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1 | INTRODUCTION
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Abstract: Tomato leather as a healthy alternative to traditional fruit leathers was
formulated. A tray dryer with changing temperature (50, 60, and 70°C) and rela-
tive humidity (5%, 10%, and 20%) was used to achieve the best product in terms of
color, water distribution, lycopene content, mechanical, and sensorial properties.
Color change was the highest at 70°C due to the Maillard reaction. Lycopene con-
tent was also the highest at 70°C. Time domain-NMR relaxometry showed that
water distribution of all samples was homogeneous and similar to each other.
Processing conditions affected mechanical properties significantly. The highest
tensile strength was observed at 70°C, possibly due to the denatured proteins.
Sensory analysis indicated better flavor development at 70°C, whereas overall
acceptability of samples was higher at 50°C. The results of this study showed
the main processing parameters of tomato leather with a minimal amount of
ingredients, with acceptable mechanical and sensorial properties.
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Practical Application: Tomato leather was produced by using minimal amount
of ingredients. Taste of the leather was found acceptable, as a salty snack food.
Therefore, this product can be produced economically and it has a high potential

to be consumed as an alternative to conventional fruit leathers.

duction of functional and stable tomato products can be
a proper strategy. Processed tomato products, such as

Tomato is one of the main components of the Mediter-
ranean diet, and it contains a high amount of lycopene
which is associated with a lower risk of cancer and
cardiovascular diseases (Farinetti et al., 2017). The high
antioxidant content of tomatoes, including carotenoids,
ascorbic acid, and polyphenols, is effective in inhibiting
the reactions initiated by reactive oxygen species (Grosso
et al., 2013). To maximize the health benefits, the pro-

ketchup, sauce, and juice, are widely consumed around
the world. As the production of tomatoes is abundant in
Mediterranean countries including Turkey, the production
of processed tomato products is also common (Hepsag &
Kizildeniz, 2021).

Fruit leathers, which are mostly in the form of flexible
sheets, are produced to preserve or increase the nutritional
value of the fruits (Kurniadi et al., 2022). Fruit leathers are
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produced by mixing the fruit puree with sugar, pectin, col-
oring agents, protein, and starch and then by drying into
sheet-like shapes (Diamante et al., 2014). Before the dry-
ing step, heat treatment is often applied for inactivating the
enzymes and concentrating the pulp (da Silva Simao et al.,
2020). Traditional fruit leathers contain a high amount of
sugar and therefore have too much calories. Previously,
tomato leathers were also prepared with the addition of
high amount of sugar to match the taste and texture with
traditional fruit leather taste (Fiorentini et al., 2015). How-
ever, to the best of our knowledge, there was no study on a
salty tomato leather fortified with proteins.

There are many studies on the chemical, physical, textu-
ral, and sensorial properties of different fruit leathers, such
as apple, pear, strawberry, kiwi, jackfruit, plum, and grape
(Bala et al., 2005; Concha-Meyer et al., 2016; Demarchi
et al., 2013; Huang & Hsieh, 2006; Maskan et al., 2002;
Nizamlioglu et al., 2022). These studies showed that the
physicochemical properties of the fruit leathers, such as
antioxidant capacity, color, taste, or softness, depend on the
processing conditions including drying temperature and
humidity. For instance, high processing temperatures have
adverse effects on the physicochemical properties, like
color change and denaturation of bioactive compounds.
In a previous study, the decrease of antioxidant activity
of kiwi leather was reported during processing or storage
at high temperatures (Concha-Meyer et al., 2016). Addi-
tionally, as the presence of sugar increases the mechanical
properties, such as tensile strength, due to holding suf-
ficient water; changing sugar and pectin concentrations
in kiwifruit have been reported to change the mechani-
cal properties (Phimpharian et al., 2011; Vatthanakul et al.,
2010).

The drying of leathers is conventionally done under sun,
which is the simplest method and the sun-dried products
often have a desired appearance and a gummy texture;
however, there are also disadvantages of sun drying includ-
ing long drying times, exposure to the environmental
contamination, and dependency on weather (Diamante
et al., 2014; Hazra et al., 2020; Maskan et al., 2002). To
avoid these undesirable changes, tunnel or forced air dry-
ers, which are faster, safer, and better controllable, are
used (Bala et al., 2005; Chen & Martynenko, 2018; Hazra
et al., 2020). Additionally, these methods can be used
at any time of the year to meet the customers’ require-
ment in the industry. During drying, fruit leathers may
undergo several physicochemical changes affecting the
quality of the final product (Diamante et al., 2014). Such
changes include the loss of phenolic content, ascorbic
acid, volatiles, taste, and color particularly when prolonged
heating is applied during drying (Okilya et al., 2010; Yilmaz
etal., 2017). Therefore, depending on the fruit type and the
formulation, the correct drying method should be selected.

Tray or belt dryers are commonly used for fruit leather
production at an industrial scale. The drying temperature
is the most important parameter that affects the quality of
the final product. Besides temperature, drying time, slab
thickness, airflow speed, and humidity of air also affect
the physicochemical and nutritional properties of fruit
leathers (da Silva Simio et al., 2020; Maskan et al., 2002).
For instance, at high temperatures, color change and loss of
antioxidants are the main problems (Chen & Martynenko,
2018). Alternatively, physical problems, such as crack for-
mation on the surface or the sticky structure may arise if
the relative humidity (RH) of air is not adjusted (Valen-
zuela & Aguilera, 2015). As the appearance and texture
of fruit leathers are important for consumers, the proper
adjustment of the processing parameters is also important.

Although there are some studies on the production of
fruit leathers (Diamante et al., 2013, 2014; Huang & Hsieh,
2006), there has been no reported study on the produc-
tion of a salty tomato leather so far. Tomato leather was
formulated in such a way that the number of ingredients
was kept minimal and none of the added ingredients would
give the consumer the impression of a “caloric product.” As
stated before, the goal was to design a new product by using
Mediterranean ingredients so that the young population
in Mediterranean regions would show a new interest. The
main ingredient was the tomato juice. The olive powder,
pea protein isolate, and salt were added for a better taste
and increasing the functionality of the product. The main
criteria for the preparation of the leather samples were
chosen as the a,, and moisture content, as these directly
influence the shelf life of the product. In this study, the
production of a tomato leather at different processing con-
ditions was studied. The two main parameters of the tray
dryer, namely, temperature and humidity, were tested. The
leathers were analyzed in terms of their physical (thickness,
color, and mechanical properties), chemical (water activ-
ity, moisture content, and lycopene content), and sensorial
properties. Time domain (TD) NMR relaxometry experi-
ments were also included to have an idea about the water
distribution within the samples.

2 | MATERIALS AND METHODS

2.1 | Materials

Fresh tomatoes (Solanum lycopersicum) were obtained
from The Kraft Heinz Food. Pea protein isolate was
obtained from Vegrano. Olive powder was prepared using
freeze drying process following high-pressure homoge-
nization of green olives (Argun, 2022). Salt was bought
from a local market. Acetone, hexane, ethanol, potas-
sium nitrate, sodium bromide, sodium chloride, sodium
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FIGURE 1

Picture of leather samples.

hydroxide, magnesium chloride, and potassium acetate
were purchased from Merck; potassium chloride and
potassium carbonate were purchased from IsoLab.

2.2 | Preparation of tomato leathers

A hot break procedure was applied to the fresh tomatoes
to inactivate the enzymes, particularly polygalacturonase
and pectin methyl esterase (Goodman et al., 2002). For this,
first, tomatoes were washed and peeled manually. Then,
heat was applied (85°C for 3 min) together with mixing
by using Vorwerk Thermomix® TMS5. After this treatment,
the obtained tomato juice was cooled and placed into the
freezer (Arcelik) at —18°C for further use.

For the preparation of leathers, frozen tomato juice was
thawed by keeping it at 4°C for 1 day. Then, the juice
was filtered through a 0.2 mm sieve to remove seeds and
remaining skins. The main ingredient of leather was the
tomato juice with an average °Brix of 5.2 and pH of 4.2.
Olive powder, pea protein isolate, and salt were added
at a ratio of 0.5% (w/w) each. This mixture was pre-
homogenized by using a rotor-stator homogenizer (Ultra
Turrax® T25, IKA WERKE) at 13,800 rpm for 2 min, and
then a high-pressure homogenizer (GEA PandaPlus) was
used for 2 passes at 500 bars to ensure well integration of
the pea protein into the matrix.

23 |
dryer

Processing conditions of the tray

Two hundred grams of this mixture were poured onto a
baking paper inside a specially designed metal frame of
12 X 20 x 0.7 cm?® (Figure 1). Then, the sample was dried
in a tray dryer. Drying procedure was carried out using a
tray dryer (Eksis) operated at 50, 60, and 70°C with 5%,
10%, and 20% RH. Air speed was set to 1 m/s, and the rota-
tion speed of the trays was adjusted to 6 rpm. Drying time
varied according to the temperature and RH conditions.
Duration of drying was decided based on the water activity

(a,,) values. Leathers were dried until they had an a,, 0of 0.4.
Therefore, the drying time changed from 271 to 515 min.

2.4 | Analysis of the tomato leathers

2.4.1 | Thickness measurement

The thickness of the leathers was measured by using a dig-
ital vernier caliper (Max-Extra). The average thickness of
six different points of one leather was reported.

2.4.2 | Color measurement

A portable spectrocolorimeter (Serlab SL400) was used to
determine the L*, a*, and b* values of the leathers. The AE
values were calculated using the following formula:

AE = (L % =L)?> + (a * —a)> + (b « =b))Y2, ()

where the L*, a*, and b* values were for the leather sam-
ples, and L, a, and b values were for a white paper, as
reference.

Results were obtained from three different points of one
sample, and the average values were reported.

2.4.3 | Water activity and moisture content
measurements

A water activity meter (Aqua Lab 4TE, Decagon Devices
Inc.) was used at 25°C to detect the a,, of leather samples.
Moisture content was determined gravimetrically. Sam-
ples were kept in an oven (Mikrotest) at 105°C for 3 h.
Moisture content was calculated in wet basis by taking the
weight difference between fresh and dried samples:

Moisture content (%) = (W, — W3) X 100/(W, — W1),
()
where W is the weight (g) of the empty dish, W, is the
weight (g) of the dish with wet sample, and Wj is the
weight (g) of the dish with dried sample.

2.4.4 | Lycopene content measurement

Conventional solvent extraction is a commonly used
method in order to quantify the lycopene in tomatoes and
its powdered forms (Shi & Maguer, 2000). One gram of
leather was put into a 50 mL falcon tube with 10 mL of dis-
tilled water and subsequently shaken by a digital orbital
shaker (Daihan Scientific) at 200 rpm for 24 h to dissolve
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the sample. Then, 25 mL of hexane:acetone:ethanol (2:1:1)
mixture was added to the dissolved the sample for lycopene
extraction.

Although the primary solvent used in lycopene extrac-
tion was hexane, there was a synergistic effect when
hexane was mixed with acetone and ethanol (Periago et al.,
2004). The mixture was vortexed for 2 min and then kept in
the dark for 10 min to obtain the upper hexane phase and
prevent exposure to light.

The spectrophotometric method was used to deter-
mine the exact amount of lycopene in tomato leather.
The nonpolar supernatant phase containing hexane and
lycopene was transferred to a quartz cuvette (10 mm path-
length), and the absorbance value was determined with a
spectrophotometer (Optizen POP UV-Visible, Mecasys) at
503 nm. Hexane was used as the blank. The amount of
lycopene was calculated by using the following equation
(Aliyu et al., 2020):

lycopene (mg/kgfreshwt.) = Asp3 X 171.7/W,  (3)

where W is the weight of the sample (g), and A is
the absorbance at 503 nm. 171.7 mM™! is the extinction
coefficient for lycopene in hexane (Zechmeistbr et al.,
1943).

2.4.5 | Mechanical properties

Brookfield CT3 model texture analyzer (Middleboro) was
used for the determination of the mechanical properties of
tomato leather. Tensile strength test was applied on 10 mm
wide and 100 mm long leather strips with characteristic
thickness using a TA-DGA fixture. The strips were fastened
between the fixture clamps 90 mm apart. The sample was
pulled up to reach the 30 mm target distance at 0.50 N
trigger load, and 0.50 mm/s test speed until breaking off.
Tensile strength (N), elongation at break (mm), and frac-
ture work (g cm) were determined. The tensile strength
is the maximum stress that a leather sample can sustain;
therefore, it expressed the mechanical resistance (Nandane
& Jain, 2014). Elongation at break indicates the plasticity of
the sample (Chakravartula et al., 2019). The fracture work
is the energy required to propagate a material crack. Mea-
surements were done in three replicates, and the average
values were reported.

2.4.6 | NMR relaxometry

The relaxation times (T,) were measured with an NMR
system (Pure Devices GmbH) operating at 'H frequency
of 22.40 MHz. For T, measurements, Carr—Purcell-
Meiboom-Gill (CPMG) pulse sequence was used. CPMG

TABLE 1 Water activity values of saturated salt solutions used
in the sorption isotherm determination of tomato leather at 25°C
(Sahin & Sumnu, 2006).

Solution a,, at 25°C
Sodium hydroxide 0.082
Potassium acetate 0.225
Magnesium chloride 0.328
Potassium carbonate 0.432
Sodium bromide 0.576
Sodium chloride 0.753
Potassium chloride 0.843
Potassium nitrate 0.936

parameters were set as; repetition time of 1000 ms, echo
time of 2 ms, 20 acquisition points, and 4 scans.

2.47 | Sorption isotherm of leather samples
Sorption isotherm of tomato leathers was determined by
using the static method (Erbas et al., 2016). In this method,
leather samples were kept in tightly closed jars contain-
ing different saturated salt solutions at 25°C (Table 1).
Experimental data fitted well with the Guggenheim-
Anderson—-de Boer (GAB) model with an R? value of 0.98.
The GAB equation is expressed as

B M,CKay,,
" (1-Ka,)x(1 —Ka, + CKay,)’

MC 4)

where M, is the monolayer MC, and C and K are the free
sorption constants (Sahin & Sumnu, 2006). The obtained
GAB equation for the leather samples was as follows:

a
M—‘é = —0.0601 a,, + 0.0711 a,, + 0.0001. (5)

2.4.8 | Scanning electron microscopy

To investigate the surface morphology of tomato leathers,
SEM analysis was performed by the METU Central Lab-
oratory. Fresh samples were coated with Au-Pd with a
thickness of 3 nm before the imaging. Then, the samples
were analyzed by using an electron microscope (Quanta
400F FESEM) at different magnifications.

2.5 | Sensory analysis

Tomato leather samples were evaluated with a team of 5
trained panelists. The samples were evaluated consider-
ing the taste, odor, color, and texture parameters. Flavor
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TABLE 2 Moisture content, water activity, and lycopene concentration of tomato leather samples processed at different drying
conditions.
Drying conditions
Drying time Moisture content Water activity Lycopene (mg/kg

Sample T (°C) RH (%) (min) (%) (a,) DM)

S1 50 5 450 23.93 + 0.31% 0.38 + 0.01* 396.1 +1.1°

S2 50 10 478 23.16 + 0.40%¢ 0.39 + 0.05* 431.1 + 7.9

S3 50 20 518 27.14 + 0.31* 0.38 + 0.01* 1931+ 1.58

S4 60 5 373 25.34 + 0.42% 0.37 + 0.01* 321.0 + 9.1

S5 60 10 391 25.03 + 0.49° 0.43 + 0.00% 577.6 +12.04

S6 60 20 396 22.00 + 0.28% 0.42 +0.03* 2788 £5.9°

S7 70 5 283 27.07 +0.73% 0.45 + 0.05* 937.7 +23.1*

S8 70 10 321 20.92 + 0.60°¢ 0.42 + 0.04% 858.4 + 23.5°

S9 70 20 332 20.51 + 0.40° 0.39 + 0.01* 647.6 + 6.5°

Note: Different letters indicate significant differences (p < 0.05) within the samples. Errors are represented as standard deviations.

Abbreviation: RH, relative humidity.

profile analysis methodology (ISO 6564:1985) was used.
The flavor profile describes flavor in terms of five major
components: character attributes, attribute intensity, order
of attribute appearance, aftertaste, and amplitude (the over-
all impression of the flavor components that can and cannot
be analyzed). The original scale for the flavor profile was
five points: not present, threshold, slight, moderate, and
strong.

2.6 | Statistical analysis

The numerical results obtained from various experiments
were analyzed by two-way analysis of variance by using
Minitab 21 (Minitab Inc.). The groups are identified
whether the means of the data is significantly different or
not using Tukey’s test at the 95% confidence interval. Cor-
relations were performed by using Pearson’s correlation
test.

3 | RESULTS AND DISCUSSION

3.1 | Physicochemical properties

3.1.1 | Moisture content and a,,

Fruit leathers often have a soft chewy texture due to high
moisture content. However, to prevent microbial growth,
the a,, should be low enough, such as below 0.6 (Majum-
dar et al., 2018). Therefore, the tomato leathers were dried
to a moisture content of 25%, which corresponded to an a,,
of around 0.4 (Table 2). Previous studies on fruit leathers,
such as apple and blackcurrant, reported that the mois-

ture content values were between 12% and 27% and the
a,, ranged from 0.4 to 0.7 (Diamante et al., 2013, 2014).
Similarly, the moisture content and a,, of tomato leathers
were between these values. However, the main difference
between other fruit leathers and tomato leathers was the
amount of sugar. In some of the tomato leather studies,
sugar was added to the formulation for the taste and textu-
ral properties (Chhetri et al., 2022). The presence of sugar
in different fruit leathers resulted in a higher moisture con-
tent, which gives a chewy texture to the leather (Diamante
et al., 2013). On the other hand, in our study, the tomato
leather contained no additional sugar; therefore, the effi-
cient absorption of water in the bulk was low. The sugar
that was inherently present in the tomato held water, and
this amount of sugar was too low to give a chewy structure.
Therefore, at the desired chewy texture of tomato leathers,
the water activity and the moisture content became higher
than the other fruit leathers, which contain high fructose
sugar, such as grapes.

The different process conditions led to different dry-
ing times for reaching the a,, value of 0.4 (Table 2). The
drying times of samples decreased with the increasing
dryer temperature from 50 to 70°C, and with decreased
RH of air from 20% to 5% (Table 2). As expected, the high
temperature and low humidity in the dryer yielded faster
drying. However, fast drying sometimes created structural
and functional problems in leathers, such as low sensory
attributes and decreased vitamin content (Diamante et al.,
2013). In our preliminary experiments, we confronted with
cracked structures in tomato leathers upon fast drying. For
instance, at high drying temperatures, keeping the color of
the leather was a challenge. Therefore, mild drying con-
ditions could be more preferable for better sensorial and
functional properties.
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2.5 FIGURE 2 Moisture sorption isotherm of
tomato leather at 25°C. Solid line represents
the Guggenheim-Anderson-de Boer (GAB)
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3.1.2 | Lycopene content typical behavior for intermediate moisture content prod-

An important functional component of the tomatoes is
lycopene. The lycopene content of leathers is presented
in Table 2. The highest concentration was observed for
samples dried at 70°C. The availability of lycopene is
known to increase through treatments such as heating
and high-pressure homogenization, as the cell membranes
are broken and carotenoids can come out of the cell
(D’Evoli et al., 2013; Mert, 2012). Although the availability
of lycopene was reported to increase with increasing tem-
peratures, particularly above 100°C (Colle et al., 2010), for
tomato leathers, a similar trend from 50 to 70°C has been
shown. The temperature was found to be statistically sig-
nificant (p < 0.05) on the lycopene content. On the other
hand, the other processing parameter, humidity was found
insignificant on the lycopene content of tomato leathers
(p > 0.05).

3.1.3 | Moisture sorption behavior

A sorption isotherm is a highly useful tool in the course
of processing, packaging, and storing of foods and defines
the physical, chemical, and biochemical relation between
water and food (Erbas et al., 2016). One can gain insight for
the moisture distribution and migration by using the sorp-
tion isotherm. Moisture sorption isotherm of the tomato
leather was obtained at 25°C and is shown in Figure 2.
Experimental data showed the best fit with the GAB
model. Previously, grape leathers were also reported to
show the best fit with the GAB model (Kaya et al., 2002).
The estimated constants My, K, and C for tomato leather
were found to be 14.03, 0.844, and 844, respectively. The
value of C was larger than 2; therefore, the model had a
Type 2, that is, sigmoidal shape curve (Blahovec & Yannio-
tis, 2008). Type 2 isotherms were reported to represent the

ucts (Al-Muhtaseb et al., 2010). In these types of isotherms,
at low a,s, the adsorption monolayer was constituted
by the saturation of polar and hydrophilic components
with water molecules. As the a,, increased, the addi-
tional water molecules formed the multilayer coverage,
and water molecules are accumulated in intermolecular
free spaces.

Another feature of the newly designed food product is its
color. Color has great importance for most food products
due to its considerable influence on consumer preference
(Rathee & Rajain, 2019). Therefore, the effect of different
drying conditions on the color of samples was investigated.

3.1.4 | Color properties

L* a* b*, and AE values of samples are shown in Table 3.
These values showed slight differences depending on the
processing conditions (p < 0.05). Particularly, L* and a*
values correlated well with the browning of samples,
which was also previously stated by others (Nayaka et al.,
2022). The increase in a* values could be related to both
browning and the availability of lycopene at increasing
temperatures. This finding is also in line with the pre-
vious research stating that the increase of a* values for
grape leather samples with increasing drying temperatures
(Maskan et al., 2002).

In fresh tomatoes, color change may be due to the oxi-
dation of phenolic compounds because of the enzymatic
activity, particularly the action of polyphenol oxidase
(PPO) (Spagna et al., 2005). PPO, giving resistance against
microorganisms and insects, is inherently present in toma-
toes, and its activity is the highest at pH 4.8 and 40°C
(Kampatsikas et al., 2019; Spagna et al., 2005). During the
hot break process, the PPO was inactivated, as the tomato
juice was heated up to 85°C. Therefore, we assume that
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TABLE 3 The effect of drying temperature and humidity on L* a*, and b* values of the tomato leathers.
Sample I a* b*
(conditions) (brightness/dark) (red/green) (yellow/blue) AE
S1(50°C, 5% RH) 31.2 + 0.8° 19.7 +0.1° 10.7 + 0.3" 38.4 +0.8°
S2 (50°C, 10% RH) 32.4 +1.1%° 19.2 +1.8° 10.7 +1.3° 391 +2.1°
S3(50°C, 20% RH) 34.4 + 1.0 223 + 0.6% 131+ 0.6%° 43.0 +1.3%
S4 (60°C, 5% RH) 33.0 + 1.1%° 21.8 + 0.8% 11.4 + 0.4° 411 +1.2%
S5 (60°C, 10% RH) 32.5 + 0.4 22.5 4+ 1.0% 12.1 + 0.12° 41.3 +0.8%°
S6 (60°C, 20% RH) 34.6 + 1.2 24.1 +2.3% 14.3 + 1.5%° 44.5 + 2.6™0
S7(70°C, 5% RH) 32.8 + 0.1 19.5 + 0.4° 1.0 + 0.1° 39.6 +0.2°
S8 (70°C, 10% RH) 35.9 + 1.0% 26.8 + 2.5 15.6 + 1.9% 47.4 +2.8°
S9 (70°C, 20% RH) 33.4 + 0.8 21.6 + 0.1%° 12.8 + 0.8 41.7 + 0.8

Note: Different letters indicate significant differences (p < 0.05) within the samples. Errors are represented as standard deviations.

Abbreviation: RH, relative humidity.

TABLE 4 T, and respective area values in bi-exponential mode for tomato leathers produced at different conditions.
Sample T, Ay T, Ay
S1(50°C, 5% RH) 45.0 +1.42 55.6 + 2.62 166.5 + 6.4° 44.5 + 2.6%
S2 (50°C, 10% RH) 46.0 + 0.0% 55.6 + 0.62° 170.0 + 0.0* 44.5 + 0.6%
S3(50°C, 20% RH) 49.0 +4.2% 56.4 + 1.0%° 172.0 + 0.0° 43.6 + 1.0%
S4 (60°C, 5% RH) 48.5 + 3.5 59.6 + 2.3 178.5 + 10.6° 40.5 + 2.3%
S5 (60°C, 10% RH) 53.0 + 5.7 67.5 + 4.12 195.0 + 25.5° 325+ 4.1°
S6 (60°C, 20% 51.5 + 2.12 60.2 + 3.0%° 185.5 + 9.22 39.8 + 3.0%°

RH)

S7(70°C, 5% RH) 42.0 +1.4° 53.0+1.6° 165.5 + 3.5 471+ 1.6
S8 (70°C, 10% RH) 48.0 + 2.8° 58.9 + 5.4%0 183.5 + 23.3% 41.1 + 5.4%
S9 (70°C, 20% RH) 53.0 + 8.5 61.6 + 6.3%° 188.5 +19.12 38.5 + 6.3%

Note: Different letters indicate significant differences (p < 0.05) within the samples. Errors are represented as standard deviations.

Abbreviation: RH, relative humidity.

the PPO did not take part in the color change of tomato
leathers. For the tomato leathers, the slight changes in
L* and a* values indicated the occurrence of Maillard
reactions to a certain extent (Maskan et al., 2002). The
presence of protein in the formulation and the reducing
sugars inherently present in tomatoes should have resulted
in browning reactions with the effect of heating.

3.1.5 | SEM images

The SEM pictures of different tomato leathers are shown
in Figure 3. From these pictures, the surface inhomogene-
ity in the microstructure of samples in the presence of
protein can be deduced as the control sample (first line)
was smoother and included more fibril-like structures. The
non-homogenized sample (last line) seemed to have larger,
spherical aggregates, possibly due to the presence of pro-
tein, than the homogenized samples. Other samples except
the control had certain roughness on their surfaces. The
sample dried at 50°C appeared to have a rougher sur-

face than the samples dried at higher temperatures. The
reason of this roughness could be the aggregation of pea
protein isolate during the pressure-homogenization step,
the presence of olive powder, or both. On the other hand,
pea proteins may have also attained more extended con-
formations at 70°C due to partial denaturation at this
higher temperature. It is obvious from the pictures that
the homogenization step and the presence of protein had
a significant effect on the structure.

31.6 | NMR relaxometry

Water distribution within the samples was analyzed by
transverse relaxation experiments. Relaxation spectrum
analysis indicated that the relaxation behavior was bi-
exponential. Therefore, the relaxation peak times and
respective normalized peak area values are reported in
Table 4. The first peak time (T;) values changed between
42 and 53 ms but did not show any statistical change.
The second peak time values were in the range of 165.5
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FIGURE 3

and 195 ms, but again all the data were significantly the
same. Moreover, relative peak areas also demonstrated
stable profiles with no significant change among the differ-
ent drying parameters. This indicates that leather samples
possessed similar water distribution properties at differ-
ent drying conditions. Leather formulations showed a
strong stability at changing temperatures and RH condi-
tions in terms of consistency of water distribution. Thus,
the temperature and RH range studied in this study did
not significantly change the T, regime of the leather sam-
ples. Additionally, the distribution of relative peak areas of
the respective peak times also suggested a homogeneous
water distribution within the samples, as the area values
were close to each other. Generally, a lower peak time is
associated with restricted water mobility that is in bound-
state, whereas a higher value is attributed to the water
fraction with a higher mobility (Mariette, 2009). However,
the proximity of the two distinct relaxation peak areas
showed that there was not a major distinction between
the natures of the transverse relaxation in both fractions.
The main reason could be the lack of a distinct free-water
population providing longer relaxation (Hashemi et al.,
2010). This trend was also in agreement with the similar
a,, values of the samples at different drying conditions as

SEM pictures of tomato leathers prepared at different conditions.

demonstrated in Table 2. Although moisture contents of
the samples showed some variations with respect to the
changing drying parameters, the amount of water present
within the samples did not determine the nature of water
distribution. As T, depends on the dephasing of neighbor-
ing spins, interactions between the water phase and the
surrounding polymer network determined the homogene-
ity of the water distribution within the leather samples
(Ozel & Oztop, 2021). Consequently, stable T, profiles of
the samples demonstrated that the drying process condi-
tions used in this study resulted in similar and relatively
homogeneous drying of the leathers.

3.2 | Mechanical properties

Mechanical properties allow for determining the strength
of leather samples when they are processed, packed, or
handled to keep their integrity (Valenzuela & Aguilera,
2013). These properties depend on several factors such as
moisture content and thickness, which also depend on pro-
cessing parameters. The average moisture content of the
samples was already reported as 25%, and the thickness of
leathers varied from 0.61 to 0.71 mm (Table 5).
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TABLE 5 Effect of drying conditions on the mechanical properties of tomato leathers.
Thickness Tensile strength Elongation at break Fracture work
Sample No (mm) N) (mm) (gcm)
S1(50°C, 5% RH) 0.61 + 0.03" 8.48 + 0.50% 16.31 + 0.49° 1445 + 21
S2 (50°C, 10% RH) 0.62 + 0.04° 6.22 + 0.35"d 18.33 + 0.13% 1447 + 112>
S3(50°C, 20% RH) 0.65 + 0.012° 3.66 + 0.28° 18.65 + 0.23% 735 + 39¢
S4 (60°C, 5% RH) 0.71 + 0.04% 7.51 + 0.73% 16.66 + 0.06% 1307 + 81°
S5 (60°C, 10% RH) 0.67 + 0.012° 8.31 + 0.90% 19.42 + 0.35% 1669 + 13920
S6 (60°C, 20% 0.71 + 02 7.37 £ 0.763 21.84 + 0.73% 1748 + 772
RH)
S7(70°C, 5% RH) 0.70 + 0.01% 8.02 + 0.32? 19.41 + 0.01%° 1724 + 41
S8 (70°C, 10% RH) 0.65 + 0.012° 5.44 + 0.50¢ 18.23 + 0.97 1154 + 4°
S9 (70°C, 20% RH) 0.68 + 0.01° 5.98 + 0.30% 20.44 + 0.06™° 1323 + 58°

Note: Different letters indicate significant differences (p < 0.05) within the samples. Errors are represented as standard deviations.

Abbreviation: RH, relative humidity.

In Table 5, the mechanical properties of leather samples
are also reported as tensile strength, elongation at break,
and fracture work. The tensile strength values ranged from
3.66 to 8.48 N. The highest tensile strength values were
observed in the samples dried at 5% or 10% RH, which
had a significant effect (p < 0.05). Fracture work, that is,
the energy for rupture, for the leather samples had a sim-
ilar trend with the tensile strength. Drying of leathers at
60°C yielded the highest tensile strength, which could be
related to the difference in moisture content and the thick-
ness of samples (Valenzuela & Aguilera, 2013). In addition,
at increasing drying temperatures, the increase in tensile
strength may be expected as a result of the partial pro-
tein denaturation and network formation. Although the
denaturation temperature of pea proteins is above 70°C
(Mession et al., 2015), the interactions between proteins
or protein and pectin may have occurred upon heating,
which resulted in the network formation. The network
formation at different cross-linking densities would have
taken place (Fernandez-Pan et al., 2010), and therefore, the
mechanical properties changed. Alternatively, the pea pro-
tein isolate could form a complex with pectin due to the
Maillard reaction at increasing temperatures (Bonnaillie
et al., 2014).

For elongation at break, both temperature and humidity
were found to be significant (p < 0.05). Increasing temper-
ature and humidity during the process generally increased
the elongation values, which indicated an increasing elas-
ticity. The highest elongation values were obtained at
drying conditions with 20% humidity for all temperatures.
At constant thickness, elongation at break increased with
increasing humidity in leather samples. Tomato leather
samples can be compared with the edible films in litera-
ture. In a previous study, casein-based films were prepared
at different RHs and when the humidity increased, ten-
sile strength was found to decrease, whereas elongation at

break was found to increase (Bonnaillie et al., 2014), which
is also in line with the results of tomato leathers.

The mechanical properties of tomato leathers were
found to be dependent on both formulation and processing
conditions, which was also stated by others (Valenzuela
& Aguilera, 2013). The protein and pectin in the formula-
tion modified the textural properties by forming a network.
In addition, the drying temperature and humidity affected
the mechanical properties by altering the extent of network
formation.

3.3 | Sensory evaluation

Tomato leather samples were evaluated considering the
taste, odor, color, and texture parameters. In general,
panelists considered the color of all samples preferable.
However, the texture of all samples was found to be sticky,
as the samples possessed high resistance to chewing. This
was mainly due to the less amount of glucose and fructose
compared to the other fruit leathers. The amount of sugar
inherently present in tomatoes was ~2.5%, whereas high-
fructose-containing fruits contain ~16% total sugar (Roha
et al., 2013), which directly affected the textural and sen-
sorial properties. As the sugar molecules can hold water
in the structure, they are able to increase the moisture
content of the leather, thereby giving a chewy and soft
structure (Diamante et al., 2013). Therefore, the dry and
sticky texture of tomato leathers was a result of the low
moisture content and a,,, which was influenced by the
sugar amount. The low a,, of the leathers and the result-
ing dry texture were consistent with the NMR relaxometry
results. T, relaxation analysis previously showed that the
water distribution was homogeneous for all samples dur-
ing drying and a free-water population that would cause
high a,, values was missing. Presence of such a distinct
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free-water population would lead to a softer product, but
this was not the case for the current samples. Therefore,
the T, relaxation and distribution properties of the leather
samples are in agreement with the final dry/sticky texture.

In previous studies, fruit leathers with high sugar con-
tent were often found to be preferable (Phimpharian et al.,
2011). As a healthier alternative, in tomato leather, the
absence of additional sugar created some sensory prob-
lems, particularly in its texture. The chewy characteristic
was much less compared to the other high-fructose-
containing fruits.

In the flavor profile analysis, sweetness, sourness, salti-
ness, tomato paste taste, dry tomato taste, dry fruity notes,
rotten notes, green notes, spicy notes, cooked tomato paste,
and overall acceptance were reported. These attributes are
shown in Table 6. Tomato paste notes were perceived as
high in all samples, which can be taken as a positive
attribute because in many tomato products, this taste is
desirable. In addition, the sourness was felt quite dom-
inant in some samples. High sourness perception could
be related to the combination of the original pH of the
tomato and the dryness of the product. Although salti-
ness perception was balanced in most samples, it increased
for the samples dried at 70°C, which could be related to
the moisture content. As the moisture content of the sam-
ples decreased, the saltiness perception was expected to
increase. Alternatively, drying at 70°C could enhance the
saltiness perception by masking some other dominant fla-
vors. Similarly, the dry tomato taste was found to increase
at increasing temperatures. Overall acceptance of samples
dried at 60 and 70°C with 20% RH was determined to be
high, whereas that of samples dried at 60°C with 5% and
10% RH was low. These results showed that high tempera-
ture and high moisture content for drying conditions were
better. In a previous study on the sensory properties of
plum fruit leathers prepared at 60, 70, and 80°C, the high-
est results were reported for the ones prepared at 70°C
(Sonkar et al., 2019), which is similar to our findings. High
drying temperatures could better enhance flavor devel-
opment. However, interestingly, all the leathers dried at
50°C were also found to be good in terms of overall accep-
tance. These findings indicate that mild drying conditions
increase the overall acceptance of leather samples.

In conclusion, the drying temperature and RH affected
the sensory attributes of tomato leathers. In many fruit
leathers, consumers often prefer a stronger taste, texture,
and bright, shiny colors.

4 | CONCLUSION

In this study, a functional tomato leather product with a
minimum amount of ingredients and long shelf life was

Flavor profile analysis of leather samples produced at different conditions.

TABLE 6

S9 (70°C, 20%
RH)
15

S8 (70°C, 10%

RH)

S7(70°C, 5%

RH)

S6 (60°C, 20%

RH)

S5 (60°C, 10%

RH)

S4 (60°C, 5%
RH)

S3 (50°C, 20%

RH)

3.5

$2 (50°C, 10%

RH)

15

S1 (50°C, 5%
RH)

15

25

Samples

attributes

Sweetness

2.5

Sourness

2.5

1.5
35

2.5

Saltiness

3.5

3

Tomato paste

taste

1

Dry tomato taste

0

Dry fruity notes

0.5

Rotten notes

Green notes

0.5

Spicy notes

Cooked tomato

taste

2.5

3.5

1.5

Overall

acceptance

Abbreviation: RH, relative humidity.
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produced for the first time. The temperature and RH of
the tray dryer were changed to investigate the physical,
chemical, and textural properties of the leathers. The mois-
ture content and a,, values of leathers were optimized
considering the textural properties and possible microbial
growth. Textural properties were also affected by tempera-
ture and RH, possibly due to the partial denaturation and
network formation of the protein. According to the TD
NMR relaxometry analysis, the drying conditions used pro-
vided similar and homogeneous water distribution within
the samples as the bi-exponential relaxation peak time and
area values maintained a stable profile. Lycopene content
of leathers increased with increasing drying temperatures,
which also increased the browning of samples according
to the color measurements. Sensorial properties of leathers
still needed to be optimized, as the chewiness and stick-
iness were found to be high for fruit leather. The fruit
leathers were sweet; however, the tomato leather was salty.
Therefore, a comparison of the two in terms of senso-
rial properties was difficult. At high temperatures, the
flavor development was high for the tomato leathers. How-
ever, interestingly, at low drying temperatures, the overall
acceptance was high, possibly due to the preservation of
color. Tomato leathers can be consumed as snack food
between meals, and it is also possible to use them inside
sandwiches or as a wrapping material for the formulation
of different snack foods. Therefore, further studies may
include the hydration and solubility properties of tomato
leathers at different conditions such as different pH and
ionic strength environments.
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