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Abstract The impact of continuousmicrowave heating (MV)
at 90 and 120 °C for 10 s and at 80 and 90 °C for 7 s, as well as
conventional thermal processing (CTP) at 90 °C for 15 min,
on the quality of strawberry purée was studied. Product qual-
ity was determined, covering total polyphenols, anthocyanins,
phenolic acids, flavonols and vitamin C content, as well as
colour parameters, enzymatic activity, and finally, the sensory
and microbiological quality. CTP caused higher degradation
of polyphenols (ca. 7 %), anthocyanins (ca. 20%) and vitamin
C (ca. 48 %) compared to MV at 120 °C. Changes of the
colour of MV-preserved purée were insignificant (dE <2),
whereas CTP caused significant changes (dE >3). Only MV
at 120 °C and CTP effectively decreased the level of total
microbial count (<1 log cfu/g), but considering enzymes ac-
tivity, only CTP was effective, inactivating ca. 98 and 100 %
of polyphenol oxidase (PPO) and peroxidase (POD), respec-
tively. The most effective inactivation of PPO (82 %) and
POD (88 %) after MV was noted at 120 °C, but the best
compromise between colour and nutrient preservation and
enzyme inactivation was achieved at the MV at 90 °C.
Considering the obtained results, it can be concluded that the
microwave heating better preserved the quality of strawberry
puree than conventional heat pasteurization.
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Introduction

Heat processing is the method most commonly used in the
fruit processing industry to ensure the safety and storage sta-
bility of products such as juices, nectars, purées, jams, etc. The
heat treatment of fruit products is aimed not only at destroying
microorganisms but also inactivating the main oxidative tissue
enzymes, i.e. polyphenoloxidase (PPO) and peroxidase
(POD), which can lead to undesirable changes during storage.
However, traditional pasteurization can contribute to the deg-
radation of many nutritionally important but temperature-
sensitive components in fruits, such as vitamin C, anthocya-
nins and polyphenols (Verbeyst et al. 2013, Verbeyst et al.
2010). High temperatures and the long duration of the process
can also cause changes to the product’s sensory quality, affect-
ing the taste, flavour, texture and colour (Benlloch-Tinoco
et al. 2013, Fazaeli et al. 2013, Verbeyst et al. 2013).

Taking into account, the growing consumer demand for
high quality food which is microbiologically safe but which
has well-preserved sensory and nutritional qualities of the
fresh product, attempts are being made to minimize heat treat-
ment during processing. This can be achieved by, e.g. short-
ening the heating time in flow heating systems compared to
the batch (immersion) pasteurization process or by using in-
novative processing techniques, utilizing methods other than
conventional steam or hot water heating to destroy microor-
ganisms and tissue enzymes. One of these new methods is the
application of microwave energy. At present microwave
heating is used in various processes in food technology, such
as tempering, vacuum drying, freeze drying, dehydration,
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cooking, blanching, baking, roasting, pasteurization, steriliza-
tion and extraction (Orsat et al. 2005). A new way of using
microwave energy is to control postharvest brown rot in stone
fruit (Sisquella et al. 2013, Sisquella et al. 2014).

Conventional flow pasteurization is usually accomplished
by passing the product through a metal heat exchanger, ei-
ther of the shell and tube or plate type. The typical process-
ing parameters for fruit products are 80–90 °C for 10–60 s.
Heat transferred to a fluid from a metal surface results in a
thin layer of low velocity fluid adjacent to the metal surface.
This layer is hotter than the bulk of the product, and it is
where the thermal degradation of sensitive compounds can
take place, as well as scorching. To minimize this degrada-
tion, the flow rates are kept high to provide a turbulent flow,
and the temperature differential is kept low by using hot
water or low pressure steam as the heating medium. Some
high density products, i.e. fruits purée and sauces, cannot be
pumped by traditional heat exchangers and need to be pas-
teurized using batch (discontinuous) process. Facing these
challenges, companies, as well as scientists, are looking for
alternative methods for preservation of thermally sensitive
food products. One of such innovative methods is continu-
ous flow microwave heating. This emerging technology can
serve as an alternative to the conventional continuous
heating of some fluid products. The radiant energy heats
the product directly, without heating the tube walls, so it is
possible to preserve higher density of fruit products, such as
purée and products with fruit particles (De Ancos et al.
1999). Rapid start-up and shutdown are possible, and less
heat is lost to the environment (Nikdel and MacKellar
1992). The most important advantages of continuous micro-
wave heating are the fast rise in temperature, controllable
heat distribution and the possibility of cooling the product
in the flow. The equipment is much smaller compared to the
traditional heat exchanger, as well as it does not need steam
installation (Benlloch-Tinoco et al. 2013, Piasek et al. 2010).

This technique is therefore being considered in the search for
processes of the microbiological stabilization of fruit products,
which cause minimum damage to the products’ organoleptic
characteristics and nutritional value (Cañumir et al. 2002).
Several studies have been successfully carried out on the mi-
crowave pasteurization of fruit products, i.e. apple ciders, purée
and juices (Gentry and Roberts, 2005, Tajachakavit et al. 1998,
Picouet et al. 2009); kiwi fruit purée (De Ancos et al. 1999,
Benlloch-Tinoco et al. 2013); pomegranate and black mulberry
juices (Fazaeli et al. 2013); citrus juices (Nikdel andMacKellar,
1992, Nikdel et al. 1993) and papaya and strawberry purée (De
Ancos et al. 1999), showing that due to the reduced time of
exposure to energy, they preserve their natural organoleptic
characteristics, and this type of treatment also lowers the risk
of losing essential thermolabile nutrients.

Althoughmicrowave could potentially replace convention-
al heat processes for some specific applications, there were

still problems that were inherent in this technology, such as
non-uniform product temperature distribution. Patented by
Listkin (2010), unique construction of resonance chamber
can solve this problem. Furthermore, several of the studies
mentioned above have proven the advantages of using micro-
wave pasteurization on different fruit juices, the impact of
continuous flow microwave heating, with rapid cooling in
the heat exchanger and filling up at aseptic conditions, on
the quality of high-density strawberry purée has not yet been
explored.

A large body of research indicates that consuming foods
that are high in phenolics and flavonoids contributes to a per-
son’s health and may reduce the risk of heart disease and
cancer (Gerard and Roberts 2004, Boero 2011, Törrönen
et al. 1997). Strawberries are one of the most valuable sources
of phenolic antioxidants, especially ellagic acid (Da Silva
Pinto et al. 2008, Häkkinen and Törrönen 2000). This fruit
represents the main source of ellagic acid derivatives, corre-
sponding to more than 50 % of all phenolic compounds.
Flavonols (kaempferol, quercetin) and phenolic acids (p-
hydroxybenzoic and ellagic acid) have been proposed to have
beneficial effects on health as antioxidants and anticarcino-
gens (Da Silva Pinto et al. 2008). There is a particular interest
in the determination of the total ellagic acid content in fruits
because of possible chemopreventive effects. Ellagic acid is a
polyphenol found in nuts and berries, such as strawberry,
raspberry and blackberry. This compound can exist as free
form, glycoside or linked as ellagitannins esterified with glu-
cose, although the free form of this compound is rarely found
(Häkkinen and Törrönen 2000).

Strawberries also contain substantial amounts of vitamin C.
All these nutrients are thermolabile compounds and are easily
lost during thermal processing as it was shown in our previous
study (Marszałek et al. 2015a; Marszałek and Mitek 2012).
Also the main anthocyanin compound in strawberries,
pelargonidin-3-glucoside, is very unstable during heating; it
undergoes considerable degradation, deteriorating the product’s
colour. Strawberries also contain oxidizing enzymes,
polyphenoloxidase and peroxidase, which, if not completely
inactivated, make the products susceptible to undesirable chang-
es during storage (Häkkinen et al. 2000, Igual et al. 2010,
Marszałek et al. 2015a, b). All the above-mentioned qualities
make strawberries a suitable model material for studying the
impact of different processing methods, i.e. high pressure
processing (Marszałek et al. 2011, 2015a); supercritical carbon
dioxide (Marszałek et al. 2015b) or microwave (Marszałek and
Mitek 2012) on the quality of strawberry products.

The goal of this study was to determine the quality of
strawberry purée preserved using the unique continuous mi-
crowave heating in comparison with the quality of the product
subjected to conventional thermal processing. The key quality
factors of purée were examined: total polyphenols, anthocya-
nins, phenolic acids, flavonols and vitamin C content, as well
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as colour parameters, enzymatic activity, and finally, the sen-
sory and microbiological quality.

Materials and Methods

Production of Strawberry Purée

Strawberries cv. Senga Sengana, were harvested at the end of
June 2010 and in July 2011, and pre-treated (washing,
destalking, freezing) at the company BUlmer^ Sp.j. (Stare
Zadybie, Poland). After freezing in a fluidization tunnel
(UniDex, Poland), the strawberries were sorted (Niagara
Sortex, Bühler, Switzerland) according to colour and size
(45–55 mm), and stored at –24 °C until further processing.
After defrosting (12 h at 4 °C), they were mashed up in a
laboratory food processor (CL-30, Robot Coupe, France).
The resultant semi–liquid strawberry pulp was homogenized
(Mz-50, Fryma, Switzerland, Ø≤0.5 mm) and deaerated at
0.06 MPa (LVE, Fryma, Switzerland). The temperature of
the purée did not exceed 0 °C throughout the whole process-
ing procedure. This fresh strawberry purée was used as a con-
trol sample (CS1—strawberries from 2010 and CS2—straw-
berries from 2011).

Preservation of Strawberry Purée

Microwave Treatment

Samples of strawberry purée were preserved using the inno-
vative EnbioJet® continuous semi-industrial microwave
heating system patented by Listkin in 2010 (2.45 GHz, 63
A, maximum power 20 kW, maximum efficiency 600 L/h,
Enbio Technology Co., Kosakowo, Poland). EnbioJet®
(Fig. 1) is capable of heating a sample up to 140 °C in a very
short time 2–12 s (depending on the flow). The product was
pumped into the microwave chamber (ca. 0.4 m width and

0.9 m length) through a Teflon tube (0.02 m diameter and
1.9 m length). In order to examine a wide range of device
operation range, as well as based on preliminary experiment
(Marszałek and Mitek 2012), the strawberry purée from 2010
was subjected to microwave heating (MV1) at a temperature
of 90±1 °C at atmospheric pressure or at 120±1 °C and
0.35 MPa and holding time of 10 s (flow rate 2.0 L/min),
whereas the purée from 2011 was subjected to microwave
heating (MV2) at a temperature of 80±1 or 90±1 °C at atmo-
spheric pressure and holding time of 7 s (flow rate 3.5 L/min).
The come-up time during all processes was 2–5 s. After mi-
crowave heating, the purée was cooled in a continuous heat
exchanger at up to 30±1 °C. The inlet and outlet temperatures
were monitored continuously using thermocouples inserted
centrally in the tubes and attached to the data logger. All the
parameters (temperature, pressure and time) were processed
and reported using EnbioJet® DTL software. The average
residence time of the test liquid in the microwave heat ex-
changer was obtained by dividing the total volume of the test
sample inside the oven by the steady state volumetric flow rate
of the liquid through the system. To prevent any contamination,
the outlet of the sampling port was placed in an aseptic laminar
chamber and samples were poured into 100 mL sterile jars.

Conventional Thermal Processing

The purée prepared using CS1 was pasteurized in 100 mL
glass jars (55 mm diameter and 75 mm height) in a stainless
steel, gas-heated bath pasteurizer (volume ca. 60 L). Process
parameters of 90 °C for 15 min assured the purée’s microbial
stability (Marszałek et al. 2011, 2015a). The come-up time
during pasteurization was 44 min. Data regarding the time
and temperature were recorded inside the jars in the coldest
spot, using a monitoring-measuring device (9004, Ellab,
Denmark) designed for measuring the temperature inside a
package and the temperature of the heating medium during
the course of the process.

Fig. 1 Schematic diagram of
EnbioJet® continuous microwave
heating line. Data: 1 product tank,
2 pump, 3 flow measurement, 4
pressure measurement, 5
temperature measurement, 6
microwave chamber, 7 back
pressure modules, 8 cooling
exchanger, 9 laminar chamber
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Pasteurization Units Calculation

The pasteurization units of microwave heating (MV) and con-
ventional thermal (CTP) processes were calculated using the

following equation: PU ¼ ∫t010
T tð Þ−T ref

z

� �
dt, where t is

temperature time (s), T(t) is product temperature at each treat-
ment time Tref 80 °C (Heinz et al. 2003) and z is temperature
sensitivity (13.62 °C) for Listeria monocytogenes (Benlloch-
Tinoco et al. 2014).

Chemical Reagents

The following standards were used in the study: p-
hydroxybenzoic acid (p-HBA), ellagic acid (EA), quercetin
(Q), kaempferol (K), pelargonidin-3-glucoside (Pg-3-glc)
and cyanidin-3-glucoside (Cy-3-glc) of HPLC purity
(Extrasynthese, France); L-ascorbic acid (AA) of HPLC puri-
ty (Supelco, USA); DL-dithiothreitol (DTT) (>99 %) and
polyvinylpyrrolidone (PVPP) (∼110 μm) (Fluka, USA); cate-
chol (>99 %), gallic acid (GA) (>98 %), hydrogen peroxide
(30 %), Triton X-100, and Trolox (>97 %) (Sigma-Aldrich,
USA). The remaining reagents were purchased in POCh
(Warsaw, Poland). Demineralized water used for the analyses
was purified using Direct-Q 3 apparatus (Millipore, USA).

Analyses

Total Content of Polyphenols

Strawberry purée (10 g) was extracted for 5 min in an ultra-
sound bath (40 KHz, 100 W, 25 °C, ITR, Poland) using 30 g
of an extraction mixture: methanol/water/hydrochloric acid
(80:19.9:0.1; v/v/v) in centrifuge flasks. Afterwards, the sam-
ple was centrifuged in a laboratory centrifuge (MPW-350R,
MPW Med. Instruments, Poland) at 3.670×g and 4 °C for
5 min. Extraction was repeated five times, supernatants were
combined, and the methanol was evaporated under vacuum
(B-481, Büchi, Switzerland). The residue was transferred
quantitatively to a volumetric flask and filled up to 50 mL
with 0.1 % (v/v) o-phosphoric acid.

The total content of polyphenols was determined spectro-
photometrically using the Folin-Ciocalteu method modified
by Gao et al. (2000), and was expressed in milligrammes of
gallic acid equivalent per 100 g of the purée’s fresh weight
(mg GAE/100 g FW).

HPLC Analysis of Phenolic Acids and Flavonols

The following free phenolic compounds: p-hydroxybenzoic
acid (p-HBA), ellagic acid (EA), quercetin (Q) and
kaempferol (K) were determined using the modified method

of Odriozola-Serrano et al. (2008). Most of phenolic acids and
flavonols are chemical bonded. To determine the total con-
tents of phenolic compounds, acidic hydrolysis was conduct-
ed using the method used by Da Silva Pinto et al. (2008).
Forty millilitres of a methanol/6 M hydrochloric acid/water
mixture (56:25:19; v/v/v) was added to 1 mL of the extract
(described in TCP section). The sample was heated at 120 °C
for 90 min, then cooled and neutralized with 6 M NaCl to pH
ca. 3.5.

The analysis of phenolic acids and flavonols in the HPLC
system equipped with a DAD SPD-10Avp detector, thermo-
stat CTD-10AsVp and DEGASEXTM DG-4400 degasser
(Shimadzu, Japan) was carried out on a reversed phase Luna
C18 column (250×4.6 mm, 5 μm, Phenomenex, USA) at a
temperature of 30 °C, flow rate of 1 mL/min and detection at
260 nm (phenolic acids) and 360 nm (flavonols). The water/
formic acid mixture (99:1, v/v) and acetonitrile were used as
eluents (eluent A and B, respectively) in the following gradi-
ent programme: 10%B (10min), from 10 to 45%B (15min),
from 45 to 70 % B (5 min), from 70 to 10 % B (3 min) and
10 % B (4 min). Selected phenolic compounds were quanti-
fied using p-HBA, EA, Q and K calibration curves. The con-
tents of all compounds were expressed in mg/100 g FW. Peak
identities were as described by Odriozola-Serrano et al.
(2008).

HPLC Analysis of Anthocyanins

The HPLC determination of the anthocyanin content was car-
ried out using the method described by Goiffon et al. (1999),
with modifications consisting of changing the isocratic elution
into gradient elution, and shortening the analysis time to
22 min. Ten millilitres of the extract (described in TCP sec-
tion) were absorbed and purified on Sep-Pak C18minicolumns
(Waters, USA). Anthocyanins were eluted with 5 mL of a
methanol/water/hydrochloric acid mixture (75:24.9:0.1; v/v/
v), and then filtered on PTFE filters with a pore size of
0.45 μm (Waters, USA). Analyses were carried out in a gra-
dient system using the equipment described in the previous
section at a temperature of 25 °C, flow rate of 1 mL/min and
detection at 520 nm. Awater/formic acid mixture (89:11, v/v)
and acetonitrile were used as eluents (A and B, respectively)
in the following programme: 9 % B (15 min), from 9 to 20 %
B (1 min), from 20 to 30 % B (1 min), from 30 to 9 % B
(2 min) and 9 % B (4 min). Monomers of the anthocyanins
were identified by comparing their retention times with those
of the standards and with data from the literature.
Pelargonidin-3-glucoside (Pg-3-glc), followed by cyanidin-
3-O-glucoside (Cy-3-glc) contents were calculated based on
their standard calibration curves. Pelargonidin-3-O-rutinoside
(Pg-3-rut) was expressed as Pg-3-glc. Total content of antho-
cyanins (TCA) was calculated as the sum of Pg-3-glc, Cy-3-
glc and Pg-3-rut. All results were expressed in mg/100 g FW.
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HPLC Analysis of AA and DHAA

The total vitamin C content, expressed as L-ascorbic acid
(AA) and L-dehydroascorbic acid (DHAA), was determined
as described by Odriozola-Serrano et al. (2007).
Approximately 1 g of purée was transferred to a volumetric
flask and filled to 10 mL with 0.01 % of m-phosphoric acid.
The extract was then filtered through PTFE 0.45 μm filters. In
order to assay the DHAA, it was reduced to AA with 0.1 %
DL-dithiothreitol (DTT) using 1 mL of the following mixture:
extract/DTT (50:50; v/v), and leaving it in the dark for 1 h. The
DHAA content was calculated using the formula:
DHAA=(AA+DHAA)−AA.

The HPLC analysis (2695, Waters, USA) was carried out
using a reversed phase SunFire C18 column (250×4.6 mm,
5 μm,Waters, USA) and a photodiode detector (DAD) (2996,
Waters, USA). The analysis was carried out using the isocratic
method using 0.01 % m-phosphoric acid at a flow rate of
1 mL/min and column temperature of 25 °C. AAwas quanti-
fied using external calibration curves. The contents of AA and
DHAA were expressed in mg AA/100 g FW. Peak identities
were as described by Odriozola-Serrano et al. (2007).

Determination of PPO and POD Activities

The activity of selected tissue enzymes was determined as
described by Terefe et al. (2010). The extraction mixture com-
prised 0.2 M phosphate buffer (pH=6.5) containing 4 % (w/v)
polyvinylpyrrolidone (PVPP), 1% (v/v) Triton X-100 and 1M
NaCl. The strawberry purée and the mixture (4.5:4.5 g, w/w)
were treated with ultrasound (40 KHz, 100 W, 25 °C, ITR,
Poland) for 3 min and centrifuged (MPW-350R, MPW Med.
Instruments, Poland) at 17,700×g for 30 min at 4 °C. The
supernatant, after filtration through blotting filter paper, was
used to determine PPO and POD activity.

For the PPO activity assay, 100 μL of the supernatant
was introduced into 3 mL of 0.05 M phosphate buffer
(pH 6.5) containing 0.07 M catechol, and the absorbance
was measured spectrophotometrically (UV-1650PC,
Shimadzu, Japan) at λ=420 nm and 25 °C for 10 min. A
blank sample was prepared in the same way, by substituting
the supernatant with a phosphate buffer. The PPO activity was
expressed as a change in the absorbance/min/g of FW of the
analyzed sample.

For the POD activity assay, 1.5 mL of 0.05 M phosphate
buffer (pH=6.5) was added to the mixture containing 200 μL
of the supernatant, 200 μL of 0.05 M phosphate buffer con-
taining 1 % p-phenylenediamine (w/v) and 200 μL of 1.5 %
(v/v) hydrogen peroxide. Mixture absorbance was measured at
λ=485 nm, 25 °C for 10 min. The POD activity was
expressed as a change in the absorbance/min/g of FW of the
analyzed sample.

Changes in Colour Parameters

The colour of the strawberry purée was determined using
a CM-3600d colorimeter (Konica Minolta, Japan), in glass
cuvettes with an optical path of 10 mm. The measurement
was made on the CIEL*a*b* system, using illuminant
D65. The values of the L*, a* and b* parameters enabled
calculating the absolute difference of the samples’ colour
after preservation compared to the control sample using
two coefficients: ΔE=[(ΔL*)2+(Δa*)2+(Δb*)2]1/2 and
L*×a*/b*, where L* (lightness/darkness), a* (red/green)
and b* (yellow/blue).

Microbiological Analyses

Yeasts and moulds were analyzed according to the ISO
21527-1:2008 standard. Purée samples were diluted
using sterile normal saline (0.85 % sodium chloride),
spread plated on sterile nutrient agar with dichloran rose
bengal chlortetracycline (DRBC) and incubated at 25 °C
for 5 to 7 days.

The total microbial count (TMC) was determined accord-
ing to the EN ISO 4833:2003 standard. Samples diluted with
sterile normal saline were plated count agar (PCA); plates
were incubated at 30 °C for 72 h. All the experiments were
conducted in duplicates, and mean values of 10 log cfu/g
sample have been reported.

Sensory Analysis

The sensory analysis of strawberry products was conducted as
described in ISO 4121:1998. A six-point scale was used to
evaluate colour, appearance, consistency, aroma and taste, and
an overall quality assessment was conducted using a nine-
point hedonic scale; assessments were made by a trained sen-
sory panel of eight persons (age 27–55 years). All samples
were evaluated independently in a test room complying with
ISO 8589:2007 requirements.

Statistical Analysis

All analyses were conducted using Statistica 10 StatSoft®
software. The significance of the differences was comput-
ed based on an analysis of the variance with Tukey’s test
(p value<0.05). The Pearson coefficient of determination
was used to establish the dependence of the measured
values.

Three independent samples subjected to simultaneous
treatment under the same conditions were analyzed in
duplicate.
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Results and Discussion

Pasteurization Unit

The temperature was monitored during both CTP and MV
processes (Fig. 2). Based on this information, it was possible
to calculate PU for comparison of both processes of different
nature. Despite shorter time of heating, the highest level of PU
was recorded for MV1/120 process (171.84 min) just before
CTP (162.73 min). This was mainly due to much higher pro-
cess temperature (MVat 120 °C) than during CTP (at 90 °C)
regarding to Tref. During other MV processes, there were re-
cordedmuch lower PU at 1.04, 0.77 and 0.15, respectively, for
MV1 at 90 °C; and MV2 at 90 and 80 °C. This result shows
that MV could be much more sensitive for product compared
to CTP (batch pasteurization).

Matsui et al. (2008), in the study on the kinetic inactivation
of specific enzymes during microwave and conventional
heating, showed that z parameter depended on heating method
(with similar parameters of both methods). Apart from this
weak side of the above method, it can be used to show the
differences in the heating dose between CTP and MV.

Content of Phenolic Compounds

TCP in fresh strawberry purée was 221 and 282 mg GAE/
100 g FW for CS1 and CS2 samples, respectively (Table 1).
The decrease in TCP after CTP was 13.8 %, whereas micro-
wave treatment at all temperatures and time used caused only
a 3.6–6.6 % loss of these compounds.

Most of phenolic compounds in strawberries exist in
bounded form; therefore, two phenolic acids: p-
hydroxybenzoic acid (p-HBA) and ellagic acid (EA), and
two flavonols: quercetin (Q) and kaempferol (K), known as
the major phenolics of strawberries, were quantified, in both
free and bounded form. Free phenolic acids and flavonols
were determined after extraction from purée, whereas the total

content of this compounds were determined after acidic hy-
drolysis. Fresh purées contained only small amounts of free
EA, Q and K, whereas free p-HBAwas not detected. The sum
of free compounds constituted only 1.6 and 2.8 % of TCP in
the CS1 and CS2 samples, respectively, which is consistent
with the data reported by Cao et al. (2011). The analysis of the
total content of these phenolic acids and flavonols, carried out
after hydrolysis, showed that they had a 20 % contribution in
TCP, in both fresh purée samples. Themost abundant phenolic
acid was EA, constituting 9 and 15% of the TCP, respectively,
for CS2 and CS1. The quercetin concentration found in two
fresh purée samples differed significantly and was 4.6 times
higher in CS2 than in CS1. The other flavonol, kaempferol,
was present inmuch smaller amounts, similar in both samples,
ca. 3 mg/100 g FW.

The contents of free ellagic acid, quercetin and the total
contents of both phenolic acids and quercetin significantly
increased after CTP, as was previously observed (Cao et al.
2011, Odriozola-Serrano et al. 2008). This phenomenon could
be connected with spontaneous hydrolysis of bounded form to
free compounds, as well as more intensive extraction of free
form from tissue to intercellular juice during long-time
heating. Although the PU for CTP and MV1 at 120 °C was
similar the total time of heating was much longer during CTP,
therefore, higher increase of phenolic compound after CTP is
justified. The content of phenolics for free K (after MV2 at
80 °C) in purées MV1 and MV2 treated with microwaves at
all time and temperature conditions used also showed a sig-
nificant increase from 15% for free Q to 42% for total p-HBA
compared to the control samples. Increasing the process tem-
perature did not significantly affect TCP and individual com-
pounds with the exception of the total content of kaempferol
in the MV1 sample. The effect of conventional and micro-
wave heating on the increase in the contents of the assayed
polyphenol components is usually linked with the better ex-
traction of these potentially antioxidative compounds from
fruit tissue (Gerard and Roberts 2004).

0.00 0.10 0.20 0.30 0.40 0.50

0

20

40

60

80

100

120

0 20 40 60 80 100

te
m

p
er

at
u

re
[˚

C
]

time [min]

CTP MV1/90 MV1/120 MV2/80 MV2/90Fig. 2 Temperature data during
different processes. (CTP, white
diamond suit) conventional
thermal processing at 90 °C,
15 min. (MV1/90, white square)
microwave heating at 90 °C, 10 s.
(MV1/120, white up-pointing
triangle) microwave heating at
120 °C, 10 s. (MV2/80, white
circle) microwave heating at
80 °C, 7 s. (MV2/90, plus sign)
microwave heating at 90 °C, 7 s.
All microwave processes refer to
the bottom timeline

Food Bioprocess Technol (2015) 8:1864–1876 1869



Content of Anthocyanins

The characteristics of anthocyanins presented in Table 2 indi-
cate that the prevailing compound in fresh purée was
pelargonidin-3-O-glucoside (Pg-3-glc), followed by
cyanidin-3-O-glucoside (Cy-3-glc) and pelargonidin-3-
O-rutinoside (Pg-3-rut). The relative content of anthocyanin
monomers in CS1 and CS2 was on average ca. 8:88:4(±1)%
(w/w) for Cy-3-glc/Pg-3-glc/Pg-3-rut, respectively. These re-
sults were similar to those reported byOdriozola-Serrano et al.
(2008) and Cao et al. (2011), who found the same main mo-
nomeric anthocyanins in strawberries with similar relative
contribution. The total content of anthocyanins (TCA) was
92.60 and 96.99 mg/100 g, respectively, for CS1 and CS2.

The effect of processing on the content of all investigated
anthocyanins depended on the type of process used, as well as
PU calculated based on temperature-time history. The greatest
losses in these pigments, ca. 43 %, were observed after tradi-
tional pasteurization. Microwave heating was less destructive;
the highest observed TCA losses were 23.3 % for MV1 at
120 °C. There was no correlation between anthocyanins deg-
radation and calculated PU, but it can be explained by the
different nature of the examined processes (higher tempera-
ture and much shorter time in MV). In most cases (except for
Cy-3-glc of CS1), the decrease in the content of individual
compounds, as well as TCA, did not intensify when a higher
temperature was applied. Lack of changes may be due to small
differences in PU (except for MV1 at 120 °C). On the other

Table 2 Content of anthocyanins and vitamin C in fresh strawberries and pasteurized and microwave-preserved strawberry puree (mg/100 g FW)

Sample name Temperature (°C) Anthocyanins TCA Vitamin C Sum AA+DHAA

Cy-3-glc Pg-3-glc Pg-3-rut AA DHAA

CS1 – 7.81±0.01ab 80.79±4.81b 4.03±0.71a 92.60±5.49a 37.49±0.77b 15.89±0.72d 53.38±0.95b

CTP 90 4.36±0.11e 45.97±1.68e 2.04±0.08c 52.36±1.86d 14.93±0.16j, f 5.55±0.39f 20.48±0.33g

MV1 90 6.34±0.08c 65.81±0.35d 2.66±0.07b 74.80±0.38c 25.66±0.42c 25.89±0.07a 51.55±0.36c

120 5.85±0.26d 62.72±3.43d 2.48±0.11bc 71.03±3.73c 22.62±0.32d 23.44±0.32b 46.06±0.43e

CS2 – 7.76±0.21a,b 85.36±0.21a 3.88±0.21a 96.99±0.63a 39.31±0.24a 16.05±0.24c 55.37±0.24a

MV2 80 7.64±0.09b 71.40±0.89c 3.74±0.04a 82.78±0.94b 38.59±2.17ab 9.95±2.31e 48.55±0.30d

90 7.98±0.05a 74.15±0.48c 3.69±0.02a 85.82±0.51b 31.84±0.61e 11.25±0.56e 43.09±0.96f

Data represent means±SD (n=3). Mean values denoted with the same letters are not statistically significantly different, p≤0.05
FW fresh weight, Cy-3-glc cyanidin-3-O-glucoside, Pg-3-glc pelargonidin-3-O-glucoside, Pg-3-rut pelargonidin-3-O-rutinoside, TCA total content of
anthocyanins, AA ascorbic acid, DHAA dehydroascorbic acid, CS1 control sample from strawberries harvested in 2010, CS2 control sample from
strawberries harvested in 2011, CTP conventional thermal processing at 90 °C and 15 min—sample from 2010, MV1 microwave heating—strawberry
from 2010, time of heating 10 s, MV2 microwave heating—strawberry from 2011, time of heating 7 s

Table 1 Contents of free phenolic acids and flavonols and their total content in fresh strawberries and in pasteurized and microwave-preserved
strawberry puree (mg/100 g FW)

Sample
name

Temperature
(°C)

Before hydrolysis (free compounds) After hydrolysis (total content) TCP

Phenolic acids Flavonols Phenolic acids Flavonols

p-HBA EA Q K p-HBA EA Q K

CS1 – nd 2.11±016 d 1.26±0.02d 0.09±0.01a 1.19±0.02c 33.54±3.65b 6.23±0.68d 2.75±0.16b 221.03±3.33c

CTP 90 nd 5.10±0.48a 1.64±0.05c 0.10±0.01a 1.85±0.08b 43.77±2.51a 9.61±0.46c 3.04±0.25b 190.55±3.59e

MV1 90 nd 3.01±0.31c 1.74±0.04c 0.05±0.01c 2.06±0.27b 43.30±3.08a 9.78±1.15c 3.89±0.57a 208.38±2.83d

120 nd 3.46±0.31bc 1.84±0.07c 0.05±0.01b,c 1.80±0.23b 48.51±4.21a 10.06±1.16c 3.09±0.36b 206.37±3.71d

CS2 – nd 2.25±0.15d 5.67±0.34b 0.08±0.03ab 2.01±.021b 24.34±2.15c 28.46±2.59b 3.21±0.34b 281.60±2.12a

MV2 80 nd 3.86±0.05b 6.95±0.16a 0.06±0.01bc 3.11±0.24a 30.50±3.43b 39.00±2.98a 4.04±0.21a 271.44±3.02b

90 nd 3.68±0.05b 6.71±0.27a 0.05±0.01c 3.38±0.42a 33.71±1.08b 39.03±2.68a 4.05±0.27a 268.46±3.20b

Data represent means±SD (n=3). Mean values denoted with the same letters are not statistically significantly different, p≤0.05
FW freshweight, p-HBA p-hydroxybenzoic acid, EA ellagic acid,Q quercetin,K kaempferol, TCP total content of polyphenols,CS1 control sample from
strawberries harvested in 2010, CS2 control sample from strawberries harvested in 2011, CTP conventional thermal processing at 90 °C and 15 min
sample from 2010, MV1 microwave heating—strawberry from 2010, time of heating 10 s, MV2 microwave heating—strawberry from 2011, time of
heating 7 s
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hand, a longer heating time causedmore intensive degradation
of the anthocyanin pigments. The decrease in the TCA was
considerably higher (ca. 8 %) in MV1 at 90 °C compared to
MV2 at the same temperature, which correlates with the level
of PU for this samples. The results of other studies also show
that anthocyanin degradation was more pronounced when
using the conventional thermal processing compared to mi-
crowave heating (Piasek et al. 2010, Marszałek and Mitek
2012, Fazaeli et al. 2013). These differences may be caused
by the shorter heating time and the uniform temperature dis-
tribution used in microwave equipment.

The relative content of anthocyanin monomers in CTP and
microwave-treated samples was similar to the untreated purée
ca. 8:88:4(±1)% (w/w) for Cy-3-glc/Pg-3-glc/Pg-3-rut, re-
spectively. Pg-3-rut appeared to be slightly more susceptible
than other anthocyanins to conventional heating and micro-
wave processing for a longer (10 s) time (MV1), especially at
120 °C. This might indicate that the Pg-3-rut is sensitive to
high doses of heat in a short time. In milder conditions, during
7 s heating at 80 and 90 °C (MV2), the most unstable pigment
was Pg-3-glc. Most authors have demonstrated, however, that
Pg-3-glc is the most sensitive anthocyanin in strawberries
(Verbeyst et al. 2010, Verbeyst et al. 2012). The thermal sta-
bility of anthocyanins depends on the equilibrium of
flavylium cations, pseudo-bases and chalcones. Increasing
the heating temperatures disturbs this equilibrium and induces
the formation of colourless chalcones which, during long-term
heating, are transformed into coloured (brownish) polymers
(Özkan 2002, Fazaeli et al. 2013). These transformations are
very important for determining the shelf life of these products.

Contents of AA and DHAA

The vitamin C content, expressed as the sum of AA and
DHAA, in control samples was 53.38 and 55.37 mg/100 g
FW in CS1 and CS2, respectively (Table 2). Ascorbic acid
constituted ca. 70 % of the total vitamin C content in both
samples of fresh purée. Similar results, from 32.4 to 84.7 mg
of vitamin C in six strawberry cultivars, were reported by
Hakala et al. (2003).

Thermal pasteurization significantly degraded vitamin C,
reducing its content by 62 %. The level of vitamin C also
decreased significantly in microwave-preserved purée, but
the losses only reached from 4 % (MV1 at 90 °C) to 22 %
(MV2 at 90 °C). The AA to DHAA ratio in purée did not
change significantly after CTP and after MV conducted for
7 s (MV2 samples). However, in purée subjected to micro-
wave treatment for 10 s at both temperatures (MV1 samples),
an intensive oxidation of L-ascorbic acid to dehydroascorbic
acid was noted. Although degradation of total vitamin C con-
tent was higher in MV2 samples (12–22 %), the equilibrium
between AA and DHAA were strongly disrupted in MV1
samples. DHAA constituted 50 % of the total vitamin C

content in these samples, compared to 20–26 % in MV2 sam-
ples. Considering that DHAA is less stable and more rapidly
degraded than AA, the faster oxidation of AA during micro-
wave heating for a longer exposure time may seem undesir-
able. In CTP sample, the equilibrium noted between AA and
DHAAwas similar to CS1. This may be due to a long heating
time and much faster degradation of DHAA compared to the
samples heated in microwave for a shorter time. A statistical
analysis of the results showed that the destruction of vitamin C
was influenced by the method of heating (CTP or MV), as
well as the duration and temperature of the microwave treat-
ment, and this may be due to differences in PU delivered to the
product during heating. Some authors found that the degrada-
tion of vitamin C in orange juice was the highest during mi-
crowave heating compared to ohmic, infrared and convention-
al heating (Virkam et al. 2005), when others did not observe
differences in vitamin C content of apple purée treated with
microwaves and untreated samples (Picouet et al. 2009). They
found that the AA content decreased, changing the proportion
of DHAA from 39 to 57 %. The different and sometimes
contradictory results concerning the stability of vitamin C
during processing could be due to the different conditions
used in each survey. Even a slight change of time, tempera-
ture, oxygen access, or the presence of metal or other reactive
ions could significantly influence the degradation rate of AA.

Activity of PPO and POD

Peroxidase activity in both control samples was 1.59±
0.05 OD/min/g FW and was three times greater than the ac-
tivity of polyphenoloxidase, which was 0.43±0.02 OD/min/g
FW (Fig. 3). Similar activities of these enzymes in different
strawberry cultivars, ranging from 0.27 to 2.31 OD/min/g FW
for POD and from 0.04 to 2.24 OD/min/g FW for PPO, were
reported by other authors (Cano et al. 1997, Terefe et al. 2010,
Terefe et al. 2013).

Only thermal pasteurization led to the effective inactivation
of both analyzed enzymes. A substantial, ca. 80%, decrease in
PPO activity was observed in the strawberry purée preserved
with microwaves at 90 and 120 °C, regardless of the heating
time. The lower temperature 80 °C, in connection with higher
flow rate resulting in a shorter (7 s) time of heating, was
significantly less effective in inhibiting PPO, retaining ca.
38 % of its initial activity.

The study conducted by Terefe et al. (2010) on strawberry
purée from two cultivars confirmed that PPO in this fruit was
highly resistant (only 28 % of inactivation) to thermal inactiva-
tion at a temperature as high as 100 °C during 30 min process-
ing time, while POD displayed very high thermosensitivity
with complete inactivation in less than 5 min at 70 °C. PPO
in kiwi fruit and strawberry purées in experiments conducted
by De Ancos et al. (1999) exhibited a similar susceptibility to
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microwave treatment, after heating with 475 W for 60 s, 70 %
of its activity was retained.

POD turned out to be less resistant to microwave heating
than PPO. A higher degree of inactivation (ca. 88 %) was
achieved when longer, 10 s, heating time was applied.
Shortening the heating time to 7 s resulted in slightly but
significantly lower inactivation, amounting to only 78 % in
MV2 heated at 80 °C.

Matsui et al. (2008) reported that microwave inactivation
of PPO and POD of green coconut water was more efficient
compared with conventional processes. They also proved that
natural tissue enzymes are more resistant to inactivation com-
pared to the model experiment.

De Ancos et al. (1999) reported that the stability of the
POD depends on the species of fruit, i.e. POD in strawberries
was more resistant to microwave inactivation compared to the
POD of papaya and kiwi fruit; the microwave heating of
strawberry purée (850 W, 60 s) caused only 8 % of this en-
zyme’s inactivation. On the other hand, Benlloch-Tinoco et al.
(2013) showed that the inactivation of the POD and PPO in

kiwi fruit purée processed in desired intervals of microwave
power (300–900 W) and time (100–300 s) ranged from 43 to
88 %.

Changes in Colour

The visually perceived colour of strawberry purée can be pre-
sented as a combination of red and yellow hunter a* and b*
values associated with L* value, representing lightness. To
monitor total changes in a food product’s colour, two coeffi-
cients are often used: L*×a*/b* and ΔE (Rodrigo et al.
2007). As shown in Fig. 4, the L*×a*/b* coefficient in both
control samples was ca. 77 and increased significantly (by 4.5
units) after thermal pasteurization. A significant increase in
the L*×a*/b* coefficient was also observed in all samples
after microwave treatment. The highest temperature
(120 °C) caused an increase in the L* value and a decrease
in the a* and b* parameters (data not show), which could
suggest the thermal degradation of anthocyanins. In turn, at
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fresh weight, CS1 control sample from strawberries harvested in 2010,
CS2 control sample from strawberries harvested in 2011; CTP
conventional thermal processing at 90 °C and 15-min sample from
2010; MV1 microwave heating—strawberry from 2010, time of heating

10 s; MV2 microwave heating—strawberry from 2011, time of heating
7 s. The percentage of residual activities ((A/A0)×100) are presented,
where A0 represents the activity of the enzymes in the fresh strawberries
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values denoted with the same letter are not statistically significantly
different, p≤0.05
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the lowest temperature (80 °C), all colour parameters in-
creased, which probably resulted from the electromagnetic
field extraction of anthocyanin pigments from the tissue to
intercellular juice (Zhang et al. 2013, Gerard and Roberts
2004). The L*×a*/b* coefficient shows only direction of col-
our changes based on proportion between L*, a* and b* pa-
rameters, whereas ΔE coefficient shows differences between
control sample and sample after process, therefore, there were
no correlation between this coefficients.

The highest value of ΔE (Fig. 4), corresponding to the
greatest changes in colour, was noted in thermal pasteur-
ized purée (ΔE=3.0). The high changes in colour in ther-
mally pasteurized strawberry pulp were reported by Cao
et al. (2011) (ΔE=10.18). Substantial changes (ΔE=5.67)
in strawberry purée after pasteurization were also noticed
by Patras et al. (2009). Significantly lesser colour changes
were observed in the samples preserved using microwave
energy. The highest changes were observed in MV1 sam-
ples at 120 °C (ΔE=1.41), and the lowest in the MV2
samples at 80 °C (ΔE=0.91) and 90 °C (ΔE=0.65). Such

low ΔE values indicate well-preserved colour of all the
microwaved samples, since it has been shown that if ΔE
is lower than 1.5, the changes in colour are unnoticeable
by inexperienced observers (Barba et al. 2013). De Ancos
et al. (1999) also reported that microwave heating caused
only slight colour changes in strawberry purée. The minor
changes in the colour parameters could be related to the
modern flow microwave heating system connected with
the continuous cooling system used in this study.

The L*×a*/b* coefficient was negatively correlated (R=
−0.77, p≤0.05) with TAC and the main anthocyanin, Pg-3-glc
content in the analyzed samples. A strong (R=0.998, p≤0.01)
positive correlation has been found betweenΔE values and a
decrease in the Pg-3-glc content; a weaker, but also significant
(R=0.84, p≤0.1) correlation ofΔE and TCAwas observed. It
could be concluded that both employed coefficients are a use-
ful tool for fast and simple estimation of colour and anthocy-
anin changes during strawberry processing, confirming the
findings of previous studies (Rodrigo et al. 2007, Terefe
et al. 2009).

Table 3 Count of yeast and
moulds and total microbial count
in fresh strawberries and
strawberry puree pasteurized and
preserved with the microwave
method (log cfu/g FW)

Sample name Temperature (°C) Yeast Moulds TMC

CS1 – 5.60±0.11a 4.82±0.12a 5.86±0.08a

CTP 90 <1.0±0.08b <1.0±0.07b <1.0±0.08c

MV1 90 <1.0±0.10b <1.0±0.08b 3.69±0.07b

120 <1.0±0.06b <1.0±0.10b <1.0±0.09c

CS2 – 5.65±0.07a 4.84±0.10a 5.96±0.07a

MV2 80 <1.0±0.07b <1.0±0.08b 3.63±0.07b

90 <1.0±0.08b <1.0±0.09b 3.77±0.11b

Data represent means (n=3). Mean values denoted with the same letter are not statistically significantly different,
p≤0.05
FW fresh weight, TMC total microbial count, CS1 control sample from strawberries harvested in 2010, CS2
control sample from strawberries harvested in 2011,CTP conventional thermal processing at 90 °C and 15min—
sample from 2010, MV1 microwave heating—strawberry from 2010, time of heating 10 s, MV2 microwave
heating—strawberry from 2011, time of heating 7 s

Table 4 Sensory quality of fresh
strawberries and strawberry puree
pasteurized and preserved with
the microwave method (colour,
taste, aroma, consistency in a
six-point scale, overall quality
assessment in a nine-point
hedonic scale)

Sample name Temperature (°C) Colour Taste Aroma Consistency Overall quality

CS1 – 6.0±0.0a 6.0±0.0a 6.0±0.0a 6.0±0.0a 9.0±0.0a

CTP 90 5.5±0.4b 5.0±0.0c 5.3±0.4b 6.0±0.0a 7.8±0.4d

MV1 90 5.5±0.4b 5.0±0.0c 5.0±0.6b 6.0±0.0a 8.3±0.4c

120 5.3±0.4b 5.0±0.0c 5.3±0.4b 5.8±0.4a 8.0±0.0c,d

CS2 – 6.0±0.0a 6.0±0.0a 6.0±0.0a 6.0±0.0a 9.0±0.0a

MV2 80 6.0±0.0a 5.3±0.4bc 5.5±0.4b 6.0±0.0a 8.5±0.4b

90 6.0±0.0a 5.0±0.0c 5.3±0.4b 6.0±0.0a 8.5±0.4b

Data represent means±SD (n=8). Mean values denoted with the same letter are not statistically different, p≤0.05
CS1 control sample from strawberries harvested in 2010, CS2 control sample from strawberries harvested in
2011, CTP conventional thermal processing at 90 °C and 15 min—sample from 2010, MV1 microwave
heating—strawberry from 2010, time of heating 10 s, MV2 microwave heating—strawberry from 2011, time
of heating 7 s
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Microbiological Quality

Microwave and traditional thermal pasteurization were effec-
tive on yeasts and moulds, totally eliminating these potentially
spoiling microorganisms (Table 3). On the other hand, only
CTP and microwave treatment at 120 °C caused a reduction in
the total microbial count of up to <1 log cfu/g; at lower tem-
peratures, a significant (over two logarithmic cycles) but in-
complete reduction in the TMCwas achieved. The lethality of
microwave heating at continuous flow against typical micro-
organism that could contaminate fruit products was verified
by some authors. The continuous flow microwave heating
(2000 W, 71 °C, 6 s) of apple cider inoculated with E. coli
25922 resulted in a 5-log10 reduction in these bacteria (Gentry
and Roberts 2005). Also, Lactobacillus plantarum inoculated
in orange juice were readily killed using this technique either
at 70 or 90 °C with very short residence time (Nikdel and
MacKellar 1992). Tajachakavit et al. (1998) reported that the
destruction of Sacharomyces cereviesiae and Lactobacillus
plantarum occurred much faster under microwave heating
than conventional thermal heating, suggesting some contrib-
utory enhanced effects to be associated with microwave
heating.

Sensory Quality

The results of sensory analysis presented in Table 4 showed
some minor but significant changes in most of the assessed
attributes after preservation. The scores were lowered by no
more than one point at the most. The colour was affected after
the CTP and MV1 process, whereas shorter (7 s) microwave
treatment MV2 did not visibly affect the colour of the sam-
ples. This was confirmed by the results of instrumental anal-
ysis. IfΔE values do not exceed 1.5, the changes in colour are
unnoticeable by inexperienced observers (Barba et al. 2013).
Panellists invited to this analysis were trained in accredited
laboratory; therefore, they could notice more subtle differ-
ences between control sample (CS1) and microwave-heated
sample (MV1 at 120 °C). Taste and aroma were slightly
changed in all the preserved samples. The consistency of the
purée remained unchanged despite the process conditions.
The overall quality of the MV1 samples was assessed a little,
although significantly lower than the MV2 sample, but still
higher than the sample after CTP.

To the authors’ best knowledge, there are no publications
concerning the sensory quality of strawberry purée after mi-
crowave treatment.

Conclusions

This study is an attempt at a comprehensive evaluation of the
effects of continuous microwave heating on the quality of

strawberry purée. The survey included the most important
quality indicators, i.e. vitamin C and phenolic compounds,
enzyme activity, colour parameters, sensory attributes and mi-
crobial load.

Continuousmicrowave treatment (2.45 GHz, 63A, 20 kW)
at 80–120 °C for 7 and 10 s turned out to be much less de-
structive for phenolic acids, flavonols, anthocyanins and vita-
min C, compared to traditional thermal batch pasteurization.
The changes in colour caused by this processing method were
barely visible, the overall sensory quality changed only slight-
ly, while the microbial load was significantly decreased and
yeasts and moulds were below the detection limit. All these
changes increased, to a different extent, with an increase in the
duration and temperature used in the process.

None of parameters used in the experiment allowed com-
plete inactivation of tissue enzymes. The residual activity of
the PPO and POD implies that when storage stability is taken
into account, a temperature of at least 90 °C and 10 s heating
time should be applied. Further studies are recommended to
evaluate the quality of strawberry purée preserved using mi-
crowaves during storage and the determination of its shelf-life.
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