure concentration 0 Distance L*
(%) (N)
(LD)
mbar % X o X o X c X c X c
1 200 0 10.66 1.29 10.06 3.85 22.94 5.33 45.89 3.04 74.18 0.60
2 200 2.5 548 114 11.182.96 2546 4.14 49.86 2.03 74.47 0.87
3 200 3.82 052 14.25/.18 31.86 8.95 50.212.20 74.86 1.02
4 400 6.89 059 11.130.91 21.85 7.05 54.58 4.96 73.64 0.60
5 400 2.5 3.53 0.35 15.03.32 25.91 11.19 57.95 3.41 73.63 0.43
6 400 1.84 053 11.64.91 28.18 10.51 57.98 1.84 73.62 0.71
7 600 542 137 13.0%.40 27.06 10.57 60.48 2.16 73.56 0.75
8 600 2.5 155 0.56 18.1®.57 30.42 10.41 62.99 1.87 72.75 0.65
9 600 5 1.08 0.61 19.3Z7.16 33.19 8.43 61.87 2.66 73.02 0.54

WG was in the range of 1.08-10.66 %. Accordinght® Y¥I theory (Fitoet al, 1996), the extent of

pores filling, hence weight gain, depends on tl’'& real porosity and mechanical properties, as

well as the vacuum intensity, and application tinvoreover, pressure changes can promote

deformations of the tissue because of the visctelpsoperties of the solid matrix. Thus, volume

fraction of the product impregnated by the extefimalid would be affected not only by the initial



effective porosity, but also by the volume changethe end of the vacuum and atmospheric steps
(Anino et al,, 2006).

Table 4. Best-fit equations relative to the effemtpressure level [P], CaLac concentration [Clvegight gain (WG),
firmness, linear distance (LD), L* and h° values

Parameter Model R? F-value SE

WG 14.8130-0.02469[P]-2.72536[C]+0.22878[C2]+0.CR[F2[C] 0.984 98.499 0.3872
Firmness 6.615799+0.012566[P]+1.093556[C] 0.912 ? .9931

LD 16.6111+0.01889[P]+1.8485[C] 0.661 87680 3.4918
L 33.65+0.06839[P]+2.6046[C]-0.00004[P2]-0.28246[C2} (909 15850  0.1899

0.00146[P][C]
h° 75.141111-0.00348[P] 0.795 32.067 0.3014
Only terms withP < 0.05 were included.

In our study, real porosity of melon samples wasnthb9.78 + 1.75, as reported in table 2, in
agreement with previous literature studies thabrteol porosity of melon in the range of 4-13%
(Fito et al, 2001; Mujica-Pazt al, 2003). Considering real porosity an indicatiorthe maximum

impregnation level, impregnation with only sucrasetonic solution at 200 mbar (sample 1)

allowed a good impregnation level in this sample.

M =10
- 10
B -8
<6
<4
-2

Fig. 1. Three-dimensional contour plots showingeffects of the interactions [P] x [C] on weighig@/VNG, %)

However, as it can be observed, the weight vanaisoinfluenced negatively by both minimum
pressure and CalLac concentration. In particulanciteases by increasing vacuum pressure and it

decrease by increasing the impregnating mediumesdration. The effect of the vacuum level

10



applied confirms results obtained by Tylewaizal. (2012) and Mujica-Paet al. (2003) on apples
and melons respectively.
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Fig. 2. Three-dimensional contour plots showingéffects of the interactions [P] x [C] on Firmnéis.

By the Beta coefficients, that indicate the relatweight of the independent variables on the
dependent one, it can be appreciated that the Gadrazentration is the most influential (1.95 for C
and 0.34 for P). This result may be due to theodsdyg of the medium that increases by increasing
its concentration. Grast al. (2003) did not find that impregnation levels ingptant, carrot and
oyster were affected by the presence of calciusolntion, but the concentration of calcium used
was limited to 20 g/L, while in our experiment read 50 g/L.

Viscosity has been reported to make penetratiosobites into fruit structures more difficult by
different authors (Guillemiret al, 2008; Mujica-Pazt al, 2003; Saurel, 2004). Guillemigt al.
(2008) found that solute distribution was heter@gers and confined to the surface when a 2%
sodium alginate solution was used. Compared toviss®us solutions a longer holding time after
vacuum release was necessary to obtain a higheegmation level and a homogeneous penetration
of the solutes.

However, the solution tested by the authors weghliviscous, ranging from 9 to 116 mPa s. With
highly viscous solutions, liquid intake may be rieséd because of the equilibrium between the
relaxation force of the matrix and the friction derresults in sample deformation instead of
impregnation (Baraet al, 2001). In our experiments, the solution viscosityied from 1.02 to
1.21 mPa s. Nevertheless, at these low valuesintitease of the calcium lactate concentration
promoted a slight increase of solution viscosigtricting the impregnation of the tissue.
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All impregnated samples showed higher firmness BEDdvalues compared to the fresh tissue.
MartinezMonzo6 et al. (1998) observed, by CryoSEM, that the impregnatibmapple tissue with
isotonic sucrose solution did not cause alteratturgor, size, shape and intracellular volume of
cells, but the intercellular spaces were floodedthsy external solution. Nevertheless, it can be
expected that the gas-liquid exchange may inducatians in the mechanical and structural
properties of products.

Igual et al. (2008) studied the effect of VI on mechanical eleggristics of cut persimmons obtained
by two different cultivars and found that whileh&ad a softening effect on one cultivar, the second
one was hardened by the treatment. The deformatiohrelaxation mechanisms caused by the
application of the vacuum can affect the solid mmatn a different way, depending on the
viscoelasticity of the product (Fitet al, 1996).

As it can be observed in table 3, the effect obWIfirmness and LD was less pronounced when the
vacuum applied was higher, probably because theease of vacuum lead to some irreversible
deformation of the solid matrix. On the other hawgd|cium had a visible effect on texture,
proportional to its concentration, as demonstrdigdhe coefficient relative to both parameters.
Hence, although it decreased the impregnation levieigh concentration of calcium in the solution
was able to increase hardness and crispness t$she.

Previous studies on the effect of VI with calciuaits reported contrasting results. (Aniebal,
2006) found that the impregnation process decretigedesistance to compression in apple tissue,
when isotonic solution was used, and the presehcaloium salt made tissue damage even more
pronounced, probably for the occurrence of ruptfrenembranes and plasmolysis observed by
microscopic analysis. On the contrary, Geasl. (2003) found that after VI with isotonic solution
containing calcium, samples of eggplant and camete characterized by a higher stiffness and
fragility and hypothesized the formation of bondsmniddle lamellae and cell walls. The effect was
not observed in oyster tissue, probably becaudecardgaining pectin, the structure was minimally
affected by the presence of calcium. (Occhatoal, 2011) studied VI treatment with different
combination of calcium with maltodextrins in order improve texture of zucchini. While the
reduction of shear and energy force were decrelagele application of vacuum, the presence of
CaCl in the solution limited the hardness loss wherambination with the other solutes, even
having an hardening effect when alone.

Studying the distribution of calcium, Aniret al. (2006) found that impregnation occurs mainly in
the large intercellular spaces of the tissue, any @ a lesser measure inside the cells of eggplan
However, calcium concentration in the impregnasiedution seems to have an effect on the way
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calcium is transferred and located in the tissungl probably on the effect on the final textural
characteristics of the product.

All samples after the treatment showed signifiadifferences in the colour parameters compared
with the control (C). In particular, samples undemivto a general darkening (decrease of L* value),
probably due to the alteration of the structuralparties of the tissue as a consequence of vacuum
application and/or of the gas-liquid exchange tbah cause a change in the refraction index
(Muntadaet al, 1998; Tapiat al, 1999). This decrease was dependent only on te¢ &¢ vacuum
pressure applied, both in its individual and quadreffect. Increasing the vacuum lead to a higher
impregnation with a higher gas-liquid exchange pyong the change in the colour coordinates.
Also the increase of calcium concentration had sitpe effect on sample lightness, probably
related to the lower extent of impregnation obtdine

Hue angle values were affected only by pressurevémidtions were minimal. As reported by Fito
& Chiralt (2000), although variations in a* and bdordinates can be observed after VI, generally
the hue is only slightly modified. The authors aleported that the variations induced by VI
treatments did not have a detrimental effect orsaorer perception.

On the basis of the overall results obtained ia tinst part of the study, the treatment conditiohs

sample 9 (600 mbar and 5% Calac concentration) alesen for the further storage study.

b. Study of the modification of qualitative chaexeitics of vacuum impregnated fresh cut melon

during storage

In the second part of the study the effect of thetIselected vacuum treatment (VI) conditions,
compared to a conventional dipping at atmospheassure in the same CalLac solution (D) for the
same duration and to the control ones (C) on souaditg aspects of fresh-cut melon samples
during storage were analysed.

Due to the respiratory metabolism, fresh vegetgieducts consume L0Oand produce Cg)
promoting changes in the gas composition within paekage. At the same time, packaging
materials were usually semi-permeable and allow eékehange with the external atmosphere.
Headspace composition depends on the sum of thes@henomena. As it can be observed by
table 5, at the end of the 10 days of storage axygacentration was in the range of 19.5-19.8%
while CO, was in the range of 2.3-3.1%, avoiding the anaerobnditions until the end of the
storage period. Generally significant differencbsayved among samples were minimal and did not

indicate a clear trend.
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Table 5. @ and CQ concentration in the headspace of control (C)pelip(D) and vacuum impregnated (VI) minimally

processed melons during storage at 10°C

Days of storage

2 4 7 10
Sample X o X o X o X o
0, (%)
C 20.% 0.2 19.7° 0.1 18.2%° 0.7 19.72 0.6
D 20.2° 0.1 20.42 0.1 17.8° 0.8 19.2° 0.7
VI 20.12 0.1 19.8° 0.1 18.5° 0.6 19.5%° 0.7
CO, (%)
C 2.4 0.3 3.0% 0.0 6.22 1.0 3.1% 0.6
D 2.47 0.1 2.3° 0.1 5.82 0.6 2.8% 0.3
VI 252 0.1 2.92 0.0 4.7% 0.5 2.7% 0.6

Different letters indicate statistically significaralues among samples at the same storage tinGe5)p<

Table 6 reports some physico-chemical parametemmeddbn samples during storage. Generally,
samples underwent at the end of storage to anaseref dry matter, a decrease of titratable acidity
and little variation of soluble solid content.

Water loss in minimally processed product is enbdnby the disruption of the tissues due to
peeling and cutting operation (Rolle & Chism, 198n) the present study, no differences were

found initially and dry matter of samples increaspdo about 3-5 % in all samples.
Table 6. Physico-chemical parameters of contro| (lijped (D) and vacuum impregnated (VI) minimgpcessed

melon samples during storage at 10°C

Days of storage

0 2 4 7 10

Sample X 9 X o X o X 9 X o
Dry matter (g/100 g)
C 11.66 +254 9.18 +0.84 1398 +1.47 971 +030 1540 +0.92
D 1233 +248 1159° +211 1254 +065 1543 +295 1367 =+0.06
VI 11.99° +0.14 1419 +097 1354 +237 17539 +283 14.1% +0.95
Titratable acidity (ml malic acid/100 g)
C 0.1f +0.01 0.028 +0.001 0.014 +0.001 0.049 +0.007 0.082 +0.004
D 0.0§ +0.07 0.028 +0.014 0.019° +0.008 0.084 +0.014 0.07¢ +0.014
VI 0.12 +0.01 0.037 +0.008 0.028 +0.002 0.13F +0.016 0.05P +0.008
Soluble Solid content (%)

C 123 +01 118 +01 118 +01 10% +02 11.F +01
D 122 +04 122 +01 117 +01 118 +01 108 +0.1
VI 1258 +01 117 +01 118 +0.1 108 +02 118 +0.1

Different letters indicate statistically signifidaralues among samples at the same storage tin@e5)p<

Titratable acidity and soluble solid content areapzeters related to the ripening stage of the fruit
and the rate of their variation is also increasgdnfinimal processing operations, although
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microbial spoilage may play a part in their evadatiduring storage. The changes observed during
storage and among samples in the present studgngralight and do not seem to present a pattern
attributable to the treatments.

Colour coordinates of lightness and hue angle wipdas during storage are shown in Figure 3.

40 T
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Fig 3. Colour coordinates (L* and h°) of melon sdespduring storageC: control, D: dipped; VI: vacuum impregnated
sample. Different letters indicate statisticallgrsficant values among samples at the same stdiraggp<0.5).

Immediately after treatment, L* values of sampleljscted to VI were lower compared to C and D
samples while h® was unchanged. These resultshaagreement with the ones found in the first
part of this study that reported a product darkgris a result of vacuum application. During
storage, lightness decreased in all samples. Thelaement of translucent appearance is found to
be one of the main changes in minimally processeldmduring storage, connected to both visual
quality and texture loss. Since melon is not gdheaffected by enzymatic activity, the variatioh o
L* values can be ascribed to the variation of pigteeconcentration and to the induction of a
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translucent water-soaked tissue (glossy) causdtidioss of cellular compartmentation and water
redistribution within the tissues (Aguagbal.,2004).

During storage, while almost no significant difieces were found between C and D samples,
sample VI was characterized by constantly loweuesl No differences were observed in hue angle
values, confirming that this chromatic characterisvas not strongly influenced by vacuum
impregnation.

Figure 4 reports the evolution of textural paramet® melon samples during storage. Just after
treatment, firmness values were 5.8 £ 0.9 N forgar®, 6.5 £ 0.5 N for D and 7.5 + 0.4 N for VI,
while linear distance values were 30.53 + 3.5 tongle C, 37.5 + 1.5 for D and 36.4 + 2.5 for VI.
Increase of hardness in cut melon after dippingaltium solution has been widely documented
(Lamikanra & Watson, 2004; Lamikanra & Watson, 200Ta-Guzmaret al, 1999). The increase
of both parameters observed after VI is higher camag to D samples probably for a higher
impregnation favoured by the application of vacubmit, was noticeably lower compared to the one
obtained in the first part of the study. The diparecy is probably due to the lower porosity of the
second batch of melons that allowed for a lowerrggpation of samples (1.08% vs. 0.58% WG at
the selected process parameters). Neverthelessbthaed values were significantly higher than
the ones obtained both for control and dipped sasapl

Softening of minimally processed melon during sgjeradan be considered a consequence of the
degradation of the internal structures due to @ssipening, and the solubilisation of the
protopectinic fraction of the cell wall componeiisd to the loss of cell adhesion (Aguastoal,
2004; Fundeet al, 2014). A substantial firmness loss was mainlyeobsd in the first four days in
all samples, while values remained quite constantte rest of the storage, although VI and D
samples were always significantly higher than cdrgamples.

Linear distance underwent a slow decrease in dosamples indicating a decrease in sample
crunchiness. A similar trend was observed in dippathples although values were constantly
higher. VI samples, on the other hand, showed erease of linear distance during storage.

Firming and resistance to softening have been wbdeto be a consequence of various calcium
treatments. The effect was attributed to the statibn of membrane systems and to the formation
of Ca-pectates, which increase rigidity of the neddmella and cell wall to increased resistance to
polygalacturonase attack, on the pectic substantdbe middle lamella and cell wall and to

improved turgor pressure (Luna-Guzneiral, 1999).
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Fig. 4 textural parameters (hardness and linedarts) of melon samples during storage. C: conboldipped; VI:
vacuum impregnated sample Different letters indicahtistically significant values among samplethatsame storage
time (p<0.5).

Results obtained during storage showed that théicagipn of vacuum combined with calcium
allowed to obtain a firming effect on minimally pessing melon and in particular, a higher
crunchiness during storage compared to controdgued samples.

In order to evaluate the effects of the treatmemtshe melon naturally occurring microflora, the
cell viability of the principal spoilage agentstébmesophilic and psychrotrophic bacteria, lactic
acid bacteria and yeasts), was measured overesdteyl storage (Table 7) .

Total aerobic mesophilic and psychrotrophic micgamisms were about 2 and 2.2 Log CFY g
respectively, while lactic acid bacteria rangednasemn 0.8 and 1.9 Log CFU*gand yeasts were
found at 1 Log CFU g Similar results were found by other authors foslfreut “Piel de Sapo”
(Fernandeet al.,2010) and cantaloupe (Faagal, 2013; Tappet al, 2016) melons.
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Table 7. Microbial loads of of control (C), dipp€D) and vacuum impregnated (VI) minimally processeelons
during storage at 10°C.

Days of storage

0 2 4 7 10

Sample X o X o X o X o X o
Mesophilic Bacteria (Log CFUY

C 1.8 +0.25 337 +056 452 +034 813 +064 871 =+054

D 214 +037 320 +041 443 +021 751 +058 7286 +0.71

VI 195° +06 33F +036 668 +074 802 =061 7.70 +0.69
Psycotrophic Bacteria (Log CFU'y

C 210 +0.14 237 +042 420 +020 7.98 +058 819 +0.45

D 219 +0.12 339 +035 418 +025 788 +0.61 7.87 +0.47

VI 245 +028 310 +044 598 +030 737 +051 84% +0.57

Yeasts (Log CFUQ

C 1.0 +020 100 +020 240 +063 48% +060 464 +0.48

D 1.00 +0.20 1.00 +020 1.00 =+0.34 492 +£071 432 061

VI 1.000 +#020 100 =+020 230 +036 679 =+054 6.79 +0.59
Lactic Acid Bacteria (Log CFU Y

C 08% +021 188 +020 370 +056 799 +060 8.08 +0.45

D 1.3¢ +055 268 +£020 399 062 7.68 +£071 654 +£0.47

VI 186 +0.19 3186 +020 677 +045 761 +054 748 +057

Different letters indicate statistically signifidaralues among samples at the same storage tin@e5)p<

No difference was observed among DIP and VI treatsmmeompared to the control sample for any
of the microbial groups immediately after the treant and after 2 days of storage. During the rest
of the storage, it can be observed that the graithll microbial groups was favoured in the VI
sample. At the fourth day, VI sample showed highalues compared to other samples for
mesophilic, psycotrophic and lactic acid bactetiwat were respectively 6.68, 5.98 and 6.77 Log
CFU ¢*, while higher yeasts loads were observed afteersalays. Finally, at the end of the
storage, sample VI showed higher values for ydasids of 6.79 compared to 4.64 and 4.32 Log
CFU g* of C and D samples respectively, while no diffeeemwas observed for the other microbial
groups.

According to literature (Patrignaat al, 2010), the value of 6.0 Log CFU gan be considered as a
spoilage threshold for minimally processed fruitl aegetables. In C and D samples, this value was
reached after 7 days for mesophilic, psycotrophit lactic acid bacteria and was not exceeded for
yeasts until the end of the storage. On the othaedhVI samples reached the spoilage threshold
after four days for mesophilic, psycotrophic antitaacid bacteria and after seven days for yeasts.
Therefore, it seems that microbial shelf-life ofnmally processed melons was slightly reduced in
samples subjected to VI treatments. To our knowdedbe influence of the VI treatment on

microbial growth has not been studied directly. ¥8a hypothesize that the deformation-relaxation
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phenomena that can cause irreversible alteratidheovisco-elastic properties of the fruit tissues
upon the application of a vacuum pressure, mayrerghautrients availability for microbial growth.
Nevertheless, the presence of calcium should prethet formation of bond in the middle-lamellae
and cell walls, leading to a stiffer and more flagiellular network (Gragt al. 2003). In the
present experiment, according to the results obthin the optimization plan, the lowest level of
vacuum was applied combined with the highest Cataacentration. Although, this combination
seemed to have had a structuring effect on mel@gems to negatively affect microbial shelf-life.
Considering this finding, further studies are nekde order to clarify these results, particularly
considering that minimally processed melon is w@®red a highly perishable and potentially

hazardous product on the account of its high pB-€7) and water activity (0.97-0.99) values.

4. Conclusions

The results obtained in this study allowed to eatduthe influence of calcium concentration and
vacuum pressure on colour and textural parametemsimimally processed melons. The high
variability of the raw material appeared to be hyghfluencing the impregnation process, in terms
of impregnation levels and of impact on the teXtpraperties.

Nevertheless VI with calcium confirmed to improvextural maintenance during shelf-life,
compared to both untreated and dipped samples. ¥owether quality traits were negatively
affected by the application of vacuum. Impregngteaducts were characterised by a darker and
more translucent appearance on the account ofltératéon of the structural properties. Moreover
microbial shelf-life was reduced to four days coneplato the seven obtained for control and dipped
samples.

Further studies are in due course in our lab iriotd prolong the shelf life of minimally processed
melon subjected to vacuum impregnation, by the ¢oation of natural antimicrobial with calcium

lactate in the impregnating solution.
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Abstract

Vacuum impregnation (VI) is a technology that aléothe replacement of the gas into the porous
food structure with an aqueous solution, allowing tlirect formulation of porous foods promoting
compositional changes in short treatment timess tihican be exploited for functional products
development.

Green tea (GT) is a high source of flavanoids, kméavhave strong antioxidant properties which
has been widely studied bothimvitro andin-vivo trials. In the present study, a GT extract (GTE)
was used to enrich minimally processed apples byn\irder to obtain a nutritionally fortified
product.

Apples were impregnated at 200 mbar for 5 min, wgtitonic sucrose solutions with the addition
of 1% GTE and/or 1% of ascorbic acid (AA). The impaf GTE enrichment on quality
characteristics of the product and the stabilitytiod antioxidant compounds and theairvitro
activity during refrigerated storage were assessed.

Results showed that a good impregnation of minynalbcessed apples was achieved and resulted
in a strong increase of the antioxidant compoundtesdt and activity. While other qualitative
parameters were only slightly affected, colourahgples was influenced just after the VI treatment
with an increase of the yellow/orange colour congmas but also during storage with a higher
degree of browning development. However, the aaldiof 1% of AA allowed to better preserve
colour and antioxidant properties during storagmeiting oxidative phenomena. Enrichment of
apples with GT catechins and AA seemed to be piiagis order to obtain a nutritionally fortified

fruit product, even if the results obtained in thiigsdy are only a first step in this direction.

Key words: minimally processed apples, vacuum impagion, green tea catechins, quality,

antioxidant activity

1. Introduction

Vacuum impregnation (VI) is a technology that aliothe replacement of the gas into the porous
food structure with an aqueous solution. This aedtirough the application of vacuum pressure
exploiting a mass transfer, known as hydrodynanmechmanism (HDM) as described and modelled
by Fito, Andrés, Chiralt, & Pardo (1996).

VI has been recognised as an effective non-thetecahology that allows the direct formulation of
porous foods promoting compositional changes imtgh@atment times; thus it can be exploited for

functional products development. The main studiasied out on the enrichment of fruit and
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vegetable products by vacuum impregnation withoteribioactive compounds have been reviewed
by Alzamora et al. (2005) and include mainly focttions with probiotics or minerals. More
recently, fruit juices with a high content in biti@e compounds have been used for fruit
enrichment (Betoret et al., 2012; Castagnini, BetoBetoret, & Fito, 2015; Diamante, Hironaka,
Yamaguchi, & Nademude, 2014).

Green tea (GT) is a high source of flavanoids, artipular catechins that include mainly
epicatechin (EC), epigallocatechin (EGC), epicatedallate (ECG) and epigalloctechin gallate
(EGCG). These compounds are known to have strotigxadant properties which has been widely
studied both inin-vitro andin-vivo trials. A large number of studies have demonddraite link
between green tea catechins consumption and thvergren of different kinds of cancer such as
skin, lung, liver, pancreatic, gastrointestinakdst, and prostate cancers (Khan & Mukhtar, 2007;
Wheeler & Wheeler, 2004) and the prevention of iaakcular diseases (CVD), microbial
diseases, diabetes, and obesity (Zaveri, 2006)ete@r, other properties of GT catechins such as
antihypertensive and hypolipidemic were observeehi & Stephens-Larson, 1984).

However, the amount of GT that needs to be consutagylin order to obtain the mentioned health
benefits is rather large and difficult to reach ¢vig, Stathopoulos, Nguyen, Golding, & Roach,
2011). In this direction, the fortification of fogoroducts with GT could help to reach the right
amounts of catechins able to exert beneficial &$fea human health.

Nevertheless, researches about its potential ustda fortification are still quite limited. Some
studied investigated the addition of GTE as a m@tmtioxidant compound in order to improve the
shelf-life of products susceptible to fat oxidatsuch as sausages (Bozkurt, 2006; Martinez, Cilla,
Beltran, & Roncalés, 2006; Siripatrawan & Noiph&@12) and surimi (Pérellateos, Lanier, &
Boyd, 2006).

On the other hand, nutritional fortification withTGextracts has been studied in bakery products
such as bread (Bajerska, Mildner-Szkudlarz, Jes&k&zwengiel, 2010; Wang & Zhou, 2004;
Wang, Zhou, & Isabelle, 2007; Wang, Zhou, Yu, & @h@006), biscuits (Sharma & Zhou, 2011),
noodles (Li et al.,, 2012), in an apple productrdaérimediate moisture (Lavelli, Corey, Kerr, &
Vantaggi, 2011; Lavelli, Vantaggi, Corey, & KerrDZD) and in probiotic yogurt (Muniandya,
Shorib, & Babaa, 2016) monitoring the evolutiontloé catechins and of the antioxidant activity
during processing and storage. Tea catechins dextirvery reactive compounds and can undergo
degradations, enzymatic or chemical, leading t@mation of the antioxidant activity. Thus, it is
fundamental to assess the stability of the compsuwrskd for fortification within the matrix in
which they are included during product shelf-lioreover, the addition of GT to a product’s

formulation may lead to variations of quality paegers such as colour and texture and impact on
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the product sensorial profile. While Li et al. (Z)Xound that overall acceptability of fresh noadle
was not affected by the addition of three differgnaintity of GTE in the dough, Bajerska et al.
(2010) identified a good compromise to combine mebbgical properties and sensory
characteristics of GT enriched rye breads.

Minimally processed fruit are one of the major gmagvsegments in food retail establishments,
playing an important role on the antioxidant intakean increasing number of consumers. The
production of minimally processed apple enrichethv@T catechins could allow to combine the
health properties of both components, in order itaio an innovative foodstuff. Nevertheless
various aspects have to be taken in considerafionthis products, that present an endogenous
metabolic activity during the shelf-life period,istcrucial to understand not only the direct dffafc

VI enrichment on the level and the antioxidant emes of their bioactive components, but also
their modification during storage, as consequerfichentissue response to the processing stress and
to the passive atmosphere modification of the pgekeeadspace.

In the present study, a GT extract was used toclerminimally processed apples by vacuum
impregnation in order to obtain a nutritionallytibed product. The impact of GTE enrichment on
quality characteristics of the product and the ibtglof the antioxidant compounds and their
vitro activity during refrigerated storage were assessed

2. Materialsand methods

2.1 Raw materials

Apples (Malus domestica Borkh) of the Cripps Pink variety harvested oneekvéefore were
purchased at the local market and stored at 5tbdf@wo weeks, during which the experimental
research was carried out. Apples were charactebyetsoluble solids content of 13.7+0.3 g/100g,
dry matter of 12.5+0.5 g/100g and porosity of 2%.34.36%. Cylindrical samples (20-mm
diameter, 20-mm length) were cut with a manual doyker and a manual cutter designed for the

purpose.

2.2 Solutions for impregnation

Impregnating solutions were prepared at isotonieceatration compared to apples with sucrose,
ascorbic acid and green tea extract (GTE) (Polyph&®-Sigma Aldrich) in different combinations
as reported imable 1. The amount of GTE was chosen in order to obtéer ampregnation a
concentration of catechins in the final productado the quantity found in a cup of tea (50-110
mg), according to (Lavelli et al., 2011), considgra 50 g apple portion. The addition of 1% (w/v)
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of ascorbic acid (AA) to the sucrose solution wiagsen on the basis of previous literary reports in
which it was observed a preservation of phenolimpounds, thank to this antioxidant power when
applied by dipping (Cocci, Rocculi, Romani, & DaRasa, 2006) or by VI (Blanda et al., 2008) in

apples. Solutions were characterized for pH, visg@sd colour parameters.

Table 1. Composition of the solutions used for VI of apples

Coded

name Composition

S Sucrose

SG Sucrose + 1% GTE

SA Sucrose + 1% AA
Sucrose + 1% AA+ 1%

SAG GTE

2.3 Vacuum impregnation treatment

An automatic vacuum controller system (AVCS, S.l.Bologna, Italy) connected to a closed
chamber and a vacuum pump was used for the impiegnaocess. Impregnation was carried out
at the pressure of 200 mbar for 5 min, before regjatmospheric pressure. A relaxation time of 5
min was applied. Pressure value and processingstinege chosen after preliminary tests as the
minimum values that allowed to obtain a level opmegnation corresponding to the product real
porosity, as too long exposure to high vacuum kwealn cause tissue deformation (MUujica-Paz,
Valdez-Fragoso, Lépez-Malo, Palou, & Welti-Char&)3).

Samples were immersed in the solutions in a rdtib:4 (w/v). At the end of the relaxation time,
samples were removed from the solution, blottedh atisorbing paper, and weighed. At least three
independent impregnation cycles were carried ouefch sample. Obtained cylinders were than

randomly divided into packages for storage.

2.4 Packaging and storage

VI samples and a fresh untreated one (F) were piaickpolypropylene (PP) trays and hermetically
sealed with a high permeability PP micro-perfordtka. The content of each package (about 50 g)
was weighed before sealing. Packages were storétermostatic chambers at 10°C. The 10°C
temperature was chosen in order to simulate theeabfi temperature that commonly occurs at
retail stores and to accentuate any beneficial egative effects of the applied postharvest
treatments (Saftner, Bai, Abbott, & Lee, 2003).

For each samples, three packages were removedwadiefive and seven days in order to carry out

the analytical determinations.



2.5 Analytical determinations

2.5.1 Physico-chemical parameters

pH of the solution was measured with a pH-meters(@y, Barcelona, Spain), while viscosity was
determined through a vibrational viscometer (modscblite VL7, Hydramotion Ltd, York,
England)

After impregnation the product weight gain (WG) waaculated using the following equation
according to (Tylewicz et al., 2012):

WG =100 x (m — rg)/mg

where ms the mass of the impregnated sample apdsrine initial mass.

At every selected storage time, the contents d@etlpackages were weighed and weight loss was
evaluated compared to the initial value (%).

Soluble solids content was determined at 20°C withgital refractometer (PR1, Atago, Japan) by
measuring the refractive index of the apple samplese, obtained by squeezing 10 cylinders after
filtration through Whatman #1 filter paper.

2.5.2 Gas composition in the packages headspace
The composition in @and CQ (%) of the packages headspace was determinedybhyg analyzer
“check point Q/CO,” mod. MFA 11l S/L (Witt-Gasetechnik, Witten, Germg). At each sampling

time, it was measured in three packages for eautiplsa

2.5.3 Texture

Mechanical properties were measured with a pematrégst using a Texture Analyser TA-HDI500
(Stable Micro Systems, Surrey, UK) equipped withOaN load cell and a 6 mm diameter stainless
steel cylinder until a maximum deformation of 90Far each treatment and sampling time, the
average of 10 measurements was calculated.

The acquired curves (Force (Np. time (s)) were analysed and the following mecbani
parameters were extracted: hardness, the first foeed (N) value and the linear distance (LD), as

an index of crispness (Tappi et al., 2014).

2.5.4 Colour
Surface colour was measured with a spectrophotaowdter (HUNTERLAB ColorFlexTM, A60-
1010-615, Reston, Virginia) using the D65 illumihand the 10° standard observer. For each

solution measurements were replicated in triplicateile for apple samples, for each sample and
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storage time, the average of 10 measurements Wadatad. The L*, a* and b* parameters of the

CIELAB system were measured, a* and b* values viiatther used to calculate the hue as follows:
Hue angle &, = (arctan [Z—] /27r) x 360

2.5.5 Total phenolic content

Total phenolic content (TPC) was measured accorgirige Folin-Ciocolteau method proposed by
(Singleton & Rossi, 1965).

Phenols were extracted from previously freeze dsetples. Briefly, 0.1 g of freeze-dried samples
were added to 2 ml of methanol 60% (v/v), vortef@md2 min and shaken at room temperature for
10 min. The mixture was centrifuged for 10 min 4000y. The supernatant, opportunely diluted,
has been used for the analysis.

100 pul of each extract were added to 5@0of Folin-Ciocoltau reagent. Afterwards, the saespl
were kept 5 min in the dark, 2 ml of Cag€@% (w/v) and 7.4 ml of distilled water were added
After an incubation of 120 min at room temperatur¢éhe darkness, the absorbance was measured
at 700 nm with a spectrophotomet&rn¢1601, Shimadzu Methanol 60% and gallic acid were
respectively used as the blank sample and as sthrid@ standard curve was linear in the range 0
— 800 mg/L gallic acid. Results were expressed gsofrgallic acid equivalents (GAE)/100 g of

fresh weight.

2.5.6 Antioxidant activity (AOA) determination

AOA was evaluated according to the method propdsed@rand-Williams, Cuvelier, & Berset
(1995) with some modifications as follows. The measent consisted of a solution absorbance
decrease as a result of scavenging of the 2,2-ayptiepicrylhydrazyl (DPPH) radical by the
antioxidants present in apple samples. The coretgmrof extract, required to reduce a half of free
radicals defined as efficient concentration (EC583s estimated as the amount of antioxidant
necessary to decrease the initial DPPH concemntrbgidb0%.

For this determination, five extract concentratiomshe range of 0.02— 2.00 mg of dry matter/ml
for samples impregnated with GT and of 1.00 — 1@m@0of dry matter/ml for other samples were
prepared. Subsequently, 2(Dof each concentration were added to 3 mL 406’ M of DPPH
solution and inserted into each test tube and tmeat was briefly stirred. Samples were kept in
darkness for 30 min then the absorbance was reatbatm against 60% methanol used as a blank

sample.



2.6 Statistical analysis

The significance of the variations observed amamges and during storage was tested according
to one-way variance analysis (ANOVA) and the past-frisher's LSD test (p<0.05) using the
software STATISTICA 8.0 (Statsoft Inc., Tulsa, UK).

3. Results

3.1 Qualitative parameters

Physico-chemical parameters of the solutions usedirhpregnation are reported ihable 2
together with the WG obtained in the sample. pH naticeably affected by the addition of GTE
but above all, as expected, by the addition of dscacid. Viscosity of the solutions was in the
range of 1.456 and 1.473 cP; it was reduced byatltition of ascorbic acid while it was slightly
increased by the addition of GTE. Neverthelesswhgght gain obtained in samples after VI was
not influenced by the solution composition, beinghe range of 24 - 26 %. Considering that the
apple porosity was about 25%, it can be affirmed #il solutions lead to good impregnation of the

apple cylinders.

Table 2. Physico-chemical parameters of the solutionsuofose (S), sucrose and GTE (SG), sucrose
and AA (SA) and sucrose, AA and GTE (SA®ed for apple VI treatment.

Solution pH Viscosity (cP) WG L* h°

S 6.3+0.2 1.470+0.004 24+1 81.2+0.3 152.7+0.8

SG 58+0.1 1.473+0.002 25° + 2 68.5+0.1 82.7+0.1

SA 27+0.1 1.458+0.005 252 82.85+0.03 129.8+0.1
1.462" + 25+ 2

SAG 2.F+0.1 0.009 73.56 +0.09 84.6+0.3

Different letters show significant differences amg@amples at the same storage time, while diffarppercase letters
show significant differences during the storagéhimithe same sample (P-level < 0.05).

Compared to the simple sucrose solution, the aatddf ascorbic acid promoted an increase of that
parameter but a neat variation toward yellow tdpas indicated by the decrease of hue angle. The
addition of GTE promoted a decrease of about 16afrii* and of about 60-70 units of hue angle
of the solutions, that appeared characterized lytypical yellow/orange colour of green tea

catechins.



Table 3. O, and CQ (%) content within the packages head space andlsobkolid (°Bx) and
weight loss (%) of ofresh apple (F) and vacuum impregnated samplesswithose (S), sucrose and GTE
(SG), sucrose and AA (SA) and sucrose, AA and G3/&R) during storage time.

Storage

time (days) Storage time (days)
Sample 2 5 7 0 2 5 7
01 (%) Sample Soluble solid content (*Brix)
F 20,184 = 0.7 17.7%B =03 14.5C£0.7 F 13.7%4£0.1 135801 13.7%4+02 13.58=0.1
19.2bA+ 0.1 17.084B+2 13.6%B=x0.1 § 13.3¢€€ 0.1 13.6%4=0.1 13.48B=x0.1 13.19=0.1
SG 1994+ 05 17.7%4B+03 17.68+0.1 SG 140801 1414801 1412401 14.1%4=0.1
SA 19.0bcA+ 1  173¥B£03 16.02B+3 SA 13.4C+0.2 1334001 136801 14.104+02

SAG 194t + 0.0 17.9%B +£ 0.2 16.58C+ 0.6 SAG 13.8°C+£0.1 14.78A+0.1 14.58 £ 0.1 14.5%€ + 0.1

CO: (%) Weight loss (%)
F 1.0°C = 1 428 +0.3 6.004+£06 F - 0.52A £ 0.4 0.924 = 0.3 1.124 £ 0.5
5 2,024 £0.1 4.0 £1 7.3 +£00 S - 0.724+ 0.5 0.572A £0.07 0.724+£ 0.2
SG 1.L18+£0.7 3.1 +02 3.14+01 SG - 0.744B £ 0.3  0.438 = 0.04 0.984 0.1
SA 162C+1 3.748 + 0.4 50042 SA - 0.2524+£0.02 0358+£0.2 0.62A+0.5
SAG 20€+04 320E1+01 41xAL03 SAG - 0.624 = 0.3 1.084 = 0.6 0.4734 +£ 0.02

Different lowercase letters show significant difleces among samples at the same storage time, diffgleent
uppercase letters show significant differencesmdytiie storage within the same sample (P-leveDS)0.

During storage, gas composition within the packdugsl space has been evaluated and the content
(%) of O, and CQ are reported iMable 3. At the beginning of the storage, it appeared tresth
sample had a lower respiration rate compared tantipeegnated samples, but during storage this
trend was inverted and after seven days, it shaneder content of @and the highest of GO

As expected, due to the respiration metabolismhefliving apples tissues,,@ontent decreased
during storage while COincreased, reaching at the end of the seven daysidered, values
respectively between 13.6 and 17.6% and betweear?l 7.9%.

Samples impregnated with GTE showed consistentlyower oxygen decrease and £O
accumulation within the packages headspace comparéte correspondent sample impregnated
without the extract.

Weight loss of apple samplegable 3) was limited (up to 1.09% compared to the initisdight)
during storage and showed only few differences amgamples; similarly differences found in
soluble solid content were slight (spanned betwig2 and 14.5%), not indicating a trend but more
probably due to the natural variability of the renaterial.

Textural parameters of apples during storage grerted inTable 4. Hardness of fresh sample
decreased during storage from 11.6 + 0.5 to 6.96+ While crispness, indicated by the Linear
Distance parameter slightly increased. Generallyymgpregnated samples followed a similar trend,

and at the end of the storage they showed fewfgignt differences only for LD.



Table 4. Textural parameters of fresh apple (F) and vacuum impregnated samplessuittose (S),
sucrose and GTE (SG), sucrose and AA (SA) and sacfA and GTE (SAGuring storage

Storage time (days)

0 2 5 7
Sample Hardness (N)
F 11.6* +0.5 9.0°+2 7.0%+1 6.9°+0.6
S 11.64 + 0.4 11.6° + 2 10.6"% + 2 10.0° £ 2
SG 10.84+0.3 10.6"% + 2 9.0%+2 9.07%+ 2
SA 10.0"® + 2 10.6" + 2 11.64 + 2 9.0°%+ 2
SAG 9.0 +1 11.6 + 2 10.6* + 3 9.0 +2
Crispness- Linear distance
F 36" £ 2 34"+ 9 3%+ 14 43" + 6
S 3FPAB 4 2 37+ 4 3PP+ 7 3G+ 7
SG 3¢ +1 33%C+5 3PP+ 4 40" + 6
SA 31" +3 3%+ 4 36" +3 33"+ 2
SAG 36" +3 3243 3745 36"+ 7

Different lowercase letters show significant difieces among samples at the same storage time, difféient
uppercase letters show significant differencesmiutiie storage within the same sample (P-leveDS)0.

Lightness (L*) and hue angle (h°) measured in agplaples just after VI treatment are reported in
Figure 1. After impregnation all samples underwent a desgeaf L* values of about 20 units
compared to the fresh one, with very little difieces among samples. Hue values of S, T and SA
samples were the most similar to the untreated kaewven if significant differences were observed.
Conversely, the addition of GTE to the impregnasotution promoted a decrease of about 10° of
hue angle in these samples.

Figure 2 shows the variations of L* and h° of samples dyiseven days of storage. Impregnated
samples did not show differences until tieday of storage, while at the last day samplesdS®
showed a significant decrease of L* values compéwesther samples. At the end of the storage,
SA and SAG were characterized by the highest Lti@sl showing a very limited change during the
considered period.

Hue angle in fresh sample underwent a decreaseifirst two days and then was quite similar for
the rest of storage. S and T samples were chaeddoy similar colour parameters trends, while

SA did not change during the 7 days.
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Figure 1. Colorimteric parameters, L* and h°, of of freshpbgp(F) and vacuum impregnated samples with sud®gse
sucrose and GTE (SG), sucrose and AA (SA) and sac®A and GTE (SAG)as affected by VI treatmentfedent
letters show significant differences among samfielevel < 0.05).
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Figure 2. Variations of colorimetric parameters, L* and 6f samples during 7 days of storage. Differentdoase
letters show significant differences among samatdbe same storage time, while different uppertetters show
significant differences during the storage withie same sample (P-level < 0.05).
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Between samples impregnated with GT, SG showedag sthecrease of h° during storage until
values between 66 and 70°, conversely, in SAG samplwas characterized by a slight increase
during storage and at the end was higher thareifrésh sample.

The colour variations observed in samples impreghatith solutions containing AA were lower,
after treatment and during storage, in terms ofi kdtand h°. Visual examples of F, SG and SAG

apple samples at the end of the storage are shokig.i3.

Figure 3. Visual examples of F, SG and SAG apple sampl#seatnd of the storage.

3.2 Total phenolic content (TPC) and antioxidarivity (AOA)

As it can be observed ihable 5, the impregnation process, both with sucrose eefthtose, caused

a reduction of the TPC, probably for a dilutioneetf Samples impregnated with GTE showed an
increase of TPC with values of 360 and 370 mg oEAAO g in respectively sample SG and SAG
sample. In SA sample, the TPC increase is reaspuid to the presence of ascorbic acid, that is
able to react with the Folin-Ciocolteau reagentiedrining an overestimation of the phenolic
content.

In the fresh sample, TPC decreased of the 11%eagrtd of the storage. Conversely, in S sample,
although the initial value was lower, it remainadte constant until the™7day of storage. In SG
sample, the initial value underwent a decreasedpbB the contrary, SAG samples maintained at
the end of the storage, TPC content similar tarthial one.

AOA, expressed as EC50 values, of apple samplesgistorage are reported in table 5. Samples
impregnated with GTE showed values ten to twentyg flower to the correspondent sample
impregnated without GTE. EC50 values were constdatver in SA than in S sample, showing a
higher antioxidant activity due to the presencaswforbic acid.

During storage, it was not possible to observe earctrend of EC50 values. Moreover, no
significant differences were observed among sampigsegnated with GTE in any of the storage

days considered.
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Table5. Total phenolic content (TPC) and Antioxidant atyi{EC50) offresh apple (F) and vacuum
impregnated samples with sucrose (S), sucrose ditfl (SG), sucrose and AA (SA) and sucrose, AA and
GTE (SAG)during storage.

Storage time (days)

Samples 0 2 5 7

Total Phenolic Content (mg GAE/100 g fw)
F 74%+ 11 56°+ 3 62%+ 2 61+ 1
S 39+ 3 A1+ 4 40°+ 3 A0+ 3
SG 360°°+ 10 353%+ 13 3507+ 4 286°+9
SA 117.5%+ 0.5 123.8*+ 0.4 105.79°+ 0.6 115+ 1
SAG 373%+3 400"+ 4 375%+3 379°%+3

Antioxidant activity (EC50)

F 17.1°+ 2 15.8%+ 0.5 16.2*+0.3 16.52"+ 0.06
S 17.24+0.7 164+ 2 194+ 2 154+ 1
SG 0.32%+0.01 0.54*+0.01 0.58%+0.03 0.66*+0.03
SA 11.9%+0.2 7.67°+0.01 9.08°+ 0.00 8.9°+0.3
SAG 0.45"% +0.09 0.48*®+0.01 0.36°+ 0.00 0.57*+0.07

Different lowercase letters show significant difleces among samples at the same storage time,
while different uppercase letters show significdifferences during the storage within the same
sample (P-level < 0.05).

4. Discussion
The development and consumption of functional foaklat not only satisfy basic nutrition needs
but also allow to obtain health benefits, are iasneg (Alzamora et al., 2005). VI has been
indicated as an effective non-thermal technologynfiew products design by exploiting fruit and
vegetable porous tissues as new matrices into whrattional compounds can be included (Betoret
et al., 2003), providing novel functional produategories and new commercial opportunities.
Various literature studies report impregnationratftfor vegetables with both isotonic or hypertonic
solutions or juices containing one or more bioaBubstances with the aim of increasing the daily
intake to meet nutritional recommendation or hebé&hefits (Betoret et al., 2003; Castagnini et al.,
2015; Gras, Vidal, Betoret, Chiralt, & Fito, 2008ie & Zhao, 2003). In the present work, we
evaluated the fortification of minimally processsguples with green tea catechins and the impact on
the stability of some physico-chemical parameteid @n antioxidant properties during storage; in
our intention, this was a first step for the depat@nt of a new functional product.
Physico-chemical parameters of apple samples ssusblable solid content and weight loss during
storage did not seem to be affected by VI treatnisatf, nor by the different composition of the
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solutions. Differences were observed in the evotutof the gas composition in the packages
headspaces. After VI samples seemed to have aaeédespiration metabolism during storage
compared to the fresh untreated sample. The inii@kease of respiration rate may be related to
stress due to processing. On the other hand theequbnt decrease may indicate a reduction of the
respiratory metabolism. In previous studies (CHstélito, & Chiralt, 2006; Igual, Castelld, Ortola,
& Andrés, 2008) an increase of the respiratory igmbtwas observed after impregnation of
persimmons and strawberries indicating the onset addndogenous fermentative metabolism,
probably due to the inhibition of the oxygen diffus in the intercellular spaces occupied by the
impregnating solution. On the other hand, Sanz@ras, & Vidal-Brotons (2011) observed an
increase of respiration rate, both in terms gic@nhsumed and C(produced, in various vegetables
after VI treatment, while the respiratory quotiestitl indicated aerobic metabolism. The authors
suggested that the increase in the respirationwaseattributed to a mechanical stress promoted by
the application of vacuum to the tissue. The evalnaof respiration rate is important because it is
negatively correlated to product shelf-life (Kad@887), while the development of anaerobic
metabolism is negative for product quality sincendy lead to off-odours and off-flavours. In the
present study a medium barrier PP film was usestefore the permeability to both gases played a
role in the evolution of the headspace compositltence it is not possible on the basis of the
obtained results to make an accurate evaluatiorthef respiration rate and of the possible
conversion to anaerobic respiration. Neverthelgds, possible to observe that while VI process
slowed down the variation of gas composition inditke packages, the addition of GTE to the VI
solutions, consistently decreased the ,C&cumulation and the ;Oconsumption within the
headspaces.

These results may indicate an inhibition of theigory metabolism of the tissue. Sanzana et al.
(2011) also observed a reduction of respiratioa ratsample vacuum-impregnated wiloe vera
solutions compared to samples impregnated only witbrose, hypothesising an ability of the
bioactive compounds to compensate the stress dibe 84l treatment. To our knowledge, previous
reports on the impact of the enrichment with pobmdis on the metabolism of fresh fruit tissues
are not present in the literature, thus it is diffi to make hypothesis while further studied sHoul
be conducted in order to clarify the mechanismsived.

Textural parameters variations during storage asbgbly depended on the degradation of cellular
structure due to senescence phenomena that in alipiprocessed fruit are accelerated as a
consequence of the mechanical damage caused bgspnog operations (Toivonen & Brummell,
2008). Nevertheless, the differences found amontpkss were rather small and did not indicate a

clear trend but may have been caused more probghlye high variability of data, typical for this
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kind of parameters evaluated on solid heterogenpmdict. Hence, it can be assumed that nor the
VI process nor the addition of GTE or AA had a #igant impact on these qualitative parameters.
Nevertheless, the main variations observed in #meptes after treatment and during storage were
relative to product colour and antioxidant conténat appeared to be both related to the oxidation
of polyphenols.

Colour and visual quality are among the main factbiat influences consumers acceptability of
minimally fresh fruit products. In these commoditieolour is manly related to the content of some
pigments, that during ripening, processing andagi@rcan be subjected to degradation and/or to
neo-genesis (Alzamora, Lopez-Malo, & Tapla, 2000f & is also related to the structural
properties of the tissue that can be altered bggssing. In the present study, we found that the VI
process generally promoted a darkening of thedisShese results are in agreement with Muntada,
Gerschenson, Alazamoea, & Castro (1998) and T&wshulz, Gomez, Lopez-Malo, & Welti-
Chanes (2003) that affirmed that the applicatiomamfuum pressure to a tissue promotes alterations
of its structural properties and the gas-liquid h@ttge contributes to a change of the refractive
index. On the other hand, the addition of GT exttaad to a variation of hue angle due to the
colour of the solutions that were characterisecabyellow/orange hue. The addition of ascorbic
acid reduced the variation of colour due to theealdea catechins.

The shelf-life of minimally processed apples is gafly limited by enzymatic browning and, as
expected, in the fresh product, superficial brownirepresented by a decrease of L* value and an
increase of hue angle, was observed during storagaly due to oxidative phenomena of native
phenolic compounds. The enzyme mainly responsibtli® phenomenon are polyphenoloxidases
(PPO), even if also peroxidase (POD) can play @ fObivonen & Brummell, 2008). The presence
of GT phenolic compounds, of which the main repnéstéve is epigallocatechin-gallate (Sang, Lee,
Hou, Ho, & Yang, 2005) and of AA, influenced thaédics of colour variation during storage.

The addition of GTE promoted, in sample SG, andgase of tissue browning that lead to a sharp
decrease of luminosity and hue angle at the etideo$torage.

Li, Taylor, Ferruzzi, & Mauer (2013) found a colowariation of GT solutions during storage that
corresponded to a decrease of L* values and amaser of a* and b* values with a perceived
colour, tending to yellow/orange shade, that wasbated to the higher molecular weight of the
oxidation products of catechins (Sang et al., 2005)

Lavelli et al. (2011) used GT to enrich an appledpict at intermediate moisture and studied the
stability of the antioxidant compounds and actiwilyring storage. The authors found a general
darkening of the product and an increase of thepgrdmeter due to the addition of the extract,

similar to what we found in the present study. Remnore, the authors observed that during
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storage, the enriched product showed different tkieeof colour variation compared to the
unfortified one, but, since the products underwanblanching step during processing and no
residual PPO activity was found, these variatiorsanascribed solely to non enzymatic browning.
Although we did not measure directly PPO activéiiynce apple samples were not subjected to any
thermal treatment, we can assume that enzymaticitgcivas present and played a role in the
colour development of samples during storage, atthochemical oxidation may have also
occurred. GT catechins are in fact very reactivecgs, characterised by a high instability being
easily oxidised when in agueous solution. Theyuwasergo both enzymatic and chemical oxidative
reactions, following different pathways that gemedifferent degradation compounds.

Enzymatic degradation of tea catechins leads tofdheations of various compounds, generally
belonging to teaflavins and thearubigins. Thesauggoof compounds can be generated by PPO
activity on green tea shoots to produce blackaed,are characterized by a reddish colour (Li.et al
2013; Robertson & Bendall, 1983). On the other ,sateemical degradation of EGCG in water
solutions may occur during storage forming browteoeed products and it is mainly caused by
two reaction patterns: the epimerisation that ceetithe C2 position generating GCG and the auto-
oxidation that involves the B ring that generat€& dimers. Which patterns prevails depends on
surrounding conditions such as oxygen levels, ptaimand antioxidants presence (Sang et al.,
2005).

The GTE used in this experiment consist of 60% GICE that is the most abundant polyphenol
compound present in green tea. In the present stedgvaluated the TPC of the samples, through
the Folin-Ciocolteau method. In order to clarify ieth oxidative pattern took place and which
degradation compounds were present at the endeosttirage, a further study on the phenolic
characterisation would be necessary.

With regard to TPC, it decreased in fresh samplenduthe first 2 days of storage, probably
because of the enzymatic oxidation carried out B@Rhat also determined a browning effect. In
impregnated samples instead, although the iniaéleswas lower, it remained quite constant until
the end of storage. It could be hypothesised tiairhpregnation process, limiting the presence of
oxygen inside the tissues, also limited the oxafatf phenols, as previously observed by (Xie &
Zhao, 2003) on vacuum impregnated apples. In S@&hexd product, after an initial increase, TPC
content was lower at the end of the storage, pilghadcause of the oxidation of catechins. These
results confirmed the ones obtained by colorimetreasurements, as in these samples, the highest
degree of browning was observédd. 2 andFig. 3)

It is known that ascorbic acid is able to inhikibwning reactions, mainly because of its ability to

scavenge oxygen and to be oxidised reducing qustm@henols, before they can participate in
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further reactions that lead to coloured pigmentanB8a et al. (2008) observed a reduction in
phenolic degradation in apples impregnated witlolati®n containing 1% of AA during frozen
storage. Moreover, Chen, Zhu, Wong, Zhang, & Ch(ir898) evaluated the stabilizing effect of
AA on GT catechins under various conditions. Treulis showed that, although these compounds
are known to be more stable at acidic pH, the ptvie effect of AA was not due to the
acidification as the addition of citric acid, altigh it decreases the pH of the solution, did netha
any stabilizing effect. Considering that the GTechins are easily turned into their corresponding
semiquinone free radicals, the author hypothesthatl AA acted as a reductant restoring their
original form, but also that it reduced the oxygmmcentration in the solution helping to hinder
oxidative reactions. The positive effect on stépiwas found on all four epicatechin derivatives,
but in particular on EGC and EGCG. Hence, we cauras that the ascorbic acid added to the
impregnating solutions preserved the phenolic camgs against oxidation, both the native ones,
as it can be observed in SA samples, and the amtes] as it can be observed in SAG sample.
Although TPC was found positively correlated to BCBalues (R=0.901), the decrease in
antioxidant compounds was not always reflected de@aease of AOA. This discrepancy was also
observed by Lavelli et al. (2011) on an apple povdartified with GT catechins. The decrease of
AOA during storage was slower and only moderatsihpared with the degradation of antioxidant
compounds. The authors suggested that the degradafi catechins leads to products with
antioxidant properties similar to the original on€hemical oxidation was found to increase the
chain-breaking activity measured by DPPH method al¢ Manzocco, Anese, & Nicoli (1998),
thanks to the progressive polymerisation of phencbmpounds and the formation of brown
macromolecular products. On the other hand, enzgroaidation of catechins leads to the opposite
effects, diminishing the radical scavenging prapert As already mentioned, the degradation
products of enzymatic oxidation of GT catechins mgenly teaflavins and thearubigins, groups of
compounds whose AOA is scarcely known (Graham, 1982nce, the characterisation of the
phenolic fraction in the different samples duringprage would help in clarifying also the
relationship between antioxidant content and agtivi

On the other hand, according to Ramazzina et @lL5R, that compared differem-vitro methods
for the evaluation of AOA in minimally processedviruit, DPPH method was the less sensitive
one. Hence, the results found in the present stugtieuld be integrated with the evaluation of other

in-vitro or ex-vivo antioxidant methods.
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5. Conclusions
Aqueous solution containing GTE allowed a good megpiation of minimally processed apples that
resulted in a strong increase of the antioxidanhmaound content and activity. While other
gualitative parameters were only slightly affectedlour of samples was influenced just after the
VI treatment but also during storage. The addit@ncatechins, leads to an increase of the
yellow/orange colour components of impregnated $esnpnd to a higher degree of browning
development. However, the addition of 1% of asepduid allowed to better preserve colour and
antioxidant properties during storage limiting atisle phenomena.
Enrichment of apples with GT catechins and ascabid seems to be promising in order to obtain
a nutritionally fortified fruit product, even if éhresults obtained in this study are only a fitepsn
this direction. The qualitative characterizationtlodé phenolic compounds during storage and their
relationship with the antioxidant activity, togethvaith furtherin-vitro andin-vivo experiments for
the evaluation of the antioxidant properties wékd to be carried out. Moreover, aspects related to
the tissue metabolism and respiration of the feggtie tissue need further investigations.
In terms of sensorial acceptability, the impactpple vacuum impregnation with green tea has to
be carefully examined, considering its astringeacyl bitter taste, taking in consideration the

possibility to change in quantitative/qualitatieerns the formulation of the impregnating solution.
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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
modification 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 influenced
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.

Mass transfer
Cell viability
Microscopy
NMR
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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 flow 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, & Lopez-
Malo, 1995; Garcia Loredo, Guerrero, Gomez, & Alzamora, 2013).

The addition of calcium in osmotic solutions has been widely
used in plant foods as fortifier and to enhance firmness (Anino,
Salvatori, & Alzamora, 2006; Barrera, Betoret, Corell, & Fito, 2009;

* Corresponding author.
E-mail address: cidam@ibilce.unesp.br (M.A. Mauro).
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Mavroudis, Gidley, & Sjoholm, 2012; Silva, Fernandes, & Mauro,
2014a). Fortification 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 modifications 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 fortified with vitamins and mineral salts. Mass transfer
in cellular tissue is influenced 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 specific transport properties through plasma and
vacuole membranes or cell wall pores. When the cellular structure
is changed, the tissue selectivity is also modified, 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 membrane’s 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 significance of the inhibition of plant aquaporins by calcium
is complex and has still not been clarified (Maurel, 2007).
Conversely, calcium can also cross membranes through cation
channels. A vacuolar non-selective Ca®* channel (Peiter et al.,
2005) has been identified as a plasma membrane non-selective
cation channel (Tapken et al., 2013) in plant cells.

Ascorbic acid (AA) influences 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
specific T,. This technique has been used in OD of plants to evaluate
water mobility and distribution within the cellular tissue (Cornillon,
2000; Panarese et al., 2012; Tylewicz et al., 2011). Microscopic tech-
niques can also be important tools to clarify cell viability by using
vital dyes. Protoplasts stained with fluorescein 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 (CaLac) 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 modification 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 °C for no longer than 2 weeks, during which osmotic dehydra-
tion experiments were performed. The average weight of the
apples was 233.5+17.7¢g, and the soluble solids content was
13.4+0.3¢g-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
(refined sugar, Eridania, Italy), L-ascorbic acid (Shandong Luwei
Pharmaceutical Co., China) and calcium lactate (calcium-r-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-Calac-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 (AqualLab 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 10,000xg for
10 min at 4 °C. The supernatant was opportunely diluted and fil-
tered through a 0.45 pm nylon filter. 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 x 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 flow rate
was fixed 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 quantified at 245 nm through a standard calibra-
tion curve.

2.3.2. Calcium

The calcium concentration was determined using a flame
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 Official 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 muffle
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):

(m—mo)
mop

AM = x 100 (1)
where m = mass and 0 = initial time (t = 0).

Water loss (WL), calcium lactate gain (ACalac), ascorbic acid
gain (AAA) and sucrose gain (ASuc), all calculated in relation to ini-
tial mass, are shown in the following equations:

(W - 1) = (W, o)

WL = 100 (2)
Mo

ACalac — Wealac - M — WCaLaco - Mo « 100 (3)

mo

AAA — Vaa T = Waa, Mo 4 (4)
myp

ASuc = (AM — AW — ACaLac — AAA) x 100 (5)

where m=mass; w=mass fraction (w/w); w =water;

Calac = calcium lactate; AA = ascorbic acid; and O =initial time

(t=0).

In addition, the calcium gain (ACa) can be calculated by:
Wca - M — Wy, - Mo
my

ACa = (6)
To evaluate the influence of the OD parameters on the efficiency

of the water removal in relation to sugar impregnation of the

apples, the efficiency was defined by the following equation:

WL

Efficiency = ASuc

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 influence of the osmotic dehydration on cell viability using flu-
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-Calac (20-2%), Suc-Calac (30-
3%), Suc—CaLac (40-4%), Suc-AA (20-1%), Suc-AA (30-1.5%), Suc-
AA (40-2%), Suc-CaLac-AA (20%, 2%, 1%), Suc-CaLac-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 fluorescein diac-
etate (FDA, Sigma-Aldrich, USA, Jex =495 nm, Jem =518 nm), as
described by Tylewicz, Romani, Widell, and Gémez Galindo
(2013) with some modifications. Apple slices were incubated for
30 min in a 107*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 fluorescein. 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
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-Qi1Mc, Nikon Co., Japan) at a magnification of
20x.

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 magnification of
10x. RGB images were acquired using a digital camera (Camedia
C-4040-Z0O0M, 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 fluorescent light at a magnification of
20x.

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 ps, with 32 scans and a recycle delay of 5s. The specified
instrumental parameters avoided heating the samples and allowed
the measurement of the protons with a 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 fitting 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 coefficient 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 fitted using a discrete multi-exponen-
tial curve in Eq. (8):

N —t
S(T) = Zln exp (m) + E(-L—) (8)
i=1 g

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

The fitting was performed using the “Nonlinear Least Squared”
function based on the Gauss-Newton algorithm and implemented
in the “R” software (R Foundation for Statistical Computing,
Austria), while the I and T, starting values were chosen based on
the UPEN results.

2.7. Statistical analysis

The significance of the effects of the different osmotic solutions
on water loss, sucrose gain, efficiency, 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 (Eq. (2)) and sucrose gain (Eq. (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 first 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 efficiency (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-CaLac (40-4%), 0.954 in the Suc-AA (40-2%) and 0.944 in
the Suc-Calac-AA (40-4-2%). Consequently, the highest water loss
is expected from the Suc-CaLac-AA solution followed by the Suc-
CaLlac and Suc-AA solutions. Indeed, both the Suc-CalLac and Suc-
Calac-AA solutions promoted greater water loss and did not have
significant 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 reflected in the efficiency of these processes. Calac
in solution enhances the efficiency because it is able to promote
high water loss and restricts sucrose impregnation, which has been
verified 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 efficiency is not
reached, as verified by Silva et al. (2014a) who exposed pineapple
tissue to high concentrations (sucrose 50% solution with 4% CaLac)
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 clarified, 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?* 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** 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 verified by Silva et al. (2014b) and
attributed to wall porosity increasing because of acidification
(Zemke-White et al., 2000).

During the first 60 min of the Suc-CaLac-AA treatment, the effi-
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-Calac treatment (Table 1). Then, the efficiency
decreased, which suggests that after 1h of the process, the AA
exerted an opposite influence on the sucrose transport. Silva
et al. (2014b) also observed that AA positively influenced 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) fortified 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
efficiency 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 efficiency.
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 2230+ 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°10.02
Sucrose gain
Suc 2.28%+0.12 411 5.51°+0.26 6.70° £ 0.05
Suc-Calac 2.19°+0.20 3.39°+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 2.61°£0.12 3.20% £ 041 4.76 £ 0.69 7.41* £0.01
Efficiency
Suc 411 +£0.43 3.90 2.90"+0.29 3.68% £ 0.05
Suc-Calac 5.75°+0.93 4.44% + 0.65 4.60% +0.35 5.10° +0.32
Suc-AA 3.29*+0.02 3.32+£0.39 3.85* £ 0.09 3.89% +0.44
Suc-CaLlac-AA 4.94° +0.43 5.08*+1.11 441*+£1.10 3.98% +0.01
The same letter on the same column means no significant 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-Calac 2.78*+0.03 79.80° £ 0.55 110.70°+ 1.88 142.44%+0.21 163.45° £ 5.35
Suc-CaLac-AA 2.78%+0.03 81.05° £4.00 108.57°+2.18 140.019+12.75 195.207£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 393.097 £10.13 576.85" + 8.20 779.50 + 15.87 1076.53+33.50

The same letter on the same column for each component means no significant difference by the Duncan test (p < 0.05);

Nd: not detectable.

AA counterbalanced an initial increase of efficiency 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 fluorescein 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 (Fig. 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 CaLac-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. 1¢.3) affected the viability
of the cells. A low fluorescence 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. 1e.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 verified by the number of intact
protoplasts without ability to retain FDA. However, apples have a
poor cytosol content, which makes it difficult 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 a range

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 2 h 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 identified by the arrows.

These results agree with cell viability verified 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 defined. 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
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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% Calac; (¢.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% CalLac + 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 confirms 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-
ified without complete disruption of the vacuoles.

Finally, treatments in Suc-Calac-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 modified 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 (T5).
T, (ms)
30 min 60 min 120 min 240 min
Vacuole
Raw (fresh) 121529+ 39.78 1215.29%+39.78 121529+ 39.78 1215.29%+39.78
Suc 1134.43% + 43.64 1115.06° £ 61.10 1091.32°+19.86 995.99" + 15.66
Suc-Calac 1203.05% £ 27.62 1206.24* + 59.40 1124.74" + 28.35 1075.15€+43.15
Suc-AA 1147.25 £ 24.42 1098.85" + 24.42 1086.37°+19.14 1052.85+ 44.34
Suc-Calac-AA 1183.82% +52.40 1138.28"+59.85 1090.47° + 38.97 1003.12° + 84.20

Cytoplasm/free space
Raw (fresh)

209.19°+23.13

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 211.86*£16.19 210.36%° +22.63
Suc-Calac-AA 210.26°+12.16 212.012° +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 9.68% +5.00 10.90%" + 3.09
Suc-AA 8.90°+0.98 8.95%+0.85
Suc-Calac-AA 11.57°+2.41 11.15% + 1.69

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

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
15224 6.50
10.76%> + 3.08
13.525€+£3.22

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

osmotic treatment with the lowest a, solution, Sac-Calac-AA
(0.944), than by the Suc-AA (0.954) and Suc-CaLac (0.953) treat-
ments both with similar a,, solution and, finally, by the Suc treat-
ment with the highest a,, solution (0.962) (Fig. 3).

Regarding T,, while focusing on specific time points, most differ-
ences between treatments were insignificant. 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 first 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), it is 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 Ca®" recently have been identified in
plant cells even though not all of the ion channels that underlie
these currents have been identified. These authors showed that
the TPC1 (‘two-pore channel 1’) protein, a non-selective channel
for Ca?*, encodes a class of Ca®*-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
influence but not explain the higher water mobility because

molecules with low molecular weight have a high capacity to drop
water activity.

Still for Suc-Calac treatments, T, assigned to cytoplasm and
free spaces increased in relation to the raw material, though not
significantly (Table 3). This could mean once again slower compo-
sitional changes and modifications of water interactions because
calcium limits sucrose entry into the Cyt/FS, as observed by the
efficiency obtained from the Suc-Calac 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 significant 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 influence 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-Calac 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 (t = 0) equals 100. (a) Vacuole and cytoplasm plus free space; (b) cell wall. The same letter on the same column in the

auxiliary tables means no significant 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 fluorescence
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 influence on the cell
wall as the proton intensity reduced during the first two hours of
the process. In contrast, proton pools related to cell walls expanded
in all other treatments. Calac also enhanced the OD efficiency,
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,

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 verified by TD-NMR. Plasmalemma was more sen-
sitive to Suc-CaLac-AA solutions than tonoplast. The presence of
AA reduced the process efficiency 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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Abstract

The influence of the addition of calcium lactateal@c) and ascorbic acid (AA) to sucrose (Suc)
osmotic solutions on osmotic dehydration kinetiosl @ndogenous metabolic heat production of
apple tissue was evaluated. The research actiatyaimed at increase the understanding of mass
transfer and endogenous metabolic phenomena oisthe, in order to obtain minimally processed
apples. The presence of calcium and ascorbic ac&blution affected the effective diffusivities
attributed to the changes in cellular spaces, asing spaces viable to solute transport. Metabolic
heat production in samples treated in sucrose (Saidfions was slightly lower than in untreated
samples and it was further reduced with calciuntatac (CalLac) addition. However, samples
impregnated with ascorbic acid (AA) showed a higheat production, as there was a metabolic
response of the apple tissue to AA treatment. Wimenbined with Ca, heat production decreased
sharply to a level lower than untreated samplesegixfor those treated for 120 and 240 min
(higher impregnation), achieving the highest hpedduction values. These results confirm
previous findings, suggesting that AA solution geomote a stress response on specific fresh-cut
vegetable tissues, and an increase of their endogenetabolic activity, confirmed by a higher O

consumption observed by head space gas deternmnatio

Keywords: Minimally processed apples, sucrose, r@scoacid, calcium lactate, diffusion
coefficients, endogenous metabolic activity

1. I ntroduction
Osmotic dehydration (OD) can be used as furthecgasing for many purposes aiming to improve
quality and stability of fruit previously subjectéd peeling and cutting or for the production of
semi-finished food destined to drying, freezing. ddespite these applications, OD can present
several advantages also for the production of maflinprocessed fruit.
The dehydration or water removal from fresh tissmieisually flanked by its gain in solute (or
solutes) that are present in the osmotic mediuns pitocess can lead to a system of efficient water
removal and at the same time to a modification h&f soluble components of the food itself
modifying/improving its sensorial characteristics.
The type of solute used in the osmotic solutioa isndamental issue because it affects not only the
dehydration kinetics and the process cost, butthls@rganoleptic and nutritional properties of the
final product. Sucrose is considered by many asthsrthe optimal osmotic agent as it is associated
with higher efficiency if compared to glucose (Smpw2001), reducing enzymatic browning and
loss of aroma (Cortellino et I. 2011; Lenart 19Q@6et al.1998).
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OD with calcium in solution has been used in aerafit to increase firmness of plant tissue and
enhance the process efficiency, restricting thesggin and increasing the water loss (Ferrar.et a
2010; Nikolaos et al. 2012; Pereira et al. 200&)ciOm has the ability of reinforcing cell walls by
the cross linking of pectic polymers and henceabte to reduce damages due to dehydration
(Pereira et al. 2006). At the same time, when thecentration increases or as the treatment
proceeds, a damage to cell membranes may occuepasted by (Aninoet al. 2006). Moreover,
calcium has been used in the osmotic solution asethod for obtaining nutritionally fortified
products to increase consumer intake (Barrera @08U; Silva et al. 2014b).

The addition of ascorbic acid to the osmotic soluthas been used for reducing enzymatic
browning (Lenart et al. 1997) and for compensate the losasobrbic acid in the fruits during the
dehydration process (Ramallo and Mascheroni 2010)

When adding solutes to the osmotic medium, withatine to obtain a minimally processed product
to be stored at refrigeration temperature, it ipontant to consider that they may not affects only
the compositional and nutritional profile, but atbe tissue metabolism with consequences on the
final product stability and shelf-life.

Various authors have observed a reduction in tlepin@tion rate of osmotically dehydrated
mangoes, strawberries, pineapples and kiwifruis{€li et al. 2010; Moraga et al. 2009; Torres et
al. 2008). Nevertheless, after few days of stortgerespiratory quotient was generally observed to
increase, as a consequence of the developmentroéféative routes, as an optional metabolic
pathway trigger by osmotic stress.

Salvatori and Alzamora (2000) found that a 25% wiwrose solution can cause vesciculation and
rupture of cell membranes in apple tissue. Accaydo(Mavroudis et al. 2004) only few layers of
cells on the surface are expected to die upon @otis treatment while plasmolysis and shrinkage
occur in the rest of the tissue. In a previousaede the authors found that a 40% w/w sucrose
treatment generally preserved the viability of appélls, affecting only slightly the cell structure
observed by fluorescence microscopy and the wasenlaition within the cells, as observed by
time domain nuclear magnetic resonance (TD-NMR)yidaet al. 2016).

For different kind of fruit species, calcium haogim the ability to decrease the tissue metabolic
activity and respiration rate (Castell6 et al. 201@ster 1996; Luna-Guzman et al. 1999),
potentially enhancing the product stability dursigrage considering that a lower respiration rate
may lead to a longer shelf life. In addition, Can adfect membrane and cell wall structure and
functioning.

On the other hand, the presence of AA can causeusenjury to cellular structure, as it has been

previously reported by Mauro et al. (2016) thatestied a loss of the capacity to retain FDA
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colorant due to damage to cell membranes, aftepstipn to OD in a sucrose-ascorbic acid
solution. As the AA concentration increased a lufsgtality was detected.

Rocculi et al. (2005) found a higher metabolic\attiin potato tissue upon dipping treatments with
citric and ascorbic acid, suggesting that AA saolitcan promote a stress response on specific
fresh-cut vegetable tissues, and an acceleratidghenf endogenous metabolic activity, confirmed
by a higher @ consumption which was observed by head space g@snanation. Limbo and
Piergiovanni (2007) detected an increase in theinsson rate of sliced potatoes subjected to
dipping treatment with 2.5% of AA. Actually, whenAAconcentration increased, respiration rate
decreased.

Isothermal calorimetry has been recognized as falusel to assess metabolic responses of various
plant tissues to wounding stress (Wadso et al. R0@ipping treatment (Rocculi et al. 2005),
thermal treatments (GOmez et al. 2004) and OD (fearaet al. 2012).

Generally, when a tissue is wounded, it ‘sendgaadi and the plant starts a number of protective
processes that lead to an increase of the produeg¢abolic heat (Wadso et al. 2004). As reported
by Gomez et al. (2004), after wounding, the enerlgased by the cell is due to the sum of the
‘basic’ metabolic activity and that originating fmowounding stress produced by the cells near the
cut surface. Part of the processes that occur aftending are design to membrane restoration and
strengthening of cell walls by cells close to the ef injury (Rolle and Chism 1987). A progressive
reduction in the metabolic heat production during i@ kiwifruit slices was observed by Panarese
et al. (2012) using isothermal calorimetry. Thehaus suggested that the decrease was due to a
reduction of cell viability induced by osmotic sise Finally the metabolic response of fruit tissues
to OD was found to depend on the botanical originthe osmotic pressure exerted (Ferrando and
Spiess 2001; Mavroudis et al. 2004) and also omhtgsiological state, as a loss of membrane
integrity upon ripening leading to a higher permiggbomade the tissue more sensitive to osmotic
stress.

This work evaluated the effects of the additioaltium lactate (CalLac) and ascorbic acid (AA) to
sucrose (Suc) osmotic solutions, on Ca and AA sdhifities and on raw endogenous metabolic
response (respiration and heat production) of idsu¢. Particularly obtained information can be

very useful in order to investigate the potentiabgity of minimally processed apples.

2. Materials and methods
2.1. Raw materials
30 kg of applesMalus domestica Borkh) of the Cripps Pink variety, popularly knowy the brand

name Pink Lady (de Castro et al. 2008), were boagltie local market and stored at 5+1°C for 2

4



weeks, during which the experimental research veased out. Apples were characterized by an
average weight of 233.5+17.7 g and soluble solmgent of 13.4+0.3 g/100g. From the central part
of the fruits, cylindrical samples (8-mm diame#®;mm length) were cut with a manual cork borer
and a manual cutter designed for the purpose. simotc treatments, commercial sucrose (refined
sugar, Eridania, Italy), L-ascorbic acid (Shandaagvei Pharmaceutical Co., China) and calcium
lactate (calcium-L-lactate 5-hydrate powder, PURAGA PP Food, Corbion PURAC,
Netherlands) were used.

2.2. Osmoaotic dehydration

OD was carried out at 25°C using four different omsolutions (w/w): 40% sucrose (Suc), 40%
sucrose + 4% calcium lactate (Suc-Calac), 40% secto2% ascorbic acid (Suc-AA) and 40%
sucrose + 4% calcium lactate + 2% ascorbic acuc{SalLac-AA).

Approximately 100 g of apple cylinders were weigliedeach treatment time (0.5, 1, 2 and 4 h)
and placed in mesh baskets that were immersed ikgdof agueous osmotic solution with a syrup-
to-fruit ratio of about 15:1 (w/w), to avoid charsge the concentration of the solution during the
treatment. Through an impeller of a mechanicalestirthe cylindrical baskets were continuously
rotated. The rotational speed was experimentaligradened to assure negligible external resistance
to mass transfer. Two baskets were prepared for pacess time.

After each treatment time, samples were removenh ftiwe solution, rinsed with distilled water,
blotted with absorbing paper, and weighed.

Total and soluble solids contents were determinddplicate immediately after treatment. Samples
for calcium and ascorbic acid analyses were frekizsl.

After OD, cylinders were placed in glass sealed @uigs for the measurement of endogenous
metabolic heat production with isothermal calorimetiuring 16 hours, followed by the
determination of @and CQ on ampoule headspaces.

2.3. Analytical methods

Moisture content of fresh and osmotically dehydtatamples was determined gravimetrically, in
triplicate, by drying cylindrical apple samples7&C until a constant weight was reached.

Soluble solids content was determined at 20°C bgsmeng the refractive index with a digital
refractometer (PR1, Atago, Japan).

2.3.1 Ascorbic acid

Ascorbic acid was determined by HPLC analysis atingrto the method described by (Odriozola-
Serrano et al. 2007). Briefly, approximately 0.9fgfreeze-dried sample were added to 10 ml of
meta-phosphoric acid (62.5 mM) and sulfuric acidr({®1) solution, vortexed for 2 minutes and

centrifuged at 100@Pfor 10 minutes at 4°C. The supernatant was oppehludiluted and filtered
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through a 0.4um nylon filter. The HPLC system LC-1500 (Jasco,favO, Italy) was equipped
with a diode array UV/Vis detector. A reverse-ph@48 Kinetex (Phenomenex Inc., Torrance, CA,
USA) stainless steel column (4.6 mm x 150 mm) weeduas the stationary phase. A Jasco AS-
2055 Plus autosampler was used to introduce samplése column. The mobile phase was a
0.01% solution of sulfuric acid adjusted to a pH2d. The flow rate was fixed at 1.0 mL/min at
room temperature. Data were processed by the seft@aromNAV (ver. 1.16.02) from Jasco. The
ascorbic acid content was quantified at 245 nmutnoa standard calibration curve, set up using
ascorbic acid solution between 0.5 to 30 ppm. Tdterchination was carried out in triplicate.

2.3.2. Calcium

The calcium concentration was determined usingamél atomic absorption spectrophotometer
(Model A Analyst 400, Perkin Elmer, Santa ClaralifGeia, USA), using a lumina hollow cathode
lamp (Perkin Elmer) based on the adapted methog@ddOAC (1995). Briefly, approximately 6

g of freeze-dried untreated samples and 2 g okéekied treated samples, were weighed in a 50
ml glazed, porcelain crucible, placed in a mufilenfice and heated up to 550 °C until complete
ignition. After cooling in desiccators, the ash welissolved in 20 ml for fresh samples or 30 ml
for treated samples of HCI (0.1 M). The ash wasaliged, and then the solution was opportunely
diluted with 0.1 M HCI. A calibration curve of abbbance versus ppm of calcium was set up using
standard calcium solutions between 2 to 20 ppm.dBtermination was carried out in triplicate
2.3.3. Metabolic heat production

Two fresh cylindrical samples (8-mm diameter, 40-temgth) and three osmotically dehydrated
samples were placed in 20 ml glass ampoule aneédedth a teflon coated rubber seals and an
aluminum crimp cap. Three replicates for each sam@re performed. The rate of heat production
was continuously measured in a TAM air isothermalbiemeter (Thermometric AB, Jarfalla,
Sweden), with a sensitivity (precision) of +LV (Wadso et al. 2009). This instrument contains
eight twin calorimeters in which each sample iseited with its own reference, being that the
measured signal is the difference between the sasighal and the reference signal. The reference
has to be a material that does not produce anybutad characterized by thermal properties similar

to the sample. For this, water was chosen as theeree material and its quantity in each reference
ampoule () was previously determined based on the averaggasition of the samples and on
the heat capacities @J'K™) of the water C.) and the total solidsG;g), as the following
equation:

m\?v = CTS[mTi:"'CW[mW (1)
w




where myg is the dry matter content (gjn,is the water content of the fruit sample (g) and th

average heat capacity of the total solids of theleapamples was assumed to be I'JKg. The
analysis was carried out at 10 °C for 16 h.

2.3.4. Respiration rate

Immediately after the ampoules discharging from ¢atrimeters, the ©and CQ percentages
were measured in the ampoule headspaces by a pbmtlgas analyzer £#LO, mod. MFA III S/L
(Witt-Gasetechnik, Witten, Germany). The appar&ias a paramagnetic sensor foradd a mini-
IR spectrophotometer for GQdetection. The instrument was calibrated with &d CQ air
percentages.

Respiration rate was calculated as mg of consumeaR), ) or produced C&( RPCOZ) h kg fw

! according to the following equations:

20.8-%0 pead )
Mo, m/headu( e/ p

_ 100
R = 2
ROZ tUnORLT 2)
%CO.
Mco, Whead [ 2head p
_ 2 —hea 100
RRco, = (OnRO (3)

where I\/IO2 and MCOZ refer to gases molar massigl?), Viead represents the ampoule headspace

volume (drri), %0 head AN %CO, e5q FEfEr to molar gases percentages in the ampoulisheeae

at timet (h); mis the sample mass (g¥;is the gas constant (8.314472%kfa K* mol™), P is the
pressure (101.325 kPa) ands the absolute temperature (283.15K).

2.4. Osmotic dehydration kinetics

Mass transfer of water, sucrose, calcium and agcabid during the osmotic process were
modeled according to the empirical model proposeé#éleg (1988) and redefined by Palou et al.
(1994), as follows:

t

Awy = Wit ~Who T T
1tk

(4)

wherew, is the mass fraction @" total mass) of thk species: water, sucrose, calcium or ascorbic

acid. The constants of the Peleg’s model larési{gig™ total mass§] and k, [1[(gg™" total mass)
Y. This kinetic model permits, through the inverfethe two constants, to define the initigtQ)

rate of mass transfefl/k;) and the concentration value at equilibriutn— o) conditions

(Weq = X0 ¥k, ) (Sacchetti et al. 2001).



Diffusivities of water, sucrose, calcium and aseodrid were also calculated based on the second
Fick’s Law, considering diffusion coefficients agtbbal densities approximately constants. For an
infinite cylinder with radial component the mass transfer is described by:

ow, 9°w, ow,
—k = Dy, _2k +:_L_k (5)

ot or r or
where D,,, is the effective diffusion coefficient f8") of speciesk diffusing through the tissue
medium, being the diffusivity of each componenateel as the binary form of Fick’s Law (Cussler
1984). The correspondent analytical solution, irgtef along the cylinder rati@ (= 4x10° m)

assumed as constant throughout the process isk,rans):

_ Dt Digat Dt Dyt

W, — W, (—5,7837j (—30,4727j (—74,8877j (—139,0397)
=4 ~ e a )1 ¢ a )+ e a4 e a )y

W W e | 5783 30472 74,887 139039

(6)

where w, is the average mass fraction of speciesyk, is the mass fraction at initial time (t=0)

and w, o, represents the equilibrium concentration (on théase) of eactk component.

2.5 Statistical Analysisand Fitting

The results were statistically evaluated usingdhalysis of variance (ANOVA) for each
treatment and for each process time, with the ssuo€ variation being the sample type and number
of samples, and the Tukey post-hoc test being egpli the 5 % level of significance.
The Peleg’s model and the analytical solution effiick’s Law were fitted to the experimental data
by using the Levenberg-Marquardt algorithm (Marguel963) for the least-square estimation of
the non-linear parameters. This is a search metboohinimize the sum of the squares of the
difference between predicted and measured values.algorithm calculates the set of parameters
with the lowest residual sum of squares (RSS) hanl 95% confidence interval.
The fitting efficiency was evaluated by the deteration coefficient &) and the relative root mean

square errorRRMSE), which was calculated as equation (7):

RRMSE(%)=\/%§(MJ 100 (7)

n=1 calc

3. Resultsand discussion
3.1 Osmotic dehydration Kinetics



The Peleg kinetic model (1988) was used as an eapmodel to fit mass transfer parameter data

of sucrose gain and water loss, over processing.ti@onstants of equatiork;@nd k,), their

inverse and equilibrium concentrations obtainedufgh Eq. 4 are reported Trable 1.

Table 1. Kinetic model of water, sucrose, calcium and dsicaacid transfer in each osmotic
solution according to Peleg’s model (eq. 4) andilémium content (g total mass).

Solution Ky 1/kq x 10° kz_ 1/k, x _103 Rz RRVSE Wy, eq
(s) (sY) (99" (9g™* (%) (99
Water
Suc 11.18 89.45 6.10 163.90 0.997 3.8 0.6802
Suc-Calac 9.12 109.70 5.68 176.09 0.997 3.1 0.6708
Suc-AA 8.93 112.00 5.98 167.26 0.998 3.1 0.6832
Suc-Calac-AA 9.10 109.92 4.83 206.88 0.992 5.3 xB64
Sucrose
Suc 14.51 68.92 6.92 144.54 0.998 3.8 0.1967
Suc-Calac 14.59 68.53 8.08 123.79 0.998 3.2 0.1759
Suc-AA 11.49 87.05 8.13 123.03 0.980 8.60 0.1752
Suc-Calac-AA 17.36 57.62 6.25 160.02 0.979 12.0 12p2
Calcium
Suc-Calac 392.99 2.54 523.45 1.91 1.000 0.7 0.0019
Suc-AA-Calac 524.34 1.91 408.00 2.45 0.986 7.0 Z500
Ascorbic acid
Suc-AA 85.44 11.70 81.48 12.27 0.986 5.9 0.0123
Suc-AA-Calac 104.72 9.55 68.83 15.53 0.994 4.8 4501

The predictive capability of the model can be obsérin Fig. 1, where eq. 7 was used to model
mass transfer parameters for water (a), sucrosedlwjium (c) and ascorbic acid (d). In all samples
water removal and solute uptakes followed the gldiehaviour of osmotic processes characterized
by a higher initial rate followed by a slower orga¢chetti et al. 2001).

In general, the model showed a good fit to expemialedata, as high Rvalues and low RRMSE
were found Table 1), confirming its suitability for describing magansfer phenomena as already
reported by Peleg (1988) and on other studies sanady (Palou et al. 1994; Sacchetti et al. 2001).
The initial rate of dehydration was increased l®y/ phesence of solutes in the solution compared to
the only sucrose (higherki/values), but the equilibrium values showed cotitigsdbehaviour, as
the water equilibrium concentrations for Suc and-84 osmotic solutions were very similar. As
reported in Fig. 1a and 1b, the presence of cal@uboth CaLac-Suc and CalLac-AA-Suc solutions
promoted a higher water reduction compared to thed® Suc-AA solutions. With the combination

of both solutes, water content was further reduod2i6428 &, that is related to a higher osmotic
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potential due to the lower water activity of thengry solution, as reported by Mauro et al. (2016).
Actually, the @ of the OD solutions were 0.962 for Suc, 0.9533ac-Calac, 0.954 for Suc-AA
and 0.944 for Suc-Calac-AA solutions.

Conversely, although the AA solution showed a higingial rate of water removal, the water
concentration tends to be similar to those in Seatinent. As OD proceeds and, the water
equilibrium concentration of both treatments re=iiNery similar.

Regarding sucrose content, the highest value laf cbrresponds to the Suc-AA treatment, while
1/k, was maximised by the Suc-CalLac-AA solution, whk highest equilibrium value of 0.2122
gd™. These trends can be observefiig1 b, where only the Suc-CalLac treatment seems toitnhib
the sucrose mass transfer during OD. In a prewaws, calcium proved to enhance the efficiency
of this process, increasing water loss and limisngar gain (Mauro et al., 2016). Calcium effect
has been already observed in various fruit tissigested to OD in the presence of calcium salts,
and it has been attributed to the reduction in walll porosity and to the formation of calcium
pectate due to the interaction of the ion with ecarboxylic groups (Mavroudis et al. 2012;
Pereira et al. 2006; Silva et al. 2014a, b).

Even though the sucrose impregnation has beenahest in the Suc-CalLac treatment, the
equilibrium content was similar to Suc-AA treatmeast reported ifrig 1 b, where the tendency of
the two curves is to join in.

Good impregnation of both Ca and AA were obtairesishown byFig. 1 ¢ and d. When both
solutes were present in the solution, the initedks (1K;) of CaLac and AA impregnation were
lower but after two hours of process, the impreigmatended to rise. It can also be observed in
Table 1, where the equilibrium concentration cated on the basis of the parameterwere
higher, showing how the quaternary solution enhdiice impregnation of those solutes.

The addition of ascorbic acid may enhance the ignagon of other solutes by acidifying the
solution and hence increasing the porosity of walll, as observed by Zemke-White et al. (2000).
In addition in a previous work, Mauro et al. (201&3corbic acid added to sucrose osmotic solution
caused severe damage on cellular membranes of aplide that lost its selectivity. Regarding
Table 1, the worst fittings were always found when the osmsolution contained AA, probably
because the damages on the structure of cell vaalts membranes promoted changes on the

transport phenomena during the process.
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Fig 1. Comparison between observed (obs) and calcu{atdd) mass fraction of water (a), sucrose (b)ioat (c) and
ascorbic acid (d) according to the Peleg’s modg! 42, in dg™ total mass, for the different treatments.
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To better understand the influence of the soluteshe mass transfer kinetics, effective diffusion

coefficients were calculated and are reportetiahle 2.

Table 2: Effective diffusion coefficients for water, susm (Suc), ascorbic acid (AA) and calcium (CalLac)
calculated for the four osmotic solutions.

Ii"’olr;‘ = RRMSE stljglbm =2 RRMSE I?(fglg“ - RRMSE E?OAHE“ =2 RRMSE
(%) (%) (%) (%)
[m2g7] [m2g7] [m2g7] (M2
Suc 14 0976 58 12 0961 638
Suc-CaLac 1.6 0972 6.3 1.4 0971 57 3.4 0985 128
Suc-AA 1.8 0980 4.9 1.9 0979 81 - - 2.5 0.984 6.6
Suc-Calac-AA 14 0973 6.9 09 0951 75 20 0984 65 1.7 0982 54

In the treatment with only sucrose, the effectivater diffusion coefficients were slightly higher
than the sucrose ones. This behaviour can be edgécta plant tissue in which the selective
permeability of the membranes is preserved, becthgsereduce the transport of larger molecules
such as sucrose through the cell tissue. Consetytnot all the space is available to sucrose
transport, while water can diffuses throughout memés and occupy all liquid phases of the plant
cell (Mauro and Menegalli 2003).

The addition of CalLac and AA had a variable andxpeeted influence on diffusion coefficients.
The osmotic solution containing 4% of CalLac prorddaeslight increase of both water and sucrose
diffusivity in comparison to Suc solution. The wmadiffusion coefficient resulted still slightly
higher than those found for sucrose, following éx@ected behaviour for preserved plant tissue.
However, when Ca is present, the sucrose diffusdmited and, thus, lower sucrose contents is
observed during the procedsid 1 b). However, this result is in disagreement withv&iket al.
(2014a) that found a reduction of the diffusionflioent for both water and sucrose due to the
presence of 2% Calac in the osmotic solution usedpineapple treatment. On the other side,
increasing the concentration of CalLac in the solufrom 2 to 4% promoted an increase of water
and sucrose diffusivities, but still slightly low#tan those found in treatment with the only sueros
solution. Also the sucrose diffusion coefficienteres lower than water coefficients. Authors
suggested a partial damage to the pineapple tstsueture because of the calcium effect on cellular
membranes, that probably has occurred even in thgept experiment. Moreover, the diffusion
coefficients in pineapple dehydration were high®ant those found in apples, probably because
pineapple is characterized by a larger porous stre@nd a softer tissue compared to apple. It is
important to point out that each tissue presenspexific OD response (Fernandez et al. 2004)

reported a method based on the water and solwtesfldor classifying mass transport as a function
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of the tissue and observed different behavioursvéen the studied fruit tissues as a function of
their individual internal texture and cellular ongzation.

In addition, the differences between tissues algoear comparing the calcium diffusivities for
apple treatment with those obtained by Silva e{2l14a) for pineapples, which coefficients were
lower than the formers. Observed variations wer@iyaelated to the equilibrium concentration
values obtained by the referred authors, which hesesl a different methodology that consists in
analysing the sample composition after its exposurde osmotic solution for a long equilibrium
time. During these experimental essays the autbbserved nomequilibrium behaviour of the
calcium, evidencing the instability of these systeattributing itto the activity of thepectin-methyl
esterase, that is an important enzyme in pineapplthe present work, the equilibrium data were
obtained based on the four hours of processingcéléimey were not affected by any successive
change, even though influence of the enzymes am shistem is expectedds OD proceeds,
damages on the tissue promoted by the solution coerds and/or by the dehydration should cause
depolymerisation and solubilisation of pectins tbge with de-methylation by action of enzymes.
If calcium ion is present, de-esterified pectin dand calcium and produce calcium pectates.
Consequently, Ca is immobilized by an irreversitdaction and thus equilibrium is not reached.
Studies about ripening of apples affirm that thectipedegrading enzymes such as pectin-
methylesterase, endo poly galacturonase and pdgtete are very low in this fruit (Bonnin and
Lahaye 2013). However, although other polysacckadielgrading enzymes are likely involved in
pectinolytic activities, these effects should keslatense in apples.

When calcium is added to the osmotic solution, eéhplienomena are expected to affect the
transport. First, the higher solute concentratioeraases the water chemical potential difference,
increasing the water loss from the tissue to theade solution, but diffusion coefficients should
decrease because a more concentrated systenmigiagifactor.

The other response is related to the effect on mamels and cell wall of calcium, that can limit the
solute transfer, as mentioned above, becausetiicteghe diffusion to spaces out of the cellular
membranes. However, a third effect is related toiwa in excess, which can cause damages on the
tissue, affecting firmness and membrane selectiggymentioned above in reference to Silva et al.
(2014), that reported an increasing of diffusidttie to an increase of calcium concentration.
Consequently, the balance between all these eff@dtsesult in concentrations and diffusivities
sometimes unexpected because the solution conpositid the kind of tissue can exert different
effects on the OD efficiency. In addition, struegwhanges during the process in several ways:
shrinkage diminishes the pore size and calciumapedbrmation also influences the cell wall

porosity. Because of these transformations, itossible that the driving forces, represented by the
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equilibrium concentrations on the solid surfacesjargo modifications from the initial steps until
the final OD.

While Ca seemed to restrict in part the sucroseegmmation, the inverse was observed with AA.
The addition of 2% ascorbic acid promoted a motenisive increase of the diffusion coefficients
compared to the sucrose solution. However, watdrsarcrose diffusivities were similar, with the
sucrose slightly above the water value. This ineégaevere disruption and integrity losses by the
tissue, making available all cellular spaces fotewand solutes diffusion. Ascorbic acid presented
higher diffusion coefficient than water and sucrdSeen though its molecular weight is lower than
the sucrose one, the high value can also be retateassumptions. For instance, being this a
multicomponent system, interferences between thssnflaxes, including other original solutes
from apple, as well as shrinkage because of theni@ds, were neglected.

Conversely, diffusion coefficients for Ca and AA apple treated in AA-Suc and Calac-Suc
solutions, are higher than in Calac-AA-Suc as iteigpected when the osmotic solution
concentration is higher. During the first part lo¢ tdehydration, Suc-CalLac-AA treatments shows a
behaviour of water and sucrose contents that, afteours, seems to change, with their contents
tending to an equilibrium concentration more distéfig 1). This fact led to smaller diffusion
coefficients than if they were calculated considgronly 2 hours of process. A hypothesis is that
damages on cell walls, after a long treatment titvye caused excessive impregnation. This
behaviour was also observed for sucrose contertissune treated by Suc-AA, reinforcing the AA

role on damages and consequent solute impregnation.

3.2 Metabolic profiles

Results of the total metabolic heat produced dufigh at 10 °C, measured through isothermal
calorimetry after osmotic treatments carried outdp30, 60, 120 and 240 min, are represented in
Fig. 2. Since the concentration of@nd CQ can also give useful information about tissue
metabolism, after calorimetric analysis, the conipms of the headspace of the vials was
evaluated. The measured respiration rate (R&@ RRCQ) are presented iRig 3.

As a consequence of Suc treatment, a slight remudti metabolic heat production (Fig. 2)
proportional to treatment time until two hours obgess, and a lower respiration rate compared to
the fresh samples both in terms of g@oduced and £consumed (Fig 3) were observed. A partial
loss of cell viability could be expected after Obedtment, even if the osmotic solution
concentration is very low (Panarese et al. 20125 previous experiment (Mauro et al. 2016), we
found that cell viability was preserved in appkstie subjected to OD treatment with 40% sucrose

solution as observed by FDA staining technique #déiws to determine plasma membranes
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integrity. On the other hand, neutral red staimegealed the incidence of plasmolysis that could
give a possible explanation to the decrease ofrtbebolic heat produced by the tissue. Salvatori
and Alzamora (2000) found that a 25% w/w sucrosetism can cause vesciculation and rupture of
cell membranes in apple tissue. According to Magli®et al. (2004) only few layers of cells on the

surface are expected to die upon an osmotic tredtwigile plasmolysis and shrinkage occur in the

rest of the tissue.

Suc

B Suc-Calac

Suc-Ah

O Suc-AA-Calac
Fresh

Total heat [J/g)

Q 30 60 120 240

Time (min)

Fig. 2: Total heat production (J/g) of fresh and osmoliyodéhydrated samples during 16 h at 10°C.

The presence of calcium in the osmotic solutionsedua further decrease of metabolic heat
production. This result is in accordance with poesi literature reports (Castell6 et al. 2010; Luna-
Guzman et al. 1999), and confirms the ability d€icen to slow down tissue metabolic activity and
thus to enhance the stability of minimally processit. Confirming calorimetric measurement,
samples dehydrated Suc-Calac solutions, showelitlgligwer values of respiration rate (mainly

in terms of RR,, ), indicating that the reduction of heat producedId be related to the reduction

of the respiratory activity, but also to other kivichiochemical phenomena.

Actually the effect of calcium on respiration hast been fully clarified yet but it has indeed been
observed in various fruits, both whole and cutetbgr with a reduction of ethylene production and
a general slowing down of ripening and senescelnestér 1996; Saftner et al. 1999). In particular,

different explanations have been put forward fa téduction of the respiration rate, a protective
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osmotic effect due to the high salt concentratieerguson 1984), the indirect effect on substrate
transport due to the alteration of membrane permigafBangerth et al. 1972), the formation of a
transient barrier between fruit and atmosphere hivaters the gas exchange (Saftner et al. 1999),
the inhibition of plant agquaporins, that regulatemirane permeability, causing an increase in the
cytoplasmic ATP concentration that in turn remaengilable for other biochemical routes
(Kinoshita et al. 1995) or the delay of senescaetated changes (Lester 1996). At the same time,
an excess of calcium has been related to a hagt@fisenescence because of damages to the

plasma membrane structure and functionality.

X fresh Aerobicbehaviour
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25 | ASuc-Calac Makinoetal., 2013
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Fig. 3: Respiration rates expressed as oxygen consunie@.jrRaind carbon dioxide produced (RRgCfor
treatment time of 30 min (smaller size symbol)n@@, 120 min and 240 min (higher size symbol).

Conversely, the presence of AA in the osmotic saupromoted a drastic increase of metabolic
heat production as treatment time increased, up bd% compared to the fresh sample. This
increase can be probably attributed to the phygioih stress caused to the tissue, as already
observed for sliced potatoes (Limbo and Piergiov@®07; Rocculi et al. 2005). The damage to
cellular structures promoted by osmotic AA solutican be mainly caused by its lower pH.
Actually, at low pH, plasma membrane ATPases intib®ue increase the active H+ pumping to
deal with excess of H+ uptake leading to an in@eafsthe demand for respiratory energy. An

ulterior pH decreases can cause also a declifeirespiration rates.
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AA combined with Ca initially promoted a decreaseh® heat production to a level lower than
untreated samples but after 2 h, the metabolise sharply. This behavior suggests that during the
first part of the treatment calcium acted as siadiland reduced the metabolic activity of theugss
but, as the treatment proceeded, a progressive giamoacellular structures occurred, probably
related to the intake of AA.

Conversely, for sample dehydrated in the presericA”A9 both alone or in combination with
Calac, there was a noticeable change in the régpirpathway, particularly in terms of increase of
oxygen consumption in comparison with Suc and Sac&nples.

CO, production was quite constant for all treatmemiets in AA samples, with a reduction of about
25% compared to the fresh tissue, but higher coetpty Suc and Suc-CalLac samples. On the
other hand, noticeable RRG@ecrease was verified in Suc-CalLac-AA conditiapprtionally to
treatment time.

Respiratory quotient is an indicator of the regmra pathway adopted by tissues. The complete
oxidation of glucose through the aerobic pathwaydpces an equal amount of £€@s the @
consumed, so that the respiratory quotient is Tiatians in the RQ may depend on a different
substrate used for respiration, such as malateomg thain fatty acids, although generally, an
increase in RQ indicates the onset of fermentatugtes (Taiz and Zeiger 1998). However,
according to (Makino 2013), RQ in the range of 10.2..3 could be considered indicator of aerobic
respiration. Roughly, following this indication, lagure 3 it was possible to identify which samples
were characterized by aerobic metabolism. In opegrient, fresh sample had an RQ value of 1.5,
while in Suc and Suc-CalLac, RQ values were lower @oser to 1, showing negligible anaerobic
metabolism.

Anaerobic metabolism can be prompted by eitherdaywgen or high carbon dioxide concentration
in the environment, respectively lower than 2-5 84 &igher than 4-5 % (Cortellino et al. 2015;
Iversen et al. 1989). Although this values was nexeeeded, in some samples, and in particular in
the fresh one, after 20 h G@ontent was very close to this limit, and may haaesed the
development of some fermentative pathways leadirentimbalance between @@roduction and
O, consumption in the tissue that caused an increaiR€).

Thus, not considering the Fresh sample and samaeC&Lac that is very similar to Suc, only the
sample treated with Suc-CalLac-AA seemed to haveraaerobic response to the treatment, but
only if applied for more than 30 min.

As a consequence of OD, an increase of RQ was\aisély Torres et al. (2008) and by Castello et
al. (2010) on mango and strawberry tissues. Anaerabtabolism is often found in plant tissue as

a physiological response to stress conditions, asaehydration, as an optional metabolic pathway
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Torres et al. (2008). While oxygen diffusion thrbuthe tissue decreases because of structural
alteration of the cells as the treatment procegeserally an increase of G@roduction has been
observed by these authors. The oxygen consumedativdsuted to the effort of some enzymatic
systems to react to the stress caused by the astneditment (Lewicki et al. 2001). Conversely,
Moraga et al. (2009) did not find changes due toiwan lactate presence in the RQ of osmo-
dehydrated grapefruit although the respiration gateerally decreased.

In samples dehydrated in the presence of AA, ald®@ was calculated and was found to decrease
slightly by increasing treatment time between (ari@ 0.64 (data not shown). The combination of
sucrose and ascorbic acid showed to cause cellataage to the tissue, the effect on plasmalemma
and tonoplast was different and not clear but angtrinfluence on tissue functionality was
definitely observed (Mauro et al. 2016). When bA# and CalLac were used, the RQ decreased
sharply as the dehydration proceeded, from 0.32G8. This decrease is mainly due to the higher
oxygen consumption observed compared t@ @©Oduction.

It is important to underline that the variationtbé gas composition in the sample headspace could
be due not only to the respiratory metabolism @& tissue but also to the presence of other
enzymatic reactions. According to Igual et al. @0this consumption of £can be considered as
“apparent” respiration rate. Because in plantugssmolecular oxygen can be used as substrate by
many enzymes, it can contribute to the “appareaspiration rate if measured in terms of oxygen
consumption, but not in terms of production of J@aiz and Zeiger 1998). In this direction, the
effect of sugar, calcium and ascorbic acid on thapexity of fresh tissue enzymatic activity has

to be taken into account.

4. Conclusions

The investigated osmotic dehydration treatmentsvebodifferent effects on the product, both in
terms of mass transfer phenomena during processidgnetabolic activity of the apple tissue. The
presence of calcium and ascorbic acid affecteetteetive diffusivities attributed to the changas i
cellular spaces, increasing spaces viable to stdatesport. Metabolic heat production in samples
treated in sucrose solutions was slightly lowenthmauntreated samples and it was further reduced
with calcium lactate (CalLac) addition. However, gtes impregnated with ascorbic acid (AA)
showed a higher heat production, as there was abwlat response of the apple tissue to AA
treatment. When combined with Ca, heat productienrehsed sharply to a level lower than
untreated samples, except for those treated for @40 (higher solid gain), which showed the
highest heat production values. These results monfirevious findings, suggesting that AA

solution can promote a stress response on spé@Bb-cut vegetable tissues, and an increase of
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their endogenous metabolic activity, confirmed byigher Q consumption observed by head space
gas determination.

In order to clarify the effect on enzymatic actyvin apples osmotically dehydrated in sucrose,
calcium and ascorbic acid osmotic solutions and rémd influence of these phenomena on
respiration pathways, further studies are neededpling the calo-respirometric approach with

metabolomic analytical techniques.
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Abstract

Pulsed electric field (PEF) treatments can induedabiolic stress responses in plant tissue as
function of the applied conditions. This study Highted the metabolic effects of reversible and
irreversible electroporation in fresh-cut applesuis by adjusting the electric field strength to,100
250 and 400 V/cm. Metabolic heat, O2 and CO2 gasdyais along with metabolomics were
employed to jointly evaluate the gross and spe&ité--induced effects after 24 h at 10 °C.

Each tested electric field strength influenced thetabolic response, however, marked changes
were registered when the threshold of electropomatvas exceeded at 250 and 400 V/cm. A drop
of metabolic heat and respiration rate was obseagedl probable consequence of the loss of the cell
viability, anaerobic respiration pathways were cedibly lowered while GABA metabolism was
activated. Conversely, minimal modifications of th@etabolism heat and metabolites

concentrations were noticed when 100 V/cm wereiegpl

Industrial relevance

Metabolic response of fresh-cut fruit and vegetalake function of the manufacturing process is a
fundamental aspect directly related to the shigfdf the final products. Pulsed electric fields
(PEF), as well as other innovative technologies,induce undesired effects on tissue metabolism
that might limit the industrial application. Furtheore, the analytical methods used in the present
work provide useful tools for the optimization betPEF treatment conditions for fresh-cut

manufacturers.

Key words: PEF; Apple tissue; Isothermal calorimetry; Resfian rate; HR-NMR; Metabolomics

1. Introduction

Pulsed electric field (PEF) technology is a nomtied process which has recently demonstrated an
increasing interest in the food field. The appimatof high electric fields between two electrodes
can be exploited for different goals, for instartoeenhance mass transfer phenomena (Donsi,
Ferrari, & Pataro, 2010; Puértolas, Luengo, AlvagRaso, 2012; Taiwo, Angersbach, & Knorr,
2002) or to inactivate microorganisms (Gonzalezr&ema, et al., 2015; Timmermans, Groot,
Nederhoff, van Boekel, Matser, & Mastwijk, 2014hel'mechanism of action includes the creation
of pores due to the application of electric fieldgh enough to induce a potential difference of
approximately 0.2 V across the cell membrane (TeidSynard, Gabriel, & Rols, 1999). In a
second step, pores can expanse and aggregatenaedhe external electric field is removed, they

can reseal (Vorobiev & Lebovka, 2009). The extdnthe process, also known as electroporation,
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strongly depends on the applied process paramstets as electric field strength, number and
shape of pulses, their width and frequency. Inddéftrent goals and industrial applications can be
achieved by adjusting the treatment conditionsijBaet al., 2015).

The effect of PEF in plant tissues has been stuioljesleveral techniques according to the desired
objective: example are the release of valuable camgs (Carbonell-Capella, Buniowska, Esteve,
& Frigola, 2015; Luengo, Alvarez, & Raso, 2013)tragtion yield (Bazhal, Lebovka, & Vorobiev,
2001), changes in colour and texture (Lebovka, é&tsmic, & Vorobiev, 2004; Wiktor, Schulz,
Voigt, Witrowa-Rajchert, & Knorr, 2015). Moreoveamethods have been developed to indirectly
evaluate the extent of electroporation based octredal impedance (Angersbach, Heinz, & Knorr,
2002; Ivorra, 2010; Lebovka, Bazhal, & Vorobiev,02), microscopy (Fincan & Dejmek, 2002)
and nuclear magnetic resonance (Dellarosa, 1(l5).

Pulsed electric fields, by acting at the level adfmibranes, can also deeply affect the cell actssitie
As a consequence, metabolic stress responsesl®taal be induced and lead to undesired effects
on the quality of the final products. This mighhit the application of PEF in fresh-cut products.
Generally, fresh cut fruit and vegetables undecgminimal processing, such as peeling, cutting or
pre-treatment with different solutions (Mauro, dt, 2016; Santagapita, et al., 2013) which,
nevertheless, provokes metabolic responses (Roetul., 2012). In this contest, the application o
PEF can, from one side, ease the mass exchangedrethie outer solution and the tissue, anyway,
from the other side, lead to trigger further stressponses. To the best of our knowledge, few
works have been focused on the metabolic aspediscea by PEF in postharvest fruit and
vegetable products (Galindo, et al., 2009; GaliMladso, Vicente, & Dejmek, 2008).

Fresh-cut products are metabolic active tissuascdiehey produce heat as a function of both the
normal cell activities and technological processgplied. Thermal power and heat can be
continuously monitored by isothermal calorimetrydahis gives rise to gross values of the cell
metabolisms (Galindo, Rocculi, Wadsd, & SjoholmQ20Wadso & Galindo, 2009). Interestingly,
whether the sample conditions are standardized,irectdevaluation of the effects of the
technologies can be carried out (Panarese, et2@l2; Tappi, et al., 2014). Moreover, the
measurement of the heat is often coupled with ttadyais of the consumed,@nd produced CO
which allow clarifying whether other non-aerobic taf®lisms are activated (Cortellino, Gobbi,
Bianchi, & Rizzolo, 2015).

Beside analytical methods that estimate the ovestaliss response, the metabolic profiling by
means of high-throughput techniques is a compréheasalysis of the soluble metabolites, i.e. the
metabolome (Wishart, 2008). This approach has baeoessfully applied for food quality control,

health and nutritional purposes, fingerprintingliding traceability and authenticity, and, recegntl
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to assess and backwardly adjust technological psese(Trimigno, Marincola, Dellarosa, Picone,
& Laghi, 2015). To the purpose, specific multivéeianalytical tools need to be developed and
tailored to discriminate the effects of the appliedhnologies on precursors, intermediates and
products of different metabolic pathways (Laghcdpie, & Capozzi, 2014).

The objective of the present work was to assessnig@bolic response of fresh-cut apples upon
pulsed electric field treatments. Three differeauels of electric field strength, 100, 250 and 400
V/cm were studied because they are known to prodoecth reversible and irreversible
electroporation effects on cell membranes in appseie (Dellarosa, et al., 2016). A comprehensive
evaluation by means of a multianalytical approaaseol on calorimetry, gas analysis and
metabolomics was chosen to complementary descritgs @lteration on metabolic activities and
specific fine changes in metabolites

composition. High resolutionH nuclear magnetic resonance (HR-NMR) was empldgedhe
analysis of the metabolic profiling together with@vel non-targeted statistical tool based on gpars

Partial Least Square Discriminant Analysis (SPLSRAJ Linear Discriminant Analysis (LDA).

2. Material and methods

2.1 Raw material

Apples Malus domestica, cv Cripps Pink) were purchased at a local maaket stored at 2 + 1 °C
for three weeks, during which all the experimenéenconducted. Before experiments, apples were
kept at room temperature for 2 h. Raw material dmadverage moisture content of 83.5 + 0.5 g and
soluble solid content of 13.5 = 0.5 g per 100 gfresh product. Cylindrical samples (8 mm
diameter and 10 mm length of an average weight@fere obtained from apple parenchyma by
cutting with a manual cork borer and a scalpelhEaylinders from each fruits have been used for

the experiments.

2.2 Pulsed electric field (PEF) treatments

PEF were applied to apple samples using an in-hdegeloped pulse generator equipment based
on capacitors as energy tank and controlled by MEXSEBriefly, 60 monopolar pulses of near-
rectangular shape, fixed pulse width of 100 + 2pd repetition time of 10.0 + 0.1 ms were chosen,
according to the experimental conditions used bjlabesa et al. (2016). PEF treatments were
conducted at 20 °C in a 30 x 20 x 20 mm (lengthigthwx height) chamber equipped with two
stainless steel electrodes with an active contadace of 20 x 20 mfn For each trial, 12 apple
cylinders were arranged within the two circle sigesallel to the electrodes and the chamber was

filled up with tap water (conductivity at 25°C o028 + 1 pS cnt) with a final product-to-water
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ratio around 1:1 (v/v). Applied current and voltagdues were measured by a digital oscilloscope
(PicoScope 2204a, Pico Technology, UK), conneaidtid equipment and a personal computer.

Four samples groups, including control, were olgidiby treating apple cylinders with a voltage of
300, 750 and 1200 V to the electrodes. These dondited to the average electric field strengths of
100, 250 and 400 V/cm in the chamber. However rélaé voltage values, calculated by equivalent
circuits on the circle sides of the apple cylindessallel to the electrodes, were dissimilar duth&o

simultaneous presence of tap water and apple &fnbetween the electrodes. Consequentially,
treatments at the average field strengths of 180,&hd 400 V/cm gave rise to real values of 115,
245 and 275 V/cm, respectively. As commonly acagpkeoughout the literature, in the present

work the treatments and the sample names wereedfty the average electric field strengths.

2.3 Metabolic heat

Three fresh cylindrical samples (about 3 g) weee@dl in 20 mL glass ampoule and sealed with a
teflon coated rubber seals and an aluminium criaqm &or each sample, two replicates for three
independent treatments were analysed. A TAM aithesonal calorimeter (TA Instruments, New
Castel, USA) with a sensitivity (precision) of £V was used to measure the heat production.
This instrument contains eight twin calorimeterswhich each sample is coupled with its own
reference (Wadso &omez Galindo, 2009). Water was chosen as refengaterial, the quantity
was calculated according to Panarese et al. 20&2anhlysis was carried out at 10 °C for 24 h,
baseline were recorded before and after each mevasut. Specific thermal powers (mW)gvere
calculated according to Galindo, Wadso, Vicente &riek (2008).

2.4 Respiration rate

The concentration of £and CQ (%) were measured in the ampoule headspaces ay arglyzer
(MFA Il S/L gas analyzer, Witt-Gasetechnik, Witte@ermany) at the end of the calorimetric
measurements, and on other “twin” ampoules withpdasitreated at the same conditions, stored in
the dark for the same period of time (24 h) at shene temperature (10°C), for a total of 18
repetitions for sample. Respiration rate was cateal as mg of consumed (RRG,) and produced
CO, (RRCQ) kg h?, according to the following equations:

-0
mm02 D/head D(208 lg)OOZ,head)

tImIR[28%

[101.325

RRO, =



0,
MMy OV, g B%ELOLBZS
i 100

tImIR[28z
where mm@ and mmCQO refer to gases molar mass (g Mol Vheaq represents the ampoule

RRCO , =

headspace volume (dn % Opneaq and % CQyneaq refer to gases percentages in the ampoule
headspace at time t (h); m is the sample mass Bgg;the gas constant (8.314472%kRa K*
mol™), P is the pressure (101.325 kPa) and T is thelatestemperature (283 K).

2.5 Metabolomics

2.5.1 High resolutioH nuclear magnetic resonance (HR-NMR)

Apple cylinders were collected after 24 h at th@esaxperimental conditions applied for metabolic
heat and respiration rate analysis (stored in #rk dt 10°C). For each sample, three of them (about
3 g) were squeezed until an aliquot of 1 mL wasaioled for each sample, for a total of 36
repetition per sample. Afterwards, samples werérifeged at 21380 g and 4°C for 20 min in an
Eppendorf tube, 700 pL of the supernatant was aelteand added to 70 pL of 10 mM TSP (3-
TrimethylSilyl-Propanoic-2,2,3,3-d4 acid sodiumtsah deuterium oxide with the addition of
sodium azide at the final concentration of 0.04 &/ptevent microbial activities. Samples were
frozen at -20 °C until analysis when they were tbdvand successively centrifuged at 21380 x
and 4°C for 20 min to further remove impuritiesn&ly, the supernatant was placed in a 5-mm
internal diameter NMR tube for metabolomic analysis

'H spectra were recorded at 298 K with an Avancespictrometer (Bruker, ltaly) operating at a
frequency of 600.13 MHz. Residual water signal sagpressed using the NOESY sequence. Each
acquisition included 32 K data points over 7796 dppectral width and 128 scans while the 90°
pulse time was calculated for each acquisition.cBpewere pre-treated using TOP SPIN 3.0
software (Bruker, Italy), by alignment towards TSignal and the line broadening of 0.3. The
principle of reciprocity (Hoult, 2011) was used riormalize each spectrum, so that quantitative
results could be obtained. Using citric acid aseexl standard high linearity t80.9997) was
found in the range of 0.01 - 800 mM. A total of 1IMMR spectra, homogeneously distributed
among the four sample groups, were acquired andregfor further data analysis.

2.5.2 Data pre-treatment and analysis

HR-NMR spectra were subjected to a drift and basetiorrections, carried out in R statistical
software (R Foundation for Statistical Computinggnna, Austria), as reported by De Filippis et al.
(2015). Signals of the spectra were manually iratsgh resulting in 43 protons peaks belonging to

alcohols, amino acids, organic acids, sugars ahdraecondary metabolites. The obtained 144
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(samples) x 43 (metabolites) matrix was scaled egmtred before undergoing to multivariate
statistical analysis.

To gain insight into metabolic changes which ocedrupon PEF treatments, two chemometric
analysis, the Principal Component Analysis (PCAJ aparse Partial Least Square Discriminant
Analysis (sPLSDA) followed by Linear DiscriminantnAlysis (LDA) were employed. The R
packages ‘mixOmics’ and ‘MASS’ were used to thepmse (Lé Cao et al., 2011). The approach
based on sPLSDA-LDA was chosen because it is areédalol chemometric method which allows
to both find correlation between predictors andoese classes, while simultaneously sort and
selection of the relevant variables (Mehmood et28112). This powerful tool was used to evaluate
the changes in the metabolic profiles as a conseguef the different technological treatments and,
at the same time, to focus the discussion on therfetabolites significantly affected by PEF.

The analytical process included the splitting & %4 samples spectra into training and test sets,
accounting for 70% and 30 % respectively. The ingjrset was used to build the sSPLSDA model,
validated through the M-fold validation step (M 8)1which also optimized the selection of latent
variables and metabolites, as a function of theraate. Afterwards, the test set was employed as
independent dataset to verify the performance ef Iilt model. A thousand models were
iteratively trained and tested by randomly dividingining and test sets to enhance the robustness
of the analysis. Finally, the class prediction esrover the repetitions were expresses, scaldueto t
unit, as incorrect assignments in the confusiorriman parallel, the metabolites arisen from the
multivariate analysis were considered as impondrdther their mean VIP (Variable Importance in
Projection) value was higher than one and theiqueacy in the model was higher than 70 %
(Chong and Jun, 2005).

2.6 Statistical analysis

Significant differences between control and PERtd samples were evaluated by the analysis of
variance (ANOVA) and Tukey’s multiple comparisortstlze significance level of 95 % (p<0.05)
implemented in R statistical software (R Foundation Statistical Computing, Vienna, Austria).
All the experiments were repeated at least sixgiard results were expressed as mean + standard

deviation of replications.



3. Results and discussion

3.1 Changes inlectrical resistivit: measurement of electroporation reversik
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100 V/icm 250 V/em 400 V/icm
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Fig. 1. Resistivity of the apple samples calculated usiggivalent circuits on the first (left bar) and tlas' (right bar)
pulse of the 60 pulses train series for each étefitld strength. Values are means * stan deviations (n=16) and

differences beteen means with the same letter are not signifiaap&0.0!.

The effect of electroporation on apple tissue was pripabserved by means of tlresistance
changes of the materiduring the treatmer. The electricatesistivity of apple tissue, determin
by equivalent circuits, was a function of both therage electric field strengths applied betw
the electrodes and thieeatment tim, i.e. the considered pulsEig 1 shows theresistivity at the
beginning andat the end of the PEF treatment, respect, calculatedfor each field streng,

taking into account the first (left bar) and thstlpulse (right bar) of the trail The resistivity of the
tissue linearly decreasdbm about 490@2 cm to around 2900 and 130Dcm when the electric
field strength was increased from 100 V/cn 250 and 400 V/cmrespectively upon the
application of the first pulselNevertheles, solely the samples treated at 250 and 400m

highlighted a significant decrease of the resistiwhen the first pulse was compare( the last
one. This changesuggested that the two highest electric field gjiles irreversibly altered tt
structure of the tissue while 200 V/cm the electroporati effects vere reversibl recovered by
the cells during the treatmefthis confirns a previous work where the structural che of cells, at
the same treatment conditiongere studied by time domain nuclear magnetic resom@Dellaros:
et al., 2016). The lossf plasma membrane selectivity at average elefitid strength higher tha

150 V/cm caused the leakage of the cellular salgtitoward the extracellular spaces wr
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probably contributed to the decrease of the regigtduring the pulsatic (Angersbach, Heinz, &
Knorr, 2000; Vorobiev & Lebovka, 20). Similarly, in potato tissu&alindo et al. (2009found
that, althoughdifferent field strengtt led to the electroporation of the c¢, only samples
irreversibly damaged showed a changresistivity.

3.2Heat production and respiration 1: gross metabolic response of the tit
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Fig. 2. Specific thermal power of apple samples durindi24 analysis at 10 °C (A), each thermogram average of
six replicates. CO2 production (RRCCvs. O2 consumption (RRO2) during 24 h at 10 °C

Fresh apple is a metabolic active tissue, whicldygpees heat and (; while consuming &, as a
consequence of the respiration activities. In theeace of microbial growth on the sample,
metabolic heat production of fre-cut fruit is mainly due to the sum of the normaspieation

activity and wounding response (Rocculi, et al.120Wadsd, et al.,, 2009; Wadsd, Gom
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Sjoholm, & Rocculi, 2004) upon cutting and furthezatments, for instance PEF (Galindo et al.,
2009).

The average thermograms acquired by means of iso@thealorimetry of PEF-treated samples at
different field strengths are shownhig. 2a. A clear difference between samples treated aa?%0
400 V/cm was noticed when compared to both 100 Varm control samples. The lowest field
strength seemed to induce a stress response issioe possibly ascribable to both the recovery
activity due to the reversible alteration of plasmambrane (Vorobiev & Lebovka, 2008) and the
subcellular changes, in particular, the water ntignafrom vacuole to cytoplasm (Dellarosa et al.,
2016).

The average metabolic heat production was calailayeintegrating the metabolic heat profiles.
The first 4 h of analysis were excluded in ordeptevent the influence of the initial disturbance

due to sample loading and conditioning, hence wataported in Table 1 refer to 20 h at 10°C.

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

Metabolic heat RRO, RRCO
(J kg' h) (mg kg* h") (mg kg* h)
Control 82.79 + 14.69 7.39 +0.39 16.93 + 3.60
100 V/cm 94.46 + 22.35% 8.15 + 0.88 18.83 + 1.65
250 V/cm 30.22 +6.73 3.17+0.7¢ 577 +2.28
400 V/cm 23.78+5.24 2.76 + 0.45 3.27 +1.59

RRO,: O, respiration rate (9©production). RRCQ CO, respiration rate (COconsumption). Values are means +
standard deviations (n=6 for metabolic heat, n=t8% and CQ respiration rates) and differences between medhs w
the same letter are not significant at p=0.05.

It is worth observing that significant differencesre only found when irreversible electroporation
took place. At 250 and 400 V/cm the metabolic rapped 2.5-3.5 times in comparison to the
control as a consequence of the likely loss ofdiik viability due to the irreversible membrane
poration. In this direction, PEF led to a similffieet on heat production to that previously obsdrve
as a consequence of different stabilizing treatnmenfresh vegetable tissue. Indeed, Tappi et al.
(2014) found a significant decrease of metabolet lnehen fresh-cut apple were treated by cold gas
plasma and a direct correlation of the effect \hid treatment intensity. Nevertheless, in conti@ast
atmospheric gas plasma, PEF is known to produce mamogeneously distributed effects through
the material (Parniakov, Lebovka, Bals, & Vorobi€2Q15), not only limited to the surface,
explaining the higher inhibition of heat productiddimilarly, other studies regarding different
fresh-cut vegetable subjected to more traditionshttnents such as blanching (Gémez, Toledo,
Wadso6, Gekas, & Sjoéholm, 2004) and osmotic dehiairgPanarese et al., 2012) showed a patrtial
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reduction of metabolic activity proportionally tbet treatment parameters. Conversely to other
treatments, the main effect of PEF on cell procgsatethe present treatment conditions, is only
ascribable to the alteration of the membrane pébitigaand functionality, while the direct enzyme
inactivation is negligible. Indeed, according tovesal authors finding, a significant decrease of
enzymes activities only occurred when electricdfistrength higher than 5 kV/cm was applied
(Giner, Gimeno, Barbosa-Canovas, & Martin, 2001gr#} et al., 2007).

Besides, the respiration rate was measured usstafia method after 24 h at the same experimental
conditions applied for the isothermal calorimetrgasurements-ig 2b and Table 1 show the
results, including the statistical analysis. Acdoglly, a marked decrease of both €nsumption
and CQ production was observed upon PEF treatments aBA80400 V/cm. This confirmed the
severe loss of viability of apple tissue causedth®y irreversible electroporation. A significant
difference was also noticed in the RRCla@tween the two highest field strengths, leadmghe
conclusion that the metabolic response was affduydtie field strength even over the threshold of
the irreversible electroporation.

The aerobic cell respiration of fresh fruit prodsigts5 kJ per mol of Oconsumed, hence results
obtained by calo-respirometric analysis could bagared (Wadso et al. ,2009). However, because
for metabolic heat production the first 4 h of as&d were excluded, in order to obtain comparable
data, the @ consumed during that interval was measured inrallphexperiment and RRQdata
adjusted consequentially. Results showed thatitstedf h accounted for the 27.0 0.8 % of the total
02 confirming the non-linear consumption throughadth highlighted in previous works (Tappi,
et al., 2014; Tappi, et al., 2016; Torrieri, Caaelk Masi, 2009). Metabolic heat and RR®ere
found linearly correlated R= 0.9994), nevertheless, ®onsumption calculated from metabolic
heat was found to be lower, in all the sampleshaibias spanning from 0.50 to 0.75 mg- kg

The achieved difference was attributed to the wondesponse as consequence of both cutting
(Wadso, et al., 2004) and PEF treatments (Galietlal., 2008).

Taking into account the respiration quotient, tlee ratio between RRGCand RRQ, all the
samples showed values higher than 1. In particthase observed for control and treated samples
at 100 V/cm were the highest, with similar scoremuad 2.3. Several authors pointed out that the
anaerobic processes were prompted by either lowgesxyor high carbon dioxide conditions,
respectively lower than 2-5 % and higher than 4-8Cqrtellino, et al., 2015; Iversen, Wilhelmsen,
& Criddle, 1989; Yearsley et al., 1996). Even thioulge recorded 9Ovalues around 18 % and the
highest CQ level around 4 % stood below the anaerobic tloiesteported in literature, the high

respiration quotients suggested that metabolicvweagh different from the aerobic respiration were
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triggered. In order to clarify the metabolic resperof fresh-cut apples upon PEF treatments,

samples were collected and analysed by means of-Nadéied metabolomic approach.

3.3 Metabolic profiling by HD-NMR: specific metatioresponse of the tissue

The metabolic profiles of the 4 sample groups, aeduby HR-NMR analysis, gave rise to 43

guantified signals which are displayedTiable 2. Using Chemomx software, available literature
(Belton et al.,, 1997; Tomita et al., 2015; Vandesshche et al., 2013; Capitani et al., 2012;
Monakhova et al.; 2014) along with HMDB (Wishartadt, 2012) and Madison (Cui et al., 2008)

public databases, 38 metabolites were identified.

A multivariate non-targeted approach was chosemvestigate the differences in the metabolic
profiles upon the application of PEF at differefgctric field strengths. Initially, an unsupervised

statistical method, the principal component analysias applied to highlights the main sources of

variation among the spectra.

Table 2. Metabolites in NMR profiles underwent to statiatianalysis

Alcohols Amino acids Organic acids Sugars Other

Butanol Alanine Acetic acid Fructose Acetaldehyde

Ethanol Asparagine Chlorogenic acid Maltose Acetoin

Isopropanol Asparagine Citramalic acid Sucrose &pahin

Methanol Aspartic acid Formic acid Trehalose myositol

Propanol Glutamic acid Lactic acid Xylose Trigoimed|
Leucine Malic acid a-Galactose  Unknown at 3,34 ppm
Phenylalanine Pyruvic acid B-Galactose  Unknown at 4,32 ppm
Valine Quinic acid a-Glucose Unknown at 4,51 ppm

Succinic acid B-Glucose Unknown at 4,98 ppm

Tartaric acid
y-Aminobutyric acid

Unknown at 5,49 ppm

The first and second principal component, displayefig 3a, explained only the 25.65 and 15.47
% of the variance, respectively. A reasonable sgjoer of two main clusters was achieved, so that
samples treated above and below the thresholdreversible electroporation were separately
observed. However, to boost the discrimination keetwthe 4 classes a supervised chemometric

tool based on sPLSDA-LDA was used.
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Fig. 3. PCA scores of the first two components @9LSD/A-LDA scores (B) and loadings (C) of the first 1 latent
variables; GA = Glutamic acid, GABA y-Aminobutyric acid .Further details are reported in Matt and methods
section.

The two steps data process was tailored to botarexhthe separation of the different treatm
and, simultaneously, reduce the complexity of tloeleh by selecting and sorting the metabolite:
importance. Firstly, the iterative SPLSDA step s e@l iesulted in parsimonious selection o
important metabolites which showed average V.ldues higher than 1 in more than 70 % oL
one thousand repetitions. Secondly, a LDA model laK, based on the selected metabolites
that an improved discrimation of the four classes was achievFig. 3b-c illustrate score and
loading plots whileT able 3 shows the confusion matrix arisen from the chemdmanalysis. LD
accounted for the 93.37 % of the variance and dedlearly discriminate samples peanently
electroporated from the others which, in agreemsith PCA results, gave rise to high
differences in the metabolic profiles. LD2 and LBi8ed the fine tuning of the modifications of
profiles between 25@00 V/cm and Contr-100 V/cm, respetively. In addition, the confusic
matrix (Table 3) describes the correct assignménthe 95 % of the cases. Interestingly,
remaining 5 % of the samples were incorrectly assigby the model only between Con-100
V/cm and 250-400 V/cm.

Table 3. Confusion matrix of &lass LDZ

Control 100 V/cn 250 V/cm 400 V/cm

Control 0.231 0.006  0.000 0.000
100 V/icm  0.019 0.244 0.000 0.000
250 V/cm  0.000 0.000 0.231 0.006
400 V/cm  0.000 0.000 0.019 0.244

Being intrinsically quantitative and high reprochlei HR-NMR analysis allowed the accure

estimation of the concentrations of the 8 metaésliwhich are illustrated iFig. 4. Interestingly,
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the concentrations of ethanacetaldehyc and isopropanoivere significantly affected by tt
application of the different electric fiel confirming that anaerobiermentativi metabolisms took
place (Cortellino et al., 2015).
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Fig. 4. Concentrations of the important metabolites asarfsom metabolom analysis. Values are mei + standard
deviations (n=36) and differences between meartsthit same letter are not significar p<0.0-.

Both ethanol and isopropanol contents were lowdénedhe PEF treatments especially when
threshold of the irrevsible electroporation was exceeded. The high alctdvels detected cou
be a consequence of microbial metabolism (Bartal.et2009), but the reduction observed at
highest PEF treatment adopted confirm their endogergeneration, as a consequ« of apple
tissue metabolism. Actually, according to Heinzaét(2001), threshold value for the onset
microbial inactivation is about 5 kV/cm, extreméligher than the one applied in this study. In
direction, according to the calorimetric and iiration results, the loss of the cell viability wiee
most probable cause.

Moreover, the different concentrations of acetajdiehwas able to discriminate samples treate
250 V/cm from those subjected to 400 V/cm. howekes, worth noting that acaldehyde has been
reported to be produced in small amount, in padicwduring the first day of storage after fre
tissue cutting and remains constant afterwardsi&Fortuny, Ricart€oll, & Martin-Belloso,
2005). Due to the high volatility of thisetabolite it was usually found in the package hpade
(Cortellino et al., 2015) and this can explained thgh variability of the data collected, in f
present work, by the analysis of the metabol:

Beside anaerobic respiration, epicate showed a similar trend to the one evidenced fortwee

alcohols. In fact, PEF treatment above the irrabéity threshold lowered the amount
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epicatechin without a linear correlation with thepked electric field. In addition, tartaric acicas/
diminished by the application of PEF at every fislcength. Both the metabolites could be affected
by the oxidative stress induced immediately aftex tormation of pores (Teissie et al., 1999).
Indeed, epicatechin, as well as other phenolic @amgs of plant tissues, is a source of active
antioxidants which are easily oxidized by the tesbgical processes (Berregi, Santos, del Campo,
& Miranda, 2003). On the other hand, the pathwat teads to the biosynthesis of tartaric acid
involves the degradation of ascorbic acid to thieaweid and, subsequently, to tartaric acid (Saito,
Morita, Kasai , 1984). Similarly to the present Wwothis pathway was also subjected to PEF-
specific response in potato tissue as observeddiindgd® et al. (2009).

Another metabolic pathway previously described atapo tissue is the one which involves the
alteration of the Krebs cycle. Galindo et al (2088ted that glutamic acid was affected by the
application of PEF, within few hours after treatrjen a similar way to the wounding response. In
the present work, two metabolites, i.e. glutamiicl @andy-Aminobutyric acid (GABA), showed an
accordant behaviour. Shelp et al (2012) demonstithtz the production g-Aminobutyric acid in
plant tissue, including apples, was the resultthefabiotic stress. In addition, the alteratiorthef
Krebs cycle might also accounted for the lower laeak CQ productions.

To the best of our knowledge, hitherto the PEF-gedlustress of vegetable tissues has been mainly
described as short-term response. Indeed, prewaurks demonstrated that the generation of
reactive oxygen species (ROS) occurs within secaftds the application of electric fields (Teissie
et al.,, 1999; Ye, Huang, Chen, & Zhong, 2004). Hesvethe effect of electroporation on plant
tissue can last for hours or days due to the regomecesses, for instance the resealing of pores
(Teissié, Escoffre, Rols, & Golzio, 2008; Vorobi&vLebovka, 2009). In the present work, both
short and long term effects were observable, neglass, in agreement with Galindo et al. (2009),
the latter predominantly affected the metabolicfige of fresh-cut vegetable products. The
combination of data acquired by a multi-analytiapbroach allowed to clarify the PEF-induced
stress responses and hypothesize which metabaheags were triggered in accordance with the
applied electric field.

4. Conclusions

The metabolic stress response induced by pulsettrieléelds was strongly related to the electric
field strength. Therefore, the accurate controlthed process parameters is fundamental for the
feasible application of PEF in fresh-cut prodwsitse irreversible damages of the membranes led
to a severe loss of the cell viability with likelyndesirable effects on the shelf life. Conversily,

applying electric field strength below the threshdf irreversibility, merely slight effects on
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metabolic profiles of fresh-cut apple tissue wedatiaed, promoting the employment of PEF at
those conditions.

The multianalytical approach based on calorimegag analysis and NMR-based metabolomics led
to clarify important metabolic aspects of applesieled, different PEF-induced metabolic pathways
were revealed by analysing tens of metabolites Isfmeously through a non-targeted approach.
The measurement of heat production adequately ibedcrboth reversible and irreversible
treatments, encouraging the use of this methothtbassessment of PEF treatments in the fresh-cut
sector.

Nonetheless, only the combination of complement&ghniques based on different physical
principles resulted in a clear and comprehensigri@ of the effects of pulsed electric fields ba t
metabolic response.
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