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Abstract: This study investigated the effects of the use of low magnetic fields as a potential method
for improving the quality of apples after storage. The fruit were exposed to 100 µT magnetic fields
for 8 h per day and kept for a period of two weeks in room conditions. The results showed that the
samples that were treated with a magnetic field generally had a higher value ratio of total soluble
solid and titratable acidity compared to the untreated samples, which indicated their higher quality.
Continuous treatment with a magnetic field influenced the mechanical properties of apples, as
demonstrated by the greater firmness, lower weight loss and suppressed CO2 production of the
apples that were stored in room conditions. After the treatment of the apples, a new product was
produced with greater firmness, higher quality potential (the ratio of total soluble solid and titratable
acidity) and an extended shelf life/lower respiration rate. Therefore, treatment with a magnetic field
can be used to extend the shelf life of apples and needs to be demonstrated by further investigations.

Keywords: magnetic fields; quality parameters; firmness; total soluble solid; titratable acidity; dry
matter; respiration rate; apple fruit

1. Introduction

Apples are an important source of sugars, amino acids, proteins, organic acids, vita-
mins and minerals in the human diet. This is important because it is recommended that
they are eaten fresh. However, they are perishable products with a high metabolism and
respiration rate, which are responsible for their limited shelf life [1]. Improvements in the
postharvest treatment of fresh fruit are very important for increasing food availability [2]
because losses during postharvest handling can reach 25–28% [3].

Apples have varied nutritional qualities that are lost during postharvest processing.
Losses that occur during storage depend on external and internal conditions. The tem-
perature and relative humidity during postharvest handling activities have the greatest
impact on the storage efficiency of apples and the quality characteristics of fruit and thus,
affect their shelf life [4,5]. They affect, for example, fruit firmness, weight loss, titratable
acidity and the content of soluble solids [6]. During ripening, there is a process of pectin
degradation that plays an important role in cell wall degradation, which also has an effect
on the shelf life of fruit [7].

Proper postharvest handling involves altering the natural conditions of the product in
order to prolong their postharvest life [8]. Therefore, there is a need to find a new method
for reducing the softening and senescence and prolonging the shelf life of fruit that are kept
at room temperature after storage. This would provide a much-needed improvement in
postharvest technology.

This need can be met using physical methods (high voltage electric field, UV-C light,
IR radiation, microwave radiation, etc.).

The use of an alternating magnetic field (AMF) also has the potential to meet this
need. AMFs are naturally occurring, easy to use, low on energy consumption and safe
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for the environment [9]. Magnetic fields have been reported to exert a positive effect
on living organisms by influencing metabolic pathways [10–12]. Magnetic fields can
change the selective permeability of a membrane, the position of the main membrane
components (protein and lipid domains) and the molecular position of the electric charge.
This can affect turgor pressure variations. The above changes may affect the rate of the
physical, biochemical and physiological processes of the tissue of biological material.
They also influence the activation of protein synthesis, thus increasing the viability of
organisms [13–16]. Alternating magnetic fields (AMFs) have been used by researchers to
treat seedlings, plants, fruit and irrigated water. Numerous scientists have reported the
positive effects of AMFs on plant growth. The treatment of plant crops with a magnetic
field increases the germination rate, size and dry weight of the plant. After the application
of a magnetic field, there can also be improvement in the parameters of fruit growth, such
as an increase in the number of leaves, the leaf surface, the macroelement content in the
leaves and the number of flowers and fruit per plant. A variable magnetic field can also
increase the total fruit yield as well as the average weight of the fruit [17].

High voltage electric fields (HVEFs) can be used to extend the shelf life and improve
the quality of fruit and vegetables. The electric field reduces the rate of cellular respiration
and ethylene production, thus extending the postharvest shelf life. The electric field
increases the action of the SOD, APX and CAT enzymes and increases the concentrations of
reduced glutathione, ascorbic acid and polyphenols [17].

UV-C light has direct and indirect inhibitory and damaging effects on living cells;
therefore, it is widely used for disinfection purposes. UV-C light stimulates the synthesis
and accumulation of health-promoting phytochemicals before and after harvest, extends
the shelf life of fruit and vegetables and stimulates the mechanisms of adaptation to biotic
and abiotic ranges. This could be related to the stimulation of the production of reactive
oxygen species (ROS) and the stimulation of molecules and antioxidant mechanisms. UV-C
can also trigger and regulate signalling pathways due to its effect on ROS production [18].

Microwave radiation is a component of the electromagnetic spectrum that ranges
from 300 MHz to 300 GHz. Microwave radiation can cause different biological effects
depending on the field strength, wave form, modulation and duration of the exposure.
The positive effects of microwave radiation on the germination of seeds and tubers have
been demonstrated. Microwave radiation modifies the germination process and reduces
crop infections. The exposure of seeds to microwave radiation appears to be beneficial for
increasing the germination, growth and vigour of emerging seedlings and the accumulation
of biomass in various plant species. The susceptibility of plants to microwave radiation
depends on environmental conditions. MW radiation in living tissues causes ion movement,
dipole rotation and the distortion of the electronic orbit, which results in rapid and selective
heating. Non-destructive MW treatments are widely used to disinfect seeds before sowing
or storage [18].

IR radiation is a part of the electromagnetic spectrum within the wavelength range of
0.5 to 1000 mm and is mainly used in food processing. Infrared (IR) radiation is used as an
effective method for the disinfection and drying of seeds and the postharvest disinfection
of fresh fruit and vegetables. Gamma (γ) radiation is a type of infrared radiation that can
penetrate and interact with living tissues. Gamma radiation is used to remove microbial
contamination or control insect pests and pathogens, thereby preventing plant diseases. Γ
radiation is also used to delay fruit ripening and vegetable germination by inhibiting the
activation of key enzyme activities, which results in the extended shelf life of crops. Γ rays
are used by plant breeders to obtain the desired characteristics of plants or develop new
varieties. The biological effects of γ rays are strongly dependent on the intensity, dose and
duration of the exposure. Irradiation with lower doses of γ rays has a positive effect on
the morphological features of plants and improves seed germination efficiency. Low-dose
irradiation also has a beneficial effect on the production characteristics of crops. Low doses
of γ radiation have a stimulating effect on enzymatic activity and the synthesis of nucleic
acids and proteins in treated seeds [18].
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The use of the above-mentioned physical methods can contribute to satisfying
consumer demand for healthy fruit and vegetables with extended storage and stor-
age times.

The objective of this research was to study the effects of treatment with a 100 µT MF
on the quality and shelf life of apples after storage that were kept at room temperature.

2. Materials and Methods
2.1. Materials

Idared (Idaredest) and Legal (Red Sour) apples that were harvested at commercial
maturity were procured from local producers and stored in a cold store at 3 ◦C until the
experiment began. Experiments on apples were performed in February and March, after
storage. The basic postharvest characteristics of the fruit that were tested are presented in
Table 1.

Table 1. Characteristics of the studied fruit.

Parameters

Variety Harvest Firmness (N) TSS (◦Bx) TA (%) DM (%)

Idared 20 October 88.3 11.3 8.37 14.2
Ligol 5 October 78.5 11.5 5.84 14.0

Prior to the trial, fruit were manually selected on the basis of their color, size, uni-
formity and the lack of physical damage to their surface. Then, they were divided into
2 groups. They were kept for two weeks. The control group was kept in room conditions (at
a temperature of 22 ◦C and relative humidity of 50%). The study group was placed on the
base of the central point between the coils as shown in Figure 1 and treated with a magnetic
field of 100 µT for 8 h per day in room conditions. Fruit were arranged horizontally with
each of their calyxins facing towards the south magnetic field. After connecting the power
supply, the passing current produced a magnetic field with homogeneous distribution
inside the coil, which had a diameter of 10 cm (Figure 2).
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Figure 1. Coil designed for fruit storage in room conditions. Figure 1. Coil designed for fruit storage in room conditions.

The quality parameters of the MF and control groups were evaluated after cold storage
and after 14 days of storage in room conditions.

The experiment was performed 3–4 times after 120 days of cold storage and at
14-day intervals.
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2.2. Magnetic Field Treatment (MF)

The parameters of the above-mentioned magnetic treatment were outlined in a previ-
ous study [16].

The magnetic field was generated using cylindrical magnets (length, 100 mm; width,
10 mm). The fruit were exposed to a 100 µT magnetic field during storage at room tempera-
ture. The control fruit were not exposed to a magnetic field.

The resulting MFD density was measured using the Kanetec TM801 Tesla. Slow
changing fields were produced by means of a 12-layer induction coil with the dimensions
of 40 cm × 3.5 cm, which was powered by a 50 Hz AC autotransformer [16].

It consisted of two parallel couples of Helmholtz coils, with the radius of each coil
being the same as the distance between them. Two pairs of coils were connected in series
and connected to a potential transformer that was capable of converting direct current into
alternating current power. The fruit were placed on a substrate at the central point between
the coils in an area with a uniform magnetic field. After the treatment, the quality of the
apples was assessed on the basis of firmness, TSS, TA, DM and respiration rate.

2.3. Firmness (N)

Tests were performed using an Effigi penetrometer with a diameter of 11.1 mm and
a cylindrical tip with a convex face for the penetration of the apple flesh. Penetration
tests to a depth of 8 mm were conducted on fruit flesh without a layer of skin. The skin
puncture tests were carried out on the two opposite sides of each apple, near the centre, and
the average values were reported. The penetration tests were carried out with a 2 mm/s
speed of approach of the probe. The peak force (N) indicated the maximum force that was
registered during the penetration, which was related to the firmness of the fruit.

2.4. Total Soluble Solid (TSS, ◦Bx)

The total soluble carbohydrate concentration and acidity were determined using a
near-infrared (NIR) fruit selector (F-750 PRODUCE Quality METER, Felix Instruments Inc.,
Camas, WA, USA), which was calibrated for apples.

To measure the total soluble solids, apple juice was extracted using a home juicer
and then filtered through a cotton muslin cloth. The TSS of the filtered juice was mea-
sured using a manual refractometer with automatic temperature compensation (DIGI-
TAL REFRRACTOMETER PAL-3, Atago Co.,Ltd., Bellevue, WA, USA), which had at
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least 0.2% Brix. The following formula was used for the conversion: total soluble solids
TSS/acid = titratable acidity.

2.5. Titratable Acidity (TA, %)

The acidity (malic acid mg/5 g fr.wt) was obtained using the Association of Official
Analytical Chemists [19] method with slight modifications and the results were presented
as percentage of malic acid. Three repetitions were carried out for the determination of
TSS and acidity values in the apple juice and the obtained results were recorded. The
apple juice was diluted with distilled water (25 mL) and titrated with a 0.1 mol/L NaOH
solution with phenolphthalein used as the indicator. The calculation was made using the
following formula:

Titratable acidity (malic acid mg/5 g fr.wt) = d × 0.006 (when the NaoH solution is
0.1 N) a × b × c, where a is the weight of the sample, b is the volume of the aliquot being
examined, c is the total volume with the distilled water and d is the average burette reading
for the sample.

2.6. Dry Matter (DM, %)

The DMC was calculated as the ratio of dry to fresh mass and expressed as a per-
centage. In the test material, the dry weight was determined in accordance with the
methodology [20]. The DMC was determined using samples with a flesh thickness of
10 mm and skin tissues from the cross section that was removed from the equatorial area of
each apple. Next, they were oven-dried at 65 ◦C for 48 h. The dry mass content of each fruit
was determined in relation to the fresh mass and the results were expressed as a percentage.

2.7. Respiration Rate (CO2, mg/g fr.wt)

The respiration rate of the apples was calculated according to the method of Za-
guła et al., 2020, with some modifications [21]. The respiration rate was expressed as the
milligrams of CO2 that was produced per g of fruit per 24 h (mg/g). The increase in carbon
dioxide was measured by monitoring the CO2 production of the treated and untreated fruit,
which were enclosed in a chamber with a volume of 10 dm3 for 24 h at a room temperature
of 20 ◦C and RH of 55%.

The fruit’s production of CO2 was measured using ULTRAMAT 23 apparatus (Siemens,
London, England). The following tests were replicated three times. After 72 h, the measur-
ing sensors of the Siemens apparatus were connected to each container in order to measure
the level of oxides (the intensity of respiration).

The sensors were connected to each container, then the stopper at the bottom of the
container was removed and the apparatus was able to detect the CO2 that was discharged
over 72 h from the cellular respiration process of the apples. The apparatus collected a gas
sample at a rate of 1 dcm3/min using a probe. The gas concentrations were measured for
10 min until the chamber was completely empty.

2.8. Statistical Analysis

The results were expressed as mean values and significant differences were marked
with different Arabic letters. The data that were obtained from four independent measure-
ments of Idared and three independent measurements of Ligol apples after storage in a
cold store and being treated with MF or kept as a control in room conditions were subjected
to a one-way analysis of variance (ANOVA) to detect significant differences between the
mean parameters by means of Statistica 10, using Tukey’s post-hoc test, at α = 0.05 and the
number of repetitions n = 3.

Linear regression analysis was used to determine the trends of change in the total
soluble solids of the apples during storage maturity and between the dry matter DM and
the TSS/TA ratio.
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3. Results and Discussion
3.1. Fruit Firmness

Firmness is an important parameter that is associated with the ripeness, harvest time
and quality grade of fruit [22]. The results of the measurements of the firmness parameter
for the control and magnetic field-treated fruit of the Idared and Ligol varieties are shown
in Figures 3 and 4, respectively. Fruit firmness in both groups decreased continuously over
the duration of cold storage and after the 14 days in room conditions for each experiment.
After 14 days in room conditions, fruit firmness was higher in the apples that were treated
with the magnetic field compared to the control in all cases that were tested. It could be
seen that using a magnetic field of 100 µT with a frequency of 50 Hz for both of the studied
varieties produced an observed increase in the firmness parameter of up to 10%, depending
on the characteristics of the fruit. There were significant differences between the control
fruit and those treated with a magnetic field. These could have been influenced by the
metabolism of the fruit, which is responsible for the rapid conversion of protopectin into
pectin and is related to fruit firmness [23]. The higher firmness values that were found in
this study after magnetic field treatment were also likely due to the electroporation that was
induced by the electrical impulses, which increases the permeability of cell membranes [24].
In this way, the cell membranes can recover their integrity and structure, which results
in firmer tissues. These results showed that the MF treatment retarded the softening of
the fruit tissue. Therefore, the application of MF treatment at 100 µT for 8 h per day
is the proposed method for maintaining the firmness of apples. The same observations
were confirmed by the study of Zaguła et al. [25]. Their results also showed an increase
in the postharvest firmness of strawberries of up to 30% using an AMF of 50–150 µT in
comparison to a control. MFs penetrate deeper into tissues, which may cause changes
in cellular metabolic pathways [11]. Another team of scientists analysed the effects of an
electric field on tomatoes and apples. They reported that the electric field permeabilised
the cell membrane, which resulted in tissue softening. The pulsating electric field reduced
the loss of turgor and the fracture of apple cell membranes [26] and the firmness value of
tomatoes [27].
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Figure 3. Effects of MF on the firmness of Idared apples after 120 days of cold storage. For each
experiment, apples were stored in room conditions for 14 days. Statistically significant differences
are marked by different letters. Differences between average values that are marked with the same
letters (a,b) are not statistically significant. The data were analysed separately for each experiment.
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Figure 4. Effects of MF on the firmness of Ligol apples after 120 days of cold storage. For each
experiment, apples were stored in room conditions for 14 days. Statistically significant differences
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3.2. Total Soluble Solids

The soluble solids percentage values of the fruit that were treated with a magnetic
field compared to those of the control samples are shown in Figures 5 and 6. The samples
that were treated with a magnetic field had a lower percentage change in soluble sugar
concentration than the control samples. After 14 days in room conditions, the TSS values
were higher in the apples that were treated with a magnetic field than in the control fruit
for each experiment. However, significant differences were only found in the Idared variety
between experiments two and three. The MF treatment induced changes in the total soluble
solids (TSS) content of the apples. The first TSS measurement for the control group averaged
11.8% and was significantly higher after MF treatment. In this way, TSS values increased by
as much as 5% and reached maximum concentrations in the apples that were subjected to
MF treatment. Scientists have proved that soluble carbohydrates are cell components of
structural and metabolic importance [28]. An increase in TSS may be in response to osmotic
stress [29,30]. The application of MF treatment may also the cause of the disorganisation of
cell wall polysaccharides and molecular bonds [31], which could lead to a change in the
TSS content.

The TSS of the stored apples varied significantly (p < 0.05) in relation to temperature
and duration of storage. The total soluble solid content of apples in cold storage (12.2%, on
average) was higher than that of apples in room conditions with MF treatment (12.0%, on
average) and the control samples (11.7%, on average). The study showed that the storage
of apples at room temperature (22 ◦C) or in cold storage (3 ◦C) resulted in a decreased
TSS content. The TSS value of the Idared variety generally decreased over the course of
the four experiments of the study from 12.6 to 11.4% and from 12.2 to 11.3% for apples
in room conditions with MF treatment and the control group, respectively. This could
have been caused by the use of monosaccharides (glucose, sucrose and fructose) in the
cellular respiration process during storage [32]. Similarly, storing apples indoors showed
an adverse effect on their TSS content. Extending the shelf life resulted in a significant
decrease in TSS content. The variability in TTS content during the storage of apples is
illustrated by a linear regression with the coefficient of determination R2 of 0.94–0.97. The
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slope coefficient with a value of 0.371 was smaller for the MF-treated apples compared to
those in cold storage and the control samples, which indicated the less variable dynamic of
this parameter during storage. The regression equations are presented in Table 2. The same
trend for TSS has been reported in the literature, although described with a third-order
polynomial [33,34].
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Figure 5. Effects of MF on the TSS of Idared apples after 120 days of cold storage. For each experiment,
apples were stored in room conditions for 14 days. Statistically significant differences are marked by
different letters. Differences between average values that are marked with the same letters (a,b) are
not statistically significant. The data were analysed separately for each experiment.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 17 
 

 

Figure 5. Effects of MF on the TSS of Idared apples after 120 days of cold storage. For each 

experiment, apples were stored in room conditions for 14 days. Statistically significant differences 

are marked by different letters. Differences between average values that are marked with the same 

letters (a–b) are not statistically significant. The data were analysed separately for each experiment. 

 

Figure 6. Effects of MF on the TSS of Ligol apples after 120 days of cold storage. For each experiment, 

apples were stored in room conditions for 14 days. Statistically significant differences are marked 

by different letters. Differences between average values that are marked with the same letters (a–b) 

are not statistically significant. The data were analysed separately for each experiment. 

The TSS of the stored apples varied significantly (p < 0.05) in relation to temperature 

and duration of storage. The total soluble solid content of apples in cold storage (12.2%, 

on average) was higher than that of apples in room conditions with MF treatment (12.0%, 

a a
a

a

b a
a

a

b
b

b a

5

6

7

8

9

10

11

12

13

1 2 3 4

TS
S 

[0
B

x]

Term

after cold storage 14 days room storage with  MF control

a

a

a

a

b

b

a

b
b

5

6

7

8

9

10

11

12

13

1 2 3

TS
S 

[0
B

x]

Term

after cold storage 14 days room storage with  MF control

Figure 6. Effects of MF on the TSS of Ligol apples after 120 days of cold storage. For each experiment,
apples were stored in room conditions for 14 days. Statistically significant differences are marked by
different letters. Differences between average values that are marked with the same letters (a,b) are
not statistically significant. The data were analysed separately for each experiment.
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Table 2. Regression equations describing the variations in TSS between the different storage condi-
tions of the Idared variety.

Storage Condition Equation (y) R

Cold Storage −0.403x + 12.865 0.98
Room Storage MF −0.371x + 12.69 0.97

Control −0.381x + 12.51 0.96

3.3. Titratable Acidity

The test apples were ripened in a cold store and then stored in room conditions. The
titratable acidity values of the fruit that were treated with a magnetic field compared to that
of the control samples are shown in Figures 7 and 8. In this study, differences in titratable
acidity were noted between the test (MF-treated) and control samples. The content of
titratable acid affects the taste of apples [35]. Less acidity with minor changes may delay
changes in the texture of the apple flavour. In the presented study, the apples that were
treated with MF had up to 4.4% less titratable acid than untreated samples. A study by
Martiñon et al. [36] reported that titratable acid changed slightly in freshly cut cantaloupes
and successfully delayed the postharvest maturation process [36]. These data indicated
that treating apples with a magnetic field of 2 mT for 15 min can prolong the life of the
proper flavour of apples. The differences between the titratable acidity of the treated and
untreated samples were significant and could have been caused by a different metabolic
rate, which consumes organic acids and leads to a decrease in acidity [37–40].
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Figure 7. Effects of MF on the TA of Idared apples after 120 days of cold storage. For each experiment,
apples were stored in room conditions for 14 days. Statistically significant differences are marked by
different letters. Differences between average values that are marked with the same letters (a,b) are
not statistically significant. The data were analysed separately for each experiment.

The difference between the titratable acidity of the studied varieties was not significant.
The titratable acidity of the apples did not change much after four months of storage.
However, research [41–43] has shown a marked difference in the acidity of apples after
storage and a decline in the malic acid content of apples after six months of storage.
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Figure 8. Effects of MF on the TA of Ligol apples after 120 days of cold storage. For each experiment,
apples were stored in room conditions for 14 days. Statistically significant differences are marked by
different letters. Differences between average values that are marked with the same letters (a,b) are
not statistically significant. The data were analysed separately for each experiment.

Apple cultivars have been shown to have significant differences in TSS and acidity [33].
The values of the TSS/TA ratio in the studied fruit are presented in Table 3. The TSS/acid
ratio is a major quality parameter and is also essential for predicting the maximum shelf
life of fruit [44,45]. The average TSS/acid ratio for three experiments was recorded as being
3.06 for the Idared variety and 2.94 for Ligol. The MF treatment increased the value of
this ratio by up to 5% compared to the control group. The duration of storage had also a
significant effect on the TSS/acid ratio of the apples and caused the value of this parameter
to gradually decrease by up to 18%. Ligol apples experienced a decrease in the value of
this ratio by 2.58.

Table 3. Values of the TSS/TA ratio of MF-treated and control apples for each experiment.

TSS/TA ratio

Term Idared Ligol

MF Control MF Control
1 3.27 3.11 3.27 3.16
2 3.10 2.99 2.97 2.89
3 2.83 2.72 2.58 2.57
4 2.68 2.61 - -

3.4. Dry Mass

Dry matter can be used to determine the potential quality of fruit. It is the result of the
accumulation of carbohydrates, starch, sugars, proteins, cell walls, minerals, etc. The DM
of the fruit that were subjected to the magnetic field treatment relative to that of the control
samples is shown in Figures 9 and 10. The results showed the slower loss of DM for the test
samples (those treated with MF) versus the control samples. On the basis of the obtained
results, a decrease in DM by up to 6% was observed in the test sample compared to the
control samples. The magnetic field treatment reduced the loss of moisture and hardness
in the fruit, thus maintaining their structural integrity and fresh appearance for longer
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during storage. From the conducted research, it could be concluded that the magnetic field
treatment can inhibit the action of tissue enzymes [46].
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Figure 9. Effects of MF on the DM of Idared apples after 120 days of cold storage. For each experiment,
apples were stored in room conditions for 14 days. Statistically significant differences are marked by
different letters. Differences between average values that are marked with the same letters (a,b) are
not statistically significant. The data were analysed separately for each experiment.
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Figure 10. Effects of MF on the DM of Ligol apples after 120 days of cold storage. For each experiment,
apples were stored in room conditions for 14 days. Statistically significant differences are marked by
different letters. Differences between average values that are marked with the same letters (a,b) are
not statistically significant. The data were analysed separately for each experiment.

Significant differences were observed between the MF-treated samples and the control
group of the tested varieties (p < 0.05) during the first two experiments after cold storage.
The DM loss for the samples that were treated with an MF of 100 µT was, on average,
1.5% during experiments 3–4 of the study, while it was 4.6% for the control samples. Some
research has proved the efficacy of strong electric fields in extending the shelf life of fruit
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at 20 ◦C [47–49]. Their results showed that the physiological loss of mass during shelf life
was lower in the electrical field-treated samples than in the control samples.

During the first experiment, a DM loss of about 10% was recorded in the Idared
variety and about 8% in the Ligol variety. However, the effects of the cultivar on DM loss
are not stated. The DM loss percentage of the test apples increased significantly with an
incremental increase in storage duration for specimens in cold storage, room conditions
with MF treatment and control conditions. The DM content in the fruit decreased linearly
with the increase in storage duration due to an increase in the metabolic rate of the fruit [50].
The study showed a linear regression between the dry matter (DM) and TSS/TA ratio of
the test apples with an R2 coefficient of 0.99 (Figure 11).
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Figure 11. The dry matter versus TSS/TA ratio of Idared apples.

3.5. Respiration Rate

The respiration rate values of the fruit that were exposed to the magnetic field and
the fruit in the control group are shown in Figure 12. The respiration rate was expressed
as the production of CO2 in the fruit. The production of CO2 was lower in the MF-treated
fruit compared to the control apples. The magnetic field that affected the fruit for eight
hours a day reduced the production of CO2 compared to the apples that were kept in room
conditions. The magnetic and electric fields are elements of plant physiology [51]. The
internal electric fields of plants are dependent on those coming from outside impulses,
which may cause changes in fruit metabolism that are related to fruit respiration. Many
studies [10,21,52] have reported that magnetic and electric fields reduce the respiration rate
of various products. Respiration plays an important role in adapting plant metabolism to
changing conditions [30,53–56].

Generally, the higher the yield of carbon dioxide, the shorter the shelf life of the
product [57–59]. The level of carbon dioxide in the apples that were exposed to MF
treatment was determined using samples that were stored for 14 days at 22 ◦C and
50% relative humidity. A study by Ko et al. [46] showed that electric fields reduce the
activity of enzymes, which is the same feature that inhibits the increase in carbon dioxide
yield [46].
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Figure 12. Effects of MF on the respiration rate of Idared apples.

The carbon dioxide yields were 7.6 and 8.1 mg of CO2 per gram of fruit and increased
to 11.7 and 14.5 mg of CO2 per gram of fruit during storage for treated and untreated
samples, respectively. In fact, the MF treatment of fruit reduced the rate of carbon dioxide
yield from 6.2% to 23%, depending on the time after storage. This same treatment may have
the ability to inhibit metabolism. Generally, the application of MF treatment to apples had
an impact on their respiration rate, which led to a decrease in carbon dioxide production.
Thus, it contributed to the extension of the shelf life of the apples.

3.6. Summarisation of the Effects of MF on Apples

After the MF treatment of the apples, a new product was produced with a greater
firmness and quality potential (ratio of TSS/TA) and an extended shelf life, which was
expressed by a lower respiration rate (Figure 13).
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4. Conclusions

The authors of the study aimed to investigate the influence of a magnetic field on the
shelf life of apples after storage. The parameters of firmness, total soluble solids, titratable
acidity, dry weight and CO2 production were used as the indicators of fruit quality. Since
the magnetic field method has a low energy consumption, its use would be a cheap and
accessible way to improve the shelf life and quality of fruit. Based on this research, it was
shown that the magnetic field-treated samples generally had a higher value of SSC/TA ratio
compared to untreated samples, which indicated their higher quality and predicted the
longer shelf life of the apples. Short periods (8 h per day) of exposure to the magnetic field
changed the mechanical properties of the apples, as demonstrated by a greater firmness
and lower dry mass loss. It was noticed that apples in the test sample were harder than
those in the control group, depending on variety and development stage. Short periods (8
h per day) of exposure to the magnetic field inhibited CO2 production in fruit that were
kept in room conditions. The MF treatment of the fruit reduced the rate of carbon dioxide
yield from 6.2% to 23%, depending on the time after storage. Magnetic field treatment with
100 µT can be used as a method to extend the freshness and shelf life of apples that are
stored in room conditions, but it requires further investigation.
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