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Abstract Histological and mechanical studies were con-
ducted to evaluate the changes that are conferred by a tradi-
tional sun-drying process on the texture and microstructure
of a Portuguese pear cultivar (Pyrus communis L. var. S.
Bartolomeu). Sun-drying processing of the pears results in
loss of water, cell Xattening and shrinkage, loss of cellular
adhesion, and even loss of cell wall integrity. The sun-dry-
ing process signiWcantly reduced the hardness and fractura-
bility of the pear tissues, while increasing their
cohesiveness, springiness and adhesiveness. The results
obtained by texture and microstructure analysis of the fresh
pear Xesh reXect essentially an uniWed matrix comprising
well-packed cells strongly bonded together whereas those
of the sun-dried pear Xesh pointed out a soft solid with
many individual cells distributed in a soft matrix, explain-
ing its softer and chewy texture.

Keywords Pears · Sun-drying · Microstructure · Scanning 
electron microscopy · Texture proWle analysis

Introduction

Drying of fruits and vegetables is one of the oldest forms of
food preservation. Although the sun-drying process has lost
its importance giving in to newer technologies, it is still
practised in many places around the world as an eVective
means of food preservation [1, 2].

In Portugal, the sun-drying process is used for the home-
made small-scale processing of S. Bartolomeu pear, espe-
cially by smallholders. Despite the cheap and
environmental friendly characteristics of the solar drying
process, there is still a lack of knowledge on the traditional
sun-drying practice to allow better process control and
reproducibility of product characteristics, in a proper way
to ensure a high quality product and to minimise post-har-
vest losses. The sun-dried pear is a regional Portuguese
food product with distinctive texture, taste, colour, and
favour organoleptic characteristics. The sun-dried pears of
the local variety known as S. Bartolomeu are relatively
small fruits, characterised by an intense reddish brown col-
our containing a large number of stone cells and pro-
nounced astringency. With drying [3], the astringency is
lost and the fruit achieves a typical sweet Xavour and
chewy texture.

Drying is a complex process whose mechanisms are not
yet entirely understood. Complex biological and chemical
reactions occur during the drying process and they will
greatly inXuence microstructure and texture of the vegeta-
ble tissues. Typically, the reduction of the moisture content
to a level, which allows safe storage over an extended
period, also causes shrinkage of the fruit. Loss of water and
cell wall integrity can originate Xaccid tissues with a rubber
texture [4]. Hills and Remigereau [5], while studying the
air-drying of parenchyma apple tissues, have shown that
water loss occurs mainly from the vacuole compartment,
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whereas minor changes in water content occur in the cyto-
plasm or in the cell wall compartments. The shrinkage of
tissues is related to loss of turgor pressure and to decline of
cell wall integrity, thus causing important textural changes
that will play an important role in the quality of the dried
product.

Texture is the result of complex interactions among food
components, spanning the molecular, supramolecular and
the microstructural levels [6]. Consumer acceptability of
fruits and vegetable commodities is of utmost importance.
There has been great interest in the development of meth-
ods to predict and control the texture of plant-based foods,
particularly in relation to processing and/or post-harvest
treatments. This requires the knowledge on mechanical
properties of cellular materials, microstructure, and the
chemistry and biochemistry of the cell wall. The cell wall
and the middle lamella are known to control the way in
which vegetable tissues undergo mechanical deformation
and failure during mastication [7]. The correlation between
instrumental measurements of rheological and textural
properties and the subjective sensorial product evaluation
has also been the subject of many research eVorts [8].

The changes in texture occurring during the processing
of plant materials or certain physiological events have been
related to tissue and cell microstructural changes, namely to
the integrity loss of cell wall and middle lamella, changes
on cell adhesion, structural changes on pectic fractions, and
to increasing solubility of the cell wall polysaccharides [7,
9–14]. Similar structural changes on cell wall polysaccha-
rides during sun-drying have also been reported for pears
[15] and other fruits [16, 17].

Changes on cell wall polysaccharides [15] and on pheno-
lic compounds [18] during the sun-drying process of S.
Bartolomeu pears have been previously reported. Texture
attributes of plant materials are known to be related to his-
tological factors, such as the size and shape of the cells, cell
adhesion and intercellular spaces, cell wall properties and
the cell turgor pressure [19–21]. In this work we evaluated
the microstructural and textural changes that occurred due
to traditional sun-drying of S. Bartolomeu pears. A better
fundamental understanding of the biochemical and micro-
structural changes occurring during the sun-drying process,
and how these changes are related to texture variation, is
expected to lead ultimately to a better process control, and
Wnal product quality, valorisation, and acceptance.

Materials and methods

Pear samples

The analyses were performed on a single lot of fresh and sun-
dried peeled pears (Pyrus communis L. var. S. Bartolomeu).

Both lots were obtained from the same producer, located at
village of S. Gião, Oliveira do Hospital, Portugal, geographi-
cally localised at 40.3330° N, and 7.8000° W in 704 m of
altitude, and harvested at the commercial maturity stage.

Harvesting and processing occurred during July/August.
After harvesting, the pears were peeled and allowed to sun-
dry for nearly 5 days. Then the pears were laid in baskets
and covered with a cloth during 2 days. This treatment is
necessary for equalisation of moisture content in the internal
and external parts of material, which prevents material frac-
ture and gives the pears the elasticity needed to Xatten with-
out breakage. The Xattening consists in a compression of
each pear on the two sides with a speciWc instrument. With
this procedure the pears acquire a thickness of 10 mm, on
maximum. After this, the pears are submitted to a second
sun-drying process. The Wnal product is a small dried pear
with a reddish-brown colour and peculiar elastic properties.

The average moisture content of fresh and sun-dried
pears was 85 § 2% and 20.6 § 0.1%, respectively. The
average weight of fruit was 58 § 13 g for fresh pears and
10 § 2 g for sun-dried pears.

Scanning electron microscopy (SEM)

Material preparation and Wxation for SEM analysis were
performed as previously described [22]. BrieXy, the paren-
chyma tissue was cut into 2 £ 4 mm slices, on the transver-
sal line in diVerent regions of pear mesocarp, and Wxed with
glutaraldehyde 2% (v/v) in a 1,4-piperazine-bis-(acid 2-
ethanesulfonic) (Pipes) buVer (pH 7.4), at 4°C for 16 h.
Dehydration was achieved by successive immersion in
aqueous ethanol solutions of increasing concentration (30–
100% v/v), ethanol–acetone solutions of increasing concen-
tration (30–100% v/v), and Wnally in a critical point device
(Baltec CPD 030) using CO2 as transition agent (3 periods
of 10 min, 40 °C, 80 atm). Afterwards the sample cuts were
Wxed on steel supports with charcoal glue and coated with
gold using a JEOL metalizer (FFC-1100) at 1,100–1,200 V,
5 mA for 10 min. Samples were observed in a scanning
electron microscope (Hitachi, S4100) at 20 kV.

At least ten images from independent samples were used
for microstructural analyses and measurements. For a prede-
Wned area of the microphotographs, cell density was deter-
mined. Also, cell and intercellular space dimensions were
determined using the UTHSCSA ImageTool Software (3.0).

Instrumental texture analysis

Texture proWle analysis (TPA) was carried out by two com-
pression cycles between parallel plates performed on cylin-
drical samples (diameter 8 mm, height 6 mm), at 20%
strain, using a Xat 75-mm diameter aluminium plunger
(SMS P/75), with a 5-s set period of time between cycles.
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Texture proWle parameters were obtained from the force–
time curves, according to the deWnitions of Szczesniak [23]
and Bourne [24]. In this work a more fundamental approach
was used by calculating stress and strain data, instead of the
force/time/distance data typically used in TPA analysis.
BrieXy, hardness was deWned as the peak stress during the
Wrst compression cycle (H), cohesiveness was deWned as the
ratio of the positive stress area during the second compres-
sion to that during the Wrst compression (A2/A1), springi-
ness was measured as the length of the downward
compression during the second bite divided by the length of
the downward compression during the Wrst bite (d2/d1), and
chewiness was quantiWed as the product of
(hardness £ cohesiveness £ springiness). In addition, adhe-
siveness was deWned as the negative area obtained during
the Wrst bite (upstroke curve, A3) and resilience was quanti-
Wed as the area under the upstroke curve divided by the area
under the downstroke curve, during the Wrst bite (A4/A1).

In TPA measurements the samples were prepared with a
radial orientation. From each radial cylinder of parenchyma
tissue, cut equatorially from the surface to the core, one
sample was produced.

Puncture tests were also performed using a 2-mm diame-
ter cylindrical stainless steel probe, on whole pear samples,
with a penetration depth of 2 mm, in order to obtain mechan-
ical information at higher deformation levels. Fracturability
was taken as the force at the Wrst major drop in force curve
and Wrmness was deWned as the peak maximum force
obtained during the puncture tests. The work done on the
sample during the downstroke puncture was also measured.

Sampling for mechanical analysis was carried out
through random samples of six diVerent fruits. All mechan-
ical tests were performed using a TA-Hdi Texture Analyser
(Stable Micro Systems, Godalming, UK) equipped with a
5-kg load cell, at 0.5 mm/s compression rate.

Statistical analysis

Statistical analyses were performed using a one-way
ANOVA (Sigmastat for Windows ver. 3.1, SPSS, USA) to
analyse possible diVerences among average values for both,
the results of image analyses of the microscopic observa-
tions and texture parameters. A multiple comparison Tukey
test was applied to determine which groups were diVerent,
taking p = 0.05.

Results and discussion

Microstructural analysis of fresh and sun-dried pears

Histological analyses of transversal sections of fresh pear
showed typical parenchyma cells. These cells are perfectly

turgid with very few intercellular spaces, varying between
isodiametric and egg-shaped form (Fig. 1). Cortical paren-
chyma cells showed average dimensions of 190 § 40 �m
(long axis) and 140 § 60 �m (short axis), while those from
zones/layers near epidermis showed slightly lower dimen-
sions, 150 § 50 �m (long axis) and 130 § 40 �m (short
axis) (Table 1). Despite these diVerences in parenchyma
cell’s dimensions, the volume of intercellular space remains
approximately the same at 12% along the pear mesocarp.
Similar diVerences on cell dimensions as a function of
mesocarp location, with most compact cells near external
sections, have been described for Blanquilla pear [25] and
for olive [26]. Also, average cell dimensions are in confor-
mity with the values presented for Blanquilla pear [25].
Sclereid clusters are also observed distributed in the paren-
chyma tissue, surrounded by parenchyma egg-shaped cells,
with dimensions of 40 �m in the periphery of the fruit and
55 �m in the most internal areas, and an average density of
2.3 sclereid clusters per mm2 (Table 1). The dimension of
the sclereids (320 § 50 �m) is in accordance with those
reported for Blanquilla pear [25] and their average density
agrees with the values reported for olive (0.5–3.8 sclereids
mm2) [26]. In S. Bartolomeu pears there are no signiWcant
diVerences in density of sclereid clusters (Table 1), con-
trary to what was described for Blanquilla pear [25], where

Fig. 1 Microphotographs of transversal sections of fresh S. Bartolo-
meu pear, obtained by SEM: a sclereid cluster surrounded by paren-
chyma cells with egg shape (bar 600 �m); b parenchyma cells of the
cortical layer (bar 150 �m)
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sclereid clusters were more abundant on epidermal regions.
Even though the percentage of cell wall area of sclereid
clusters increases from 92 to 96% in sun-dried pear
(Table 1), this diVerence was not statistically signiWcant.
Despite the unclear functions attributed to sclereid clusters,
they appear to have an important role in the integrity main-
tenance and textural characteristics of tissues composed by
parenchyma cells.

In sun-dried pears (Fig. 2) the turgor loss of parenchyma
cells, showing signs of degradation and shape alteration is
clear. In fresh pear tissues the intercellular spaces are
mainly generated by the conjunction of three or four cells
(Fig. 1b) and are much smaller than those observed in the
sun-dried pear tissues (Fig. 2b). According to Table 1, the
percentage of area occupied by the intercellular space in
processed parenchyma tissues (11–12%) is 2–3 times
higher than in fresh parenchyma tissues (28–31%). Many
cells present fractured walls and no protoplast, leading to
tissues with quite diVerent aspect from those in fresh pear

Table 1 Histological characteristics of both fresh and dry pear

For each row, means with the same superscript letter are not signiW-
cantly (p > 0.05) diVerent (n = 10)

Fresh Dry

Sub-epidermical layers

Parenchyma cells

Dimensions (�m)

Long axis 150 § 50a 210 § 40a

Short axis 130 § 40a 50 § 20b

Intercellular space (% area) 12 § 5a 28 § 10b

Aggregate of sclereid clusters

Density (no/mm2) 2.3 § 1.4a 2.1 § 0.6a

Dimension (�m) 280 § 70a 220 § 40a

Average of sclereid clusters/aggregate 9 § 4a 11 § 5a

Average size of sclereid clusters 40 § 15a 35 § 10a

Intercellular space (% area) 3 § 2a 5.5 § 3a

Cell wall (% area) 92 § 4.5a 96 § 2.7a

Cortical layers

Parenchyma cells

Dimensions (�m)

Long axis 190 § 40a 210 § 30a

Short axis 140 § 60a 50 § 20b

Intercellular space (% area) 11 § 4a 31 § 12b

Aggregate of sclereid clusters

Density (no./mm2) 2.5 § 1a 2.0 § 1a

Dimension (�m) 320 § 50a 290 § 40a

Average of sclereid clusters/aggregate 14 § 8a 10 § 6a

Average size of sclereid clusters 55 § 20a 60 § 15a

Intercellular space (% area) 3.0 § 1.8a 3.2 § 1.0a

Cell wall (% area) 92 § 3a 95 § 4a

Fig. 2 Microphotographs of transversal sections of sun-dried S.
Bartolomeu pear, obtained by SEM: a parenchyma cells that lost
intercellular adhesion (bar 150 �m); b parenchyma cells without cel-
lular adhesion, showing large intercellular spaces (bar 75 �m); c vas-
cular ligniWed fractured bundle structures (bar 750 �m); d
parenchyma cell with high cell wall degradation, showing tubular
structures (bar 3 �m)
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(Fig. 1). These diVerences are due to a more accentuated
Xattening of parenchyma cells, leading to reductions up to
60% in length of short axis, increasing the long axis from
150 to 210 �m in the cells of sub-epidermal layers and from
190 to 210 �m in the cells of cortical layers (Table 1). This
Xattening of the parenchyma cells, more pronounced in the
external layers than in the internal ones, can be due to the
compression conferred to the fruit tissue during processing.

Sun-dried pear cells show themselves to be more irregu-
lar in contours of the wall. Cell walls with irregular shape
were also observed in fruits that suVered loss of tissue Wrm-
ness due to ripening [10].

Comparing Figs. 1 and 2, it is obvious that there is a loss
of adhesion between adjacent parenchyma cells in sun-
dried fruits. Loss of cell adhesion has been explained by
alterations in pectic polysaccharides of middle lamella [27,
28], namely by their solubilisation and degradation [10, 13,
26]. In ripening studies with numerous fruits a correlation
was demonstrated between increasing of cell wall thick-
ness, Wrmness loss and pectin solubilisation [10]. More reg-
ular cell walls and higher Wrmness were also attributed to a
high concentration of neutral sugars [29].

No signs of degradation were detected in the thick sec-
ondary cell walls of the sclereid cells of sun-dried pear
(results not shown). Sun-drying tissues also presented big
fractures in the vascular ligniWed bundle structures
(Fig. 2c), suggesting a strong tension, possibly due to the
compression of the tissue during the processing.

In some regions of sun-dried pear thin long structures
were also observed, possibly cellulose microWbrils
(Fig. 2d), indicating the degradation of primary cell wall
and probable decrease in cellulose content, as reported to
occur during the ripening of olive tissues [13]. Microstruc-
tural studies of avocado ripening evidenced that the Cx-cel-
lulase acts on the peripheric and non-cristaline cellulose
microWbrils resulting in loss of cohesiveness of the Wbril
structure and changes in the linkages of the polysaccharides
that constitute the matrix [30]. The increase of Cx-cellulase
activity was also detected during the ripening of Rehder
pear [31] and correlated with the decrease of cellulose con-
tent in an advanced stage of ripening of the fruit [32].

Texture analysis of fresh and sun-dried pears

Figure 3 illustrates representative TPA curves obtained for
fresh and sun-dried pears. The higher hardness (maximum
stress) and higher rigidity (initial slope) of the fresh pear
specimens are clearly evident. For the fresh pear, the diVer-
ences between the area and the width of each bite are also
higher indicating lower cohesiveness and lower springiness.

Table 2 shows the texture parameters calculated from
the compression TPA curves. For fresh fruits, hardness had
a mean of 0.31 MPa, about 2£ higher than the mean value

obtained for the sun-dried pears. It means that for the Wrst
bite, the fresh pears would require more energy than the
sun-dried samples, signifying that pears soften with the
sun-drying treatment. Similar trend was observed for the
second bite, except that lower energy would be spent in bit-
ing the food sample (Fig. 3). This result is expected provid-
ing that the drying process causes a loss of turgor pressure
of parenchyma cells and a loss of cell adhesion, as observed
by SEM (Figs. 1, 2).

On the other hand, sun-drying leads to a slight but con-
sistent increase in the cohesiveness of the pear Xesh. This
textural attribute is related to the strength of the internal
bonds making up the body of the sample. However, it is
also a relative parameter strongly related to how the Wrst
bite aVects the internal structure of the material. Sun-dry-
ing, being essentially a slow-drying process, is expected to
result in uniform and dense products, where intercellular
adhesion is much reduced. Contrarily, the raw plant tissue
is notch-sensitive, and it can be represented by a strong

Fig. 3 TPA curves of fresh and sun-dried pear tissues. a Representa-
tive compression parameters shown by TPA curves; H maximum
stress applied in the Wrst cycle; A total area deWned by a curve; d time/
distance of the probe in each cycle until reaching the maximum force;
b representative curves for fresh (1) and sun-dried (2) pears
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continuous matrix, the middle lamella, where the relatively
weak cells are embedded. This kind of microstructure
would be much more sensitive to the Wrst bite, which is also
correlated to the observed higher fracturability. The micro-
structural changes observed in the sun-dried pear Xesh
would weaken the matrix and lead to notch-insensitivity,
and thus to a higher capacity to absorb energy with less
structural damage, i.e. to a higher apparent cohesiveness.

Adhesiveness was also higher for the sun-dried pears
than it was for fresh samples (Table 2). This result indicates
that more work is necessary to overcome the attractive
forces between the surface of the food and the surface of
the other material with which the fruit comes into contact.
Loss of water and concentration of the pear components
may have contributed to the sticky characteristics of the
sun-dried pears.

Springiness, which is a measure of the recovery in height
after the sample has been compressed by the teeth during
mastication, was higher for the sun-dried samples; the
diVerences were low although statistically signiWcant. The
higher propensity of the dried pear Xesh to return to their
original shape after deformation indicates a rubbery behav-
iour. A diVerent behaviour was observed for resilience,
which means an “instant springiness”, since this attribute is
measured on the withdrawal of the Wrst penetration, before
the waiting period is started. Therefore, the dried tissue
behaves like a material with elevated capacity to absorb
energy, when elastically deformed, but showing higher
apparent relaxation times, when compared to the fresh pear
tissue.

In the low-deformation TPA compression conditions no
distinguishing diVerences were observed between chewi-
ness of fresh and dried tissue.

The above observations suggest that although fresh pears
may require more mastication energy in the mouth for the
Wrst and second bites than sun-dried pears and their internal
structure is more aVected during the Wrst bite, they may not
spring back as much as the dried samples. The balance
among opposite eVects is responsible for the non-signiW-
cant diVerences (p > 0.05) for chewiness.

Representative force/distance curves obtained from
puncture tests are shown in Fig. 4. The puncture test
involves essentially two components: a compression pro-
portional to the area of the punch and shearing around the
edge of the punch, which is proportional to the perimeter
[33]. This type of test implies larger strains than the ones
experimented by the sample under compression, which are
well beyond the linear elastic range. During the compres-
sion TPA tests the degree of compression of 20% did not
cause the rupture of the pear samples. Contrarily, the punc-
ture tests lead to tissue rupture and involved more complex
stress/strain proWles, precluding any fundamental correla-
tion with the low strain compression TPA data. Anyway,
puncture tests may provide useful complementary informa-
tion at higher strains and are likely a better simulation of
the mechanical process of mastication.

The puncture results obtained also support those
obtained by TPA. The fresh pear is characterised by higher
rigidity (very steep initial slope) and higher Wrmness and
fracturability (Table 3). Contrarily, the dried pear deforms
easily (low initial slope) and it does not show fracturability
under the tested conditions. The dried pear can withstand
higher energy before rupture occurs, but higher work is
needed to be applied to the fresh pear in order to attain a
given penetration degree (deformation).

It is well accepted that [34] the major modes of failure in
fruit and vegetable tissues are cell rupture and cell debond-
ing. Cell wall elasticity and Wrmness and intercellular adhe-
sion are strongly dependent on the pectic substances of the
middle lamella [7], and the observed histological modiWca-
tions caused by drying are likely related to the previously
observed changes on the polysaccharide components [15].

Table 2 Comparison between texture attributes obtained for fresh and
sun-dried Xesh pears measured by TPA compression tests

Mean § standard deviation. Within columns, means with the same
superscript letter are not signiWcantly (p > 0.05) diVerent

Sample Fresh Sun-dried

Hardness (MPa) 0.314 § 0.016 0.163 § 0.057

Cohesiveness (–) 0.54 § 0.05 0.72 § 0.02

Springiness (–) 0.72 § 0.05 0.81 § 0.08

Chewiness (MPa) 0.109 § 0.018a 0.107 § 0.059a

Resilience (–) 0.37 § 0.05 0.29 § 0.04

Adhesiveness (kPa s) 0.76 § 0.44 7.52 § 3.6

Fig. 4 Representative puncture curves for fresh (1) and sun-dried (2)
pears
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The texture of the fresh pear Xesh reXects essentially a uni-
Wed matrix comprising well-packed cells bonding together
by strong intercellular adhesion. In the sun-dried pear Xesh
the observed cell wall degradation contributes to low rigid-
ity of individual cells. In addition, the extent and strength of
cellular adhesion is reduced and the intercellular spaces are
increased, thus originating softer tissues whereas allowing
higher stresses to be accommodated without exhibiting
high structural damage and fracture during mechanical
solicitation. The texture of these tissues is mainly related to
a soft solid consisting of many individual cells. The easier
cell separation would have now a more important role in
the texture proWle.

The higher rigidity, Wrmness and deformation work
exhibited by the fresh pears under puncture tests also sup-
port the argument above that more energy would be
required for cell-to-cell debonding in the raw pear paren-
chyma. In this case, the tissue fracture involves more rup-
ture across the cell walls than would be expected for the
sun-dried parenchyma.

Conclusion

Scanning electron microscopy and instrumental texture
analysis were successfully applied to relate microstructure
and texture of fresh and sun-dried pears. Both puncture and
TPA compression tests showed tissue softening induced by
drying processing. The decline in the hardness to about half
of the initial value and the rise in the adhesiveness by about
ten times of the sun-dried pears were the sharper textural
changes observed. A slight increase in cohesiveness and
springiness was also detected for the dried products, all
together contributing to the peculiar texture properties of
the S. Bartolomeu sun-dried pears.

The texture of the fresh pear Xesh reXects essentially a
uniWed matrix comprising well-packed cells strongly
bonded together whereas the sun-dried pear Xesh has softer
tissues with a rubber texture. This resembles the behaviour
of a soft solid with many individual cells distributed in a
soft matrix, which explains its chewy texture.

These textural changes are related to important micro-
structural alterations in pear Xesh induced by the loss of

water, and probably other fruit components during sun-dry-
ing process, with emphasis on parenchyma cell shrinkage,
cell separation, and damage of cell walls.

This study allowed us to understand the structural diVer-
ences between sun-dried and fresh pear, permitting to infer
about the related textural changes. This knowledge can be
used to improve process control and end product quality.
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