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Abstract Fruit juices have become an important product for
the healthy food world. In the last 5 years, the sales of indus-
trial juices treated by non-thermal preservation technologies
such as high-pressure processing (HPP) have strongly in-
creased. In the present study, the effect of the application of
two stabilization treatments, mild heating (MH; 80 °C for
7 min) and high-pressure processing (HPP; 350 MPa for
5 min), on multi-fruit smoothies was compared on a wide
range of quality parameters immediately after treatment and
during a refrigerated storage of 21 days. From the physico-
chemical and instrumental colour point of view, immediately
after treatment, HPP smoothies were more similar to the fresh
product than those treated by MH. During storage, the colour
ofMH smoothies was more stable although HPP ones showed
lower browning index and viscosity more similar to the un-
treated product. Additionally, HPP provided smoothies with
better sensory properties and higher nutritional quality than
MH. In general, HPP smoothies were more similar to the
untreated product. However, HPP smoothies kept a residual
enzyme activity which is likely to limit the shelf life of this
multi-fruit smoothie.
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Introduction

Fruit and vegetables are important components of a
healthy diet, and their sufficient daily consumption could
help prevent major diseases . The World Heal th
Organization recommends a minimum of 400 g of fruit
and vegetables per day (excluding potatoes and other
starchy tubers) for the prevention of chronic diseases such
as heart disease, cancer, diabetes and obesity, as well as
for the prevention and alleviation of several micronutrient
deficiencies, especially in less developed countries. In
Europe, fruit and vegetable intake varies between coun-
tries (Lobstein et al. 2004, but according to the compiled
results of European Food Safety Authority (2008), the
average consumption is 386 g per day.

Consumers consider lack of convenience as an impor-
tant barrier for fruit consumption. According to Briz et al.
(2009)), the need of washing, peeling and cutting is a
difficulty pointed out by the consumers regarding fruit
consumption, and this is a reason for the growing demand
of ready-to-eat or take-away fruit products. In addition,
over the last years, there has been an increase in consumer
demand for minimally processed foods, more similar to
fresh products, without the presence of additives.
However, one of the main problems in manufacturing
healthy ready-to-eat products, such as those based on
fresh fruit and vegetables, is their short shelf life.
Therefore, extending the shelf life using mild processing
technologies that minimally affect the sensory and nutri-
tional properties of these products is a challenge for the
food industry.
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In recent years, fruit-based smoothies have gained in
popularity across the world and are currently one of the
major segments of the soft drinks market. This is primar-
ily driven by rising health consciousness among the pub-
lic and the consumption convenience and taste and natu-
ralness offered by smoothies. From an industrial stand-
point, high-pressure processing (HPP) is used by compa-
nies, mainly small- and medium-sized ones, to obtain a
high-quality product with a good cost/benefit ratio
(Rodrigo et al. 2010). For an acidic product (pH <4.5)
such as smoothie juice, HP commercial conditions range
from 300 to 600 MPa with holding time between 1 to
5 min (Sampedro et al. 2010; Andrés et al. 2016).

In general, HPP at low or moderate temperatures
causes the inactivation of microbial vegetative cells and
enzymes without promoting much change in the sensory
and nutritional properties of the food. HPP affects the
viability of microbial cells (Patterson et al. 2012) and
the structure of proteins/enzymes (Lopez-Malo et al.
1998; Rastogi et al. 2007), while leaving mostly unaffect-
ed low-molecular weight food compounds, such as vita-
mins, pigments, flavouring agents and other compounds
related to sensory, nutritional and health properties of the
product (Fernández-García et al. 2001; Butz et al. 2003;
Nienaber and Shellhammer 2001a, b; Oey et al. 2008;
Barba et al. 2012).

Most of the studies published up to date were carried
out in single-fruit juices such as tomato, orange, apple,
watermelon, peach, kiwi and litchi juices (for a review,
see Chakraborty et al. 2014), and little research has been
conducted into blended fruit products. In multi-fruit
smoothies containing sterilized apple juice, Keenan et al.
(2010) found that mild thermal treatment had a lower
effect on antioxidant activities than HPP at 450 MPa dur-
ing a storage period of 30 days. More recently, the same
group (Keenan et al. 2012) confirmed that HPP (450 and
600 MPa), unlike mild heat (MH), was hardly effective in
inhibiting fruit enzymes, while all three treatments pre-
sented the same degradation pattern for vitamin C. As
reported by Keenan et al. (2012), as smoothies contain a
mixture of intracellular contents from the different fruit
components, the mixture may exhibit very different bio-
chemical behaviours to those of their individual compo-
nents. Although the microbiological benefit of HPP treat-
ment in fruit products is well understood, the degradation
of nutrient and sensory attributes in a complex matrix
including different fruits, such as in smoothies, requires
further evaluation. The aim of the present work was to
evaluate the effect of both mild heating and high-
pressure industrial treatments on the physico-chemical pa-
rameters, microbiology, nutritional content and sensory
properties of a multi-fruit smoothie throughout refrigerat-
ed storage to obtain a fresh-like product.

Materials and Methods

Sample Preparation

Smoothie formulation was based on commercial smoothies
but selected for their sensory properties. Apples (Pyrus malus
v. Golden delicious), strawberries (Fragaria ananassa v.
Pájaro), bananas (Musa cavendishii v. Pequeña enana) and
oranges (Citrus sinensis v. Navel-late) were purchased from a
local stoking house. Smoothie composition by weight
consisted of apple juice (33 %; squeezed apple juice), orange
juice (33 %), strawberry (14 %), whole apple (10 %; pulp+
juice) and banana (10 %). Juices were obtained using a juicer
(Robot Coupé C40, Bourgogne, France) and blended to
achieve the aforementioned composition. During sample
preparation, room temperature was stabilized at 14 °C, and
during production, fruit cuts were kept at 1–2 °C before blend-
ing. Smoothies subjected to HPP were packaged in 250-mL
polyethylene terephthalate (PET) bottles (Sunbox, Madrid,
Spain), while a specific HT300 pouch (Seal Air Cryovac,
Milano, Italy) was used in MH samples. Pouches were sealed
with a Tecnotrip vacuum sealing system EV-13L-CD
(Tecnotrip, Barcelona, Spain). Both packages were selected
to avoid the effect of packaging materials on the quality of
the smoothie.

Thermal and High-Pressure Treatments

For MH treatment, the samples were introduced into an
ILRAPLUS autoclave (Ilpra Systems, Mataró, Spain) and
heated to 80 °C for 7 min including an initial ramp of
5.7 °C min−1; the total heating lasted for 27 min. The internal
temperature of the smoothies during treatment was continu-
ously recorded using a datalogger (PicoVacq, TMI Orion,
France), and the accumulated lethality achieved for the perti-
nent pathogen, Escherichia coli O157:H7 (FDA 2001), was
calculated according to the following equation:

PT re f
z ¼

Z t f

0
10

T−T re f
zð Þ

dt

where T corresponds to the registered temperature, Tref to the
reference temperature (60 °C), z to the thermal resistance and t
to the time.

The consequent log reductions of E. coli O157:H7 were
calculated according to the fol lowing equat ion:
Log reduction ¼ lethality=DT re f where lethality is the value
as described above and DT re f

corresponds to the decimal re-
duction time (min) at Tref of the pertinent pathogen.

According to literature, the thermal inactivation parameters
of E. coli O157:H7 in acid fruit juices (pH = 3.9) are
D60 = 0.8–1.7 min and z = 4.8–5.9 °C (Mazzotta 2001).
Conservative values were used for the calculations (e.g.
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D60 = 1.17 min and z= 5.9 °C). Only temperatures above
55 °C were used for the calculation of the accumulated
lethality.

The HPP stabilization treatment consisted in the pressuri-
zation at 350 MPa for 5 min at an initial temperature of 9–
10 °C in a HPP system Wave 6500 of 120 l (Hiperbaric,
Burgos, Spain). This treatment was selected based on the re-
sults of Hurtado et al. 2015. The pressure ramp was
200 MPa min−1, total cycle was 7.3 min and the expected
increase of temperature is 10–11 °C (Patazca et al. 2007).
After treatments, samples were cooled and stored at 4±1 °C
in darkness. Both treatments produce the 5-log reduction in
the target pathogen recommended by FDA (FDA 2001;
Erkmen and Dogan 2004).

Sampling

The different parameters studied were measured on untreated
products (day 0), after MH and HPP treatments (day 0AT) and
throughout refrigerated storage at 4±1 °C (days 7, 14 and 21).
Microbiological, physico-chemical and nutritional analyses
and instrumental colour measurements were taken on three
independent samples (three different 250-mL bottles) per
day of sampling. Sensory analysis was carried out using two
independent samples (two different 250-mL bottles) per day
of sampling. Two independent experiments/replicates (three
in the case of microbiological studies) were performed on
different days.

Microbiological Analyses

Microbiological analysis was performed to enumerate spoil-
age (aerobic mesophilic bacteria (AMB), psychrotrophic bac-
teria (PSY) and yeasts andmoulds (YM)), hygiene (coliforms)
and safety (E. coli , Salmonella spp. and Listeria
monocytogenes). For each sample, an aliquot of 10 mL was
diluted (1/10, w/w) with sterile saline peptone water, which
contained 1 g L−1 Bacto Peptone (Difco Laboratories, Detroit,
MI, USA) and 8.5 g L−1 NaCl (Merck, Darmstadt, Germany).
Further decimal dilutions were made using the same diluent.
Undiluted fruit smoothie was also sampled. AMB and PSY
were determined on plate count agar after incubation at 30 °C
for 72 h and 4 °C for 10 days, respectively. YM were counted
on yeast extract glucose chloramphenicol agar (YGC, Merck)
after incubation at 25 °C for 5 days. E. coli and total coliform
counts (log10 [cfu mL−1]) were determined in a chromogenic
E. coli/coliforms medium (ChromID Coli, bioMérieux,
Marcy-l'Étoile, France) after incubation at 37 °C for 24–
48 h. All determinations were performed in duplicate using
the pour plate method. Counts were expressed in log10
[cfu mL−1]. The detection limit was 1.0 cfu mL−1 (0 log10
[cfu mL−1]). Additionally, at the end of storage (21 days),

the presence of Salmonella spp. and L. monocytogenes was
investigated in 25 mL of sample (Stollewerk et al. 2012).

Physico-Chemical Analyses

The degree of clarification in samples (bottle or pouch) kept in
vertical position was determined in the upper juice portion by
measuring transmittance (%) at 660 nm using pure water as a
blank (100 % transmittance) in a UV2 Series UV/Vis spectro-
photometer (UNICAM, Cambridge, UK). Total soluble solids
(TSS), CIELAB colour, pH and total titratable acidity were
determined in shaken samples. TSS was determined using an
ATC-1e hand refractometer (Atago, Minato-ku, Tokyo, Japan)
and expressed as grams per 100 g or degrees Brix (±0.01
accuracy and 0–32 range; AOAC 932.14). CIELAB colour
was measured with a CR-200/08 Chroma Meter II (Minolta
Ltd., Milton Keynes, UK) with D65 illuminant, 2° observer
angle and 50-mm aperture size and calibrated with a standard
white reflector plate. Readings were obtained applying the
standard CIE L*a*b* (1976) colour system, where L* is a
lightness value, a* indicates hue on a green (−) to red (+) axis
and b* indicates hue on blue (−) to yellow (+) axis.
Subsequently, samples were centrifuged at 15,430×g for
10 min in a 5804 Eppendorf centrifuge (Hamburg,
Germany) to determine viscosity of the supernatant and total
insoluble solids as described by Ros et al. (2004). Absolute
viscosity was measured at 40 °C using a No. 100 Ostwald
Cannon-Fenske viscometer tube (Sigma-Aldrich, Madrid,
Spain). Total insoluble solids (TIS) were calculated as the
relative weight difference between the shaken sample and
the resulting supernatant after centrifugation. Finally, brow-
ning index (absorbance units) was determined according the
method of Ting and Rouseff (1986). A solution of sample in
methanol at 1:1 (v/v) was kept in ice for 15 min, and then, the
solution was centrifuged at 15,430×g for 10 min in a 5804
Eppendorf centrifuge. The absorbance of the supernatant was
measured at 420 nm in a UV2 Series UV/Vis spectrophotom-
eter. Triplicate measurements were made for each sample. The
pH was measured using a Crison pH 25 coupled to a Crison
5053 puncture electrode, (Crison Instruments S.A., Barcelona,
Spain).

Determination of the Enzymatic Activities
and Antioxidant Status

Enzymatic activity of peroxidase (POD) was first extracted in
triplicate from the smoothie by mixing 10 mL sample with
10 mL 0.2 M sodium phosphate buffer pH 6.5. The mixture
was centrifuged for 10 min at 15,430×g. The POD activity
was spectrophotometrically measured by adding 1.1 mL
0.2 M sodium phosphate buffer pH 6.5, 0.5 mL enzyme ex-
tract, 1 mL o-phenylenediamine solution (10 g L−1 in 0.2 M
sodium phosphate buffer pH 6.5) as substrate (proton donor)
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and 0.5 mL hydrogen peroxide solution (15 g L−1 in 0.2 M
sodium phosphate buffer pH 6.5) as oxidant to a 1-cm path
cuvette. The formation of the coloured oxidation product (2,3-
diaminophenazine) was measured as the change in absorbance
at 485 nm and 25 °C for 20 min (Vervoort et al. 2011).

Enzymatic activity of polyphenol oxidase (PPO) was
assessed according to the procedure ofWang et al. (2014) with
slight modifications. Samples (3 g) were homogenized in
6 mL 0.2 M sodium phosphate buffer, pH 7.0, containing
10 g L−1 insoluble polyvinyl pyrrolidone (PVP) and 5 g L−1

Triton X-100. Homogenates were centrifuged at 12,000×g for
10 min, and PPO activity was determined by measuring the
rate of linear increase in absorbance at 420 nm and 25 °C.
Reaction material contained 2 mL of 7 mM 4-t-butyl catechol
solution, 1 mL of distilled water and 0.2 mL of the extract
supernatant, containing the active enzyme. The reference cu-
vette contained only substrate solution and distilled water.
PPO activity was defined as the change in absorbance under
conditions of the assay (Δ absorbance min−1 mol).

The final results were expressed as relative activities of
POD and PPO expressed as percentage, which were calculat-
ed as the ratio between the treated (HPP or MH) and the
untreated smoothies.

The enzymatic activity of pectin methyl esterase (PME)
was determined according to the method of Li et al. (2015)
with slight modifications. PME activity was measured by
monitoring the release of free carboxylic groups of
galacturonic acid during pectin methyl ester hydrolysis and
was assayed reacting 5 mL of the sample with 50 mL of a
1 % (w/v) citrus pectin solution containing 0.2 M NaCl.
During pectin hydrolysis, the pH was maintained constantly
by addition of 0.01 N NaOH using a GLP21 pH meter
(Crison, Barcelona, Spain). The results of PME activity
(expressed as PME units g−1) were calculated by using the
following formula:

PME units g−1 ¼ mL NaOH � normality of NaOH

weight of sample gð Þ � 30 min

The antioxidant status of smoothies was quantitatively
assessed by using the 2.2-diphenyl-1-picrylhydrazyl (DPPH)
free radical (radical-scavenging activity) and the ferric ion
reducing antioxidant power (FRAP) methods (González-
Hidalgo et al. 2012). DPPH is based on electron-transfer,
which produces a violet solution in ethanol. The DPPH is
reduced in the presence of antioxidants and the ethanol solu-
tion turns yellow. A polynomial regression equation (Nuñez-
Mancilla et al. 2013) between the total antioxidant activity
(TAA=[1-(Abs sample/Abs blank)] ×100) and the concentra-
tion of sample was used for quantification. The results (IC50)
were expressed as the sample concentration required for

capturing half of the DPPH free radicals. The FRAP assay
(μmol equivalents Fe2+ 100 mL−1; ±3 μmol 100 mL−1) was
used to measure the antioxidant ability against all the reagent
oxidative species. The antioxidant ability was determined
from the blue compound formed as a result of the reaction
between the sample solution and the FRAP reagent (acetate
buffer, 2,4,6-tripyridyl-s-triazine and ferrous chloride) at
37 °C. The absorbance of this compound was measured at
593 nm after 2 min.

Determination of the Nutritional Quality

Major nutrients (vitamin C, phenols, flavonoids and sugars)
were analysed in the multi-fruit smoothies. The total vitamin
C content (mg 100 mL−1; ±0.5 mg 100 mL−1 accuracy) was
calculated as the sum of ascorbic acid (AA) and
dehydroascorbic acid (DHAA) according to the method of
Gil et al. (1998) with slight modifications. For AA determina-
tion, a purified extract of sample in methanol/water at 5:95 (v/
v), 0.5 g L−1 citric acid and 0.5 g L−1 ethylenediaminetetra-
acetic acid were used. For DHAA determination, 3 mL of the
above extract was reacted with 1 mL of a solution of o-
phenylenediamine (OPDA) in methanol/water at 5:95 (v/v)
(332.72 mg OPDA per each 100 mL solution), which was
kept at 4 °C in darkness for 40 min before analysis. The
reverse-phase high-performance liquid chromatography (RP-
HPLC) system was made up as follows: L-6200 pump
(Merck-Hitachi, Darmstadt, Germany), 2050 Plus
autosampler (Jasco Inc., Easton, UK), L-7420 UV detector
(Merck-Hitachi) and a Gemini C18 column (300×4.6 mm,
5 μm) connected to a C18 reverse-phase guard column, both
from Phenomenex, Torrance, CA, USA. The mobile phase
used was methanol/water containing cetrimide and KH2PO4.
The operating conditions were as follows: 100 μL injection
volume, 260-nm (AA) or 340-nm (DHAA) detector wave-
length and 0.9 mL min−1 flow rate.

Total phenols (mg gallic acid equivalents (GAE)
100 mL−1; ±2.5 mg 100 mL−1) were determined according
to Singleton and Rossi (1965). The absorbance of a yellow
compound formed from the reaction between a sample of the
ethanolic extract and Folin-Ciocalteu reagent (containing
phosphomolybdate and phosphotungstate) was measured at
765 nm. Total flavonoids (mg quercetin equivalents, QE,
100 mL−1; ±0.5 mg 100 mL−1) were determined according
to the method of Chang et al. (2002). The absorbance of a
yellow compound formed by reacting a sample of the metha-
nolic extract with aluminium chloride, potassium acetate and
water was measured at 415 nm. The principal sugars (sucrose,
glucose and fructose) were determined by HPLC using the
method described by Hellín et al. (2001). A water extract
sample was directly injected into the HPLC system equipped
with a L-7490 LaChrom refractive index detector (Merck-
Hi tach i ) and a Carbosep CHO682 lead co lumn
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(Transgenomic, Elancourt, France). The mobile phase used
was pure water (MilliQ). The operating conditions were as
follows: 20-μL injection volume, 0.4 mL min−1 flow rate
and 80 °C temperature. The results were expressed as grams
per 100 mL (±0.02 g 100 mL−1).

Quantitative Descriptive Analysis

The descriptors were generated using open discussion in two
previous sessions. The retained descriptors are shown in
Table 1. Six selected and trained assessors (ISO 8586–
1:1993 and ISO 8586–146 2:1994) undertook the sensory
analysis on 50 mL of multi-fruit smoothie. A non-structured
scoring scale (Amerine et al. 1965) was used, where 0 meant
the absence of the descriptor and 10 meant a high intensity of
the descriptor. The sensory evaluation was separately per-
formed for each sampling time in two sessions using one
bottle of 250 mL of each treatment per session. A complete
block design was used (Steel and Torrie 1983), where each
taster assessed all the batches in each session. Eight sensory
sessions per assessor were performed in total. The samples
were coded using three random numbers and presented to
the assessors, who balanced the first-order effects and the
carry-over effects according to MacFie et al. (1989). The

average score of the six assessors for each sample and session
was recorded and used in the data analysis.

Data Analysis

Data was analysed by means of ANOVA using the GLM
procedure of SAS 9.01 (SAS Institute Inc, Cary, USA). The
model for microbiological, physico-chemical, enzymatic ac-
tivities and nutritional data included the treatment (untreated,
MH, HPP) and storage time (0AT, 7, 14 and 21 days) as fixed
effects and the replicate as random effect. For the sensory data,
the model included the treatment, storage time and taste ses-
sion as fixed effects. Replicate was a random effect. The non-
significant interactions (P> 0.05) were removed from the
model. The mean differences between treatments and storage
time were tested using the Tukey test (P<0.05).

Results and Discussion

Microbiological Analysis

Initial levels of AMB and PSY were ca. 4.4 and
2.5 log cfu g−1, while YM and coliforms were 3.4 and

Table 1 Definition of the sensory
attributes included in the sensory
profile

Attributes Definition

Appearance

Coral colour Evaluation of the intensity of the coral colour

Rust-brown
colour

Evaluation of the intensity of rust-brown colour

Odour

Odour intensity Evaluation of the intensity of overall odour

Banana odour Evaluation of the intensity of odour characteristic of banana

Strawberry
odour

Evaluation of the intensity of odour characteristic of strawberry

Cooked odour Evaluation of the intensity of odour characteristic of cooked fruit

Taste and flavour

Intensity Evaluation of the intensity of the flavour

Sweet taste Basic taste sensation elicited by sugar

Acid taste Basic taste sensation elicited by an acid

Bitter taste Basic taste sensation elicited by caffeine

Banana flavour Intensity of flavour characteristic of banana

Strawberry
flavour

Intensity of flavour characteristic of strawberry

Cooked flavour Intensity of flavour characteristic of cooked fruit

Mouthfeel

Sliminess Mouthfeel property rated by the degree to which the juice is thick and coats the mouth and
its difficulty to be swallowed

Grittiness Mouthfeel sensation related to the perception of particles the size of fine sand

Overall sensory
quality

Scoring of the sensory quality of the sample by reference to the standard of quality for this
product
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2.3 log cfu g−1, respectively (Table 2). The application of HPP
and MH treatment resulted in significant reductions to the
counts of AMB (2.9±1.2 and 0.8±0.9 log units, respective-
ly). Variability in reductions after processing is probably re-
lated to differences in the endogenous microbiota of the raw
matter used in each of the three independent experiments. The
inhibitory effect on PSY, YM and coliforms was higher than
on AMB, and both treatments reduced the counts of three
different groups of microorganisms below the limit of
detection.

During subsequent refrigerated storage (21 days at 4
±1 °C), counts of AMB, PSY, YM and coliforms maintained
at the level achieved after stabilization treatment (Table 2).
Due to their physico-chemical properties, mainly acidity
(pH=3.6), the developed multi-fruit smoothie can be consid-
ered a refrigerated food with extended shelf life from the mi-
crobiological quality point of view. In acidic fruit products
submitted to an appropriate hygienization treatment, shelf life
is usually more determined by sensory than microbiological
quality. The efficiency of both thermal treatments and HPP in
acidified foods is widely recognized as low pH not only en-
hances inactivation during treatment but also inhibits out-
growth of cells sublethally injured by heat or pressure. In this
regard, it has been shown for different acidic fruit juices treat-
ed at 350 MPa that the levels of aerobic mesophilic bacteria
and/or yeast and moulds decreased below the detection limit
and no growth was observed during refrigerated storage
(Varela-Santos et al. 2012; Lavinas et al. 2008).

From the food safety point of view, in acid fruit smoothies,
E. coli O157:H7 would be the pertinent pathogen to consider
in the validation of control measures such as the thermal treat-
ment or the HPP for which a performance criterion of 5-log

reduction is recommended (FDA 2001). According to the
time-temperature profile registered during MH, the accumu-

lated lethality (P5:9
60 ¼ 16; 272Þ rendered more than 9500 log

reductions. Therefore, the applied treatment produced a safe
product according to the FDA recommendation for fruit juices
(FDA 2001).

In relation to the HPP, inactivation kinetic parameters for
E. coli O157:H7 are less known. According to previous stud-
ies performed by Erkmen and Dogan (2004) about E. coli
HPP inactivation in orange juice, the inactivation rate at
350 MPa was 1.24 log min−1; therefore, a 5-min treatment
would render a satisfactory 6.2-log reduction. However, con-
sidering that those studies were not performed with an
O157:H7 strain, additional studies would be required.

Instrumental Colour and Physico-chemical Analyses

The effect of HPP and MH treatments coupled to a storage of
21 days on different physical and physico-chemical parameters
is presented in Table 3. Stabilization treatments and storage time
did not produce substantial changes on the TSS, pH, TA andTIS
of the smoothies. A similar observation on TA was done by
Landl et al. (2010) on apple purée pasteurized at 400 MPa. In
contrast, the transmittance of the upper juice was not affected by
the HPP and MH treatments (day 0AT) but significantly in-
creased from 4.8 % at day 7 to 16.3 % at day 21, showing a
gradual clarification process. On the contrary, the transmittance
of the upper juice of the MH samples remained mostly un-
changed. For the absolute viscosity, at day 0, MH samples pre-
sented a slightly higher value (5.1 cP) with respect to the HPP
(3.9 cP) and untreated (3.9 cP) samples. During storage, absolute
viscosity of MH samples remained at the same level while grad-
ually diminished from 3.9 at day 0 to 3.0 cP at day 21 and
remained during the whole storage period inferior to the one
measured for MH samples.

For colour parameters, small differences were found be-
tween treatments in L* values at day 0, with a minimum of
37.0 for HPP samples and a maximum of 41.5 for MH sam-
ples. For a* values, differences between treatments were ob-
served at 7, 14 and 21 days. Also, a* values (reddish) tended
to decrease during storage for MH samples and remained sta-
ble for HPP samples. MH produced a small increase in hue
angle (Fig. 1) that maintained during the whole storage period
and that can be associated with rust-brown tonalities (which
agrees with the sensory results). Browning index (B.I.) was
similar for treated and untreated samples at day 0 and at day 7
(Table 3). At days 14 and 21, the B.I. slightly increased inMH
and decreased in HPP smoothies, indicating a difference
(P<0.05) between the effects of both treatments. In general,
colour changes observed are in agreement with other studies.
On a fruit smoothie, Keenan et al. (2010) showed modifica-
tions in colour parameters (L* and a*) between untreated

Table 2 Effect of HPP and MH stabilisation treatments on Aerobic
Mesophilic (AMB) and Psychrotrophic (PSY) bacteria, Moulds &
Yeasts and Coliforms throughout a storage of 21 days at 4 °C. Counts
are expressed as Log10[cfu mL−1] and Limit of Detection (LD) is
1 cfu mL−1.

Storage
day

AMB
M± SD

PSY
M± SD

Moulds &Yeasts
M ± SD

Coliforms
M± SD

Untreated 0 4.4 ± 0.2 x 2.5 ± 0.4 x 3.4 ± 0.3 x 2.3 ± 0.5 x

HPP 0AT 3.0 ± 1.1 y < L.D 0.1 ± 0.2 y < LD

MH 0AT 1.8 ± 0.7 z < L.D 0.1 ± 0.2 y < LD

HPP 7 2.9 ± 1.2 0.8 ± 0.9 0.1 ± 0.2 < LD

MH 7 1.9 ± 0.6 0.3 ± 0.5 < LD < LD

HPP 14 2.9 ± 1.3 1.1 ± 0.7 0.6 ± 0.7 < LD

MH 14 2.3 ± 0.1 0.3 ± 0.7 0.6 ± 0.7 < LD

HPP 21 3.0 ± 1.4 < LD 0.3 ± 0.5 < LD

MH 21 1.8 ± 0.7 < LD 0.3 ± 0.7 < LD

Stabilisation treatments: untreated; HPP: (High Pressure Processing);
MH: (Mild Heating).

M ± SD: Mean ± Standard deviation
xy stabilisation treatment effects (same storage time) for P ≤ 0.05.

1224 Food Bioprocess Technol (2016) 9:1219–1232



T
ab

le
3

E
ff
ec
to
f
th
e
H
PP

an
d
M
H
st
ab
ili
za
tio

n
tr
ea
tm

en
ts
on

th
e
ch
em

ic
al
-p
hy
si
ca
lt
ra
its
,t
ra
ns
m
itt
an
ce

(T
ra
ns
),
to
ta
ls
ol
ub
le
so
lid

s
(T
.S
.S
),
C
IE
L
A
B
co
lo
ur

(L
*,
a*

an
d
b*
),
pH

,t
ot
al
tit
ra
ta
bl
e
ac
id
ity

(T
.T
.A
.)
,a
bs
ol
ut
e
vi
sc
os
ity

(V
is
co
si
ty
),
to
ta
li
ns
ol
ub
le
so
lid

s
(T
.I
.S
.)
an
d
br
ow

ni
ng

in
de
x
(B
.I
.)
of

m
ul
ti-
fr
ui
ts
m
oo
th
ie
s
ke
pt

at
4
°C

fo
r
up

to
21

da
ys

S
to
ra
ge

da
y

T
ra
ns
.(
%
)

T.
S
.S
.(
°B

x)
V
is
co
si
ty

(c
P)

L
*
(C
IE

un
its
)

a*
(C
IE

un
its
)

b*
(C
IE

un
its
)

pH
T.
T.
A
.(
g
C
A

L
−1
)

T.
I.
S
(g

10
0
g−

1
)

B
.I
.(
A
bs

un
it)

M
±
S
D

M
±
S
D

M
±
S D

M
±
S
D

M
±
S
D

M
±
S
D

M
±
S
D

M
±
S D

M
±
S D

M
±
S
D

U
nt
re
at
ed

0
0.
3
±
0.
0

12
.7
±
0.
4

3.
9
±
1.
4

y
38
.3
±
2.
4

x
y

11
.4
±
0.
5

12
.9
±
1.
8

3.
59

±
0.
20

5.
6
±
1.
1

16
±
4

0.
10

±
0.
02

H
PP

0 A
T

0.
3
±
0.
0

b
12
.8
±
0.
6

3.
9
±
1.
5

a
y

37
.0
±
2.
6

y
10
.7
±
0.
7

11
.8
±
1.
6

3.
63

±
0.
25

5.
6
±
1.
0

16
±
4

0.
10

±
0.
03

M
H

0 A
T

0.
3
±
0.
0

12
.6
±
0.
5

5.
1
±
0.
6

x
41
.5
±
2.
3

x
10
.5
±
1.
1

a
14
.1
±
2.
5

3.
61

±
0.
20

5.
4
±
1.
2

16
±
2

0.
09

±
0.
02

H
PP

7
4.
8
±
4.
1

ab
x

12
.8
±
0.
3

3.
2
±
1.
6

b
y

39
.0
±
2.
4

11
.0
±
0.
3

x
13
.1
±
1.
6

3.
56

±
0.
15

5.
7
±
1.
2

16
±
4

y
0.
10

±
0.
03

M
H

7
0.
4
±
0.
1

y
12
.7
±
0.
3

4.
8
±
0.
9

x
42
.0
±
2.
0

10
.0
±
0.
9

ab
y

14
.1
±
1.
4

3.
56

±
0.
13

5.
6
±
1.
3

18
±
2

x
0.
09

±
0.
02

H
PP

14
8.
7
±
7.
1

ab
x

12
.6
±
0.
3

3.
3
±
1.
8

b
y

39
.9
±
3.
1

11
.1
±
0.
3

x
13
.1
±
1.
8

3.
63

±
0.
02

y
5.
7
±
0.
6

15
±
4

0.
08

±
0.
01

y

M
H

14
1.
4
±
1.
2

y
12
.7
±
0.
1

4.
8
±
0.
9

x
42
.4
±
2.
7

10
.0
±
0.
5

ab
y

13
.8
±
1.
8

3.
67

±
0.
03

x
5.
6
±
1.
0

17
±
3

0.
10

±
0.
02

x

H
PP

21
16
.3
±
14
.1

b
x

12
.5
±
0.
2

3.
0
±
1.
7

b
y

40
.4
±
3.
4

10
.5
±
0.
7

x
13
.2
±
1.
4

3.
64

±
0.
07

6.
0
±
0.
9

15
±
5

0.
09

±
0.
00

y

M
H

21
1.
3
±
2.
0

y
12
.4
±
0.
3

4.
8
±
0.
9

x
42
.6
±
2.
6

9.
0
±
0.
6

b
y

12
.8
±
1.
2

3.
71

±
0.
10

5.
4
±
0.
9

18
±
3

0.
11

±
0.
01

x

S
ta
bi
liz
at
io
n
tr
ea
tm

en
ts
:u

nt
re
at
ed
,H

PP
(h
ig
h-
pr
es
su
re

pr
oc
es
si
ng
)
an
d
M
H
(m

ild
he
at
in
g)

M
±
S D

m
ea
n
±
st
an
da
rd

de
vi
at
io
n

ab
c
S
to
ra
ge

tim
e
ef
fe
ct
s
(s
am

e
pr
oc
es
si
ng
)
fo
r
P
≤
0.
05

x
y
S
ta
bi
liz
at
io
n
tr
ea
tm

en
te
ff
ec
ts
(s
am

e
st
or
ag
e
tim

e)
fo
r
P
≤
0.
05

Food Bioprocess Technol (2016) 9:1219–1232 1225



samples and HPP samples (450 MPa for 5 min) while colour
of thermally treated samples remained unaffected during stor-
age. More recently, Yu et al. (2013) reported an important
effect on a* values in HPP Chinese bayberry juice
(400 MPa for 5 min). In this case, a* value of the control
always stood at the highest indicating the most reddish of
the juice. Sadilova et al. (2009) indicated that thermal treat-
ment enhanced the formation of degradation products that can
explain colour loss. In view of the results, oxidation and clar-
ification phenomena would have a stronger contribution to the
deterioration of pressurized smoothies than browning or acid-
ification, at least in the time period studied. From this point of

view, the lesser stability of pressurized fruit derivatives may
limit their shelf life compared with the equivalent products
pasteurized by mild heating (Oey et al. 2008).

Changes in Enzymatic Activities and Antioxidant Status

The effects of the stabilization treatments and storage time
on enzymatic activities and antioxidant status of multi-
fruit smoothies are shown in Table 4. Generally, HPP at
350 MPa resulted less effective than MH in inactivating
spoiling enzymes. On pressurized smoothies, PPO
remained as active as in untreated samples during all the

Fig. 1 Effects of the HPP and
MH stabilization treatments on
colour intensity. Hue of multi-
fruit smoothies kept at 4 °C for
21 days. a, b and c indicate
significant groups (P> 0.05) of
storage time and treatment

Table 4 Effects of the HPP and
MH stabilization treatments on
the enzymatic (POD, PPO, PME)
and antioxidant (DPPH and
FRAP) activities of multi-fruit
smoothies kept at 4 °C for up to
21 days

Storage
day

PPO (%) POD (%) PME
(μ g−1)

DPPH
(IC50)

FRAP (μmol Fe
100 mL−1)

M±SD M±SD M±SD M±SD M±SD

Untreated 0 100 ± 3 x 100 ± 2 x 2.2 ± 0.3 x 33± 8 359 ± 135

HPP 0AT 101 ± 13 x 91 ± 5 x 2.3 ± 0.3 x 35± 5 341 ± 93

MH 0AT 5 ± 6 y 23 ± 20 y 0.4 ± 0.3 y 30± 4 424 ± 95

HPP 7 98± 7 x 93 ± 5 x 2.3 ± 0.3 x 38± 2 x 360 ± 73

MH 7 2± 3 y 20 ± 16 y 0.4 ± 0.3 y 33± 3 y 400 ± 45

HPP 14 103 ± 21 x 87 ± 16 x 2.4 ± 0.3 x 42± 12 344 ± 57

MH 14 1 ± 2 y 17 ± 11 y 0.4 ± 0.2 y 35± 7 387 ± 73

HPP 21 96± 9 x 78 ± 7 x 2.4 ± 0.5 x 41± 3 x 328 ± 16 y

MH 21 0 ± 0 y 18 ± 14 y 0.5 ± 0.3 y 35± 5 y 355 ± 15 x

Stabilization treatments: untreated, HPP, (high-pressure processing) and MH (mild heating)

POD peroxidase, PPO polyphenol oxidase, PME pectin methyl esterase, DPPH 2.2-diphenyl-1-picrylhydrazyl,
FRAP ferric ion reducing antioxidant power, M±SD mean ± standard deviation
abc Storage time effects (same processing) for P ≤ 0.05
xy Stabilization treatment effects (same storage time) for P ≤ 0.05
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storage time. On the contrary, MH treatment practically
inactivated the enzyme, which remained inactive during
storage. At day 0, POD enzyme was partially inactivated
by the MH treatment while the HPP had no effect on it.
During storage, POD activity of MH samples remained at
20 % while in HPP samples slightly decreased to 80 % at
day 21. PME activity of HPP samples was similar to the
untreated ones and was around six times higher than in
the mild heated smoothies. PME activity was not affected
by storage time. PME, PPO and POD are often inactivated
by MH treatment but are highly resistant to HPP under
commercially feasible conditions in fruit derivatives
(Terefe et al. 2014), although few shelf life studies have
been performed on multi-fruit smoothies. Keenan et al.
(2012) found no clear evolution of PPO activity in
multi-fruit smoothies kept under refrigeration for up to
10 h.

Antioxidant status assay was coherent with observed enzy-
matic activities. The pressurized smoothies had higher DPPH
values and lower FRAP values than the MH smoothies at all
sampling days. The results, in accordance to a similar shelf life
study carried out by Keenan et al. (2010), also showed a
higher reduction in the antioxidant capacity in the pressurized
smoothies, suggesting that oxidative enzymes may contribute
to the reduction of the antioxidant capacity, while thermal
inactivation of these enzymes would help to stabilize their
antioxidant capacity.

Nutritional Quality

The effects of the stabilization treatments and storage time on
nutritional quality are shown in Table 5. Most of the vitamin C

present in fruit smoothies corresponded to dehydroascorbic
acid (DHAA). Fruit processing favours the oxidation of ascor-
bic acid to DHAA catalysed by ascorbate oxidase enzyme,
although direct oxidation may also occur (Greenway and
Ongomo 1990).

At day 0, even if MH samples presented lower values for
ascorbic acid (AA), DHAA and vitamin C than HPP and
untreated samples, the difference was not significant
(P>0.05). During storage, a regular decrease could be ob-
served in both sample sets. For AA, a similar reduction of
70 % was observed for both HPP and MH samples all along
the 21 days. For DHAA, reductions of 64 and 60 % were
observed in HPP and MH samples, respectively. A similar
trend was observed for vitamin C with a reduction of 65 %
for HPP samples and 61 % for MH samples. Paradoxically,
the application of high pressure did not destroy vitamin C but
higher reductions in their levels were observed during subse-
quent storage. This fact could be correlated with the higher
activity of PME, PPO and POD and lower antioxidant capac-
ity of HPP smoothies, although vitamin C can also be degrad-
ed by non-enzymatic pathways, in particular, in fruit deriva-
tives treated by heating (Perera 2007). Keenan et al. (2012)
reported similar results regarding ascorbic acid in fruit
smoothies stored at 4 °C for up to 10 h. In addition, Landl
et al. (2010) reported a strong reduction of AA, DHAA and
vitamin C in apple purée submitted to MH treatment (75 °C
for 10 min) and HPP (400 MPa for 5 min).

In contrast, the total content of phenols and flavonoids
were similar in both types of smoothies at day 0. Flavonoids
content remained stable for up to 21 days of storage for both
treatments. The same can be stated for total phenol content of
MH samples while HPP smoothies presented a significant

Table 5 Effects of the HPP and
MH stabilization treatments on
the nutritional quality (AA,
DHAA, vitamin C, total phenols
and flavonoids) of fruit smoothies
kept at 4 °C for up to 21 days

Storage
day

AA (mg
100 mL−1)

DHAA (mg
100 mL−1)

Vitamin C
(mg
100 mL−1)

Total phenols (mg
GAE 100 mL−1)

Flavonoids
(mg QE
100 mL−1)

M±SD M±SD M±SD M±SD M±SD

Untreated 0 3.9 ± 0.7 30.1 ± 9.1 34.0 ± 9.7 44± 10 10.1 ± 0.7

HPP 0AT 5.7 ± 1.9 a 31.4 ± 11.3 a 37.1 ± 13.1 a 49± 10 a 9.6 ± 0.7

MH 0AT 4.3 ± 2.1 a 21.5 ± 3.8 a 25.9 ± 5.7 a 46± 13 9.9 ± 0.5

HPP 7 3.9 ± 2.0 ab 19.5 ± 6.4 b 23.3 ± 7.6 b 43± 5 ab 10.0 ± 06

MH 7 4.0 ± 0.3 a 22.0 ± 8.6 a 26.0 ± 8.7 a 45± 6 10.2 ± 1.6

HPP 14 1.5 ± 2.3 b 15.4 ± 5.0 b x 16.9 ± 4.2 b x 42± 5 ab 10.8 ± 2.2

MH 14 0.3 ± 0.3 b 9.8 ± 1.7 b y 10.1 ± 1.7 b y 43± 4 10.8 ± 3.6

HPP 21 1.7 ± 2.7 b 11.3 ± 0.7 b 13.1 ± 3.0 b 36± 3 b 8.8 ± 0.8

MH 21 1.4 ± 1.6 b 8.8 ± 3.5 b 10.4 ± 2.3 b 40± 5 9.8 ± 1.9

Stabilization treatments: raw (untreated), HPP (high-pressure processing) and MH (mild heating)

AA ascorbic acid, DHA dehydroascorbic acid, M±SD mean± standard deviation
abc Storage time effects (same processing) for P ≤ 0.05
xy Stabilization treatment effects (same storage time) for P ≤ 0.05
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reduction (26 %) during storage. This phenomenon was also
observed by Keenan et al. (2010) who found a phenol partial
degradation in both pressurized and heated fruit smoothies
kept under refrigeration for up to 30 days. Phenolic com-
pounds are responsible for antioxidant capacities in fruit, some
of them being more resistant than vitamin C to fruit processing
(Kalt 2006). These facts might partially explain why the total
content of phenols of MH samples did not decrease during
storage.

The effect of stabilization treatments and storage on su-
crose, glucose and fructose is presented in Fig. 2. At day 0,
HPP and untreated samples present similar sucrose, glucose
and fructose contents. During storage of HPP samples, be-
tween day 0 and day 7, sucrose content dropped drastically
from 0.7 g mL−1 to undetectable level while glucose and fruc-
tose remained stable over time. On the contrary, MH samples
presented a different pattern; at day 0, sucrose content was
four times higher, while glucose (−27 %) and fructose
(−56 %) contents were lower in comparison with the values
reported for HPP smoothies. During storage, values remained
stable. The higher glucose and fructose contents, observed
during storage, suggest that total sucrose hydrolysis took place
in the pressurized smoothies.

In HPP samples, the sucrose inversion was relevant at day
7; in contrast, the levels of sucrose remained constant in the
MH-treated smoothies during storage, which indicates that
beta-fructosidase enzymes were inactivated by the MH

treatment (80 °C for 7 min). Butz et al. (2003) found similar
results in orange, lemon and carrot mixed juices processed by
mild heating and high pressure.

Effects of Processing and Storage Time on the Sensory
Attributes of the Fruit Smoothie

The results of the Quantitative Descriptive Analysis (QDA)
for untreated (fresh), HPP and MH samples are shown in
Table 6 (odour, appearance and mouthfeel attributes) and
Table 7 (taste, flavour and overall sensory quality).

The odour of the smoothies was described using four attri-
butes: overall intensity, banana, strawberry and cooked odour.
The results of these attributes divide the samples into two
groups: untreated-HPP and MH. Untreated and HPP smooth-
ies were characterized by higher intensity of banana and
strawberry odour and lower intensity of the off-odour cooked
fruit (Table 6). These results were consistent with those ob-
tained for orange-lemon-carrot mixed juice by Fernández-
García et al. (2001)), where no differences in aroma were
found between non-treated and pressurized (500 MPa;
5 min) juices and Picouet et al. (2015) in carrot juices
(600 MPa; 5 min).

The colour of fruit and vegetable juices is an important
attribute in consumer preferences and has been used as an
indicator of the sensory and nutritional quality of food during
processing treatment and subsequent storage. Regarding the
appearance attributes, after the preservation treatment (0AT),
HPP samples showed no significant differences regarding
those untreated. Dede et al. (2007) and Picouet et al. (2015)
reported that for many fruit products, the HP processing was

�Fig. 2 Effect of HPP and MH on i sucrose, ii glucose and ii fructose
parameters of multi-fruit smoothie kept at 4 °C for up to 21 days. For each
graphic, a, b and c indicate significant groups (P> 0.05) of storage time
and treatment

Table 6 Effects of the stabilization treatments (HPP and MH) on sensory attributes related to odour (intensity, banana, strawberry and cooked), aspect
(coral colour, brown), texture (viscosity, particles) and overall quality of fruit smoothies kept at 4 °C for up to 21 days

Storage day Odour Appearance Mouthfeel

Intensity Banana Strawberry Cooked Coral colour Rust-brown Sliminess Grittiness
M±SD M±SD M±SD M±SD M±SD M±SD M±SD M±SD

Untreated 0 6.7 ± 1.0 x 4.4 ± 1.3 x 3.5 ± 1.6 x 0.1 ± 0.2 y 6.8 ± 1.4 x 1.4 ± 1.2 y 4.3 ± 2.1 y 3.4 ± 1.5

HPP 0AT 6.0 ± 1.0 y 4.3 ± 1.6 a x 3.1 ± 1.5 x 0.3 ± 0.6 y 6.2 ± 1.2 a x 1.8 ± 1.3 b y 4.3 ± 1.7 x,y 3.1 ± 1.5

MH 0AT 5.9 ± 1.1 y 2.5 ± 1.4 y 1.5 ± 0.9 y 4.5 ± 2.1 x 3.4 ± 1.1 y 5.0 ± 1.6 x 5.7 ± 1.5 x 4.1 ± 1.6

HPP 7 6.1 ± 0.6 4.0 ± 1.3 ab x 2.8 ± 0.9 0.4 ± 0.5 5.9 ± 1.1 ab 2.3 ± 1.4 ab 3.9 ± 1.3 y 3.5 ± 1.3 y

MH 7 6.3 ± 0.9 2.0 ± 1.1 y 1.4 ± 1.0 4.8 ± 1.7 3.3 ± 1.1 5.2 ± 1.6 5.9 ± 1.2 x 4.6 ± 1.8 x

MH 14 6.3 ± 0.9 2.0 ± 1.6 y 1.5 ± 1.2 y 4.7 ± 1.6 x 2.9 ± 1.1 y 5.4 ± 1.6 x 5.6 ± 1.6 x 4.2 ± 1.8

HPP 21 5.7 ± 0.6 3.1 ± 1.3 b x 2.3 ± 1.1 x 0.7 ± 0.9 y 4.6 ± 1.2 c x 3.4 ± 1.5 a y 3.9 ± 1.6 y 3.2 ± 1.5 x

MH 21 6.1 ± 1.0 1.7 ± 1.0 y 1.3 ± 1.2 y 4.8 ± 1.8 x 2.7 ± 1.3 y 6.0 ± 1.6 x 5.6 ± 1.7 x 4.4 ± 1.7 y

Stabilization treatments: untreated, HPP (high-pressure processing) and MH (mild heating)

M±SD mean± standard deviation
abc Storage time effects (same processing) for P ≤ 0.05
xy Stabilization treatment effects (same storage time) for P ≤ 0.05

Food Bioprocess Technol (2016) 9:1219–1232 1229



positively valued for the preservation of the fresh colour. Our
results are consistent with this finding because on overall, the
colour of the HPP samples was most similar to the untreated
ones at the beginning of the storage time. Throughout the shelf
life, a general deterioration of the colour has been evidenced
by a decrease of the coral colour intensity and, conversely, an
increase of the rust-brown intensity. These changes were
clearer in HPP samples and could be related to the higher
activity of POD and PPO enzymes (Zabetakis et al. 2000;
Liavoga and Matella 2012). In addition, these results were in
agreement with those of Keenan et al. (2010) which stated that
thermally processed smoothies exhibited lower colour change
than their HPP counterparts. However, at the end of storage,
the colour of HPP smoothies was more similar to the untreated
product than MH-treated ones.

Significant differences regarding sliminess were observed
between HPP- and MH-processed samples. The former sam-
ples were scored with lower intensity of sliminess when com-
pared with the latter ones, but none of them showed differ-
ences with the untreated ones. This result agrees with the
higher viscosity showed by MH samples (Table 3). This fact
can be related to the higher activity of PME enzyme (Table 4)
which is involved in the breakdown of pectin network sur-
rounding the cellulose backbone of the cell wall and thus
producing low viscous products (Giovane et al. 2004).
Furthermore, HPP samples had lower content of sucrose
(Fig. 2) than the MH samples (Fig. 2), and this fact could also
be related to the viscosity and sliminess attributes. It is known
that sucrose might protect PME against denaturation by reduc-
ing the water activity of the medium (Chakraborty et al. 2014).
In contrast, the MH samples were the grittiest.

Regarding the flavour attributes (Table 7), the MH-
processed samples had the lowest fresh fruit flavour
(interpreting fresh fruit as higher intensity of banana, straw-
berry and overall flavour intensity) and the highest cooked
off-flavour, which shows the detrimental effect of the MH
treatment on both odour and flavour attributes. According to
Farkas and Hoover (2000) and Barbosa-Cánovas and
Rodriguez (2002), high-pressure levels that are normally used
in the food industry cannot disrupt covalent bonds, which
maintain unchanged colour, aroma and flavour compounds
that are responsible for the sensory quality of food.
Throughout the shelf life, MH samples remained stable from
a flavour point of view while HPP samples increased in acid
taste and decreased in sweet taste. The increase in acid taste
may be related to the fact that HP processing is acidic in nature
(Chakraborty et al. 2014), and this raise could modify the
perception of sweet taste of the samples, as pointed out by
Pangborn (1961)).

Flavour results can be related to the decrease of the overall
sensory quality of HPP samples through the shelf life because
most people naturally tend to prefer a sweet taste to an acidic
one. Other basic tastes beside sweet (sour, salty, bitter and
umami) are more complex to acquire and develop a preference
(Sijtsema et al. 2012). Furthermore, regarding the overall sen-
sory quality, no significant differences were observed between
untreated (fresh) and HPP smoothies at 0AT (Table 7), and
these samples had the highest score. Throughout the storage
time, the overall sensory quality of HPP samples significantly
decreased while no changes for the MH smoothies were ob-
served. However, overall sensory quality of HPP samples was
higher than that of the MH ones. HP-induced enzyme

Table 7 Effects of the stabilization treatments (HPP andMH) on sensory attributes related to taste and flavour (intensity, sweet, bitter, cooked, banana,
strawberry, acid and off-flavour) and the overall sensory quality of fruit smoothies kept at 4 °C for up to 21 days

Storage day Taste and flavour Overall sensory

Intensity Sweet Bitter Cooked Banana Strawberry Acid Quality
M±SD M±SD M±SD M±SD M±SD M±SD Av±SD Av ±SD

Untreated 0 6.9 ± 0.9 x 4.8 ± 1.7 0.9 ± 0.9 y 0.1 ± 0.4 y 4.2 ± 1.6 x 3.4 ± 1.6 x 2.5 ± 1.1 7.8 ± 0.9 x

HPP 0AT 6.6 ± 1.0 a xy 4.6 ± 1.8 a 1.0 ± 0.9 xy 0.2 ± 0.4 y 4.5 ± 1.6 a x 3.3 ± 1.5 x 2.8 ± 1.1 b 7.5 ± 1.1 a x

MH 0AT 6.0 ± 0.9 y 3.8 ± 1.6 1.7 ± 1.4 y 4.1 ± 1.6 x 2.7 ± 1.1 y 2.0 ± 1.2 y 2.2 ± 1.0 4.9 ± 1.5 y

HPP 7 6.3 ± 1.0 ab 3.6 ± 1.5 ab 1.6 ± 1.3 0.2 ± 0.6 y 3.0 ± 1.6 b 2.5 ± 1.3 x 3.4 ± 0.9 ab x 6.8 ± 1.0 ab

MH 7 6.1 ± 1.0 3.4 ± 1.4 1.7 ± 1.5 4.4 ± 1.6 x 2.3 ± 1.3 1.7 ± 1.1 y 2.0 ± 1.0 y 4.8 ± 1.2

HPP 14 6.2 ± 0.6 ab 3.3 ± 1.2 b 1.8 ± 1.3 0.4 ± 0.8 y 2.8 ± 1.4 b 2.4 ± 1.5 3.3 ± 0.8 ab x 5.9 ± 1.2 bc x

MH 14 6.3 ± 0.8 3.3 ± 1.5 1.9 ± 1.4 4.4 ± 1.5 x 2.6 ± 2.3 1.7 ± 1.3 1.9 ± 1.0 y 4.7 ± 1.0 y

HPP 21 5.8 ± 0.7 b 2.9 ± 1.3 b 1.6 ± 1.1 0.4 ± 0.6 y 2.6 ± 1.5 b 2.2 ± 1.2 3.7 ± 1.0 a x 5.8 ± 1.1 c x

MH 21 6.1 ± 0.9 2.6 ± 1.2 1.7 ± 1.5 4.5 ± 1.6 x 1.9 ± 0.8 1.5 ± 1.3 2.2 ± 1.2 y 4.3 ± 0.8 y

Stabilization treatments: untreated, HPP (high-pressure processing) and MH (mild heating)

M±SD mean± standard deviation
abc Storage time effects (same processing) for P ≤ 0.05
xy Stabilization treatment effects (same storage time) for P ≤ 0
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inactivation is a very complex phenomenon, and most times,
the application of high pressure without heat treatment is in-
sufficient to achieve complete inactivation of the oxidative
enzymes (Chakraborty et al. 2014) which are responsible for
the deterioration of colour, flavour and nutritional value of
fruit juices (Liavoga and Matella 2012) and smoothies
(Keenan et al. 2010) and negatively affect their hedonic score.

Conclusions

The lower stability of the HPP multi-fruit smoothies during
storage is confirmed by the fact that HPP is unable to reduce
oxidative enzyme activities and changes in instrumental col-
our and physico-chemical parameters were observed. On the
nutritional aspect, the degradation of vitamin C was mostly
similar in both treatments while MH samples present higher
concentration in sucrose. However, HPP better preserved the
original colour and flavour of the multi-fruit smoothies, and
overall, HPP could be an effective alternative to thermal pro-
cessing for the production of a high-quality multi-fruit
smoothie although it should be taken into account that the
residual enzyme activity is likely to limit the shelf life of the
product.
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