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A B S T R A C T

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 fruitis  still scarce.
The objective of this study was to evaluate the effect of atmospheric double barrier discharge (DBD) plasma treatment on the quality maintenance of 

fresh-cut kiwifruit. Treatments of 10 and 20 min per side were performed and their consequences were evaluated during four daysof  storagein  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, buta  better retention during storage. No significant changes in antioxidants content and antioxidant activity were 

observed among treated samples and control ones.
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10 1. Introduction

11 Among the known pre-treatments for extending storage life of
12 minimally processed kiwifruit, some of the most used (in order of
13 increasing intensity degree) include: dipping in calcium salt
14 solutions, osmotic-dehydration, edible coating, tissue vacuum
15 impregnation with glucose and hot water dipping (Muntada et al.,
16 1998; Agar et al., 1999; Dalla Rosa et al., 2011; Tylewicz et al., 2011;
17 Benítez et al., 2013). In terms of technological and economical
18 aspects, these techniques present some disadvantages related to
19 the necessity of dipping the product in aqueous solution (e.g. plant
20 and consumables costs, disposal of exhausted solutions, labelling
21 of chemical agents, further drying). In addition, these processing
22 techniques are principally aimed at maintaining colour and texture

23(Agar et al., 1999) and slowing down deteriorative phenomena
24induced by tissue wounding response, but not at sanitising the

product.
26Cold plasma is an ionised gas characterised by active particles
27such as electrons, ions, free radicals and atoms that is produced by
28applying energy to a gas or a gas mixture. Operative and
29configuration conditions of the atmospheric plasma generators
30and the assessment of the efficacy of the ionised gas on microbial
31inactivation were extensively reviewed (Moreau et al., 2008). The
32oxidative species produced during the discharge (reactive oxygen
33and nitrogen species) can cause peroxidation of lipids and
34oxidation of proteins and DNA (Montie et al., 2000).
35Since the decontamination can be carried out in atmospheric
36conditions, the treatment was tested in terms of the efficacy of
37surface decontamination on different kinds of foods such as fruits
38(Berardinelli et al., 2012; Baier et al., 2014), vegetables (Keener
39et al., 2012; Baier et al., 2014), almonds (Deng et al., 2005), nuts
40(Basaran et al., 2008), grains and legumes (Selcuk et al., 2008), shell
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41 eggs (Ragni et al., 2010), hatching eggs (Pasquali et al., 2010) and
42 meat (Noriega et al., 2011).
43 Recently, new applications of cold plasma have been proposed
44 in the food processing sector. The oxidative power of plasma
45 was tested in order to preserve the qualitative characteristics of
46 fresh-cut fruit and vegetables. These applications were mainly
47 addressed to the reduction of the activity of oxidative enzymes
48 such as polyphenol oxidase in fresh-cut apples (Tappi et al., 2014;
49 Bußler et al., 2013), peroxidase in tomatoes (Pankaj et al., 2013) and
50 polyphenol oxidase and peroxidase in a model food system
51 (Surowsky et al., 2013).
52 All the cited works evidenced a significant effect on the activity
53 of degradative enzymes, in some cases with a consequent
54 improvement of the product visual quality, as documented for
55 fresh-cut Pink Lady apples (Tappi et al., 2014).
56 Other interesting works regard the effect of cold plasma on the
57 total phenolic content of lamb’s lettuce (Grzegorzewski et al., 2010,
58 2011) and on the physiological behaviour of green plant tissue
59 (Baier et al., 2013, 2014). According to the aforementioned
60 authors, plasma exposure leads to a detrimental effect on tissue
61 photosynthetic efficiency, erosion phenomena of the leaves upper
62 epidermis and a time and structure-dependent degradation of
63 phenolic compounds, although the plant matrix seems to protect
64 them from the oxidation caused by interaction with plasma-
65 induced reactive species. In theory, the intense oxidative power of
66 plasma treatment, due to the presence of OH�, NO� and other
67 reactive radical species (Ragni et al., 2010), could also promote the
68 oxidation of the bioactive compounds contained in fruit tissue,
69 such as vitamin C and polyphenols, with a consequent decrease of
70 the antioxidant properties of fresh fruit. Wang et al. (2012) found a
71 slight decrease in the vitamin C content of different sliced
72 vegetables subjected to microjet plasma treatment, probably
73 due to oxidation, but within a range considered acceptable. The
74 knowledge of the modifications on the functional and nutritional
75 properties of minimally processed fruit is still scarce, and while
76 there are some reports on the effect of plasma on the antioxidant
77 content and activity of whole fruit (Berardinelli et al., 2012), the
78 effect on fresh-cut fruit is largely unknown.

79Amongminimally processed fruit, kiwifruit is a very interesting
80product from a nutritional point of view because it contains high
81levels of vitamin C, vitamin E, flavonoids, minerals (Du et al., 2009)
82and significant amounts of pigments, including chlorophyll and
83carotenoids (Tavarini et al., 2008). Vitamin C is considered the
84major antioxidant compound in kiwifruit, contributing to about
8540% of the total antioxidant activity (Tavarini et al., 2008), but also
86phenolic compounds have been reported to have a role in the
87antioxidant properties (Du et al., 2009). The consumption of
88kiwifruit has been recognised to have a preventative effect against
89different cancers due to its cytotoxic and antioxidant activities
90(Collins et al., 2001; Rush et al., 2002).
91This study represents an early attempt to test the effect of
92double barrier discharge (DBD) cold plasma treatment on the
93quality of minimally processed kiwifruit and on its potential effect
94on health properties. In particular we monitored physical
95parameters related to visual quality (colour and darkened area),
96texture and standard chemical parameters. The chlorophyll,
97carotenoids, ascorbic acid and polyphenols content was also
98measured. The in vitro antioxidant activity was quantified by
99different in vitro assays: the 2,20-azino-bis(3-ethylbenzothiazo-
100line-6-sulphonic acid) (ABTS) radical scavenging assay, the
1012,2-diphenyl-1-picrilhydrazyl (DPPH�) radical scavenging assay,
102and the ferric reducing antioxidant power (FRAP). The same
103parameters were tested during storage in controlled conditions.

1042. Materials and methods

1052.1. Raw material, handling and storage

106Kiwifruits (Actinidia deliciosa cv. Hayward) were harvested at
107the beginning of November 2012 (Emilia Romagna region, Italy)
108and stored in a bin in a refrigerated room for one month (from
109�1 �C to 1 �C, R.H. 98%). After this period, defect-free fruits of
110uniform size were selected and transported to the laboratory,
111where they were stored for a further 15 d at 4 �C and R.H. 98%
112before being treated. At the time of sample preparation, the raw
113material had a soluble solid content of 13.5 � 0.77%, titrable acidity

Fig. 1. Emission spectra of the discharge acquired during 10 min of treatment (15 kV peak-to-peak, at about 22 �C and 60% of R.H.).
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114 of 1.47 � 0.07 g of citric acid kg�1 and a dry matter content of
115 149 g � 5.8 kg�1 on a fresh weight basis.
116 Analytical grade chemicals were purchased from Sigma–
117 Aldrich (Steinheim, Germany). Hydrochloric acid and methanol
118 were purchased from Romil (Feltham, UK).

119 2.2. DBD gas plasma generator

120 DBD cold plasma treatments were run at atmospheric
121 conditions inside a cabinet described in previous studies
122 (Ragni et al., 2010; Berardinelli et al., 2012). The ionised gas was
123 produced using atmospheric gas (according to a DBD configura-
124 tion) between three couples of parallel plate electrodes, made of
125 brass (one electrode of each couple was covered by a 5 mm thick
126 glass sheet as dielectric material). The electrodes were powered by
127 a DC power supply whose voltage can be varied from 2 to 19 V. As
128 described in the cited studies, a potential difference of 15 kV
129 (peak-to-peak) was measured at the electrodes with an input
130 voltage of 19 V (the level chosen for the treatment). The emission in
131 the 200–450 nm wavelength range (at approximately 22 �C and
132 60% of R.H.) was chemically characterised by an optic fibre probe
133 (Avantes, FC-UV400-2) placed at 20 mm from the discharge and
134 connected to a spectrometer (Avantes, AvaSpec-2048). Preliminary
135 assessments showed that the presence of the fruit does not affect
136 the emission during the duration of the treatments considered in
137 this study.
138 The emission spectra acquired after 1, 5 and 10 min of treatment
139 are shown in Fig. 1. Probably due to a thermal stabilisation of the
140 system (electrical components, electrodes, etc.), the measured
141 irradiance increases by increasing the min of treatment. After
142 about 10 min, a stabilization of the irradiance values can be
143 observed.
144 In terms of emission peaks, those related to the neutral nitrogen
145 molecules N2 (290–440 nm) and to the positive ion N2

+ (391.4 nm)
146 were dominant, as can be commonly detected for atmospheric
147 air discharge. The emission peaks of OH (305–309 nm) and NO
148 (226–248 nm) radicals were also observed.

149 2.3. Sample treatment and storage

150 Kiwifruit slices were placed under the electrodes (at a distance
151 of 70 mm) and the discharge was directed on the surface of the fruit
152 by three fans mounted over the electrodes (fan speed: 1.5 m/s at
153 the base of the electrodes) as shown in Fig. 2.
154 After preliminary tests aimed at avoiding evident surface
155 damage, two treatment times were chosen: 20 min (10 + 10 min for
156 each side) and 40 min (20 + 20 min for each side). Atmospheric
157 conditions (approximately 22 �C and 60% R.H.) were defined
158 according to previous experiences which showed that OH radicals
159 increase by increasing the air humidity level (Ragni et al., 2010).
160 Each treatment (10 + 10 and 20 + 20) was repeated in triplicate
161 and for each replication 30 slices from 10 different kiwifruit were
162 used. To minimise differences due to natural variability, kiwifruit
163 slices were randomly divided into two sub-samples of 15 treated

164and 15 control samples. Control samples were stored at the same
165temperature and R.H. conditions for the duration of the treatment.
166Kiwifruit slices were stored for four days in controlled and
167constant conditions; in particular, temperature and relative
168humidity were respectively 10 �C and 95% in order to simulate
169an accelerated storage. The storage temperature was chosen in
170order to simulate an accelerated storage that requires the use of a
171temperature higher than the optimal one, but, at the same time, in
172order to avoid the change of the typology of degradative reactions,
173a temperature close to the real storage condition in the
174supermarket was chosen.
175Furthermore, to avoid interaction with packaging variables such
176as passive modified atmosphere, samples were placed on trays and
177stored unpacked. Colour, visual quality by image analysis and
178texture were assessed for each treatment immediately after the
179plasma exposition and after one and four days of storage.
180To analyse chlorophyll and carotenoids content, samples were
181freeze-dried after treatment and after four days of storage. They
182were subsequently ground under liquid nitrogen and stored at
183�18 �C for two weeks.
184Antioxidants content and antioxidant activity were determined
185only on samples subjected to the longest treatment and their
186relative controls after freeze-drying.

1872.4. Qualitative assessment

1882.4.1. Visual quality

1892.4.1.1. Colour. Surface colour was measured on the kiwifruit
190pericarp with a Chroma Meter CR-400 reflectance colorimeter
191(Minolta Italia, Milano, Italy) using the D65 illuminant and the 10�
192standard observer. For each slice, an average value of three
193measurements performed in three different points was calculated.
194The L*, a* and b* parameters of the CIELAB system were measured,
195a* and b* parameters were further used to calculate Hue angle (Eq.
196(1)) and chroma (Eq. (2)) values (C.I.E., 1987).

h� ¼ arctan½b�=a��
2p

� �
� 360 (1)

Chroma ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a�2 þ b�2

q
(2)

1972.4.1.2. Darkened area by computer vision system (CVS). A digital
198camera mod. D7000 (Nikon, Shinjuku, Japan) equipped with a
19960mm lens AF-S micro, Nikkor (Nikon, Shinjuku, Japan) was used
200to acquire digitalised images of kiwifruit slices (exposition time
2010.5 s; F-stop f/16) placed inside a black box under controlled
202lighting condition.
203Images (RGB scale) were processed with Photoshop (Adobe
204Photoshop, 8.0) in order to separate the pericarp area from the core
205tissue. These two portions were separately analysed with an

Fig. 2. Top view of the electrodes and of the kiwifruit slices placed under the discharge.
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206 advanced Image Analysis Software (Image Pro-Plus v. 6.2, Media
207 Cybernetics, USA), according to a chromatic model set up by
208 Rocculi et al. (2005). After conversion in grey scale (8 BPP), on the
209 basis of the chromatic characteristics, two different pixel ranges
210 were defined corresponding to “darkened” (0-177 BPP for pericarp
211 and 0-215 BPP for the core) and “not darkened” (178-253 BPP
212 216-153 BPP for the core) areas. All pixels were then evaluated by
213 the model in terms of percentage of darkened area on the total.

214 2.4.2. Texture
215 Penetration tests were run using a Texture Analyser TA-HDi500
216 (Stable Micro Systems, Surrey, UK) equipped with a 50 N load cell
217 and a 6 mm diameter stainless steel cylinder by setting the test
218 speed at 0.5 mm s�1 and the maximum deformation at 90%.
219 For each slice, penetration tests were carried out in two
220 different points of the pericarp. The acquired curves (Force, N,
221 versus time, s) were analysed and the following mechanical
222 parameters were extracted: firmness, the first peak force (N) value
223 representing the limit of the flesh elasticity (F), work (mJ) required
224 to rupture the flesh from 0 s to F (AF), and gradient (N mm�1)
225 between 0 s and F (G).

226 2.4.3. Chemical parameters
227 Soluble solids content (SSC) was determined at 20 �C by
228 measuring the refractive index with a digital refractometer mod.
229 PR1 (Atago Co., Ltd., Tokyo, Japan) calibrated with distilled water.
230 Dry matter content was determined gravimetrically by differ-
231 ence in weight before and after drying at 70 �C, until a constant
232 weight was achieved (AOAC International, 2002).
233 Titratable acidity (TA) was determined by titration with NaOH
234 0.1 N until pH 8.1 was reached (AOAC International, 2000), and
235 expressed as mg of citric acid kg�1 on a fresh weight basis.
236 For each sample, SSC and TA were determined in triplicate on
237 the juice obtained by crushing 10 kiwifruit slices with a food
238 processor, after filtering through Whatman #1 filter paper. SSC, dry
239 matter and TA were determined immediately after treatment and
240 after 24 h of storage in controlled conditions (10 �C, 90% R.H.).
241 Electrolyte leakage (EL) was measured as described by Rolny
242 et al. (2011) with small modifications. Briefly, one slice of kiwifruit
243 (approx 10 g) was floated on 100 mL of deionised water. The
244 electrolyte content in the solution was measured immediately (C0)
245 and after 3 h (C3) of incubation under continuous shaking at
246 room temperatureQ5 using a conductometer (Crison Instrument,
247 Barcelona, Spain). The flasks were then put in an oven at 100 �C for
248 1 h. After cooling to room temperature, total conductivity (TC) was
249 then measured again. Results were expressed as percentageQ6 of
250 electrolyte leakage according to Eq. (3):

%EL ¼ 100 � C3 � C0ð Þ
TV

(3)

251

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

255 2.4.4. Chlorophyll and carotenoids content
256 0.5 g of freeze-dried sample were extracted for 2 min with 5 mL
257 of 80% acetone and centrifuged (3273 � g for 10 min at 10 �C). The
258 supernatant was directly assayed spectrophotometrically at three
259 different wavelengths (662, 645 and 470 nm). Quantifications were
260 obtained according to Lichtenthaler and Wellburn (1983) using the
261 Eqs. (4)–(6):

Ca ¼ 11:75 � A662 � 2:350 � A645 (4)

Cb ¼ 18:61 � A645 � 3:960 � A662 (5)

Cs ¼ 1000 � A470 � 2:270Ca � 81:4Cb

227
(6)

262263

264where Ca, Cb and Cs are respectively chlorophyll a and b and
265carotenoids concentrations (mg L�1), and A is the absorbance
266values at the different wavelengths. Results were expressed as
267g kg�1 of dry weight.

2682.4.5. Antioxidants and antioxidant activity

2692.4.5.1. Sample preparation and solid phase extraction for antioxidants
270determination. Hydrophilic fraction extraction: 0.5 g of freeze-
271dried sample were added to 10 mL of 0.1 N sulphuric acid in a 50 mL
272polypropylene tube, wrapped in an aluminium sheet. The mixture
273was vortexed for 2 min, then was centrifuged for 10 min at 1500 � g
274in an AllegraTM X-22 R centrifuge (Beckman Coulter, Inc., Brea, CA)
275set at 4 �C. The supernatant was filtered through a Whatman
276541 filter paper (GE Healthcare, Buckinghamshire, UK). The solid
277residue was stored at 4 �C and then used for the extraction of
278amphiphilic fraction. 4 mL of the sample was loaded onto a Strata
279C18-U cartridge connected to a vacuum manifolds system
280(Phenomenex Inc., Torrance, CA, USA) and previously
281conditioned with 10 mL of methanol 100% followed by 25 mL of
282water. After the complete absorption of the sample, the hydrophilic
283compounds were eluted with 2 � 4 mL of 0.1 N sulphuric acid,
284collected in a 15 mL polypropylene tube (final volume 12 mL) and
285used for antioxidants and antioxidant activity determinations.
286Amphiphilic fraction extraction: 1 mL of methanol 100% was
287added to the solid residue obtained after hydrophilic compounds
288extraction and it was dried under a gentle nitrogen stream. Sample
289was then added to 10 mL of methanol 60% and vigorously shaken
290for 10 min at room temperature. The mixture was centrifuged for
29110min at 1500 � g in an AllegraTM X-22 R centrifuge (Beckman
292Coulter, Inc., Brea, CA) set at 4 �C. 4 mL of the supernatant were
293loaded onto the same C-18 cartridge previously used for the
294separation of the hydrophilic fraction. After the complete
295absorption of the sample, the amphiphilic compounds were eluted
296with 2 � 4 mL of methanol 60%, collected in a 15 mL polypropylene
297tube (final volume 12 mL) and used for antioxidants and
298antioxidant activity determinations.

2992.4.5.2. Ascorbic acid determination. Ascorbic acid was determined
300on the hydrophilic extract by HPLC analysis carried out according
301to Odriozola-Serrano et al. (2007). The HPLC system LC-1500
302(Jasco, Carpi, MO, Italy) was equipped with a diode array UV/vis
303detector. A reverse-phase C18 Kinetex (Phenomenex Inc., Torrance,
304CA, USA) stainless steel column (4.6 mm � 150 mm) was used as
305stationary phase. Samples were introduced in the column through
306an autosampler (Jasco AS-2055 Plus). The mobile phase was a
3070.01% solution of sulphuric acid adjusted to pH 2.6. Flow rate was
308fixed at 1.0 mL/min at room temperature. Data were processed by
309the software ChromNAV (ver. 1.16.02) from Jasco. Ascorbic acid
310content was quantified at 245 nm through a standard calibration
311curve that was linear in the range 0–284 mM ascorbic acid.

3122.4.5.3. Total phenolic content (TPC) determination. The content of
313total polyphenols was quantified by the Folin–Ciocalteu phenol
314reagent method, according to Singleton and Rossi (1965), modified
315to fit a 96-wells plate. The TPC depends on the specific phenolic
316profile, in particular the type of phenolics present and their relative
317amounts or proportions (Naczk and Shahidi, 2004). The analysis
318was carried out after solid phase extraction on C-18 cartridges,
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319 which has been reported as a suitable technique of separation for
320 phenolic compounds (Antolovich et al., 2000; Nackzk and Shaidi,
321 2004).
322 The fresh working solution was prepared daily by diluting Folin
323 –Ciocalteu phenol reagent to a final concentration of 0.6 N in water.
324 250 mL of Folin–Ciocalteu phenol reagent were aliquoted in a
325 96-well microplate and the reaction was started by adding 60 mL of
326 hydrophilic or amphiphilic extracts. Six different dilutions for each
327 extract were analysed. After 6 min in the darkness the reaction was
328 neutralised by the addition of 22 mL of sodium carbonate
329 0.3 g mL�1. After an incubation of 30 min at room temperature in
330 the darkness, the absorbance was measured at 765 nm using the
331 EnSpireTM Multimode Plate Reader (PerkinElmer, Waltham, MA).
332 60 mL of 0.1 N sulphuric acid or methanol 60% were used for the
333 blank sample, for hydrophilic or amphiphilic extracts respectively.
334 Gallic acid was used as standard for the calculation of total
335 phenolic content of hydrophilic and amphiphilic extracts. Gallic
336 acid was dissolved in water for hydrophilic extract and in methanol
337 60% for the amphiphilic extract. 60 mL of water or methanol 60%
338 were used for the blank sample, for hydrophilic or amphiphilic
339 extracts respectively. The standard curve was linear in the range
340 0–39 mM gallic acid.

341 2.4.5.4. Radical scavenging capacity by ABTS�+. The ABTS free
342 radical scavenging activity was determined according to the
343 method described by Re et al. (1999) and modified to fit a 96-wells
344 plate. Briefly, ABTS was dissolved in deionised water to a final
345 concentration of 7 mM and ABTS�+ was produced by reacting ABTS
346 solution with potassium persulphate 2.45 mM and allowing the
347 mixture to stand in the dark at room temperature for 12–16 h.
348 ABTS�+ was then aliquoted into small vials for storage at �80 �C
349 until used. For the study, the ABTS�+ solution was diluted in
350 deionised water to an absorbance of 1.829 � 0.028 at 734 nm. Fresh
351 diluted ABTS�+ solution was prepared daily.
352 250 mL of ABTS�+ were aliquoted in a 96-wells microplate and
353 the reaction was started by adding 30 mL or 60 mL of hydrophilic or
354 amphiphilic extracts, respectively. Six different dilutions for each
355 extract were analysed. After 5 min of incubation at room
356 temperature in the darkness, ABTS� blanching was measured at
357 734 nm using the EnSpireTMMultimode Plate Reader (PerkinElmer,

358Waltham, MA). 30 mL or 60 mL of 0.1 N sulphuric acid or methanol
35960% were used for the blank solution, for hydrophilic or
360amphiphilic extracts respectively.
361Trolox was used as standard for the calculation of the radical
362scavenging activity (RSA) of hydrophilic or amphiphilic extracts.
363Trolox was dissolved in PBS buffer (pH 7.3) for hydrophilic extract
364and in methanol 60% for the amphiphilic extract. 30 mL of PBS or
36560mL of methanol 60% were used for the blank sample for
366hydrophilic or amphiphilic extracts, respectively. The standard
367curve was linear in the range 0–58 mM Trolox.

3682.4.5.5. Radical scavenging capacity by DPPH�. The DPPH free
369radical scavenging activity was determined according to the
370method described by Brand-Williams et al. (1995) modified to fit a
37196-wells plate. The DPPH� stock solution 0.913 mM was prepared
372inmethanol 100% and was stored at �20 �C until used. The working
373solution was obtained diluting DPPH� stock solution in methanol
37460% to a final concentration of 0.290 mM. Fresh diluted solution
375was prepared daily. 250 mL of DPPH� were aliquoted in a 96-wells
376microplate and the reaction was started by adding 60 mL of
377amphiphilic extract. Six different dilutions of amphiphilic extract
378were analysed. DPPH� reduction was measured at 515 nm using the
379EnSpireTM Multimode Plate Reader (PerkinElmer, Waltham, MA) at
38025 �C, after 10 min of reaction at room temperature in the darkness.
38160mL of methanol 60% were used for the blank sample. Trolox was
382used as standard for the calculation of the RSA of amphiphilic
383extract. Trolox was dissolved in methanol 60% and the standard
384curve was linear in the range 0–58 mM Trolox. 60 mL of methanol
38560% were used for the blank solution.

3862.4.5.6. FRAP determination. The FRAP assay was carried out
387according to the method described by Benzie and Strain (1996),
388modified to fit a 96-wells plate. The FRAP reagent (1.67 mM ferric
389chloride and 0.83 mM 2,4,6-tripyridyl-s-triazine (TPTZ) in 250 mM
390acetate buffer, pH 3.6) was prepared daily.
391250mL of FRAP reagent was aliquoted in a 96-wells microplate
392and the reaction was started by adding 60 mL of amphiphilic
393extract. Six different dilutions of amphiphilic extract were
394analysed. After 6 min of reaction at room temperature in the
395darkness, the absorbance was measured at 593 nm using the

Table 1
Pericarp colour and factorial ANOVA results Q10of 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 49.3a 5.5 30.1a 6.8 120.4a 2.3
T 10 + 10 0 47.6ab 6.2 27.1ab 8.1 120.2a 2.4
C 20 + 20 0 47.5ab 5.7 29.0ab 7.0 119.9a 2.6
T 20 + 20 0 46.4abc 4.8 26.2b 6.3 120.7a 3.5
C 10 + 10 1 44.7abce 8.4 20.1cd 4.5 111.5b 7.1
T 10 + 10 1 46.2abc 7.4 18.6cd 3.8 111.6b 3.7
C 20 + 20 1 43.0cde 6.9 19.0cd 4.6 112.5b 3.3
T 20 + 20 1 48.1a 9.3 19.7c 5.1 111.4b 2.9
C 10 + 10 4 39.9df 6.4 18.4ab 4.4 112.5b 5.5
T 10 + 10 4 43.2bcde 6.4 21.1c 4.6 112.1b 6.3
C 20 + 20 4 37.3f 5.4 16.7d 3.5 112.4b 4.3
T 20 + 20 4 41.1def 6.5 17.7ab 4.7 111.1b 3.3
F Sample 10.1 ** 1.11 n.s. 0.01 n.s.
F S.t. 57.1 *** 171 *** 237 ***

F Sample � S.t. 8.00 *** 8.32 *** 0.75 n.s.
F T.t. 4.57 ** 6.83 *** 0.99 n.s
F T.t. � 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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396 EnSpireTM Multimode Plate Reader (PerkinElmer, Hamburg,
397 Germany). 60 mL of methanol 60% were used for the blank sample.
398 Fe2SO4 dissolved in water was used as standard for the
399 calculation of the reduction capacity of amphiphilic extract. The
400 standard curve was linear in the range 0–174 mM Fe2SO4. 60 mL of
401 water were used for the blank sample.
402 Results of TPC, ABTS�+, DPPH� and FRAP are expressed in mol of
403 standard kg�1 on a dry weight basis of freeze-dried sample and
404 were calculated by the ratio of the correlation coefficient of the
405 dose–response curve of sample, and the correlation coefficient of
406 the dose–response curve of the standard.

407 2.5. Statistical analysis

408 All the analyses were carried out at least in triplicate on
409 3 independent samples and results were reported as mean and
410 standard deviation.
411 Factorial analysis of variance (ANOVA) was carried out to test
412 the significance of the effects of treatment (sample), storage time
413 (S.t.), and their interaction (sample � S.t.); the effect of treatment
414 time (T.t.) and its interaction with storage time (T.t. � S.t.) was
415 further studied within treated samples.
416 Significant differences (p < 0.05) between mean values were
417 tested by the Tukey’s HSD test. In the case of significance of the
418 Levene test, non parametric Mann–Whitney test was used.
419 Correlations among the results of different antioxidant activity
420 assays were calculated by Pearson’s correlation analysis. Statistical
421 analyses were carried out using the software STATISTICA for
422 Windows 7 (StatsoftTM, Tulsa, OK).

423 3. Results and discussion

424 3.1. Visual quality

425 3.1.1. Colour
426 Mean values and standard deviations of the colorimetric
427 parameters obtained from the measurements conducted on the
428 pericarp of the kiwifruit slices are shown in Table 1.
429 Samples lightness significantly decreased during storage but,
430 although no significant differences among control and treated
431 samples were observed immediately after the treatment, plasma
432 showed a positive effect on colour lightness maintenance during
433 storage, finally resulting in a less darkened product.
434 According to Agar et al. (1999), surface darkening of kiwifruit
435 slices can be attributed to translucent water soaking from the
436 tissue, since low polyphenol oxidase activity and high ascorbate
437 content limit enzymatic browning.
438 Plasma treatments did not affect colour Hue angle and
439 saturation (chroma), whilst the latter was affected by treatment
440 time. Storage time after treatment significantly decreased both
441 parameters.

442 3.1.2. Darkened area by CVS
443 In Table 2, mean values and standard deviations of the darkened
444 area (%) calculated for the pericarp and the core areas of the
445 kiwifruit slices are reported.
446 Storage time significantly increased the extent of darkened
447 areas, and, even though no significant differences were observed
448 immediately after the treatment, plasma treated samples showed a
449 more limited darkening during storage compared to control
450 samples due to the interactive effect between sample and storage
451 time.
452 Furthermore, a significant interactive effect between treatment
453 time and storage time on the extension of darkened areas of the
454 pericarp was observed, with sample treated for long time
455 presenting a faster darkening than those treated for the shortest

456time, but resulting in similar final values of darkened area at the
457end of the storage. Visual examples of control samples and treated
458samples (20 + 20 min) after 4 d of storage are given in Fig. 3.

4593.2. Texture

460Results of the penetration test are reported in Table 3. DBD cold
461plasma treatment did not affect the texture of kiwifruit slices in
462terms of hardness, work necessary to rupture the flesh and
463gradient. Storage time determined a dramatic decrease of all the
464texture parameters after 4 days of storage which were neither
465influenced by the treatment nor by the treatment time.
466According to Varoquaux et al. (1990) and Rocculi et al. (2005),
467texture breakdown in kiwifruit slices is due to physiological events
468that include enzymatic mediated degradation of hemicellulose,

Table 2
Pericarp and core darkened area 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) Darkened area

Pericarp (%) Core (%)

Mean s.d Mean s.d.

C 10 + 10 0 5.73c 4.60 8.70c 9.09
T 10 + 10 0 13.2c 18.5 13.5c 9.36
C 20 + 20 0 13.4c 11.6 15.4c 16.3
T 20 + 20 0 19.7c 13.0 21.4c 25.8
C 10 + 10 1 16.9c 7.97 28.0c 17.0
T 10 + 10 1 8.00c 6.34 23.2c 15.3
C 20 + 20 1 55.8b 19.4 61.5b 19.3
T 20 + 20 1 21.7c 8.84 25.0c 15.5
C 10 + 10 4 95.8a 4.93 70.7ab 27.8
T 10 + 10 4 82.3a 24.0 63.3ab 22.5
C 20 + 20 4 94.0a 10.1 87.5a 23.8
T 20 + 20 4 79.2a 23.7 60.8ab 27.6
F Sample 18.61 *** 12.39 ***

F S.t. 435.7 *** 108.7 ***

F Sample � S.t. 14.41 *** 7.40 ***

F T.t. 21.60 *** 12.23 ***

F T.t. � S.t. 14.91 *** 1.35 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.

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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469 solubilization of polyuronide and release of galactose from pectic
470 polymers, cell wall swelling and a decrease in water and osmotic
471 potential. Although in previous studies it has been reported that
472 plasma treatment can promote enzyme inactivation (Pankaj et al.,
473 2013; Surowsky et al., 2013; Tappi et al., 2014), in this research, the
474 activity of enzymes responsible for structure breakdown, generally
475 activated by operations such as peeling and cutting, do not seem to
476 be influenced by the applied treatments. To our knowledge, no
477 researches have yet been carried out on the effect of plasma
478 reactive species nor on this type of enzymes nor in this matrix
479 (kiwifruit), hence, at the moment, to hypothesise a mechanism to
480 explain the different results would be too speculative.

4813.3. Chemical parameters

482Mean values and standard deviations of soluble solid content
483(SSC), titrable acidity (TA), electrolyte leakage (EL) and dry matter
484(DM) are reported in Table 4.
485SSC increased with storage time probably due to starch
486conversion into sugars but was not affected by the treatment.
487Nevertheless, a significant interactive effect was observed between
488treatment time and storage time as samples treated for longer time
489showed a more pronounced increased of SSC.
490TA was significantly affected by storage time, treatment time
491and their interactions, although considering treated and control

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 (mJ) Gradient (N mm�1)

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

C 10 + 10 0 6.3ab 2.3 4.60a 1.86 9.38ab 2.37
T 10 + 10 0 6.8a 1.8 4.81a 1.63 9.62ab 3.26
C 20 + 20 0 6.0ab 2.1 4.57a 2.09 9.16ab 3.65
T 20 + 20 0 5.3b 2.3 4.20a 2.29 8.12b 3.24
C 10 + 10 1 5.2b 1.8 4.81a 1.77 8.85ab 2.84
T 10 + 10 1 6.3a 1.9 4.47a 1.53 10.93a 3.05
C 20 + 20 1 5.0b 1.8 4.27a 1.42 9.37ab 3.54
T 20 + 20 1 5.4ab 1.9 4.69a 1.82 9.15ab 2.94
C 10 + 10 4 2.0c 0.5 1.84a 1.17 3.67c 2.34
T 10 + 10 4 2.0c 0.6 1.68a 0.79 3.35c 1.58
C 20 + 20 4 1.8c 0.8 1.54a 0.89 3.08c 1.78
T 20 + 20 4 1.7c 0.7 1.47a 0.89 2.94c 1.78
F Sample 1.01 n.s. 0.63 n.s. 0.26 n.s.
F S.t. 202 *** 350 *** 1364 ***

F Sample � S.t. 2.11 n.s. 1.79 n.s. 2.38 n.s.
F T.t. 8.09 ** 5.13 * 4.07 *

F T.t. � S.t. 0.93 n.s. 0.37 n.s. 0.17 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.

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�1) EL (%) DM (%)

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

C 10 + 10 0 15.3b 0.6 13.1a 1.0 67.3a 2.6 10.9d 0.6
T 10 + 10 0 15.4 b 1.1 13.6a 0.7 61.6a 6.7 11.7cd 0.3
C 20 + 20 0 14.1bc 0.4 11.2a 1.0 59.9a 0.3 12.2d 0.7
T 20 + 20 0 14.9bc 0.5 11.7a 0.5 61.9a 0.5 13.0c 0.3
C 10 + 10 1 16.2d 0.3 14.2b 0.7 55.6a 4.6 11.9cd 0.7
T 10 + 10 1 16.9d 0.3 16.7b 3.1 63.1a 7.7 13.2c 0.2
C 20 + 20 1 18.2d 1.5 15.4b 0.9 60.9a 3.0 13.1c 0.2
T 20 + 20 1 17.2d 0.7 16.7b 0.5 55.2a 3.0 14.3e 0.2
C 10 + 10 4 19.0a 0.8 17.3c 0.4 73.7a 5.7 22.3e 1.0
T 10 + 10 4 17.7d 0.2 14.0a 0.7 66.7a 4.8 20.1b 0.1
C 20 + 20 4 17.6d 0.2 13.7a 1.0 66.4a 2.2 21.8a 1.0
T 20 + 20 4 19.4a 0.3 13.6a 0.7 66.7a 1.8 22.4e 1.2
F Sample 0.64 n.s. 0.65 n.s. 0.26 n.s. 3.42 n.s.
F S.t. 79.13 *** 47.94 *** 7.25 ** 793.56 ***

F Sample � S.t. 0.52 n.s. 13.21 *** 1.42 n.s. 8.01 **

F T.t. 0.43 n.s. 14.76 *** 0.52 n.s. 26.64 ***

F T.t. � S.t. 6.80 ** 8.71 ** 0.25 n.s. 0.33 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. 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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492 samples at each storage day, the only significant differences
493 observed by Tukey’s HSD mean comparison test was after 4 d of
494 storage for the 10 + 10 sample.
495 EL is a measurement of membrane integrity and it is often used
496 to assess the effect of stress or senescence on plant tissue (Rolny
497 et al., 2011). As it can be observe in Table 4, this parameter was
498 affected only by storage time, although no significant differences
499 were found according to the Tukey’s HSD mean comparison test.
500 Hence, it can be assumed that the treatment did not affect cell
501 membrane integrity.
502 Dry matter content underwent an increase of about 7%
503 compared to the control immediately after the treatment for both
504 samples, probably due to the effect of the fan, similarly to the result
505 found by Wang et al. (2012). During storage, a progressive increase
506 was observed in all samples but, as the interaction between sample
507 and storage time shows, plasma treatment seems to have induced a
508 faster dehydration of the tissue exposed to the air. After the longer
509 treatment, differences in dry matter compared to controls were
510 more pronounced as it can be observed in Table 4.
511 Generally, the obtained results showed that the response of
512 kiwifruit tissue to plasma treatment in terms of physico-chemical
513 parameters was limited and mainly represented by an increased of
514 dry matter content.

515 3.4. Chlorophyll and carotenoids analysis

516 Mean values and standard deviations of the concentration of
517 the chlorophyll a and b and of the carotenoids are reported in
518 Table 5.
519 A significant decrease in chlorophyll a (about 15%) was
520 observed soon after treatment, even though no significant
521 differences among control and treated samples were observed
522 after 4 d of storage. Storage time significantly decreased the
523 chlorophyll and carotenoids content, but plasma treated samples
524 showed a more limited pigments loss than control samples.
525 The chlorophyll degradation upon plasma treatment could be
526 associated to the Type II breakdown mechanism (Brown et al.,
527 1991), which is mediated by the presence of oxygen radicals
528 produced during reactions related to tissue metabolism or, as in
529 this case, by plasma. Their presence is favoured by membrane
530 breakdown as it normally occurs in minimally processed fruit and
531 vegetable products. Hence, it can be hypothesised that the
532 free radicals produced during the treatments caused the first

533pigments oxidation. At the same time, plasma is known to
534produce a partial protein denaturation (Pankaj et al., 2013;
535Surowsky et al., 2013; Tappi et al., 2014), which may have caused
536a slowdown in chlorophyll catabolism operated by enzymes such
537as chlorophyllase and magnesium dechelatase (Type I breakdown)
538during storage.

5393.5. Ascorbic acid and total phenolic content

540Ascorbic acid and TPC of treated and control kiwifruit samples
541were evaluated and the results are summarised in Table 6.
542The minimally processed kiwifruit samples showed an average
543ascorbic acid content of 33 mol kg�1 on a dry weight basis, higher
544than values reported by other authors (Agar et al., 1999; Gil et al.,
5452006; Tavarini et al., 2008) ranging between 20 and 25 mol kg�1 on
546a dry weight basis. However, Tavarini et al. (2008) showed that the
547ascorbic acid content of kiwifruit could vary more than two-fold
548due to harvest time and post-harvest storage.
549The DBD plasma treatment did not affect the ascorbic acid
550content (Table 6) immediately after the treatment, but a significant
551reduction of ascorbic acid of about 7% after 4 d of storage was
552highlighted by ANOVA, even though the Tukey’s HSD mean
553comparison test did not evidence significant difference among the
554samples.
555Agar et al. (1999) found a 20% reduction of ascorbic acid in
556kiwifruit slices after 6 d of storage at 10 �C due to oxidation, while
557Gil et al. (2006) found a 10% reduction of ascorbic acid after 4 d of
558storage at 5 �C and a 13% reduction after 6 d.
559The TPC of the hydrophilic extracts resulted higher than that of
560the amphiphilic extracts, even though C-18 cartridges retain most
561of the phenolic compounds. This happens because the ascorbic
562acid in the hydrophilic extract, whose recovery was 95% as
563determined by the standard addition method, could react with the
564Folin–Ciocalteu reagent (Antolovich et al., 2000; Vinson et al.,
5652001). This fact is often overwhelmed when discussing total
566polyphenols data. The analysis of TPC without separation of the
567hydrophilic fraction (i.e. by SPE) could determine a dramatic
568overestimation of kiwifruit TPC. For example Tavarini et al. (2008)
569detected about 16 mol kg�1 on a dry weight basis of total phenolics
570in kiwifruit using the colorimetric assay with the Folin–Ciocalteu
571reagent without SPE separation, whilst other authors (Gil et al.,
5722006; Dawes and Keene, 1999) detected about 1.6 mol kg�1 of total
573phenolics by HPLC analysis. In this study, a total phenolic content of

Table 5
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 (g kg�1) Chlorophyll b (g kg�1) Total carotenoids (g kg�1)

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

C 10 + 10 0 100.5a 8.04 43.97ab 4.41 42.02ab 3.31
T 10 + 10 0 87.15b 2.08 38.83abc 3.38 40.69abc 0.50
C 20 + 20 0 100.0a 3.45 44.19a 4.00 43.35a 3.49
T 20 + 20 0 86.44b 3.12 41.73abc 2.93 40.21abc 2.31
C 10 + 10 4 88.16b 3.29 37.32c 3.29 37.52cd 0.21
T 10 + 10 4 90.53b 4.19 42.65abc 2.75 38.34bcd 3.44
C 20 + 20 4 88.16b 4.29 37.32c 3.29 37.52cd 0.21
T 20 + 20 4 89.59b 4.65 37.78bc 4.24 35.20d 4.55
F Sample 26.79 *** 0.21 n.s. 4.84 *

F S.t. 15.61 *** 11.34 ** 42.44 ***

F Sample � S.t. 47.28 *** 10.89 ** 1.19 n.s.
F T.t. 0.24 n.s. 0.18 n.s. 0.19 n.s.
F T.t. � 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 < 0.01.
*** p < 0.001.

8

Please cite this article in press as: Ramazzina, I., et al., Effect of cold plasma treatment on physico-chemical parameters and antioxidant activity
of minimally processed kiwifruit. Postharvest Biol. Technol. (2015), http://dx.doi.org/10.1016/j.postharvbio.2015.04.008



574 about 4 mol kg�1 was measured in the amphiphilic fraction after
575 SPE separation; this amount can be considered comparable with
576 previously reported results, since the TPC of kiwifruit can show up
577 to three-fold variations due to harvest time and post-harvest
578 storage (Tavarini et al., 2008).
579 The DBD plasma treatment did not affect the response to
580 the Folin–Ciocalteu reagent in both the hydrophilic and the
581 amphiphilic extract (Table 6). A significant reduction of TPC in the
582 amphiphilic extract of about 30% after 4 d of storage was
583 highlighted by ANOVA analysis.
584 In fresh-cut fruit tissues, phenols could undergo chemical or
585 enzymatic oxidation mediated by polyphenol oxidase (PPO) or
586 peroxidase (POD); however, as a consequence to wounding, new
587 phenolic compounds can also be synthesised through an increase
588 of the activity of the enzyme phenylalanine ammonia lyase (PAL) as
589 a defence mechanism (Heredia and Cisneros-Zevallos, 2009). In
590 this study, the TPC of the kiwifruit amphiphilic extract, accounting
591 for polyphenols, decreased after 4 d of storage whilst Gil et al.
592 (2006) did not find any TPC variation during storage of fresh-cut
593 kiwifruits at 5 �C for 9 d these differences could be due to the
594 different storage conditions adopted.

595 3.6. Antioxidant activity (AOA) determination

596 In the present study, the antioxidant activity of kiwifruit
597 samples was investigated with a variety of methods aimed to
598 measure their RSA and reducing power (Table 7).

599The ABTS�+ assay was conducted on both the hydrophilic and
600amphiphilic extracts; the former showed a radical scavenging
601activity much higher (about 5-fold) than the latter probably
602because kiwifruit is very rich in ascorbic acid and less in
603polyphenols. Since the amount of ascorbic acid in kiwifruits was
604measured and the relative radical scavenging activity of this
605molecule is known (Re et al., 1999) it is possible to assume that all
606the antioxidant activity of the hydrophilic extract is due to ascorbic
607acid.
608Even though the TPC in kiwifruit is about 4 mol kg�1 on a dry
609weight basis (taking into account only the amphiphilic fraction)
610and ascorbic acid is about 33 mol kg�1, the former accounts for
611about the 40% of total TEAC (Trolox equivalent antioxidant
612capacity) and the latter for the remaining 60%. This data are in
613complete accordance with those found by Tavarini et al., (2008)
614using different analytical assays.
615DBD plasma treatment did not affect the TEAC of both the
616hydrophilic and the amphiphilic extract; similar results were
617also found using the other antioxidant activity assays (DPPH
618and FRAP), which were carried out on the amphiphilic extracts.
619The DBD plasma treatment adopted in this study did not
620affected the antioxidant activity and antioxidants content of
621kiwifruit. Even though the DBD plasma-induced reactive species
622could have caused the oxidation of single phenolic compounds
623responsible for the antioxidant activity of minimally processed
624kiwifruit, this effect was counteracted by tissue response
625mechanisms.

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 (mol kg�1) Total phenolic content (mol kg�1)

Hydrophilic extract Hydrophilic extract Amphiphilic extract

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

C 0 34.86a 1.65 7.54a 0.38 4.48a 0.62
T 0 36.69a 0.81 7.91a 0.57 4.21ab 0.62
C 4 31.52a 2.41 7.25a 0.33 3.21bc 0.10
T 4 35.15a 1.83 7.56a 0.36 2.88c 0.35
F Sample 0.59 n.s. 1.51 n.s. 0.14 n.s.
F S.t. 5.67 * 1.40 n.s. 23.2 ***

F Sample � 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 < 0.01.

* p < 0.05.
*** p < 0.001.

Table 7
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) RSAABTS (mol TE kg�1) RSADPPH (mol TE kg�1) FRAP (mol TE kg�1)

Hydrophilic extract Amphiphilic extract Amphiphilic extract Amphiphilic extract

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

C 0 22.46a 0.19 4.89a 0.19 8.89a 0.42 9.49a 0.42
T 0 23.35a 0.55 4.75ab 0.44 8.66a 0.66 8.56ab 0.66
C 4 20.77b 0.45 4.22b 0.45 8.74a 0.64 8.13b 0.64
T 4 21.37b 0.79 4.23ab 0.57 9.28a 0.59 8.18b 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. 6.30 *

F Sample � 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.
Data marked with the same letter within each column are not significantly different at a p < 0.05 level.
**p < 0.01.

* p < 0.05.
*** p < 0.001.

9

Please cite this article in press as: Ramazzina, I., et al., Effect of cold plasma treatment on physico-chemical parameters and antioxidant activity
of minimally processed kiwifruit. Postharvest Biol. Technol. (2015), http://dx.doi.org/10.1016/j.postharvbio.2015.04.008



626 The antioxidant activity of both the hydrophilic and amphi-
627 philic extracts decreased with storage time (Table 7), except for the
628 DPPH� assay which did not evidence any difference in AOA after
629 storage, thus showing a lower sensibility than the other assays.
630 Antioxidant constituents of vegetable tissues are susceptible to
631 degradation when exposed to oxygen or light, or upon interaction
632     with enzymes, such as ascorbate oxidase, polyphenol oxidase,
633 cytochrome oxidase and peroxidase as a consequence of wounding
634 (Gil et al., 2006). Several studies have been performed regarding
635 the effect of wounding response on antioxidant activity (Kang and
636 Saltveit, 2002; Reyes and Cisneros-Zevallos, 2003; Reyes et al.,
637 2007; Heredia and Cisneros-Zevallos, 2009). Results generally
638 indicate that changes in the antioxidant activity as a consequence
639 of wounding depend on the type of tissue, the initial content of
640 ascorbic acid and phenolic compounds, and the specific phenolic
641 profile.
642 The Pearson correlation analysis was performed to correlate
643 results obtained with different methods (Table 8). A significant
644 correlation between the ABTS�+ and the FRAP applied to the
645 amphiphilic fraction was found despite the different reaction
646 mechanisms implied in the two assays. Noteworthy, both these
647 assays were strongly correlated with the TPC when they were
648 carried out on the amphiphilic fraction of kiwifruit extract, which
649 contains only polyphenols. The TPC is based on the capacity of
650 phenolic compounds to react with the Folin–Ciocalteu reagent
651 under basic conditions and thus has been extensively used as a
652 method for the estimation of total phenolics; nonetheless, taking
653 into account that polyphenols show different reactivity with the
654 Folin–Ciocalteu reagent (Nazck and Shahidi, 2004) and that the
655 mechanism is based on a oxidation/reduction reaction, TPC can be
656 also considered an antioxidant method (Prior et al., 2005). The
657 results of the DPPH� assay a less sensible method than the others in
658 evidencing changes in the AOA of the amphiphilic fraction, carried
659 out in methanolic medium, were neither correlated with those of
660 other antioxidant methods nor with the TPC.

661 4. Conclusions

662 According to the obtained results, the DBD cold plasma
663 treatments promoted an immediate loss of pigment and visual
664 quality on minimally processed kiwifruit but positively influenced
665 the quality maintenance of the product, by improving colour
666 retention and reducing the darkened area formation over storage
667 time in controlled conditions. In addition, although DBD cold
668 plasma treatment had an effect in increasing dry matter content
669 over storage, it did not induced any textural changes compared
670 with the control.
671 In general, no significant changes in antioxidants (ascorbic acid
672 and polyphenols) content and antioxidant activity were observed
673 among treated samples and control ones.

674In this direction the purposed DBD plasma treatment is a very
675promising tool to preserve the quality of minimally processed
676kiwifruit.
677Further studies will be necessary to confirm the sanitising
678effect of DBD plasma already showed for different commodities
679on minimally processed kiwifruit and the eventual sensorial
680properties modification induced by the treatment.
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