Modeling the Impact of the Type of Cutting
and Storage Temperature on the Bioactive
Compound Content, Phenylpropanoid
Metabolism Enzymes and Quality
Attributes of Fresh-Cut Strawberries
Franco Van de Velde, Cecilia Fenoglio,
Andrea M. Piagentini & Maria

E. Pirovani

Food and Bioprocess Technology

An International Journal Food and Bioprocess f“
533&3151-51 . TGChHOIO
Number 1 4

Food Bioprocess Technol (2018)
11:96-109
DOI 10.1007/s11947-017-1996-y

Volume 11 Number 1 « January 2018

@ Springer

Da-Wen Sun, Editor-in-Chief |17 5o on ™

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer
Science+Business Media, LLC. This e-offprint
is for personal use only and shall not be self-
archived in electronic repositories. If you wish
to self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication
and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

@ Springer



Food Bioprocess Technol (2018) 11:96-109
DOI 10.1007/s11947-017-1996-y

@ CrossMark

ORIGINAL PAPER

Modeling the Impact of the Type of Cutting and Storage
Temperature on the Bioactive Compound Content,
Phenylpropanoid Metabolism Enzymes and Quality Attributes

of Fresh-Cut Strawberries

Franco Van de Velde'? - Cecilia Fenoglio' - Andrea M. Piagentini' - Maria E. Pirovani'

Received: 12 May 2017 / Accepted: 11 September 2017 /Published online: 23 September 2017

© Springer Science+Business Media, LLC 2017

Abstract The aim of this work was to model the effect of the
type of cutting (whole without hull, halved, and quartered),
storage temperature (2, 6, and 13 °C) and time on the changes
of bioactive compounds, phenylpropanoid metabolism en-
zyme activities, and quality attributes of fresh-cut straw-
berries. The effect of increasing the intensity of wounding
revealed an activation of the phenylalanine ammonia lyase
(PAL) enzyme, with the consequent synthesis of phenolic
compounds. Results revealed that quartered strawberries
stored at 2 °C for 15 days accumulated up to 22% more phe-
nolics than whole strawberries. The changes on quality param-
eters (soluble solids, pH, and color), total anthocyanins, and
polyphenol oxidase were adequately fitted with zero order
kinetic. All rate constants of these attributes, except for antho-
cyanins, fitted appropriately with Arrhenius equation.
Changes on total phenolic contents and on PAL activity were
fitted with a consecutive reaction mechanistic kinetic model.
The rate constants of phenolics kinetic showed no dependence
with temperature. However, rate constants of PAL activity
fitted appropriately with Arrhenius equation. This global
study offers a better understanding of the effects of processing
and storage conditions on general quality, bioactive com-
pounds, and phenylpropanoid metabolism enzymes of fresh-
cut strawberries.
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Introduction

Strawberry is one of the most commonly consumed fruit due
to its attractive color and taste. It is recognized as a very rich
source of vitamin C and phenolic compounds with human
health benefits due to their antioxidant properties (da Silva
Pinto et al. 2008). Vitamin C is found at concentrations be-
tween 0.40 to 0.60 g kg ' of fresh weight (Davey et al. 2000).
Meanwhile, glycoside derivatives from the anthocyanins,
pelargonidin, and cyanidin are the main phenolic compounds
found in strawberries with reported concentrations of up to
0.4325 g kg ' of fresh weight (Van de Velde et al. 2016).
Anthocyanins are responsible for the red color of strawberries
and represent one of the major antioxidant sources in this fruit
(Crecente-Campo et al. 2012).

The industrial process to obtain fresh-cut strawberries in-
volves selection, pre-wash, calyx and peduncle elimination,
cutting, washing-disinfection, and packaging (Pirovani et al.
2004). Cutting transforms the products into smaller pieces,
and essentially is causing the tissue to endure wounding stress
(Surjadinata and Cisneros-Zevallos 2012). The wounding re-
sults in an increased metabolism and respiration rate of fresh-
cut products (consumption of sugars, lipids, and organic
acids), promoting changes in color, flavor, texture, and nutri-
tional quality; and a higher production of ethylene, which
induces ripening and cause senescence (Soliva-Fortuny and
Martin-Belloso 2003). Moreover, it is recognized that a stress
or an injury to a plant cell trigger two types of responses in
phenolic metabolism. The first response is the oxidation of the
existing phenolic compounds as a result of rupture of the cell
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membrane, causing the phenolics to combine with the oxida-
tive enzyme systems, mainly polyphenol oxidase (PPO, EC
1.14.18.1), which promote the degradation of the antioxidant.
On the other hand, the other response involves the synthesis of
monomeric or polymeric phenolics to repair the wounding
damage. This second response is caused by changes in phe-
nylalanine ammonia lyase activity (PAL, EC4.3.1.5), since it
is the key metabolic enzyme in the phenylpropanoid pathway
(Kang and Saltveit 2002), which promote antioxidant synthe-
sis. Surjadinata and Cisneros-Zevallos (2012) studied the ef-
fect of wounding intensity on the phenolic compounds of
carrots prepared as slices, pies, and shreds and reported that
the most intense wounding (shreds) induced a 2.5-fold in-
crease in the phenolic content after 4 days of storage at
15 °C compared to whole carrots. Authors stated that a more
severe cutting process elicited a greater wounding response of
tissues, which was consistent with a higher synthesis of anti-
oxidant phenolic compounds. Therefore, according to
Cineros-Zevallos (2003), the control of the wounding intensi-
ty can be used as a simple tool to provide an inexpensive
source of phenolic antioxidants for the fresh market such as
fresh-cut products.

Several authors studied the changes in bioactive com-
pounds such as phenolics and vitamin C in whole and fresh-
cut strawberries during the storage at different temperatures
(Ayala-Zavala et al. 2004; Cordenunsi et al. 2005; Gil et al.
2006); and under low-oxygen, superatmospheric oxygen, or
passive atmospheres (Zheng et al. 2007; Odriozola-Serrano
et al. 2010). Moreover, regression models have been used to
predict the shelf life and quality changes of fresh-cut vegeta-
bles throughout the storage time (Riva et al. 2001; Piagentini
et al. 2005). The use of models is an efficient tool to predict
characteristic changes in a biological system affected by var-
ious environmental conditions, without the need to assess
these conditions in real time. This methodology has been suc-
cessfully employed in many other sciences areas (Valipour
2012; Valipour et al. 2013, 2017). For the successful use of
amodel, it is necessary that the model can accurately represent
the desired physical phenomenon. A model requires previous
validation, which means that its parameters must have been
identified or adjusted based on experimental data (Tijskens
and Schouten, 2009).

In relation to bioactive compounds, Odriozola-Serrano
et al. (2009) modeled the changes in vitamin C, total
anthocyanins, and antioxidant capacity using kinetics of zero
and first order, as well as a model based on Weibull
distribution function to evaluate the effects of storage time
and temperature of quartered strawberries stored under
80 kPa of oxygen. Additionally, Amodio et al. (2014) devel-
oped and validated a kinetic model based in a consecutive
reaction mechanism able to describe the changes in the phe-
nolic content in fresh-cut produce during storage and ex-
plained the effect of different variables on phenolic synthesis

and oxidation. Authors reported that the type of cutting of
lemon samples affected the increase in the phenolic content
likely due to the activity of newly produced PAL induced by
wounding. However, authors have not used any regression
model to explain the changes on PAL activity of fresh-cut
products.

Complete studies about modeling the evolution of
quality parameters, bioactive compound contents, and
phenylpropanoid metabolism enzyme activities of fresh-
cut commodities with different intensity of wounding as
a function of storage time and temperature are barely
found in literature. Therefore, the aim of this work was
to model the effect of the type of cutting, storage temper-
ature and time on the changes of quality attributes, bioac-
tive compound contents, and phenylpropanoid metabo-
lism enzyme activities of fresh-cut strawberries.

Materials and Methods
Reagents

Polyvinylpolypyrrolidone (PVPP), phenylmethylsulfonic
fluoride (PMSF), and Folin-Ciocalteu reagent were acquired
from Sigma-Aldrich Inc., (St. Louis, MO, USA). L- (.+) ascor-
bic acid, DL-dithiothreitol (DTT), and metaphosphoric acid
were purchased from Merck KGaA (Damnstadt, Germany).
Sodium acetate trihydrate and potassium phosphate dibasic
were acquired from Cicarelli Reagents S.A. (Santa Fe,
Argentina). Methanol HPLC grade was obtained from
PanreacQuimica S.L.U. (Barcelona, Spain). Oxilac Plus
(Indaquim S.A., Santa Fe, Argentina) was used for the
washing-disinfection operation. Oxilac Plus is a stabilized
mixture of peracetic acid (PAA) (minimum 5%), hydrogen
peroxide (minimum 20%), and water.

Plant Material

Cultivated strawberry fruit (Fragaria x ananassa Duch.) of
‘Camarosa’ variety was obtained from one planting at
Arroyo Leyes (31°27'0"S, 60°40'0"W), Santa Fe,
(Argentina). Fruit was harvested at ripe stage (90% of the
surface showing red color) and transported 20 km directly
from the field to the laboratory of the Instituto de Tecnologia
de Alimentos, FIQ, UNL, (Argentina).

Minimal Processing

Processing was performed in the pilot plant of the Instituto de
Tecnologia de Alimentos (FIQ-UNL). Strawberry fruit (20 kg)
was sorted, eliminating fruit with signs of damage. Calyxes
and peduncles were removed, and then, fruit was prewashed
with tap water (20 °C, 2 min) and drained on absorbent paper
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in a refrigerated room (18 °C). Fruit was hulled and cut man-
ually, using a stainless-steel blade smooth knife. To obtain
different types of cutting, producing different intensity of
wounding, three treatments were prepared: whole without hull
(W), halved (H), and quartered (Q) strawberries.

Subsequently, each lot of fruit was submitted to a washing-
disinfection operation by immersion in a PAA solution. The
washing-disinfecting conditions were as follows: 20 mg L™
PAA at 18 °C for 52 s, according to Van de Velde et al. (2014).
A ratio of 3 L of washing solution per kg of fruit was used and
washed fruit was drained by gravity to remove the excess of
liquid. Finally, samples of about 0.10 kg of W, H, and Q
strawberries were put into round containers with lids and
stored under refrigeration and passive modified atmosphere
and 90% RH. The round containers (Rotlen model,
Treviplast S.A., Argentina) are commercially used for the stor-
age of ready-to-eat fruits and vegetables, and are made of
polyethylene terephthalate (PET) of 0.42 mm thick, with a
surface area of 0.045 m2, transmission rates of 4.73 10>
9.61710 " kgm *s ' Pa ! for O, (at 23 °C and 0% RH) and
1.31077-2.08 10" kgm > s~ for water vapor (at 38 °C and
90% RH).

Strawberries were studied for 15 days (2 °C), 8 days (6 °C),
and 7 days (13 °C) in order to satisfy an acceptable similar loss
of quality in all samples (a minimum content of 6—7% soluble
solids) and mesophilic aerobic microorganism counts around
10

At specific days of the storage, three containers per treat-
ment were taken out of refrigeration units, and then immedi-
ately analyzed. Samples stored at 2 °C were analyzed at 0, 1,
3,6, 8, 10, 13, and 15 days, samples stored at 6 °C were
analyzed at 0, 1, 3, 6, and 8 days, and samples stored at
13 °C were analyzed at 0, 1, 3, 6, and 7 days.

Gas Composition

Analysis of the headspace gas composition of the round con-
tainers was performed by gas chromatography according to
Piagentini et al. (2003). Results were expressed in kilopascal
of COz, 02, and NQ.

Total Anthocyanin, Total Phenolic, and Vitamin C
Analysis

Extract Preparation

The strawberry content of each one of the three containers per
treatment were homogenized using a blender. For total antho-
cyanin (TA) and total phenolic (TP) analysis, 5 g of homoge-
nized strawberries was added to 75 mL of extraction solvent
(80% acetone and 20% water). For vitamin C (VitC) content,
5 g of homogenized strawberries was added to 25 mL of
extraction solvent (3% metaphosphoric acid and 8% acetic
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acid). The mixtures were homogenized for 1 min, sonicated
for 15 min, and then centrifuged at 12,000xg for 20 min at
4 °C. The supernatants were separated and used for analysis.
All extractions were made in triplicate.

Total Anthocyanin Content

TA content was monitored in a Genesis 10S UV—vis spectro-
photometer, (Thermo Scientific, Germany) by the pH differ-
ential method according to Heo and Lee (2005). The pH of
each sample was adjusted to 1.0 with a 0.1 mol L™" hydro-
chloric acid and 25 mmol L™} potassium chloride solutions;
and at pH 4.5 with a 0.4 mol L™" sodium acetate/acetic acid
buffer solution. Absorbance was measured at 510 and 700 nm.
Results were converted to grams of pelargonidin-3-O-gluco-
side per kilogram of fresh weight, using a molar extinction
coefficient of 2,240,000 L mol ' m !, a molecular weight of
4332 g mol ', and an optical path of 1 cm. The absorbance
(A) was calculated by Eq. 1:

A= [(As10—A700)pH1_(A510—A700)p1-14.5} (1)

where Aso and A7 are the absorbance measures of samples
at pH 1.0 and 4.5.

Total Phenolic Content

TP content was spectrophotometrically monitored using the
Folin-Ciocalteu reagent according to Singleton and Rossi
(1965). Aliquots of 0.1 mL extracts were added with
0.25 mL of Folin-Ciocalteu reagent, 0.5 mL of 200 g L'
Na,COs, and 1.65 mL of distilled water. The mixture was
incubated for 25 min at room temperature and then was cen-
trifuged for 5 min at 2000xg. Absorbance was measured at
760 nm. Reagent blanks were prepared by replacing the sam-
ple volume by extraction solvent. Quantification was per-
formed through the external standard method with a gallic
acid calibration curve (0.02-0.1 g L) and results were
expressed as grams of gallic acid (GA) per kilogram of fresh
weight.

Vitamin C Content

VitC content was determined by HPLC according to Van de
Velde et al. (2012). The analyses were set up on a Konik
KNK-500-A HPLC, with UV detector (Konik Instruments,
Barcelona, Spain). Separations were achieved in a reversed
phase column Phenomenex Gemini S5y C18 110A attached
to a guard column (Phenomenex Inc., CA, USA) at 25 °C.
The mobile phase, under isocratic conditions, consisted of a
0.03 mol L ™! sodium acetate/acetic acid buffer, 5% methanol
(pH =5.8). The flow rate was 1.15 mL min ' and the detection
was performed at 251 nm. Quantification was performed
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through the external standard method with VitC calibration
curve (0.004-0.020 g L") and results were expressed as
grams of VitC per kilogram of fresh weight.

Soluble Solids and pH Analysis

The analyses of pH and soluble solids were made on homog-
enized strawberries. The pH values were determined with a
pH meter (Horiba B-213 Twin pH meter, Horiba Ltd., Kyoto,
Japan) by triplicate. The soluble solids (SS) content was de-
termined by triplicate in the homogenized samples using a
hand-held digital refractometer model Pal-alpha (Atago Co
Ltd., WA, USA) and results were expressed as percent.

Color Determination

Color was determined using a Minolta 508d spectrophotom-
eter (Minolta Co., LTD., Japan), under the following condi-
tions: illuminant D65, observer angle of 10°, SCE (specular
component excluded), evaluating the CIE parameters: L*, a*,
b*, Ca,*, and h,y,. Five measurements were performed on each
sample.

Enzymatic Activity Determinations
Phenylalanine Ammonia Lyase

PAL activity was determined according to Mori et al.
(2000). Five grams of homogenized strawberries was
added to 20 mL of extraction solution (phosphate buffer
100 mmol L™ pH 8, EDTA 2 mmol L™, PVPP 30 g L,
DTT 7 mmol L', Triton X-100 0.1% v/v). The mixture
was homogenized for 30 s and stirred for 1 h at 4 °C.
Then, the mixture was centrifuged at 12,000xg for
15 min at 4 °C and the supernatant was separated and
used for activity determination. The reaction mixture
consisted of 1060 puL of Tris—HCI 100 mmol L'
pH = 8.8, 530 uL phenylalanine 50 mmol L', and
150 pL of enzymatic extract. The reaction mixture was
incubated for 1 h at 37 °C and the reaction was stopped
adding 260 pL of TCA 10 g L™'. Cinnamic acid produc-
tion was measured in a spectrophotometer at 290 nm. One
unit of enzyme activity (U) was expressed as one absor-
bance increment (in the conditions in which the assay was
carried out) per hour and milligram of protein extract.

Polyphenol Oxidase

PPO activity was determined according to Massolo et al.
(2011) with some modifications. Five grams of homoge-
nized strawberries was added to 20 mL of extraction so-
lution (phosphate buffer 100 mmol L' pH = 6, PVPP
30 g L', Triton X-100 0.1% v/v, NaCl 1 mol L™"). The

mixture was homogenized for 30 s and stirred for 1 h at
4 °C. Then the mixture was centrifuged at 12,000xg for
15 min at 4 °C and the supernatant was separated and
used for enzymatic analysis. The reaction mixture
consisted of 900 pL of distilled water, 200 uL of pyro-
catechol 200 mmol L™, 150 uL of phosphate buffer
1 mol L! pH = 6, and 250 puL of extract. The mixture
was incubated for 1 h at 37 °C. The oxidation products of
pyrocatechol were measured as the change in absorbance
at 410 nm. One unit of enzyme activity (U) was expressed
as one absorbance increment (in the conditions in which
the assay was carried out) per hour and milligram of pro-
tein extract.

Protein Determination

Protein determination was performed on the extracts ac-
cording to Lowry et al. (1951). Briefly, 200 uL of protein
extract is added to 2.5 mL of reagent C (100 parts of 3.0%
Na,COs3, 0.4% NaOH, 4% sodium tartrate, and 1 part of
reagent B: 2% CuSO4'5 H,0), and incubated at room
temperature for a minimum of 10 min. Then, 250 uL of
Folin-Ciocalteu reagent (diluted %) is added and the mix-
ture is vigorously shaken and read at 660 nm against a
reagent blank. A calibration curve was performed using
1 mg L™" of albumin. Results were expressed as milligram
of protein per gram of fresh weight.

Modeling Changes in the Content of TA, VitC, PPO
Activity, pH, SS, and Color Parameters in Fresh-Cut
Strawberries

The changes of each attribute over time were modeled using a
general kinetic equation (Eq. 2):

L0 _

=k(0) @

where Q is the attribute value, ¢ is the time, k is the rate con-
stant, and 7 is the reaction order. The sign (+) of Eq. 2 refers to
a response that increases its value with time, and the sign (—)
refers to responses whose values decrease with time.

To adjust the changes of the studied attributes of fresh-cut
strawberries as a function of time for the different type of
cutting, the experimental data were fitted to Egs. 3 and 4 for
order 0 and 1, respectively:

0= Q)L ki)t (3)

0= 0, x et 4)

where Q is the attribute value at time zero, ¢ is the time,
and £ is the rate constant of the attribute change at a given
temperature (7).
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Modeling Changes in the Content of TP and PAL Activity
in Fresh-Cut Strawberries

A similar kinetic model was used for modeling TP content and
PAL activity changes in fresh-cut strawberries as a function of
time, for each type of cutting and storage temperature,
according to Amodio et al. (2014) and Van Dijk and
Tijskens (2000). It was assumed that two consecutive kinetic
reactions occurred: (a) formation of phenolics or active en-
zyme from a precursor (TP, or PAL,,.) governed by a reac-
tion rate constant kr and (b) transforming of phenolics into
oxidized compounds or PAL into an inactive enzyme form
(TP,, or PAL,,) governed by a reaction rate constant k.
Equations 5 and 6 describe the phenomenon for PAL changes.

PAL, 55PAL (5)
PAL %PAL,, (6)

Based on the rules of chemical kinetics, the following set of
equations may be obtained:

dPAL

Tp - kf.PALpre (7)
dPAL

T = kf.PALpre_kd.PAL (8)

The integration of the differential equations (Egs. 7 and 8)
allowed to obtain the kinetic model (Eq. 9):

e*kd.t_e

ki—kq

kot

PAL() = PALpre,o.kf( ) + PALg.e ot (9)

Where PAL,, represents the changes of the active form of the
enzyme over time, PAL,. o refers to the enzyme precursor,
and PAL, is the active form of the enzyme at time 0. & is
the reaction rate constant for formation of the active form of
the enzyme, and £y is its dissociation rate constant.

A similar set of equations can be obtained for TP changes.
Equation 10 shows the kinetic model for TP changes:

—kq.t k.t

e —e

TP(;) = TPpre okt <W

) + TPy.e Fe! (10)
where TP, represents the changes of the content of phenolic
compounds over time, TPy  refers to the content of phenolic
compound precursors, and TPy is the content of phenolic com-
pounds at time 0. & is the reaction rate constant for formation
of phenolics, and £y is its degradation rate constant.

To describe the changes in the TP content and PAL activity
in fresh-cut strawberries as a function of time, PAL, and TP,
were experimentally measured and kg, kg, PAL e o, and TP, o
were estimated.

@ Springer

Modeling the Effect of Temperature on Kinetic Rate
Constants

The effect of temperature on any of the reaction rate constants
was described using the Arrhenius equation (Eq. 11):

k = koe(7#) (11)

where k is the pre-exponential factor, Ea is the activation
energy (J mol '), R is the ideal gas constant
(8.3145 T K ' mol "), and T'is the temperature (K).

Statistical Analysis

ORIGIN software (Microcal Software, Northhampton, MA,
USA) was used for data analysis through ANOVA and to fit
the experimental data. Significant differences among means
were determined by Tukey’s test at 5% level of significance.
Linear and nonlinear regression analysis was used to deter-
mine the model parameters. The coefficient of determination
(R%) and the residuals analysis were used to assess the good-
ness of fitting. R? is a statistical measure of how close the data
are to the fitted regression line. The higher the R2, the better
the model fits data. Residuals are estimates of experimental
error obtained by subtracting the observed responses from the
predicted responses. Residuals should satisfy the assumptions
of normality, independence, and randomness (Montgomery,
2001).

Results and Discussion

Effect of the Type of Cutting on Bioactive Compound
Content, Enzyme Activities, and Quality Attributes
of Strawberries

Table 1 shows the content of TP, TA, VitC, PAL and PPO
activities, pH, SS, and color parameters of W, H, and Q
‘Camarosa’ strawberries, after minimal processing. Results
agreed with those reported by other authors for whole or
fresh-cut ‘Camarosa’ strawberries (Cordenunsi et al. 2005;
Odriozola-Serrano et al. 2009; Alexandre et al. 2014).

TP content of W strawberries was 13% higher than Q
strawberry content. However, there was no difference in the
TP content between W and H strawberries. TA content was
20% higher in W strawberries, and no differences were ob-
served between H and Q strawberry TA contents. Meanwhile,
VitC content was higher for W strawberries, decreasing with
the intensity of wounding made to the fruit tissue (8 and 14%
lower for H and Q strawberries, respectively). According to
these results, an increased oxidation of bioactive compounds
was found as the wounding intensity increased, after the min-
imal processing. In agreement, Castro et al. (2002)
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Table 1 Bioactive compounds, enzyme activities, and quality
parameters of ‘Camarosa’ strawberries with different cutting style
Attribute W H Q
TP (mg AG kg ") 25.0b 24.2b 21.9a
TA (mgkg ") 4.1b 32a 3.3a
VitC (mg kg 1) 4.8¢ 4.5b 42a
PAL (AA mg protein ' h™") 0.017a 0.017a 0.015a
PPO (AA mg protein ' h™") 0.042a 0.094a 0.077a
SS (%) 8.1c 7.4b 7.2a
pH 33a 33a 33a
L* 31.1a 34.3b 31.7a
a* 31.9a 36.0c 34.6b
b* 16.6a 21.7¢ 19.3b
Cap™* 36.0a 42.0c 39.6b
ab™ 27.4a 31.1b 29.1a

Media (n = 3). L*, a*, b*, Cy,* and hy, color parameters. Values with
different letter in the same row are significantly different by Tukey’s test
(p <0.05)

TP total phenolics, 7A total anthocyanins, VitC vitamin C, W whole with-
out hull strawberries, H halved strawberries, Q quartered strawberries

demonstrated that strawberry hulling almost did not change
the content of bioactive compounds. However, the effect of
cutting strawberries into small pieces of 3 to 18 mm, after
5 min of contact with air at room temperature, resulted in
50% decrease in the vitamin C content, with no greater losses
occurring up to 30 min. Moreover, Castro et al. (2002) also
reported minimal losses in the content of total phenolics and
total anthocyanins after 30 min.

Another probable cause of the loss of bioactive com-
pounds, indirectly linked to the type of cutting, is the leaching
and/or oxidation of them during the washing-disinfection. All
strawberry samples were submitted to a treatment with PAA at
optimized conditions where the retention of bioactive com-
pounds was prioritized, with an acceptable microbiological
reduction as it was determined by Van de Velde et al.
(2014). Therefore, the greater exposed areas of H and Q straw-
berries to the sanitizer solution resulted in an increase of the
oxidation and/or leaching of bioactive compounds in the
fresh-cut strawberries.

Interestingly, H and Q samples presented more intensive
color than W samples (higher C,,* values) (Table 1), and this
can be attributed to the low pH value of the PAA solution
(pH = 4.20) that could have intensified the anthocyanin red
color in the fruit surface with more exposed area to the
sanitizer. Nevertheless, pH values of W, H, and Q straw-
berries, measured in the entire sample, were not significantly
different (p > 0.05).

The content of SS in fresh-cut strawberries decreased as the
wounding intensity increased (Table 1), likely due to a higher
lixiviation caused by the washing-disinfection after the cutting

operation, or due to a higher sugar oxidation as a result of the
higher wounding intensity of the tissues.

Finally, PAL and PPO activities did not show any differ-
ence among strawberries with different intensity of wounding,
after the minimal processing.

Impact of Storage at Different Temperatures of W, H,
and Q Strawberries on Bioactive Compound Content,
Enzyme Activities, and Quality Attributes

Total Phenolics

Figure 1 shows the changes in the TP content of W, H, and Q
strawberries stored at 2, 6, and 13 °C. In general, the TP
content of W, H, and Q strawberries was similar at the begin-
ning and at the end of the storage time, for all studied temper-
atures. However, significant transient increases, resulted of the
de novo synthesis of phenolics as a response to the wounding
stress, were recorded at specific periods of the storage time for
each type of cutting and storage temperature (Fig. 1).

An increase of 13% on TP content was observed from day
8 in W strawberries at 2 °C. At 6 °C, W strawberries experi-
enced a slight transient increase in TP content from day 6 of
storage. Meanwhile, at 13 °C, the TP content of W fruit
showed a slight decrease over time (Fig. 1a).

Minimal changes on TP content in H strawberries at 2 and
6 °C could be noticed in the analyzed days. At 13 °C, a tran-
sient increase (22%) was experimented by H strawberries at
day 6 (Fig. 1b).

Q strawberries (Fig. 1c¢) at 2 °C presented a progressive
increase in the TP content until day 6 of storage (22% higher
than the initial TP content). Subsequently, even though a de-
crease in the TP content was observed for these samples, TP
content remained even higher than the initial value at the end
of the storage. At 6 °C, this fruit experienced 25% increase in
TP content at day 3. Meanwhile, a transient increase in the TP
content occurred at day 3 (24%) at 13 °C.

As observed, the highest increase in the TP content oc-
curred in Q strawberries, fruit with the highest wounding in-
tensity. In agreement, Surjadinata and Cisneros-Zevallos
(2012) stated that the biosynthesis of phenolic compounds in
carrot tissues, prepared as slices, pies, and shreds, increased
with the wounding intensity. The most intense wounding
(shreds) induced an approximately 2.5-fold increase in the
phenolic content after 4 days at 15 °C compared to whole
carrots. Meanwhile, Odriozola-Serrano et al. (2010) reported
that quartered strawberries stored in passive atmosphere at
4 °C, experimented 38% quercetin content increase at day 21.

A consecutive reaction kinetic model (Eq. 10) was used for
modeling TP content in fresh-cut strawberries as a function of
time, for each type of cutting, stored at 2, 6, and 13 °C. Table 2
presents the kinetic parameters obtained for TP modeling. In
general, R? values were higher than 0.80, and residuals were
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a 130 - Table 2  Estimated parameters of proposed model of total phenolics
120 changes on W, H, and Q strawberries (Eq. 10)
% 'z--l i @ w 2 190.52 0.04 (0.35) 0.050 (0.35)
= 6 144.39 0.08 (0.41) 0.070 (0.41)
T804 13 1.80 0.04 (0.86)  0.040 (0.86)
70 - H 2 4.84 0.30 (0.82)  0.012 (0.82)
60 - 6 40.83 0.20 (0.86)  0.004 (0.86)
P 13 77.65 0.20 (0.69)  0.090 (0.69)
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Q 5 21.19 050 (0.92)  0.030 (0.92)
Time @ 6 40.69 040 (0.79)  0.020 (0.79)
b 130 - 13 33.91 0.30 (0.82) 0.012 (0.82)
120 - z . .
TP, predicted constant of phenolic compound precursors (%), W
110 - T 32 whole without hulljtrawbe.rﬁes, H halved strawberries, O quartered
< 100 @i E i - j,n, ............ P, s T strawairlrles, k/-(dax ) reaction rate constant fpr formation of phenolics,
f;: 90 4 ky (day ) degradation rate constant of phenolics
=R
70 consecutive reaction kinetic model used herein, observed
a higher k¢ value in half-slice lemons than in slice ones,
%1 suggesting the phenylpropanoid metabolism activation
%0 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 with wounding intensity. Moreover, authors could not find
Time (d) differences between k4 of slice and half-slice lemons, in-
c dicating that the cut type did not have a significant effect
1301 on the phenolic oxidation.
120 4 The analysis of the effect of temperature on both krand kg,
110 1 2 g 8 for each type of strawberry cutting, revealed that the reaction
3 10 ' constant values did not increase with increasing temperatures,
:Z 90 confirming the independence with temperature of both the de
SE novo synthesis of phenolics induced by wounding and the
20 phenolic compound oxidation. Therefore, activation energies
60 predictions using the Arrhenius equation were not able to
“© R obtain. In agreement, Reyes and Cisneros-Zevallos (2003)
001 2 3 4 5 6 7 8 9 10 11 12 13 14 15 reported that blue potatoes showed no significant differences

Time (d)

Fig.1 Experimental and predicted total phenolic content retention (TP R
%) of whole without hull (W) (a), halved (H) (b), and quartered (Q) (c)
strawberries stored at 2, 6, and 13 °C. Experimental values (circle for
2 °C, square for 6 °C, triangle for 13 °C); models (x=====+ for 2 °C, = =
for 6 °C, === for 13 °C). Vertical bars indicate the standard error of the
means (n = 3)

normal and independently distributed (data not shown). As
observed for a given temperature, k; values increased with
the wounding intensity (W < H < Q), indicating a stimulation
of the phenylpropanoid metabolism. For instance, k; values at
2 °C were 0.04, 0.30, and 0.50 for W, H, and Q strawberries,
respectively (Table 2). However, £y values did not increase
with the wounding intensity at a given temperature, indicating
no dependence of the phenolic oxidation with wounding in-
tensity. For example, k4 values at 2 °C were 0.050, 0.012,
and 0.030 for W, H, and Q strawberries (Table 2). In
agreement, Amodio et al. (2014), who developed the
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in the accumulation of anthocyanins or phenolics after storage
at different temperatures (2, 10, and 20 °C), suggesting that
temperature would not affect the phenylpropanoid metabo-
lism in purple-flesh potatoes. In the same way, Amodio et al.
(2014) reported that for fresh-cut purslane samples, k¢ values
at 0 and 5 °C were not different between each other, indicating
the non-dependence of phenylpropanoid metabolism activa-
tion with temperature. However, these authors reported that
samples stored at 5 °C shown a ky value 1.4-fold higher than
the value observed at 0 °C, suggesting a dependence of phe-
nolic oxidation in fresh-cut purslane with temperature.

Total Anthocyanins

Anthocyanins are highly unstable and very susceptible to deg-
radation. Its stability is affected by several factors such as pH,
storage temperature, chemical structure, concentration, light,
oxygen, solvents, and the presence of enzymes, proteins, and
metallic ions (Castafieda-Ovando et al. 2009).
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Despite of the transient increase observed in TP contents as
response to abiotic stress produced by wounding, the TA con-
tents of fresh-cut strawberries decreased during the storage
time for all the types of cutting, at all the studied temperatures
(Fig. 2). The highest losses of TA were 35.0, 16.5, and 25.8%
in W, H, and Q strawberries stored at 2 °C, at the end of the
storage time (day 15) (Fig. 2).

The degradation of anthocyanins could be occasioned by
the progressive accumulation of CO, inside the round con-
tainers during the storage. Specifically, W, H, and Q straw-
berries stored at 2 °C showed an increase in CO, concentra-
tions that was accompanied by a decrease in the concentra-
tions of O,, remaining practically constant from day 1 to the
end of storage. W samples reached equilibrium values be-
tween 2 and 4 kPa of CO,, and H and Q samples showed
equilibrium values between 5 and 9 kPa of CO,.
Equilibrium values in O, content ranged from 12 to 16 kPa
in these samples.

The accumulation of CO, has been shown to promote an-
thocyanin losses in stored pomegranate arils (Holcroft et al.
1998), and in fresh-cut strawberries (Gil et al. 1997). As indi-
cated before, the stability of anthocyanins is influenced by pH.
Equilibrium exists among four anthocyanin species, including
quinonoidal base, the flavylium cation (red color), the
pseudobase or carbitol (colorless), and the chalcones. The
atmospheres enriched with CO, could affect the organic acid
metabolism, increasing the pH of the tissues and thus revers-
ing equilibrium of anthocyanins toward the formation of the
pseudobase or carbitol (Odriozola-Serrano et al. 2010).

As it can be seen in Fig. 2, the content of TA in Q straw-
berries, those with the highest wounding intensity, resulted in
intermediate values between W and H strawberries, indicating
that these samples experimented lower TA losses during
storage, presumably due to a higher anthocyanin synthesis
via wounding stress PAL activation.

Moreover, Zheng et al. (2007) and Odriozola-Serrano et al.
(2010) reported that the storage of fresh-cut strawberries at
atmospheres with <21 kPa O,, as presented in passive atmo-
spheres, could also increase the anthocyanin content, presum-
ably due to PAL activation. This would mean an additional
phenomenon to the de novo synthesis of phenolic compounds
as a response to the abiotic stress induced by wounding.
Therefore, the result of the concentration of anthocyanins
would be determined by the degradation produced by the
CO, accumulation or other factors, and the synthesis in re-
sponse to PAL activation caused by wounding and the modi-
fied gas composition.

Zero order kinetic model (Eq. 3) was adopted for describ-
ing the changes in TA content as a function of time and type of
cutting at each storage temperature, based on the better fitting
parameters obtained (data not shown). The ANOVA indicated
that linear model was significant (P < 0.05), R? values were, in
general, higher than 0.80 (Table 3), and residuals satisfied the
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Fig. 2 Experimental and predicted total anthocyanin content retention
(TA R %) content of whole without hull (W) (a), halved (H) (b), and
quartered (Q) (c) strawberries stored at 2, 6, and 13 °C. Experimental
values (circle for 2 °C, square for 6 °C, triangle for 13 °C); models
(semnnnn for 2 °C, == = for 6 °C, ==== for 13 °C). Vertical bars indicate
the standard error of the means (n = 3)

assumptions of normality, independence, and randomness (da-
ta not shown). As shown in Table 3, the reaction rate constants
(k) of Q strawberries calculated at 2, 6, and 13 °C were inter-
mediate among values of W and H strawberries (W > Q > H).
For instance, & values at 2 °C were 1.0, 0.37, and 0.65 for W,
H, and Q strawberries, respectively. These results would ex-
plain that even though the general trend of anthocyanins
throughout the storage was to be oxidized by CO, accumula-
tion and other factors, the activation of the phenylpropanoid
metabolism due to the wounding stress and the modified at-
mosphere could limit this decrease through the anthocyanin
synthesis.

The analysis of the effect of temperature on & for each type
of strawberry cutting revealed that the degradation constant

@ Springer



104

Food Bioprocess Technol (2018) 11:96-109

Table 3 Estimated rate reaction

constants (k) for the zero order Temperature (°C) W H Q
model proposed (Eq. 3) for total
anthocyanin changes on W, H, k (% day ") R k (% day ™) R k (% day ™) R
and Q strawberries
1.00 0.93 0.37 0.74 0.65 0.88
6 0.95 0.99 0.24 0.58 0.90 0.85
13 0.84 0.98 0.3 0.62 0.70 0.86
W whole without hull strawberries, H halved strawberries, O quartered strawberries
values did not increase with increasing temperatures.
Therefore, prediction of activation energies could not be esti-
mated, suggesting that the kinetic of change of TA content a ;.
seems not to be dependent on temperature in this range (2 to 300 1
13 °C), as seen on Fig. 2. In agreement, Odriozola-Serrano
et al. (2009) who modeled the changes in anthocyanins of 250 -
quartered fresh-cut strawberries stored under 80 kPa Oy re- & w0l E~
ported that anthocyanins content in samples stored at 5 °C 3 / ’:2*:\{5 ------ -
was degraded during the 1st days of storage, but then the = 150 ’,",’ ’}‘-:;" %N$ —
content was almost maintained over time. On the contrary, o g i Qe 2
authors stated that anthocyanins in samples stored between 100 T -
10 and 20 °C were increasingly destroyed over time and deg- 50— l — —
radation rate constants were temperature dependent. 0123 4 s 6 7T 8 9 1013
Time (d)
Vitamin C b 350 -
The VitC content of fresh-cut strawberries of all types of cut- 3007 ;"
ting remained almost constant (2 and 6 °C) for 15 and 8 days, 250 | ," \\
respectively, or with slight losses (less than 10%) at 13 °C for g ',"w, --= 31\\ -
7 days (data not shown). Therefore, it can be inferred that 2 200 ,-"/ BT
storage temperature (2 to 13 °C) in fresh-cut strawberries did ~ ~ 55 |}/ T &
not produce important losses in the VitC content, and then, g o e i e i)
these results could not be modeled. In agreement, Gil et al. 100%
(2006) reported that the VitC content remained constant in 50 ’ o
quartered strawberries variety ‘Seascape’ after 9 days of stor- 001 2 3 4 5 6 7 8 9 1011 12 13 14 15
age at 5 °C. However, Odriozola-Serrano et al. (2010) report- Time (d)
ed 40% losses in the VitC content of quartered strawberries € .
after 21 days of storage at 4 °C. The increase in the VitC £
catabolism reported by authors was attributed to the high ac- 300 :’ \‘\\
cumulation of CO, inside the round containers due to product a0l § - - g
respiration for 21 days. ~ i el
SRR S e
Phenylalanine Ammonia Lyase g 150 ;::'L:' grr—, (o k — e 4}) .............. (}
The relative PAL activity changes (%) during the storage of 1005
W, H, and Q strawberries stored at 2, 6, and 13 °C are shown % N
in Fig. 3. According to the results, an increase in PAL activity 001 2 3 4 5 6 7 8 9 1011 12 13 14 15

was observed as the intensity of wounding increased. It is
recognized that wounding promotes an increase in PAL activ-
ity, which catalyzes the first step of phenylpropanoid metab-
olism (Murata et al. 2004). Therefore, the effect of the inten-
sity of wounding results to be proportional to the PAL activity
and the TP content (Cantos et al. 2002).
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Time (d)

Fig.3 Experimental and predicted relative phenylalanine ammonia lyase
(PAL %) activity of whole without hull (W) (a), halved (H) (b), and
quartered (Q) (¢) strawberries stored at 2, 6, and 13 °C. Experimental
values (circle for 2 °C, square for 6 °C, triangle for 13 °C); models
[CCEETD for 2 °C, = == for 6 °C, ===-= for 13 °C). Vertical bars indicate
the standard error of the means (n = 3)
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Table 4 Estimated parameters of

proposed model of relative PAL ~ Sample  Temperature  PALpeo (%) ke (R) ka (R) Ea (R?) Eay (R%)
activity (%) (Eq. 9) and activation ©)
energies (Eq. 11) of W, H, and Q
strawberries w 2 101 0.3(0.96) 0.04(0.96) 93,945.2(0.93)  93,571.1 (0.89)
6 117 0.9(1.00)  0.04 (1.00)
13 159 1.6 (0.99) 0.16(0.99)
H 2 52 1.1(0.71)  0.02(0.71)  47,791.6 (0.93) 114,706.5 (0.99)
6 145 1.6 (1.00)  0.03 (1.00)
13 237 2.4(0.95) 0.11(0.95)
Q 2 90 2.1(0.89) 0.03(0.89) 4271.1(0.99) 53,811.3 (0.89)
6 172 2.1(0.99) 0.04(0.99)
13 282 2.2(1.00)  0.07(1.00)

PAL phenylalanine ammonia lyase, W whole without hull strawberries, H halved strawberries, QO quartered
strawberries, Ea, (J mol ') activation energy of enzyme formation, Ea, (J mol 1) activation energy of enzyme
inactivation, PAL,,,  predicted constant of enzyme precursor, W whole without hull strawberries, / halved
strawberries, O quartered strawberries, k, (day71 ) reaction rate constant for formation of the active form of the
enzyme, k, (day ') dissociation rate constant of the active form of the enzyme

Moreover, analysis of the results revealed that the higher
the temperature of storage for each type of cutting, the higher
the PAL activity (Fig. 3). Ardila et al. (2007) reported in-
creases in PAL activity with raising temperatures, having de-
termined 37 °C as the optimum enzyme temperature.
However, as discussed above, it was demonstrated that the
increase in the storage temperature for a given type of straw-
berry cutting did not influence the phenolic compound syn-
thesis as a response to the abiotic stress induced by wounding.
However, the losses in the total anthocyanins contents ob-
served in all samples at all temperatures would be the reason
by which we could not notice an increased in the total pheno-
lic contents, even when higher PAL activities were obtained as
temperature increased.

A kinetic model (Eq. 9) was used for modeling PAL activ-
ity in fresh-cut strawberries as a function of time, for each type
of cutting, stored at 2, 6, and 13 °C. Table 4 presents the
kinetic parameters obtained for PAL modeling. R? values
ranged since 0.71 to 1.00, and residuals satisfied the assump-
tions of normality, independence, and randomness (data not
shown). As observed, in general, for a given temperature, the
greater the intensity of wounding, the higher the values of
formation constants (ky) of active enzyme (W < H < Q). For
instance, at 2 °C, kg values were 0.3, 1.1, and 2.1 for W, H, and
Q strawberries (Table 4). However, this behavior was not
followed by the dissociation constants (kg), whose values did
not present differences among type of cuttings at a given tem-
perature. For example, at 2 °C, kq values were 0.04, 0.02, and
0.03 for W, H, and Q strawberries (Table 4).

The Arrhenius equation allowed analyzing the effect of
temperature on k¢ and ky for each type of strawberry cutting.
Regarding, W and H strawberries, it was observed that both
rate constants (ky and kg) increased with temperature, favoring
initially the formation of the active PAL, and then its inacti-
vation. However, the higher energy activation (Ea) values

calculated for k; parameters in W strawberries indicate a
higher dependence of this type of cutting with temperature.
In the case of Q strawberries, they showed similar k¢ values at
all temperatures, and these values were higher than those ob-
served for W and H strawberries (Table 4), suggesting higher
functionality of k¢ with abiotic stress produced by wounding
rather than with temperature. However, kq values showed
functionality with temperature for Q strawberries; thus, the
inactivation of PAL was favored as temperature increased
(Table 4).

Polyphenoloxidase

Figure 4 shows the relative PPO activity changes (%) during
the storage of W, H, and Q strawberries stored at 2, 6, and
13 °C. As shown, an increase on PPO activity was observed
during the storage of some of the samples. However, other
samples did not experience an increase on enzyme activity
during storage time. The highest PPO activities were quanti-
fied for W strawberries, the least wounded samples, at all
temperatures (Fig. 4). These results highlight an apparent in-
dependence of PPO activity with abiotic stress produced by
wounding, differing from the behavior observed for PAL
activity.

Phenolic compounds and PPO are in different compart-
ments in plant cells, thus they cannot interact with each other.
By peeling and/or cutting of the fruit, cells are disrupted, and
so, the enzyme can contact its substrate (phenolic compounds)
(Cantos et al. 2002). Therefore, it is probably that PPO is
better protected in its cellular compartment and remained in
better conditions for the enzymatic reaction after extraction in
W and H samples than in Q ones.

A zero order kinetic model (Eq. 3) was adopted for
describing the changes (%) in relative PPO activity rather
than first order model (data not shown). Figure 4 shows
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Fig. 4 Experimental and predicted relative polyphenoloxidase (PPO %)
activity of whole without hull (W) (a), halved (H) (b), and quartered (Q)
(c) strawberries stored at 2, 6, and 13 °C. Experimental values (circle for
2 °C, square for 6 °C, triangle for 13 °C); models (======= for2 °C, == ==
for 6 °C, = === for 13 °C). Vertical bars indicate the standard error of the
means (n = 3)

changes (%) in PPO activity of fresh-cut strawberries dur-
ing storage at all temperatures adjusted to the proposed

model, when it was possible to perform. H strawberries
showed no changes at 2 and 6 °C. Table 5 presents kinetic
parameters for PPO activity in fresh-cut strawberries ob-
tained using this model, when it was possible to calculate.
Even though R” values were not acceptable in some cases,
the reaction constants (k) of W strawberries were higher
than Q values at all studied temperatures, confirming the
higher PPO activity in W strawberries.

In general, the increase in the storage temperatures
from 2 to 13 °C for each type of cutting elicited higher
PPO activities (higher reaction rate constants). For in-
stance, k values for Q strawberries were 0.40, 3.67, and
12.26 at 2, 6, and 13 °C (Table 5). In agreement, Gasull
and Becerra (2006) observed that PPO activity of apples
and pears increased with an increase in temperature, hav-
ing been higher between 30 and 40 °C. However, the
activation energy results for W and H strawberries were
similar and lower than the value obtained for Q straw-
berries (Table 5), suggesting that in the last case (more
wounded tissue) PPO activity rate constants are more sen-
sitive with the temperature changes.

PpH and Soluble Solids

In general, the SS contents of W, H, and Q strawberries stored
at2, 6, and 13 °C decreased during storage (data not shown).
Q strawberries stored at 6 and 13 °C presented the highest
losses of SS, 10 and 15%, respectively. Higher depletion of
SS at this temperature could be explained by higher respirato-
ry activities of these fruits (Ayala-Zavala et al. 2004).

Meanwhile, the pH values of samples tended to progres-
sively increase during storage or they were maintained near to
their initial values (data not shown). Although high CO, at-
mospheres, reached especially in the samples stored at 13 °C
(higher than 20 kPa from day 3 of storage), may have de-
creased the pH of the tissues by dissolution of CO, gas, the
concomitant oxidation of organic acids during product respi-
ration produced no changes or slight increases in pH values at
the end of the storage.

SS and pH changes could be better modeled with zero
order kinetics (Table 6). The activation energy obtained for

Table 5 Estimated rate reaction

constants (k) for the zero order Temperature (°C) W H Q

model (Eq. 3) and activation - 5 B N B N

energies (Eq. 11) for PPO relative k(% day ) R k (% day ) R k(% day ) R

activity (%) of W, H, and Q

strawberries 7.61 0.69 - - 0.40 0.88
6 7.76 0.81 - - 3.67 0.38
13 46.52 0.96 7.07 0.57 12.26 0.73
Ea (J mol ) 111,340.0 - 194,170.0
R 0.86 - 0.90

PPO polyphenol oxidase, W whole without hull strawberries, H halved strawberries, Q quartered strawbetries, Ea

activation energy
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Table 6 Estimated rate reaction
constants (k) for the zero order Attribute Temperature (°C) W H Q
model (Eq. 3) and activation
energies (Eq. 11) for pH, soluble k (day™") R k (day™") R k (day™") R
solids, and color parameters
changes of W, H, and Q 2 0.026 0.50 0.027 0.57 0.014 0.60
strawberries SS 6 0.054 0.96 0.100 0.71 0.040 0.69
13 0.160 0.63 0.130 0.67 0.160 0.76
Ea (J mol ") 102,700 89,800 145,100
R’ 0.99 0.93 0.99
0.017 0.94 0.021 0.83 0.031 0.94
pH 0.027 0.99 0.030 0.97 0.040 0.93
13 0.033 0.78 0.034 0.99 0.044 0.96
Ea (J mol ") 38,600 26,000 20,400
R’ 0.87 0.84 0.97
L* 2 0.30 0.80 0.23 0.50 0.14 0.60
6 0.50 0.55 0.25 0.80 0.33 0.87
13 1.00 0.67 0.50 0.91 0.69 0.93
Ea (J mol ™} 56,000 42,900 90,300
R 0.98 0.90 0.97
a* 0.30 0.56 0.42 0.80 0.32 0.67
0.40 0.78 0.80 0.80 0.70 0.88
13 0.70 0.84 1.10 0.91 0.80 0.91
Ea (J mol ") 47,500 51,500 53,400
R 0.99 0.85 0.84
b* 2 0.4 0.67 0.5 0.79 0.4 0.66
6 0.6 0.53 1.0 0.84 0.7 0.90
13 0.8 0.75 14 0.96 1.0 0.94
Ea (Jmol ") 41,000 51,500 53,400
R’ 0.97 0.89 0.87
Cap* 2 0.50 0.60 0.60 0.79 0.50 0.68
6 0.60 0.51 1.20 0.81 0.90 0.90
13 1.00 0.81 1.50 0.93 1.20 0.93
Ea (J mol ) 44,500 50,600 52,900
R 0.99 0.87 0.85
hap, 0.34 0.73 0.46 0.80 0.30 0.58
0.50 0.52 0.90 0.90 0.70 0.86
13 0.90 0.82 130 0.97 1.00 0.94
Ea (J mol ") 54,900 57,700 58,100
R’ 0.98 0.90 0.91

SS soluble solids, W whole without hull strawberries, / halved strawberries, Q quartered strawberries

the SS changes of W and H strawberries was similar between
each other and lower than the value calculated for Q straw-
berries (Table 6). Latter results suggest more dependence of
SS change with temperature in the most wounded samples. In
the case of pH change, according to the activation energy
values obtained, temperature affected similarly the increase
of this attribute for all the type of cutting (Table 6).
Similarly, no differences in pH values were found during the
storage of whole strawberries at 0, 5, and 10 °C for up to
13 days by Ayala-Zavala et al. (2004).

Color

A decrease in L* parameter for all samples at all temperatures
was observed. This decrease (darkening of the fruit) was faster
in samples stored at high temperatures (13 °C) (data not
shown). Similarly, Wright and Kader (1997) reported a de-
crease in L* parameter with storage time in whole and
quartered strawberries variety ‘Selva’ stored at 5 °C for 7 days.
In the same way, A4,,* values of samples studied herein de-
creased progressively during storage and with the increase of
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temperature. Smaller values of /,,* near to 0° mean an in-
crease in the red hue of the fruit color with the storage time.
Meanwhile, C,,* values (color chromaticity) decreased over
time as the temperature increased for all types of cutting (data
not shown).

Color parameters could be better modeled with zero order
kinetics (Table 6). The reaction rate constants obtained for L*
parameter, for all types of cutting, confirm edits more pro-
nounced decrease with the increase of temperature from 2 to
13 °C (Table 6). Moreover, according to the predicted activa-
tion energies, there would be a higher sensibility to tissue
browning at higher temperatures, as the intensity of wounding
increase. Additionally, /,,* rate constant changes were higher
as temperature increased for a given type of cutting, and the
predicted activation energies had similar values for the three
types of cutting, showing no dependence of this color param-
eter with the intensity of wounding of the plant tissue
(Table 6).

Similarly, Fadda et al. (2015) reported a decrease in color
parameters with storage time of whole strawberries stored at
0 °C for 12 days. Authors stated that the decrease in L* was
probably caused by enzymatic browning and changes in the
color were only due to a decrease in saturation, as it was also
demonstrated by the concomitant decrease in the chroma
values.

Conclusions

The results obtained in this global study revealed that it is
possible to prepare quartered strawberries with high qual-
ity up to 15 days at 2 °C and with higher content of phe-
nolic compounds (up to 22% more than whole straw-
berries). The effect of increasing the intensity of wounding
of fresh-cut strawberries revealed an activation of the
phenylpropanoid metabolism, which resulted in higher
synthesis of phenolic compounds. The proposed models
described the changes on bioactive compounds, on the en-
zymes of the phenylpropanoid metabolism and the evolu-
tion of the quality attributes as a function of time and tem-
perature in fresh-cut strawberries with different types of
cutting. The changes on quality parameters (soluble solids,
pH, and color), anthocyanin content retention, as well as
relative PPO activity of whole without hull, halved, and
quartered strawberries were adequately fitted with zero or-
der kinetic. All the rate constants of these attributes, except
for anthocyanins, fitted appropriately with Arrhenius equa-
tion. The changes on total phenolic content retention and
on the relative PAL activity were adequately fitted with a
consecutive reaction mechanistic kinetic model for each
type of cutting. Better fit was obtained for quartered straw-
berries (with the higher wounding stress). The rate con-
stants of phenolic kinetic showed no dependence with
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temperature. However, rate constants of PAL activity fitted
appropriately with Arrhenius equation, with different acti-
vation energies depending on the type of cutting. This
global study offers a better understanding of the effects
of processing and storage conditions on general quality,
bioactive compounds, and phenylpropanoid metabolism
enzymes of fresh-cut strawberries.

Acknowledgements The authors thank to Bachelor Gabriela E.
Morales, the technical assistance on the analytical work.

Funding Information The authors acknowledge to Universidad
Nacional del Litoral (Argentina) for financial support through project
CAI+D 2011 and ANPCYT (Argentina), through PICT No 2646.

Compliance with Ethical Standards

Conlflict of Interest
interest.

The authors declare that they have no conflict of

References

Alexandre, E. M. C., Silva, C. L. M., & Brandao, T. R. S. (2014).
Traditional and emerging technologies for strawberry processing.
In N. Malone (Ed.), Strawberries: cultivation, antioxidant proper-
ties and health benefits (pp. 73-92). New York: Nova Science
Publishers, Inc..

Amodio, M. L., Derossi, A., & Colelli, G. (2014). Modeling phenolic
content during storage of cut fruit and vegetables: a consecutive
reaction mechanism. Journal of Food Engineering, 140, 1-8.

Ardila, H., Baquero, B., & Martinez, S. (2007). Induccion de la actividad
de la enzima fenilalanina amonio liasa en clavel
(Dianthuscaryophyllus L.) por elicitores del hongo Fusarium
oxysporum f. sp. Dianthiraza 2. Revista Colombiana de Quimica,
36, 151-157.

Ayala-Zavala, J. F., Wang, S. Y., Wang, C. Y., & Gonzalez-Aguilar, G. A.
(2004). Effect of storage temperatures on antioxidant capacity and
aroma compounds in strawberry fruit. LWT-Food Science and
Technology, 37, 687-695.

Cantos, E., Tudela, J. A., Gil, M. L, & Espin, J. C. (2002). Phenolic
compounds and related enzymes are not rate-limiting in browning
development of fresh-cut potatoes. Journal of Agricultural and
Food Chemistry, 50, 3015-3023.

Castaneda-Ovando, A., Pacheco-Hernandez, M., Paéz-Hernandez, M. E.,
Rodriguez, J. A., & Galan-Vidal, C. A. (2009). Chemical studies of
anthocyanins: a review. Food Chemistry, 113, 859-871.

Castro, 1., Gongalves, J. A., & Vicente, A. A. (2002). Comparative study
of Selva and Camarosa strawberries for the commercial market.
Journal of Food Science, 67, 2132-2136.

Cineros-Zevallos, L. (2003). The use of controlled postharvest abiotic
stresses as a tool for enhancing the nutraceutical content and
adding-value of fresh fruit and vegetables. Journal of Food
Science, 68, 1560-1565.

Cordenunsi, B. R., Genovese, M. 1., Oliveira do Nascimento, J. R.,
Hassimotto, N. M. A., dos Santos, R. J., & Lajolo, F. M. (2005).
Effects of temperature on the chemical composition and antioxidant
activity of three strawberry cultivars. Food Chemistry, 91, 113—-121.

Crecente-Campo, J., Nunes-Damaceno, M., Romero-Rodriguez, M. A.,
& Vazquez-Oderiz, M. L. (2012). Color, anthocyanin pigment,
ascorbic acid and total phenolic compound determination in organic



Food Bioprocess Technol (2018) 11:96-109

109

versus conventional strawberries (Fragaria x ananassa Duch, cv
Selva). Journal of Food Composition and Analysis, 28(1), 23-30.

da Silva Pinto, M., Lajolo, F., & Genovese, M. (2008). Bioactive com-
pounds and quantification of ellagic acid in strawberries (Fragaria x
ananassa Duch.) Food Chemistry, 107, 1629—1635.

Davey, M. W., Van Montagu, M., Inz¢, D., Sanmartin, M., Kanellis, A.,
Smimnoff, N., Benzie, I. J. J., Strain, J. J., Favell, D., & Fletcher, J.
(2000). Review: plant L-ascorbic acid: chemistry, function, metab-
olism, bioavailability and effects of processing. Journal of the
Science of Food and Agriculture, 80, 825-860.

Fadda, C., Fenu, P. A. M., Usai, G., Del Caro, A., Diez, Y. M.,
Sanguinetti, A. M., & Pig, A. (2015). Antioxidant activity and sen-
sory changes of strawberry tree fruits during cold storage and shelf
life. Czech Journal of Food Sciences, 33, 531-536.

Gasull, E., & Becerra, D. (2006). Caracterizacion de Polifenoloxidasa
Extraida de Pera (cv. Packam’s Triumph) y Manzana (cv. Red
Delicious). Informacion Tecnoldgica, 17, 69-74.

Gil, M. L, Aguayo, E., & Kader, A. A. (2006). Quality changes and
nutrition retention in fresh-cut versus whole fruit during storage.
Journal of Agriculture and Food Chemistry, 54, 4284-4296.

Gil, M. L, Holcroft, D. M., & Kader, A. A. (1997). Changes in strawberry
anthocyanins and other polyphenols in response to carbon dioxide
treatments. Journal of Agriculture and Food Chemistry, 45, 1662—
1667.

Heo, J. H., & Lee, C. J. (2005). Strawberry and its anthocyanins reduce
oxidative stress-induced apoptosis in PC12 cells. Journal of
Agriculture and Food Chemistry, 53, 1984—1989.

Holcroft, D., Gil, M., & Kader, A. (1998). Effect of carbon dioxide on
anthocyanins, phenylalanine ammonia lyase, and
glucosyltransferase in the arils of stored pomegranates. Journal of
the American Society of Horticultural Science, 123, 136—140.

Kang, H., & Saltveit, M. (2002). Antioxidant capacity of lettuce leaf
tissue increases after wounding. Journal of Agriculture and Food
Chemistry, 50, 7536-7541.

Lowry, O. H., Rosebrough, N., Farr, L., & Randall, R. (1951). Protein
measurement with the folin phenol reagent. Journal of Biological
Chemistry, 193, 265-275.

Massolo, J. F., Concellon, A., Chaves, A. R., & Vicente, A. R. (2011). 1-
Methylcyclopropene (1-MCP) delays senescence maintains quality
and reduces browning of non-climacteric eggplant (Solanum
melongena L.) fruit. Postharvest Biology and Technology., 59, 10—
15.

Montgomery, D. C. (2001). Design and analysis of experiments.
Hoboken: Wiley.

Mori, T., Sakurai, M., & Sakuta, M. (2000). Changes in PAL, CHS,
DAHP synthase (Ds-Co and Ds-Mn) activity during anthocyanin
synthesis in suspension culture of Fragaria ananassa. Plant Cell,
Tissue and Organ Culture, 62, 135-139.

Murata, M., Tanaka, E., Minoura, E., & Homma, S. (2004). Quality of cut
lettuce treated by heat shock: prevention of enzymatic browning
repression of phenylalanine ammonia-lyase activity, and improve-
ment on sensory evaluation during storage. Bioscience
Biotechnology Biochemistry, 68, 501-507.

Odriozola-Serrano, 1., Soliva-Fortuny, R., & Martin-Belloso, O. (2010).
Changes in bioactive composition of fresh-cut strawberries stored
under superatmospheric oxygen, low-oxygen or passive atmo-
spheres. Journal of Food Composition and Analysis, 23, 37-43.

Odriozola-Serrano, 1., Soliva-Fortuny, R., & Martin-Belloso, O. (2009).
Influence of storage temperature on the kinetics of the changes in
anthocyanins, vitamin C, and antioxidant capacity in fresh-cut
strawberries stored under high-oxygen atmospheres. Journal of
Food Science, 74, C184-C191.

Piagentini, A. M., Mendez, J. C., Guemes, D. R., & Pirovani, M. E.
(2005). Modelling changes of sensory attributes for individual and
mixed fresh-cut leafy vegetables. Postharvest Biology and
Technology, 38, 202-212.

Piagentini, M. A., Gliemes, D. R., & Pirovani, M. E. (2003). Mesophilic
aerobic population of fresh-cut spinach as affected by chemical treatment
and style of packaging film. Journal of Food Science, 68, 602—607.

Pirovani, M., Piagentini, A. M., Giiemes, D. R., & Arkwright, S. (2004).
Reduction of chlorine concentration and microbial load during
washing disinfection of shredded lettuce. International Journal of
Food Science and Technology, 39, 341-347.

Reyes, L. F., & Cisneros-Zevallos, L. (2003). Wounding stress increases
the phenolic content and antioxidant capacity of purple-flesh pota-
toes. Journal of Agriculture and Food Chemistry, 51, 5296-5300.

Riva, M., Franzetti, L., & Galli, A. (2001). Microbial and quality and
shelf-life modelling of ready-to-eat cicorino. Journal of Food
Protection, 7, 228-234.

Singleton, V. L., & Rossi, J. A. (1965). Colorimetry of total phenolics
with phosphomolybdic-phosphotungstic acid reagents. American
Journal of Enology and Viticulture, 16, 144-158.

Soliva-Fortuny, R. C., & Martin-Belloso, O. (2003). New advances in
extending the shelf-life of fresh-cut fruit. Trends in Food Science
and Technology, 14, 341-353.

Surjadinata, B. B., & Cisneros-Zevallos, L. (2012). Biosynthesis of phe-
nolic antioxidants in carrot tissue increases with wounding intensity.
Food Chemistry, 134, 615-624.

Tijskens, L. M. M., & Schouten, R. E. (2009). Modeling quality attributes
and quality related product properties. In J. Wojciech, R. L.
Florkowski, B. B. Shewfelt, & E. P. Stanley (Eds.), Postharvest
handling (2nd ed., pp. 483-512). USA: Elsevier Inc..

Valipour, M. (2012). Ability of Box-Jenkins models to estimate of refer-
ence potential evapotranspiration (a case study: Mehrabad Synoptic
Station, Tehran, Iran). /OSR Journal of Agriculture and Veterinary
Science (IOSR-JAVS), 1, 1-11.

Valipour, M., Banihabib, M. E., & Behbahani, S. M. R. (2013).
Comparison of the ARMA, ARIMA, and the autoregressive artifi-
cial neural network models in forecasting the monthly inflow of Dez
dam reservoir. Journal of Hydrology, 476, 433—441.

Valipour, M., Sefidkouhi, M. A. G., & Raeini, M. (2017). Selecting the
best model to estimate potential evapotranspiration with respect to
climate change and magnitudes of extreme events. Agricultural
Water Management, 180, 50—60.

Van de Velde, F., Grace, M. H., Pirovani, M. E., & Lila, M. A. (2016).
Impact of a new postharvest disinfection method based on peracetic
acid fogging on the profile of strawberries. Postharvest Biology and
Technology, 117, 197-205.

Van de Velde, F., Giiemes, D., & Pirovani, M. E. (2014). Optimisation of
the peracetic acid washing disinfection of fresh-cut strawberries based
on microbial load reduction and bioactive compounds retention.
International Journal of Food Science and Technology, 49, 634—640.

Van de Velde, F., Pirovani, M. E., Camara, M. S., Giiemes, D., &
Bernardi, C. M. H. (2012). Optimization and validation of a UV—
HPLC method for vitamin C determination in strawberries
(Fragaria ananassa Duch.), using experimental designs. Food
Analytical Methods, 5, 1097-1104.

Van Dijk, C., & Tijskens, L. M. M. (2000). Mathematical modelling of
enzymatic reactions as related to the texture of fruit and vegetables
after storage and mild preheat treatments. In S. M. Alzamora, S. M.
Tapia, & A. Lopez-Malo (Eds.), A. Minimal processing fruit and
vegetables (pp. 127-152). USA: Aspen Publishers Inc..

Wright, K. P, & Kader, A. A. (1997). Effect of slicing and controlled-
atmosphere storage on the ascorbate content and quality of straw-
berries and persimmons. Postharvest Biology and Technology, 10,
39-48.

Zheng, Y., Wang, S., Wang, C., & Zheng, W. (2007). Changes in straw-
berry phenolics, anthocyanins and antioxidant capacity in response
to high oxygen treatments. LWT-Food Science and Technology, 40,
49-57.

@ Springer



	Modeling...
	Abstract
	Introduction
	Materials and Methods
	Reagents
	Plant Material
	Minimal Processing
	Gas Composition
	Total Anthocyanin, Total Phenolic, and Vitamin C Analysis
	Extract Preparation
	Total Anthocyanin Content
	Total Phenolic Content
	Vitamin C Content

	Soluble Solids and pH Analysis
	Color Determination
	Enzymatic Activity Determinations
	Phenylalanine Ammonia Lyase
	Polyphenol Oxidase

	Protein Determination
	Modeling Changes in the Content of TA, VitC, PPO Activity, pH, SS, and Color Parameters in Fresh-Cut Strawberries
	Modeling Changes in the Content of TP and PAL Activity in Fresh-Cut Strawberries
	Modeling the Effect of Temperature on Kinetic Rate Constants
	Statistical Analysis

	Results and Discussion
	Effect of the Type of Cutting on Bioactive Compound Content, Enzyme Activities, and Quality Attributes of Strawberries
	Impact of Storage at Different Temperatures of W, H, and Q Strawberries on Bioactive Compound Content, Enzyme Activities, and Quality Attributes
	Total Phenolics
	Total Anthocyanins
	Vitamin C
	Phenylalanine Ammonia Lyase
	Polyphenoloxidase
	pH and Soluble Solids
	Color


	Conclusions
	References


