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Abstract Epidemiological studies have related the con-
sumption of fruits and vegetables to a lower risk of chronic
diseases. Phytochemicals are held responsible for these
desired eVects; vitamin C and phenolic compounds being
the most important ones in strawberries and raspberries.
With respect to their role in health, it is valuable to study
possible changes of these bioactive compounds during pro-
cessing of fruits. In the present study, total phenolics,
anthocyanins and vitamin C were Wrstly characterised in
strawberries, raspberries and their juices. Thermal and
high-pressure processes were screened for their eVect on
the bioactive compounds by treating strawberries and rasp-
berries at diVerent temperature–pressure combinations for
one Wxed treatment time (20 min). Thermal processing at
atmospheric pressure (50–140 °C) had a degradative eVect
on anthocyanins and vitamin C. High-pressure processing
(400, 600, 700 MPa combined with 20, 50, 80, 110 °C)
showed no signiWcant eVect on the bioactive compounds in
function of pressure. Breakdown of anthocyanins and vita-
min C did occur at constant elevated pressure as tempera-
ture increased. No clear trends were perceptible for the
amount of phenolic substances during processing.
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Introduction

Epidemiological studies observed a relation between
consumption of fruits and vegetables and a lower risk of
chronic diseases like cancer, stroke and heart disease [1–3].
The health-related eVect of these plant foods is attributed to
bioactive compounds, named phytochemicals. In strawber-
ries and raspberries, the major phytochemicals comprise
phenolic compounds and vitamin C [1, 4]. Phenolic com-
pounds are composed of one or more aromatic rings bear-
ing one or more hydroxyl groups and occur often
glycosylated in foods. Within the enormous group of phen-
olics, Xavonoids (2/3) and phenolic acids (1/3) are most
commonly consumed [5]. The anthocyanins constitute one
of the main classes of Xavonoids and are natural plant pig-
ments responsible for the red, blue and purple colours of
fruits and Xowers and thus abundantly present in berries.
Vitamin C comprises both ascorbic acid (AA) and dehydro-
ascorbic acid (DHAA). The health-related properties of the
studied phytochemicals are mainly attributed to their anti-
oxidant activity [6, 7].

To retain the beneWcial health eVects, losses of these bio-
active compounds in strawberries and raspberries during
processing should be minimised. Food processing such as
pasteurisation or sterilisation aims at microbial safety and
extended shelf life of the food products [8]. Traditional
thermal processing, although very eYcient in achieving
safe food products, can have detrimental eVects on product
quality. Novel high-pressure pasteurisation applies pres-
sures in the range of 400–600 MPa at ambient temperature
and results in products with a prolonged shelf life and
fresher characteristics compared to the thermal equivalent
[9]. Sterilisation or inactivation of vegetative microorgan-
isms as well as spores using high pressure is currently a
popular investigation topic. Inactivation of bacterial spores

L. Verbeyst · M. Hendrickx · A. Van Loey (&)
Laboratory of Food Technology and Leuven Food Science 
and Nutrition Research Centre (LFoRCe), 
Department of Microbial and Molecular Systems (M2S), 
Katholieke Universiteit Leuven, Kasteelpark Arenberg 22, 
box 2457, 3001 Heverlee, Belgium
e-mail: ann.vanloey@biw.kuleuven.be
123



594 Eur Food Res Technol (2012) 234:593–605
by pressure alone seems not possible. However, e.g. combi-
nation with high temperature, or the use of pressure pulsing
are proposed to contribute to the necessary spore inactiva-
tion [10–12]. Since residual dormant spores have been
detected after pressure pulsed treatments and this method
was found to be economically less attractive due to high
maintenance costs and decrease of equipment lifetime, high
temperature–high pressure processing is the main route for
investigating high-pressure sterilisation [13].

In the current study, the inXuence of temperature and
pressure on the concentration of bioactive compounds was
investigated. Total phenolic content, anthocyanins and
vitamin C in strawberries and raspberries were Wrst deter-
mined. A range of temperature–pressure combinations was
screened for their inXuence on the levels of phytochemicals
by treating the berries for a constant treatment time. Both a
fruit paste and a fruit juice, prepared with and without use
of a commercial enzyme preparation, were examined.

Materials and methods

Fruit material

Fresh strawberries (Fragaria x ananassa, cv. Elsanta) and
fresh raspberries (Rubus idaeus, cv. Sugana) were pur-
chased at the Belgische Fruitveiling CVBA (Sint-Truiden,
Belgium). Plants were grown in the soil under plastic tun-
nels. Each type of fruit was bought twice, one batch in
2007, the other one in 2009, each time in the same harvest-
ing season (September–October). The fresh fruits were
frozen and stored at ¡40 °C. A batch of at least 500 g of
strawberries or 250 g of raspberries was thawed overnight
at 4 °C and blended to a paste (Waring blender 7010G,
VWR, Heverlee, Belgium) prior to treatment.

Juice preparation

Two ways of juice preparation were applied. The Wrst way
(using batch 1) was simply bringing the thawed berries in a
domestic juice extractor (Magimix, France), which resulted
in a turbid juice. For the second manner (using batch 2), a
commercial enzyme preparation (Pectinex BE Colour,
Novozymes, Denmark) was used. Berries were blended at
Wrst and then treated with the enzymes according to the
instructions of the manufacturer. Three systems were com-
pared: (1) HPLC-grade water (milliQ: 18.2 M� cm ultra
pure water, Millipore, Brussels, Belgium) was added to the
fruit paste as a control sample at a concentration of 1 ml per
50 g of fruit paste, (2) Pectinex diluted in 1 ml HPLC-grade
water was added in a concentration of 0.3 �l per 50 g straw-
berry paste and 0.5 �l per 50 g raspberry paste. This is the

maximal dosage recommended by the manufacturer and (3)
Pectinex diluted in HPLC-grade water was added in a con-
centration 4 times higher than the maximal recommended
dosage. All 3 systems were incubated for 4 h in a shaking
water bath at 50 °C, the optimal temperature for enzyme
activity. Afterwards, the treated paste was centrifuged at
9,820 g for 15 min at 4 °C (J2-HS centrifuge, Beckman,
Analis, Namen, Belgium) to obtain a clear juice. Juice sam-
ples were frozen in liquid nitrogen and stored at ¡40 °C
until further analysis. The pellet samples were frozen as
well, and the same analyses as for juices were executed as
far as possible. Juice preparation was repeated twice for
each fruit.

Extraction and quantiWcation of anthocyanins

Since anthocyanins are water-soluble compounds, a simple
extraction with cold HPLC-grade water could be performed
(fruit paste/water ratio was 1:2 w/w). This mixture was cen-
trifuged at 19,900 g for 15 min at 4 °C (Microfuge 22R,
Beckman Coulter, Fullerton, CA, US), and the supernatant
was Wltered through ChromaWl A-45/25 (Macherey–Nagel,
Düren, Germany) before HPLC analysis. Each sample was
extracted twice.

Anthocyanins were analysed according to the HPLC
method adapted from Hong and Wrolstad [14], using a
BioLC system (Dionex, Sunnyvale, CA, US), equipped
with an AS50 autosampler, GS50 gradient pump and
AD25 UV–Vis detector. Separation of the diVerent antho-
cyanins was achieved by the use of a polymer reversed-
phase column (PLRP-S; 250 £ 4.6 mm, 5 �m particle
size, 100 Å pore size; Varian, Palo Alto, CA, US) at 25 °C
and by applying a linear gradient of the two eluents at a
Xow rate of 1 ml/min. Starting conditions were 90% of
eluent A (=4% phosphoric acid in HPLC-grade water) and
10% of eluent B (=60% acetonitrile in HPLC-grade
water). Slowly and gradually increasing eluent B estab-
lished peak separation; for strawberries, % B was
increased from 18 to 28% over 45 min, while for raspber-
ries, it was increased from 11.5 to 14.5%. In a Wnal wash-
ing step, 100% of B was reached and held for 5 min.
Injection volume was 25 �l for all samples, and detection
was performed at 520 nm.

To identify and quantify the peaks of pelargonidin-3-
glucoside (Pg-3-glu), cyanidin-3-glucoside (Cy-3-glu),
cyanidin-3-sophoroside (Cy-3-soph) and cyanidin-3-rutino-
side (Cy-3-rut), a standard (Polyphenols, Sandnes, Nor-
way), dissolved in acidiWed methanol (0.1% HCl), was
used. The other peaks were identiWed based on relative
retention times found in literature and were quantiWed using
the standard curve of Pg-3-glu (strawberries) or Cy-3-soph
(raspberries).
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Determination of vitamin C

Extraction of vitamin C

Vitamin C was extracted from the treated fruit samples
by adding extraction buVer (20 mM NaH2PO4 + 1 mM
Na2EDTA in HPLC-grade water, pH 2.0) in a ratio of 1:1.
This mixture was centrifuged at 20,400 g for 30 min at 4 °C
(J2-HS centrifuge), and the supernatant was Wltered through
ChromaWl A-45/25 before freezing and storing at ¡80 °C.
Each sample was extracted twice.

Precolumn reduction by DTT (used for strawberry fruit 
and turbid juices)

To determine the vitamin C content of strawberry fruit,
extracts were divided into 2 parts. The Wrst part was used
for direct ascorbic acid analysis; after diluting (1:2) the
extract in phosphate buVer (0.1 M K2HPO4 in HPLC-grade
water, pH 7.0) and Wltering through ChromaWl A-45/25,
this sample was ready for HPLC analysis. The other part
was subjected to a reduction reaction of dehydroascorbic
acid (DHAA) to ascorbic acid (AA) by adding dithiothrei-
tol (DTT) solution (2.3 mM DTT in phosphate buVer
0.1 M, pH 7.0) in 1:2 ratio and centrifuging at 19,900 g for
15 min at 24 °C (Microfuge 22R). All DHAA was con-
verted to AA, so that in HPLC analysis, the total vitamin C
content was measured in the form of AA concentration. By
subtracting the AA concentration of the second part and the
Wrst part, the DHAA concentration was calculated.

HPLC analysis was performed on the Dionex BioLC
apparatus. Isocratic elution was adopted over a Prevail C18
column (250 £ 4.6 mm, 5 �m particle diameter, Grace,
Lokeren, Belgium), held at 25 °C. The elution buVer con-
sisted of 1 mM Na2EDTA and 10 mM CH3COONH4 in
HPLC-grade water, pH 3.0, and had a Xow rate of 0.8 ml/
min. Injection volume was 20 �l for all samples, and detec-
tion was performed at 245 nm. For quantiWcation, a stan-
dard curve was created using a solution of 5 mM ascorbic
acid (99%, Acros Organics, Geel, Belgium) prepared in
extraction buVer and stored at ¡80 °C. The exact concen-
tration of the standard solution was checked spectrophoto-
metrically (245 nm, 25 °C, pH 0.69, � = 10.2 mM¡1 cm¡1)
according to the law of Lambert–Beer.

Precolumn reduction by TCEP (used for raspberry fruit)

The use of DTT as a reductant of DHAA was questioned
by Lykkesfeldt [15], and he proposed to apply TCEP (tris
(2-carboxyl-ethyl) phosphine). While DTT reduces DHAA
to AA eYciently at neutral pH, TCEP can do this at lower
pH at which DHAA and AA are more stable. Since adapting
the reducing agent could deliver an eYcient reduction as

well as help to maintain sample stability, the raspberry sam-
ples were analysed according to this method. The procedure
described for reduction by DTT needed a few adjustments.
The extracts were brought to pH 3.5 before being divided
into 2 parts. The part for direct ascorbic acid analysis was
diluted (1:2) in phosphate buVer (20 mM NaH2PO4 + 1 mM
Na2EDTA in HPLC-grade water, pH 3.5). The other part
was subjected to reduction by adding 2.5 mM TCEP solu-
tion in phosphate buVer (0.1 M, pH 3.5) in 1:2 ratio. The rest
of the procedure was analogous to the DTT method.

Postcolumn derivatisation method (used for clear juices)

Using the postcolumn derivatisation method, adapted from
Kall and Andersen [16], concentrations of AA and DHAA
could be determined in a single run, which was time-saving.
AA was quantiWed using UV detection; DHAA in the same
sample was quantiWed after derivatisation by means of Xuo-
rescence detection. Sample preparation before HPLC analy-
sis (on Agilent Technologies 1200 Series with DAD
detection, Diegem, Belgium) consisted solely of Wltering the
extract (ChromaWl A-45/25). For quantiWcation of AA, the
same column was employed as in the precolumn reduction
method; column temperature was maintained at 20 °C. This
time, elution buVer consisted of 2.3 mM dodecyltrimethyl-
ammonium chloride and 2.5 mM Na2EDTA in a 66 mM
phosphate–20 mM acetate buVer adjusted to pH 4.5. Flow
rate was 1.0 ml/min. After the sample had passed through
the UV detector, it was led through a reaction coil (750 �l,
Dionex) held at 55 °C, together with the derivatisation
reagent (28 mM o-phenyldiamine in a 12 mM trisodium cit-
rate–55 mM Na2EDTA buVer, pH 3.7). The postcolumn
reagent was delivered by an AXP-pump (Dionex) at a Xow
rate of 0.3 ml/min. DHAA reacted with o-phenyldiamine to
form 3(1,2-dihydroxyethyl)furo[3,4-b]quinooxaline-1-one,
which could be detected Xuorometrically at excitation wave-
length 350 nm and emission wavelength 430 nm.

To compose the standard curve of DHAA, half of the
standard solution of 5 mM AA was used to convert to
DHAA by adding stepwise iodine solution (0.1 M) until a
constant light yellow colour appeared. To neutralise the
excess of iodine, 2 crystals of Na2S2O3 were added and the
standard solution was diluted to a known volume. AA and
DHAA standards were brought together, diluted to 0.5 mM
AA and 0.025 mM DHAA and stored at ¡80 °C for maxi-
mum 2 months.

Determination of total phenolics

Extraction and quantiWcation of total phenolics

The method employed by Benvenuti et al. [17] was slightly
adapted and applied as follows. In a Wrst extraction step, an
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equal volume of fruit paste and solution of methanol/HCl
(2%) (95:5 v/v) was mixed and set to react for 60 min at
4 °C. Afterwards, this reaction mixture was centrifuged at
1,090 g for 15 min at 4 °C. The obtained supernatant was
Wltered under vacuum (MN615, Macherey–Nagel, Düren,
Germany), and the remaining pellet was extracted once
again. The whole extraction procedure was repeated twice
for each sample. For determination of the total phenolic
content, 100 �l of extract, 500 �l of Folin–Ciocalteu
reagent and 1 ml of saturated Na2CO3 solution (75 g/L)
were brought in a 10-ml volumetric Xask. These reagents
were mixed, the volume was added up to 10 ml using
HPLC-grade water and the sample was put in an oven at
25 °C. After incubating for 2 h, the absorbance of the sam-
ple was measured at 750 nm (2100 pro UV–Visible spec-
trophotometer, Biochrom, Cambridge, UK). Absorbances
were converted into concentrations by means of a standard
curve of gallic acid (GA), and hence, results were
expressed as mg GA per g berries. QuantiWcation was per-
formed in duplicate, and data were therefore the mean of 4
results.

Corrections for the Folin–Ciocalteu method

The Folin–Ciocalteu method is based on an oxidation–
reduction reaction; thus, interference of other reducing sub-
stances than phenolic compounds can occur [42]. Two
sources of interference were tested in this study: ascorbic
acid and reducing sugars (glucose and fructose). The sugars
did not show any eVect on the measurement of total pheno-
lics; the concentrations tested in strawberries were 22 g glu-
cose/l, 50 g glucose/l and 25 g fructose/l; in raspberries,
20 g glucose/l, 20 g fructose/l and 30 g fructose/l. On the
other hand, ascorbic acid did have an inXuence on the mea-
surements, but only for strawberries, not for raspberries
(tested for concentrations up to 400 ppm). To correct for
this, a standard solution and known dilutions of ascorbic
acid were run through the Folin–Ciocalteu procedure and
concentrations were plotted against absorbances at 750 nm.
The corresponding equation and the previously measured
concentration of ascorbic acid for each individual sample
were used to calculate a more correct concentration of total
phenolics.

Temperature and pressure treatments

In this study, diVerent temperature and pressure levels were
screened for their eVect on the considered bioactive com-
pounds in strawberries and raspberries (batch 1). Treatment
time was Wxed at 20 min. High-pressure treatments were
divided into 2 classes depending on the temperature they
were combined with. Low temperatures in combination
with high pressures represented high-pressure pasteurisa-

tion conditions, while high temperature–high pressure
treatments represented high-pressure sterilisation. Both
treatments demanded a diVerent temperature and pressure
build-up approach.

High-temperature treatment at atmospheric pressure

Heat treatments at atmospheric pressure were conducted in
an oil bath (Grant Instruments, Cambridge, UK), equili-
brated in advance at the correct treatment temperature,
between 50 and 140 °C. The fruit paste was enclosed in
metal tubes (outer diameter = 16 mm; inner diameter =
13 mm, length = 150 mm), avoiding headspace and placed
in the oil bath for 20 min. During heat treatment, the tem-
perature of the paste was registered using an Ellab E-val
data acquisition system (TM 9616, Ellab, Hilleroed, Den-
mark) and thermocouples (type T, Thermo Electric Benelux,
Balen, Belgium). For all temperatures investigated, a com-
ing-up time of 15 min was observed and temperatures
varied § 2 °C during the isothermal phase. As an example,
the temperature proWle of 140 °C of raspberry paste is
given in Fig. 1. After treatment, the tubes were cooled
down in an ice bath to stop further thermal degradation.
Berry fruit samples were frozen in liquid nitrogen and
stored at ¡40 °C until further analysis.

Low temperature–high pressure treatment

All high-pressure treatments were performed in a 6-vessel
high-pressure equipment (laboratory scale, custom-made,
Resato, Roden, The Netherlands). The vessels (outer
diameter = 150 mm, height = 207 mm) are constructed of
stainless steel and are individually surrounded by a heating
coil, connected to an external thermostat (custom-made,
with PID controller, TCPS, Rotselaar, Belgium). This
equipment provides computer-controlled pressure build-up,
temperature control and data logging of both temperature
and pressure. The sample chamber has a diameter of 24 mm
and a height of 120 mm. Thermocouples (type J) are avail-
able in the stopper of the pressure vessel to log the tempera-
ture of (the centre of) the sample.

The fruit paste (19 g) was vacuum-packed in a double
layer of plastic bags. All samples were placed simulta-
neously in the vessels, and pressure build-up was started
after 1 min. The rate of pressure build-up was rather low,
100 MPa/min, which allowed dissipation of adiabatic heat.
After 20 min of isothermal–isobaric treatment, pressure
was released instantaneously. Samples were removed from
the vessels after 1 min and cooled down in ice water for
10 min. Finally, the fruit samples were frozen in liquid
nitrogen and stored at ¡40 °C until further analysis. Pres-
sures of 400, 600 and 800 MPa were combined with rela-
tively mild process temperatures of 20 and 50 °C. An
123
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example of a temperature–pressure proWle is presented in
Fig. 1. To show the diVerence in adiabatic heating and heat
dissipation, two temperature proWles (20 and 50 °C) at the
same pressure (600 MPa) were compared. In the approach
of high-pressure pasteurisation, adiabatic heating resulted in
a temporary temperature overshoot and a subsequent
decrease in the temperature during process time, because the
environment is at the (lower) desired process temperature.

High temperature–high pressure treatment

High temperature–high pressure treatments were performed
in the same 6-vessel high-pressure equipment as described
above. A major diVerence with low temperature–high pres-
sure treatments was the rate of pressure build-up, 10 MPa/s.
Adiabatic heating during pressure build-up contributed in
this way to achieve the desired process temperature faster
than when heating is only based on conduction/convection.
To simulate high-pressure sterilisation conditions, pres-
sures of 400, 600 and 700 MPa combined with tempera-
tures of 80 and 110 °C were chosen. Due to technical
restrictions of the high-pressure equipment, the highest
pressure possible to combine with the high temperatures
(>60 °C) was limited to 700 MPa as opposed to the highest
pressure in low temperature–high pressure treatments
(800 MPa, <60 °C).

The fruit paste was inserted in polyacetalic cylinders
(outer diameter = 18 mm; inner diameter = 12 mm, length =
85 mm) and equilibrated at 10 °C. From the moment these
samples were brought into the pressure vessels, they started
to heat up due to contact with the pressure medium (propyl-
ene glycol based Resato PG Xuid) that was already equili-
brated at the desired process temperature (e.g. 110 °C). Once
the temperature of the samples reached an experimentally
validated level (79.7 °C for the example of 110 °C and
400 MPa), pressure build-up was started; immediately pres-
sure increased to 150 MPa followed by a gradual increase at
a rate of 10 MPa/s. During pressure build-up, the samples

were heated further by adiabatic heating and by heat transfer
from the pressure medium to the sample. One minute after
the process pressure was reached, isothermal–isobaric con-
ditions were achieved, individual vessels were isolated and
zero treatment time was considered. This procedure resulted
in variable coming-up times for each temperature–pressure
combination tested, from 3.5 to 7 min. The temperature and
pressure proWles in the sample holder during the treatment
were logged; temperature variations were limited to §2 °C,
pressure variations to §30 MPa. An example is given in
Fig. 1. In this high-pressure sterilisation approach, a temper-
ature overshoot was avoided and isothermal conditions were
fulWlled during process time since the environment was kept
constant at the desired process temperature. After treatment,
samples were removed from the vessels 1 min after pressure
release and cooled down in ice water. The fruit samples
were Wnally frozen in liquid nitrogen and stored at ¡40 °C
until further analysis.

Statistical analysis

In order to analyse the characterisation results statistically,
the Tukey’s Studentised range test was applied (SAS, v9.2,
Cary, US) to search for signiWcant diVerences among the
concentrations of bioactive compounds in the diVerent fruit
batches and in the fruit juices. The level of signiWcance was
set at p < 0.05.

Results and discussion

Characterisation of bioactive compounds in berry fruit 
and berry juices

Strawberries

The main anthocyanins in strawberries are identiWed as
pelargonidin-3-glucoside (Pg-3-glu) and cyanidin-3-glucoside

Fig. 1 Temperature and pressure proWles in function of time for ther-
mal experiments (left), high-pressure pasteurisation (middle) and
high-pressure sterilisation (right). The dotted line separates the

dynamic coming-up conditions from the isothermal–isobaric treat-
ment, followed by the cooling phase
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(Cy-3-glu) [18, 19]. The chromatograms obtained in the
current study for cultivar ‘Elsanta’ showed 3 important
peaks. Pg-3-glu and Cy-3-glu could be identiWed using
commercially available standards. GoiVon et al. [19] exam-
ined ‘Elsanta’ strawberries as well and determined pelar-
gonidin-3-arabinoside (Pg-3-ara) as the third most
important anthocyanin. Since retention times corresponded
relatively, the assumption was made that the third peak in
the present study was also Pg-3-ara, but the ratios between
the diVerent anthocyanins diVered between the 2 studies. In
this study, Pg-3-glu is the most important (80%), followed
by Pg-3-ara (17%) and only 3% of Cy-3-glu.

The absolute concentration of anthocyanins, vitamin C
and total phenolics measured in strawberry fruit and juices
is given in Table 1. The results for strawberry fruit corre-
sponded well with the results of Patras et al. [20], who
examined strawberries of the same cultivar with similar
methods of analysis. Anthocyanin levels in the 2 batches of
strawberries were signiWcantly diVerent (cf. Table 1). Cy-3-
glu was not quantiWable in the second batch, whereas the
other anthocyanins were present in higher concentrations
compared to the Wrst batch. Vitamin C and total phenolic
levels were not signiWcantly diVerent in the 2 batches.
Despite diVerent assays being used to measure vitamin C
concentrations throughout the experiments, their results can
be compared to each other. The vitamin C concentrations of
the raw material can be a good reference point to illustrate
this. Firstly, diVerent moments of sample taking and diVer-

ent measurements (8 in total for each batch) indicated that
the concentrations within a batch were in the same range.
Secondly, Tukey tests pointed out that the concentrations
between the two batches were not signiWcantly diVerent.
Based on these two arguments, it can be concluded that the
diVerent assays did not produce signiWcantly diVerent
results and that the current results and conclusions were not
aVected by the use of several assays.

The juice yield obtained in the domestic juice extractor
was 79%. Juices were also prepared by making use of a
commercial enzyme preparation. Pectinase enzymes can
help to clarify juices, to reduce the viscosity and in this way
facilitate the pressing of the juice. Not only juice yield, but
colour yield can be improved as well, since breakdown of
the skin tissue and degradation of structural polysaccha-
rides can help the pigments to diVuse into the juice [21]. In
some cases, a negative eVect of commercial enzyme prepa-
rations on anthocyanins is reported. �-Glycosidase (side-)
activity in the enzyme preparation can remove the glyco-
side substituents of anthocyanins, obtaining unstable agly-
cons and resulting in colour loss [22, 23]. Following the
enzymatic procedure, the control juice yielded only 70% of
juice, while the juices treated with Pectinex yielded 84%.
Increasing the enzyme dosage above the recommended did
not add to the juice yield. Juices prepared in the domestic
juice extractor (batch 1) did not show diVerent anthocyanin
concentrations compared to the originating strawberry fruit,
neither in the juice nor in the pellet. For vitamin C, the

Table 1 Characterisation of the diVerent compounds in strawberry fruit and juices

When available, results for concentrations in the pellet are given in italic. Concentrations with the same letter are not signiWcantly diVerent

Compound Strawberry 
(batch 1)

Strawberry juice Strawberry 
(batch 2)

Strawberry 
juice control

Strawberry juice 
Pectinex_max

Strawberry juice 
Pectinex_4*max

Pelargonidin-3-
glucoside 
(�g Pg-3-glu/g)

216.9 § 11.5 d 220.1 § 29.9 cd
211.3 § 26.1 d

350.3 § 40.4 ab 347.7 § 24.2 ab
287.2 § 15.5 bc

361.7 § 28.5 a
307.6 § 17.1 ab

349.9 § 34.0 ab
342.8 § 23.9 ab

Cyanidin-3-glucoside 
(�g Cy-3-glu/g)

8.9 § 0.3 a’ 8.8 § 0.7 a’
8.3 § 0.8 a’

/ / / /

Pelargonidin-3-
arabinoside 
(Eq. Pg-3-glu/g)

46.9 § 4.3 D 45.6 § 8.2 D
48.5 § 7.9 D

95.5 § 1.5 A 91.8 § 3.6 A
72.7 § 2.2 C

94.6 § 6.5 A
74.4 § 2.7 BC

90.1 § 6.5 AB
85.6 § 6.4 ABC

Total anthocyanins 
(Eq. Pg-3-glu/g)

270.6 § 15.8 C’D’ 272.8 § 38.9 C’D’
261.8 § 35.1 C’D’

447.5 § 15.8 A’ 441.5 § 27.4 A’B’
361.4 § 16.0 B’

458.3 § 34.7 A’
383.7 § 19.8 A’B’

442.0 § 40.3 A’B’
430.1 § 28.7 A’B’

Ascorbic acid (�g/g) 436.3 § 37.8 vw 569.7 § 39.7 v
110.5 z

377.8 § 38.3 wx 292.5 § 40.3 wxy
209.2 yz

269.4 § 42.4 xy
201.7 yz

269.0 § 38.1 xy
193.5 yz

Dehydroascorbic 
acid (�g/g)

102.3 § 14.9 y’ 87.7 § 8.8 y’
286.5 x’

59.1 § 10.1 y’ 94.1 § 20.5 y’
84.8 y’

107.4 § 20.9 y’
109.5 y’

103.5 § 19.1 y’
110.3 y’

Vitamin C (�g AA/g) 538.7 § 25.1 XY 657.4 § 30.9 X
397.0 YZ

436.9 § 48.1 YZ 386.6 § 57.0 YZ
294.0 Z

376.8 § 60.8 YZ
311.2 Z

372.5 § 55.6 YZ
303.8 Z

Total phenolics 
(�g GA/g) 
(corrected for AA)

593.2 § 7.3 mn 430.1 § 5.6 op
1,621.3 k

489.3 § 45.9 no 346.6 § 14.9 p
606.3 m

461.4 § 30.5 o
934.47 l

420.9 § 25.5 p
1,029.2 l
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concentrations in the juice did not change signiWcantly dur-
ing juice preparation, but in the pellet, less vitamin C was
left and the ratio of AA to DHAA had reduced by a factor
of 10. Total phenolics seemed more concentrated in the pel-
let. Similar observations could be described for the juices
prepared in the enzyme-aided procedure (batch 2), with the
exception that the ratio of AA to DHAA in the pellet of the
juice prepared in the domestic juice extractor did not
change as drastically. The incubation step for 4 h at 50 °C
could be an explanation for the fact that the concentrations
were overall slightly less in the juices compared to the
strawberry paste. Although Pectinex contributed to the
juice yield, it had no eVect on the bioactive compounds dur-
ing juice preparation. This is in accordance with Versari
et al. [24], who observed no changes in total anthocyanin
content of strawberry juices prepared using several com-
mercial enzyme preparations, including Pectinex BE 3-L.
Literature reports berry juices of black currants and bilber-
ries to beneWt from the treatment with Pectinex: It pro-
moted juice extraction and enhanced the release of
anthocyanins and other phenolics into the juice [25–27].
Perhaps the diVerent distribution of anthocyanins in the
fruits could explain the diVerent response to enzymatic pre-
press maceration. Strawberries do not have a pronounced,
tough, outer skin that seems to contain the majority of the
anthocyanins; the anthocyanins are more distributed
throughout the whole fruit. However, black currants for
example can really proWt from an enzymatic pre-treatment
since the skins of black currants are particularly rich in
anthocyanins [25, 27].

Raspberries

Anthocyanins found in raspberries are mainly cyanidin
glycosides. The chromatograms showed 4 peaks, of which
3 could be identiWed by means of commercially available
standards, as cyanidin-3-sophoroside (Cy-3-soph), cyani-
din-3-glucoside (Cy-3-glu) and cyanidin-3-rutinoside
(Cy-3-rut). After exploring other studies determining antho-
cyanin composition of raspberry varieties [28–30] and com-
paring relative retention times, it was hypothesised that the
fourth peak was cyanidin-3-glucorutinoside (Cy-3-glurut).

The results of analysis of the bioactive compounds in
raspberries are given in Table 2. Data on the investigated
cultivar ‘Sugana’ were not found in literature, but a com-
parison was made to other cultivars harvested in autumn.
Total anthocyanin levels were slightly higher, but in the
same range as in the cultivar ‘Autumn Bliss’ [28, 31]. Val-
ues for vitamin C were lower than reported by de Ancos
et al. [28] for the autumn cultivars but corresponded well
with the data of Mullen et al. [30] in cultivar ‘Glen Ample’.
For the total phenolic content, de Ancos et al. [28] reported
lower values than observed in this study, while Mullen
et al. [30] reported a very similar concentration.

As can be seen in Table 2, the total anthocyanin level
was the same in the 2 batches, although the ratios between
the individual anthocyanins diVered. Vitamin C and total
phenolic levels did not change over the 2 raspberry batches.
In general, raspberries contained more anthocyanins and
less vitamin C than strawberries. The total level of phenolic
substances was very similar.

Table 2 Characterisation of the diVerent compounds in raspberry fruit and juices

When available, results for concentrations in the pellet are given in italic. Concentrations with the same letter are not signiWcantly diVerent

Compound Raspberry 
(batch 1)

Raspberry 
(batch 2)

Raspberry 
juice control

Raspberry juice 
Pectinex_low

Raspberry juice 
Pectinex_high

Cyanidin-3-sophoroside 
(�g Cy-3-soph/g)

346.1 § 18.4 a 263.2 § 5.5 b 264.6 § 8.5 b
207.3 § 4.1 c

272.6 § 8.6 b
209.8 § 10.9 c

271.4 § 7.7 b
184.4 § 12.6 c

Cyanidin-3-glucorutinoside 
(Eq. Cy-3-soph/g)

87.8 § 22.1 b’ 141.5 § 16.3 a’b’ 153.1 § 15.0 a’b’
117.4 § 15.0 a’b’

155.4 § 16.0 a’
119.5 § 21.0 a’b’

154.7 § 13.8 a’
104.8 § 17.2 a’b’

Cyanidin-3-glucoside 
(�g Cy-3-glu/g)

59.1 § 27.8 a” 59.1 § 9.5 a” 74.7 § 10.0 a”
59.2 § 8.1 a”

74.1 § 9.5 a”
57.9 § 7.6 a”

72.9 § 14.7 a”
50.8 § 2.8 a”

Cyanidin-3-rutinoside 
(�g Cy-3-rut/g)

33.3 § 11.3 B 47.5 § 2.0 AB 58.6 § 5.7 A
43.5 § 0.8 AB

56.0 § 0.8 AB
43.1 § 0.7 AB

54.8 § 2.8 AB
38.5 § 2.0 AB

Total anthocyanins 
(Eq. Cy-3-soph/g)

556.6 § 46.0 A’B’ 547.7 § 6.6 A’B’ 598.1 § 17.1 A’
463.2 § 0.3 B‘C’

603.5 § 6.0 A’
464.1 § 21.1 B‘C’

598.0 § 20.6 A’
407.4 § 28.4 C’

Ascorbic acid (�g/g) 141.8 § 10.5 x 115.3 § 4.2 xy 101.5 § 12.0 y
27.0 § 26.5 z

88.7 § 12.8 y
48.0 § 4.5 z

89.9 § 6.1 y
52.5 § 6.9 z

Dehydroascorbic acid (�g/g) 11.0 § 3.4 YZ 5.8 § 0.1 Z 33.8 § 10.1 XY
20.5 § 1.9 XYZ

41.0 § 17.1 X
21.5 § 9.4 XYZ

36.4 § 13.3 XY
20.9 § 5.3 XYZ

Vitamin C (�g AA/g) 152.8 § 12.4 X’ 121.1 § 4.1 X’ 135.3 § 1.9 X’
47.4 § 28.4 Y’

129.7 § 4.4 X’
69.5 § 4.8 Y’

126.4 § 7.2 X’
73.4 § 1.6 Y’

Total phenolics (�g. GA/g) 557.2 § 28.2 k 593.1 § 56.6 k 379.8 § 34.4 k
496.9 § 144.3 k

452.4 § 25.9 k
663.6 § 343.5 k

453.7 § 64.3 k
743.1 § 420.0 k
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The enzyme-aided juice preparation resulted in juice
yields for the control juice and the enzyme-treated juices of
55 and 75%, respectively. The juices and pellets showed
equal concentrations of anthocyanins and total phenolics
compared to the raspberry paste. Only the concentration of
cyanidin-3-sophoroside in the pellets seemed to be signiW-
cantly diVerent from the concentration in the juices. Since
Cy-3-soph is the main anthocyanin in raspberries, this
aVected also the concentration of total anthocyanins in the
pellets. As for strawberries, AA and vitamin C concentra-
tions did not vary between raspberry paste and raspberry
juices, but in the pellets, the vitamin C content decreased,
as did the ratio of AA to DHAA. As in strawberries, the
enzyme preparation enhanced the juice yield but did not
inXuence the studied bioactive compounds during juice
processing. This is a slightly better result than in literature.
Jiang et al. [32] measured a 20% loss of the total anthocya-
nin pigments when using Pectinex Ultra-SL. Concerning
individual anthocyanins, Cy-3-soph was converted into
Cy-3-glu and Cy-3-glurut into Cy-3-rut, indicating the
hydrolysis of a glucosidic bond and thus �-glucosidase
activity. Versari et al. [24] examined several commercial

enzyme preparations during raspberry juice processing:
Some caused no changes in anthocyanin levels, and others,
including Pectinex BE-L, decreased total anthocyanin con-
tent by 20%. They attributed the diVerences between the
enzyme preparations to the presence of �-glycosidase activ-
ity. Pectinex BE Colour has been produced with red berry
juice processing in mind and was assigned the best perfor-
mance in berry juice preparation with high colour retention
[33, 34].

Screening the process stability of anthocyanins in berries

The thermal stability of anthocyanins was studied in the
temperature range 80–140 °C in strawberry (Fig. 2) and
raspberry paste (Fig. 3). In both fruit pastes, a decrease in
concentration in function of temperature is visible, and at
140 °C, almost all anthocyanins were lost. Fruit juices pre-
pared in a domestic juice extractor were submitted to the
same thermal treatments, which resulted in a very similar
graph (data not shown). Therefore, the rest of the screening
experiments were only conducted in fruit pastes. Patras
et al. [20] subjected strawberry purée (same cultivar as in

Fig. 2 Thermal and temperature–pressure stability of anthocyanins in strawberry paste after treatment for 20 min. Open square Pg-3-glu, Wlled
square Cy-3-glu, grey square Pg-3-ara
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the current study) to a thermal treatment at 70 °C equiva-
lent to a pasteurisation process (P70 ¸ 2 min), which caused
already a signiWcant reduction in anthocyanin content. The
results obtained here correspond more to the results of
Sadilova et al. [35]. They measured a decrease in anthocya-
nin content, puriWed out of strawberries, of approximately
13% after a treatment of 30 min at 95 °C.

In Fig. 2 (for strawberries) and Fig. 3 (for raspberries),
the screening of pressure stability of anthocyanins is shown.
Four diVerent temperatures, each at three pressure levels,
were investigated. At the temperature levels of 20, 50 and
80 °C, a slight decrease in anthocyanin concentration is visi-
ble in function of temperature, while at 110 °C, the anthocy-
anin concentrations have been inXuenced to a larger extent.
In function of pressure, almost no diVerences could be dis-
tinguished. These results are in accordance with literature
data. Pressure treatments at 400, 500 and 600 MPa for
15 min at ambient temperature (»20 °C) did not result in
signiWcant diVerent anthocyanin concentrations compared to
the untreated strawberry purée [20]. Two other publications
discussed the eVect of high pressure on anthocyanins, on the
one hand in strawberries [36] and on the other hand in rasp-
berries [37], each conducting experiments for 15 min at

20 °C and pressure levels of 200, 400, 600 and 800 MPa. In
both fruits, the anthocyanins survived the pressure treat-
ments itself but degraded during subsequent storage.

Screening the process stability of vitamin C in berries

In the study of the thermal stability of vitamin C (Fig. 4), a
broader temperature range was investigated compared to
the anthocyanins: 50–140 °C. After the treatment at 140 °C,
around 30% of vitamin C was left in strawberries, approxi-
mately 10% in raspberries. The level of AA decreased in
function of temperature. DHAA was formed at Wrst but
degraded at higher temperatures, and from 120 °C on, no
DHAA could be measured anymore. It is known that AA
readily oxidises to DHAA [38]. This oxidation reaction is
probably the most important one during the 20-min treat-
ment at 50–90 °C. At higher temperatures, further degrada-
tion reactions became signiWcant as well, since both DHAA
and AA concentrations decreased. The reactor tubes were
closed during the treatment, so that the oxygen concentra-
tion in the tubes was limited. This might explain the rela-
tively high AA concentration that remained after 20 min of
(non-isothermal) heating.

Fig. 3 Thermal and temperature–pressure stability of anthocyanins in raspberry paste after treatment for 20 min. Open square Cy-3-soph, light
grey square Cy-3-glu, Wlled square Cy-3-rut, dark grey square Cy-3-glurut
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The same conditions as for anthocyanins were used in
the study of the pressure stability of vitamin C in strawber-
ries and raspberries (Fig. 4). For strawberries, a decrease in
vitamin C concentration could be distinguished in function
of temperature, but not in function of pressure. An excep-
tion is 20 °C, where AA as well as DHAA concentrations
seemed to slightly decrease as pressure increased. In rasp-
berries, all pressure treatments at 50, 80 and 110 °C yielded
more or less equal AA concentrations and nearly no
DHAA. At 20 °C, the same trend was visible in raspberries
as in strawberries, but these data could not be conWrmed by
literature. Fifteen minutes at 400, 500 and 600 MPa and
ambient temperature yielded the same vitamin C retention
in strawberry purée [20]. A pressure treatment for 30 min at
400 MPa and 20 °C resulted in an insigniWcant vitamin C

reduction of 11.32% compared to untreated strawberry cou-
lis and even no reduction in strawberry nectar [39]. Higher
temperatures were investigated by Taoukis et al. [40];
75 °C was combined with pressures of 0.1, 300, 450 and
600 MPa, and the treatment time was 40 min. Only in the
model system, the pressure treatment of 600 MPa ended in
a lower vitamin C retention compared to the other pres-
sures; in pineapple juice and grapefruit juice, there was no
eVect of increasing the pressure level at 75 °C.

Screening the process stability of total phenolics in berries

The concentration of total phenolics was determined using
the Folin–Ciocalteu method [41]. According to Prior et al.
[42], this is a uniformly acceptable method of total phenolic

Fig. 4 Thermal and temperature–pressure stability of vitamin C in strawberry paste (dotted bars) and raspberry paste (blank bars) after treatment
for 20 min. Open square AA, grey square DHAA
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analysis, provided that a few remarks are taken into
account. The bottleneck is that the basic mechanism is a
general oxidation–reduction reaction. As a consequence, it
is often hard to know precisely which compounds are being
measured, plus it makes the method susceptible to interfer-
ing substances. In the current study, this method was
applied and eVorts were made to meet the demands postu-
lated by Prior et al. [42] (cf. “Materials and methods”); the
results are given in Fig. 5.

In both thermal and high-pressure experiments, the total
phenolics seemed to react similarly in strawberries and
raspberries. The treatments showed little eVect on the total
phenolic content; only the thermal data suggested a small
increase as temperature increased, but this was not signiW-
cant. Klopotek et al. [43] performed a thermal treatment of
strawberry juice and wine for approximately 5 min at 85 °C
and found decreasing levels of phenolic substances. In
strawberry purée of the same cultivar as in the present
study, a pasteurisation treatment (P70 ¸ 2 min) had no

eVect on the total phenolic content [20]. A treatment at
600 MPa for 15 min at ambient temperature (»20 °C)
resulted in a signiWcantly increased amount of total pheno-
lics compared to the untreated purée. The authors attributed
this increase to an increased extractability of some of the
phenolic compounds following high-pressure processing.
Cao et al. [44] carried out the same thermal experiment as
Patras et al. [20], but this ended in a signiWcant increase in
total phenolics of the pasteurised strawberry pulp. Their
similar high-pressure experiments produced the same
results at 500 and 600 MPa as found by Patras et al. [20].
The argument of higher extractability was used to explain
both observations.

All these scattered results might be explained by the
diversity of the group of phenolics. The reducing capacity
is being measured, but there is no information on the type
and the amount of speciWc phenols present. The concentra-
tion of total phenolics in the graphs is the Wnal result of sev-
eral chemical and/or enzymatic reactions occurring during

Fig. 5 Thermal and temperature–pressure stability of total phenolics in strawberry paste (dotted bars) and raspberry paste (blank bars) after treat-
ment for 20 min
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the treatments. Degradation of phenolic substances into
other phenols or into non-phenolic reaction products can
cause increased, decreased or unchanged concentrations of
the phenolic compounds.

Conclusion

Anthocyanins, total phenolics and vitamin C are important
phytochemicals in strawberries and raspberries. They were
characterised in both fruits and derived juices and screened
for their susceptibility to thermal and high-pressure pro-
cessing. Juice processing using a commercial enzyme prep-
aration delivered higher juice yields but no increase in the
amount of bioactive compounds. Thermal processing at
atmospheric pressure had a degradative eVect on anthocya-
nins and vitamin C. Anthocyanin concentrations started to
decline at temperatures of 90 °C and up and were almost
completely lost at 140 °C. Degradation of vitamin C was
mainly oxidative: Ascorbic acid was converted into dehy-
droascorbic acid. Closed tubes limited the oxygen concen-
tration of the fruit samples, which assured only a moderate
breakdown of vitamin C. From 100 °C, DHAA was unde-
tectable and probably other (non-oxidative) reactions
became relevant. High-pressure processing revealed no sig-
niWcant eVect on the bioactive compounds in function of
pressure. Degradation of anthocyanins and vitamin C did
occur at constant elevated pressure as temperature
increased. The results for total phenolics did not show clear
trends in function of temperature or pressure. Based on the
current data of process stability of anthocyanins and vita-
min C, the temperature–pressure ranges valuable for
detailed kinetic studies could be marked out.
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