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a b s t r a c t

The purpose of this study was to investigate of structural changes induced in apple texture upon dehy-
dration with classical methods, as freeze-drying and convective-air drying, compared to apples dried by
packaging in innovative films based on natural polysaccharides. ESEM microscopy was used to detect
structural changes. Our studies has shown that apples obtained by freeze-drying had a more broken tis-
sue texture, and that the composition of the films has an effect both on structure and re-hydration kinet-
ics. Olfactory characteristics of the different dried apples were also investigated by using an electronic
nose device and compared with tissue texture properties. Apples that have shown the most intact cell
walls are those that better retain olfactory properties.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

De-hydration is the oldest and more natural way to preserve
fruits, and it can be realised by several ways, as sun exposition or
accelerated solar drying techniques, freeze-drying, air convective
drying. All these techniques lead to high degree of de-hydration,
but the quality and olfactory characteristics are only partially pre-
served (Burdon and Clark, 2001). Also the microstructure of the
fruits is affected by the process conditions.

Apple texture is one of the critical quality features for the con-
sumer, as it is strictly correlated to the firmness of the fruit. Tex-
ture of fruits is determined by physical characteristics that arise
from structural organization of cells and tissue. Cell integrity
strongly impacts textural quality. Microscopy techniques are re-
quired to investigate structural modifications. Scanning electron
microscopy (SEM) without (Sousa et al., 2006; Alonso et al.,
2006) or with a cryo-system (cryo-SEM) (Chassagne-Berces et al.,
2009) have been used to investigate the effects of pre-treatments
and freezing methods on textural properties of fruits.

Moreover, the microstructure differences influence the reten-
tion of flavours. The electronic nose offers a fast and non-destruc-
tive alternative to detect aromas differences, some authors
reported of positive applications of electronic nose technology to

the discrimination of different quality apples (Young et al., 1999;
Brezmes et al., 2000).

In a previous study an alternative methodology for apple drying
consisting in packaging with biofilms as reported by (Laurienzo
et al., 2010). Apple slices were packed into biodegradable films
based on natural polysaccharides, which had the double function
of packaging and contemporary dehydration. Films made of blends
of agar (Ag) and alginate (AA), well known polysaccharides ob-
tained from natural source, already approved for use in agro-food
industry, were used to pack apple slices. Blends with two different
compositions of the components were utilized and compared. Dur-
ing storage, apples slowly dehydrate, as the film gradually absorbs
water from the fruit. Free sugar content and loss of volatile compo-
nents (flavours) of de-hydrated apples were determined. The ap-
ples dried through the different biofilms were compared to
commercial products obtained by classical technologies, i.e.,
freeze-drying and air convective drying. In that work, we con-
cluded that this ‘‘mild’’ technology is able to preserve volatile com-
ponents, free sugar content and pH stability even better than
freeze-drying and with a low cost treatment. Moreover the use of
biofilms, that have the function of packaging as well, eliminates
the high cost related to special packing, needed for fruits de-
hydrated by freeze-drying or air convective drying in order to
avoid oxidation and moisture gain.

The objective of the present work was to assess the changes in-
duced on apple tissue structure by dehydration with the different
biofilms compared to apples de-hydrated by conventional meth-
ods, and verify how they are related to re-hydration kinetics and
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olfactory characteristics. Structural modifications were investi-
gated by SEM operating in low vacuum and environmental mode
(ESEM) that is a useful tool to visualize fruit structure at the tissu-
lar and cellular scales, without need of time consuming sample
preparations.

Moreover we verified if the different biofilms affected the vola-
tile components loss during de-hydration by using a specific elec-
tronic nose device, based on a chemical sensors array and suitable
pattern recognition techniques.

2. Materials and methods

2.1. Materials

AA, (viscosity: 20–40 cps %1 (w/v) in water) and Ag (fine pow-
der, viscosity range: 5–50 cps %1 (w/v) in water) were the same
as reported by Laurienzo et al. (2010).

Melinda ‘‘Golden Delicious’’ variety apples and commercial
dried apples came from local supermarkets. The processing condi-
tions of commercial dried apple were not reported on the label.

2.2. Preparation of films

Sodium alginate and agar, alone or in the chosen blend compo-
sition, were dissolved in distilled water, at an overall concentration
of 1.5% by wt. The solution was cast onto a casting surface and the
water was let to evaporate at room temperature (25 �C) for 48 h.
Films of plain Ag and of Ag/AA 70/30 and 30/70 blends were pre-
pared. The procedure used for film sterilisation and apple packag-
ing was the same as reported in previous work (Laurienzo et al.,
2010). Apple slices packed in the different films were stored at
4 �C for a maximum duration of 1 month. Commercial fresh and
dehydrated and freeze-dried apples samples were also analysed.

2.3. Scanning electronic microscopy

SEM analysis was performed with a FEI Quanta 200 FEG scan-
ning electron microscope operating in low vacuum mode
(PH2O = 0.1–1.0 torr) using a large field detector (LFD) and in envi-
ronmental mode (ESEM, PH2O = 1.0–4.8 torr) using a gaseous sec-
ondary electron detector (GSED). Specimens about 1 mm thick
were cut from apple samples. For the low vacuum analysis they
were mounted onto SEM stubs by means of double sided adhesive
carbon discs and observed at 10–20 kV acceleration voltage. For
the ESEM analysis, specimens were placed on the cooling stage set-
ting the temperature at 1 �C and observed at 20–30 kV acceleration
voltage.

2.4. Re-hydration rate of dried apple slices

Dried apple slices (around 0.5 g) produced under the various
drying conditions were re-hydrated at room temperature by being
immersed in 100 ml of water at room temperature. Slices were un-
packed before immersion. Rehydration rate was described by:

ðW t �WeÞ=ðW0 �WeÞ ¼ expð�ktÞ

where W0 is initial weight (g), We is equilibrium weight (g), Wt is
weight (g) after re-hydration for t minutes, k is re-hydration rate
constant (min�1), and t is re-hydration time (min) (Therdthai and
Zhou, 2009). Correlation coefficient (R) was calculated to determine
the performance. Three samples were analyzed for each process.

2.5. Electronic nose

A commercial portable electronic nose (PEN 3), including the
Win Muster software for data mining, Airsense Analytics Inc.
(Schwerin, Germany), was used to analyze the olfactory quality
of apple samples. The instrument was equipped with an array of
10 metal oxide semiconductors (MOS) type chemical sensor, the
sensors differed in thickness and chemical composition to provide
selectivity towards volatile compounds (Buratti et al., 2004) to pro-
vide selectivity towards volatile compound classes as indicated by
the instrument supplier: W1C (aromatic compounds), W5S (broad-
range compounds, polar compounds, nitrogen oxides and ozone),
W3C (ammonia, aromatic compounds, aldehydes, chetons), W6S
(hydrogen), W5C (alkanes, aromatic compounds, less polar com-
pounds), W1S (methane, broad-range compounds), W1W (sulphur
compounds, terpenes and sulphur organic compounds), W2S (alco-
hols, partially aromatic compounds, chetons), W2W (aromatic
compounds, sulphur organic compounds, chlor), W3S (methane,
aliphatic compound). The sensor response is expressed as resistiv-
ity (O). The MOS sensors rely on changes in conductivity induced
by the adsorption of molecules in the gas phase and on subsequent
surface reactions. They consist of a ceramic substrate coated by a
metal oxide semiconducting film, and heated by a wire resistor.
Due to the high operating temperatures (200–500 �C) the organic
volatiles transferred to the surface of the sensors are totally com-
busted to carbon dioxide and water, leading to a change in the
resistance. The high temperature allowed no interference from
water and fast response and recovery times (Kohl, 1992). The
detection limit of hot sensors was in the range of 1 mg kg�1 (Torri
et al., 2008).

Three grams of each sample were placed in air tight 20 ml glass
vial, sealed with a PTFE/silicone septum and a screw cap, stored at
25 �C for 1 h to equilibrate, and analysed at the same temperature.
The measurement device sucked the gaseous compound from the
headspace of the sample trough the sensory array at 400 ml min�1

for 180 s. The period of measurement allowed a steady state in the
sensors response, the analyses were performed by using recording
data in the steady state. A second pump transported the filtered air
to the sensor array at 600 ml min�1 for 400 s to rinse the system
between two consecutive samples. The results have been displayed
in a two dimensional view (Gardner, 1991), as shown in Fig. 6.

2.6. Statistical analysis

Principal Component Analysis (PCA) and Correlation Matrix of
the data were performed by using the Win Muster software. PCA
defines the structure of variance–covariance of a data set through
a system of coordinates whose number of dimensions is less than
the number of original variables. Correlation Matrix shows the dis-
crimination power measuring the severability of classes. In this
process the overlapping pattern data is examined. Values are in
the range of 0 and 1, low values show a rather bad severability
and the classes are difficult to discriminate by the measurement,
while high values, near 1, indicate a good severability of classes.
In the present work values of discrimination index P0.95 were
considered significant.

3. Results and discussion

3.1. Microstructural characteristics of fresh apples and of apples
dehydrated by classical technologies

The microstructure of fresh and dehydrated fruits was observed
by ESEM. Pictures of fresh apple and of apples dehydrated by the
different methods are shown in Fig. 1–4. The reduced field of view
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