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Abstract: The current fashion for healthy food and the increasing number of people with lactose
intolerance make fermented vegetables increasingly important. On top of this, surpluses unused in
the vegetable harvest can become a potential source of “green waste”. The use of fermentation and
freeze-drying can result in a valuable, sustainable product that can solve the problems of spoiled
vegetables and the need for refrigerated storage. Therefore, this study aimed to obtain sustainable
dried fermented vegetables and to compare their selected physical and structural properties. Beet-
root, carrot, and red pepper were selected for this purpose. These vegetables were subjected to a
spontaneous lactic fermentation process. After the process, the vegetables were freeze-dried, and
their structure and selected properties (color, dry weight, and the number of lactic acid bacteria)
were determined. Fermented vegetables were found to differ from their raw sources in structure and
color, the main discrepancies being shown by the b* factor (yellow-blue). Root vegetables had smaller
pores of structure in the freeze-dried samples than red peppers. The freeze-drying process did not
affect the number of bacteria. It can be concluded that both the fermentation and the freeze-drying
processes affected the structure of the selected vegetables. All tested vegetables can be fermented
and freeze-dried without major changes in color and microbiological properties and can be used as a
potential source of lactic acid bacteria and health-promoting pigments, e.g., in the form of chips. In
addition, their shelf life is extended.

Keywords: beetroot; carrot; red bell pepper; lactic acid fermentation; scanning electron microscope;
confocal scanning laser microscopy; microstructure

1. Introduction

Sustainable production, seen as a process aimed at using food ingredients in their
entirety with minimal postproduction waste, is now becoming increasingly popular. Al-
though modern technology is becoming helpful in reducing waste from households and
restaurants, it is still a huge and financially costly problem for the food industry [1–4]. In
landfills, food loss and waste that can be minimized to a large extent are vegetables and
fruits called ‘green waste’, which are edible but do not meet the requirements of groceries in
terms of color, the appearance of a uniform surface, or the calibrated shape and size [4–6].

Vegetables are raw materials subject to numerous treatments due to their seasonality.
Raw and processed, they are rich in minerals and active ingredients [7,8]. In Poland,
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beetroot (Beta vulgaris), carrot (Daucus carota), and red bell pepper (Capsicum annum L.) are
of great interest both to consumers and food companies.

Red beets and carrots are classified as root vegetables. Beetroot is a two-yearly veg-
etable plant with an edible, large, intensely red storage root and reddish leaves [9,10]. Other
beet varieties are gaining in popularity, including white, yellow, red, and white. Carrots are
most commonly orange in color but can also be found in other colors, such as purple, red,
white, and yellow [11]. Both beetroot and carrots are high in water, approximately 87–88%;
carbohydrates, approximately 9.5%; protein, 1–1.5%; and sugars, 5–7% [12,13].

Red pepper, on the other hand, is an edible fruit that belongs to the Solanaceae
family, such as tomatoes. Analysis of red pepper composition revealed the presence of
approximately 92% water, 6% carbohydrates, 1% protein, and 4% sugars [14].

Each of these vegetables has valuable active ingredients, such as betanin in red beet and
carotenoids in carrots (mainly β-carotene) and peppers (carotenes and capsaicin) [9,15–17].
A common feature of these vegetables is their seasonality and instability. To extend their
shelf life, they are often subjected to drying or freezing. However, to provide them with
additional functional properties, a popular method in central and eastern Europe can
be used, which is the pickling process involving lactic acid bacteria. The increase in
popularity of this type of product may be related to the trend toward lactose-free probiotic
foods [18–20].

The recent trend of reusing and reprocessing food has been revisited through the
application of the recycling and fermentation process [21]. It can be observed that the
fermentation of vegetables is currently a very attractive form of processing these raw
materials, as vegetables are a source of essential nutrients, vitamins, minerals, antioxidants,
and fiber, as well as sugar [22–24]. Lactic acid fermentation has been recognized for
centuries as a safe food preservation method that requires minimal input. The lactic
fermentation process is based on an anaerobic lactic fermentation process in which the
sugars in the raw material are treated as a reaction substrate, and the preservative in the
product is the lactic acid formed during fermentation. Lactic acid fermentation increases
the bioavailability of nutrients and pigments, most likely by breaking down the cell walls
of plant tissues.

The strains most commonly used in industry for dedicated plant fermentation are
Levilactobacillus brevis, Limosilactobacillus fermentum, and Lactiplantibacillus plantarum [25–27].
The fermentation process, as a result of the production of lactic acid by lactic acid bacteria
and the resulting reduction in pH, allows vegetables to be stored longer. Low pH inhibits
the growth of bacterial spores during storage. As a result, food can be stored for many
months with low temperatures and no UV radiation [28]. However, the need for specific
storage conditions means that additional methods are being sought to process fermented
products. One such method is the freeze-drying process, also known as low-temperature
drying. It is a low-temperature dehydration process that involves freezing the product,
lowering the pressure, and then removing the ice by sublimation. This process preserves
the product with the structure of the raw material [29–31].

In addition, the fermentation process often improves the organoleptic properties of
food, the digestibility of proteins and carbohydrates, and the bioavailability of vitamins
and minerals [32]. Fermented vegetables benefit health by increasing immunity, mainly
due to the increased availability of antioxidant components that support the elimination
of harmful free radicals, which play a role in the formation of degenerative diseases. In
addition, the lactic acid bacteria probiotics contained in fermented vegetables can help
prevent certain diseases, such as cirrhosis [24,33].

The use of fermentation and freeze-drying can result in a valuable, sustainable product
that can solve the problems of spoiled vegetables and the need for refrigerated storage.
Therefore, this study aimed to obtain sustainable dried fermented vegetables and compare
their selected physical and structural properties of fresh and freeze-dried fermented veg-
etables. Beetroot, carrot, and red pepper were selected for this purpose. The vegetables
were subjected to the process of spontaneous fermentation of lactic acid. At the end of the
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process, the fermented and unfermented vegetables were freeze-dried, and their structure
and selected physical properties (color and dry substance) were determined.

2. Materials and Methods
2.1. Materials

Beetroot (Beta vulgaris), carrot (Daucus carota L.), and red bell pepper (Capsicum an-
num L.) were purchased from a local market (Warsaw, Poland) and processed after buying.

2.2. Technological Treatment
2.2.1. Fermentation Process

The fermentation process was carried out according to the protocol [21]. Vegetables
were washed, peeled, and sliced (slices 5 mm) and then placed into glass jars into which
a 2% solution of NaCl in a proportion 1:1 w/w was added. The jars were closed to create
anaerobic conditions. All experiments were left for 10 days. The pH in the jars after 10 days
was 3.5 and was stable, which means that the fermentation process had ended [34,35]. After
obtaining a stable pH level, the fermentation process was stopped by placing jars into the
refrigerator for at least 12 h. All experiments were performed in duplicate.

2.2.2. Freeze-Drying

The vegetables were placed in a Petri dish and frozen at −40 ◦C (Shock Freezer
HCM 51.20, Irinox, Treviso, Italy) for 5 h. Freeze-drying was carried out in an ALPHA
1–4 freeze-dryer (Christ, Osterode, Germany) for 24 h at a heating shelf temperature of
30 ◦C and a constant pressure of 63 Pa; safety pressure was set to 103 Pa. The experiments
were carried out in duplicate.

2.3. Analytical Methods
2.3.1. Morphology of Freeze-Dried Vegetables
Scanning Electron Microscope

The morphology of dried vegetables was performed using a scanning electron micro-
scope (SEM) Phenom (Hitachi High-Technologies Corporation, Tokyo, Japan) operated at
an accelerating voltage of 10 kV. The vegetables were cut with a scalpel into 1 mm pieces,
and the broken parts were blown off with compressed air from a compressor. Then, they
were placed on a double sticky film on the microscope table and covered with gold. The
images were taken using a built-in light-color optical navigation camera.

Confocal Scanning Laser Microscopy

Confocal scanning laser microscopy (CSLM) was used to observe the cellular structure
of raw and fermented vegetables. Rectangular specimens (10 × 4 × 2 mm) were extracted
from the produce. Each sample was placed on a glass slide and viewed using an FV3000
confocal imaging system (OLYMPUS, Tokyo, Japan) with a 10 × 3 NA dry objective lens.
The observation was made with two different extractable wavelengths for the laser source.
For beetroot, an excitation peak at 544 nm and an emission peak at 570 nm was taken;
for carrot and red bell pepper, the excitation wavelength was 490 nm, and the emission
was 525 nm.

Microtomography

To show whole sample analysis, microtomography was taken. The tests were carried
out with the use of the 1172 SkySkan, Bruker® microtomograph, with the lamp parameters
given in the table (Table 1). The difference in the values of the lamp settings parameters is
due to the size of the object.
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Table 1. Specimen registration parameters, 1172 SkyScan Bruker® X-ray microtomograph.

Carrot Red Bell
Pepper Beetroot

Image resolution 12 µm 12 µm 12.4 µm
Lamp voltage and amperage 49 kV/200 mA 49 kV/200 mA 59 kV/167 mA

Exposure time 615 ms 615 ms 615 ms
Filters no additional filter

Unit rotation angle 0.4◦ 0.4◦ 0.4◦

Photo-Camera

The photos were taken with a Nikon D7000 digital camera (Nikon, Tokyo, Japan)
with a 105 mm lens positioned at a distance of 50 cm in front of a sample (freeze-dried
vegetables); the light source consisted of four fluorescent lamps reduced at an angle of 45,
emitting daylight at a temperature of 6500 K. The photos were saved in JPG format.

Image Analysis

Changes in the structure of vegetables after freeze-drying were determined based
on image analysis made with scanning electron microscope pictures. Graphic design
and measurement of the projection area (mm2) of the compartments identified as tissue
cells were performed using the MultiScan v. 18.03 program (Computer Scanning System
Company, Warsaw, Poland) according to the methodology presented by Janowicz and
Lenart [36]. An area of 50% was calculated, which values indicate surfaces, obtained by
50% of tested areas.

2.3.2. Dry Matter

For dry matter determination, the gravimetric method was used. Approximately 1 g
of vegetable (raw, fermented, and dried) was placed on a plate and dried using the vacuum
drying method (Memmert VO400, Schwabach, Germany) under a pressure of 10 mPa
at 75 ◦C for 24 h until constant weight, according to information from Rybak et al. [37].
Measurements were made in triplicate.

2.3.3. Color

Analysis of powder color was performed in CR-5 (Konica Minolta Sensing Inc., Osaka,
Japan) in CIE L * a * b * system. The measurement parameters are as follows. Illuminant
D65, angle 2◦, and calibration with white color as presented by Janiszewska [38]. All
measurements were made in five repetitions.

2.3.4. Determination of the Number of Lactic Acid Bacteria

The total count by pour plate method was used to enumerate viable cells. A total of
10 g of raw, fermented, or freeze-dried vegetable samples were serially diluted using sterile
saline (0.85% NaCl, Biomaxima, Poland). The samples were streaked onto plates with Man
Rogosa and Sharpe Agar (MRS, Biomaxima, Poland) agar and incubated at 28 ◦C± 2 ◦C for
48 h ± 4 h. The number of colonies grown was counted (ProtoCOL 3—Automatic colony
counting and zone measuring, Synbiosis, Frederick, MD, USA) and recorded as log CFU
per g d.m. The samples were analyzed in triplicate.

2.4. Statistical Treatment

The results obtained were subjected to a statistical analysis using Statistica 13 software
(StatSoft, Warsaw, Poland), using a one-way analysis of variance with the Tukey HSD test
at a significance level of α = 0.05. The other parameters were determined using Microsoft
Office Professional Plus Excel 2019.
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3. Results and Discussion
3.1. Structure

The analysis of the vegetable structure began with the determination of the structure
of raw vegetables and those obtained immediately after the lactic fermentation process.
A confocal microscope was used for this purpose. Due to the high content of pigments in
vegetables (betalain, carotenoids), it was possible to observe the spatial structure without
using markers (Figures 1 and S1 from supplementary file). However, the structure of dried
vegetables is presented in the photos taken from the scanning microscope (sections of the
outer wall and the cross-section of the dried tissue (Figure 2).

As a result of the fermentation process, independently from the fermented raw ma-
terial, loosening of the cell wall structure and extraction of the pigment was observed in
images from the confocal microscope (CLSM). The photos of nonfermented vegetables
show the structure of the tissue; the areas between the adjacent parts of the tissue are
separated by a visible barrier (the pigment in red beet and carrot is mainly located in the
cell wall). On the other hand, after the fermentation of vegetables in a pickle containing
table salt, leakage of pigment from the area of cell walls is observed, especially for red bell
pepper (green color in Figure 2f).
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Moreover, the size of tissue cells differed after the fermentation process compared to
those before the process. This may be due to salt water migration into the vegetable tissues
(Figure 1). Similar relationships and shapes were visible for carrot tissue after thermal
treatment by Alvarez et al. [39]. The size of the enlarged empty spaces of tissues after
the fermentation process was also visible in the droughts obtained after the freeze-drying
process (Figures 2–4). The outer surface (skin part of the vegetable) of the dried vegetable
was more compact, with no marked open pores (Figure 2a–f). In red bell peppers, an almost
smooth outer surface was visible, which is related to the presence of an impermeable water
and air-waxy cuticula layer on the surface of the red bell pepper (Figure 2e,f).
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Figure 3. Distribution of the vegetable projection surface area dependent on the vegetable type and
fermentation process, B—beetroot, C—carrot, RBP—red bell pepper; FD—freeze dried, F—fermented.

The interior of the vegetables, regardless of their type, shows open pores of vari-
ous sizes. After the fermentation process, they are larger compared to the raw material.
The highest difference before and after fermentation was observed for carrot samples
(Figure 2c′,d′). The projection surface area was confirmed in the calculation tests performed
in the graphical program (Figure 3, Table 2).
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Figure 4. Structure of freeze-dried unfermented and fermented vegetables (Microtomography)
(a) unfermented beetroot; (b) fermented beetroot; (c) unfermented carrot; (d) fermented carrot;
(e) unfermented red bell pepper; (f) fermented red bell pepper.

All fermented and unfermented vegetables obtained as a result of freeze-drying had a
similar internal structure (Figures 2 and 4). They were all very porous, and damage to the
structure was observed when breaking a slice of the tested vegetable. When cutting with a
scalpel for examination under a scanning microscope, it was found that red pepper was
characterized by the most fragile structure, and the dried beetroots were the hardest. This
observation was confirmed by analysis of the projection surface area calculated from an
SEM image and a histogram constructed from 100 pores (Figure 3).

Structural results related to the distribution of pores in the vegetable tissue and the
distribution of pigments after fermentation allowed for predictions related to the tested
vegetables. The analysis of vegetables not preserved by freeze-drying showed that the
vegetables obtained by fermentation could be unstable if stored outside the brine, and the
dye released after fermentation from the tissue cells would quickly degrade due to the
availability of oxygen and light. However, the removal of the dye from the tissue walls
could also be considered an advantage, as upon consumption, the dye, having antioxidant
properties, would be more readily available to the consumer.



Fermentation 2022, 8, 659 10 of 14

Table 2. Selected physical properties of raw and freeze-dried vegetables.

Vegetable Type Dry Matter
(%)

Color Coefficients Projection Surface
Area 50% (mm2)L * a * b *

Beetroot (B) 18.5 ± 0.2 b 18.52 ± 0.13 ab 2.09 ± 0.12 a 0.47 ± 0.05 b -
Fermented Beetroot (F_B) 15.2 ± 0.3 a 16.28 ± 2.26 a 15.02 ± 1.30 b 2.03 ± 0.44 b -

Freeze-dried Beetroot (B_FD) 97.9 ± 0.4 c 22.09 ± 0.05 bc 22.92 ± 1.09 c 1.48 ± 0.09 b 20.5 ± 1.2 a

Freeze-dried Fermented
Beetroot (F_B_FD) 97.7 ± 0.1 c 26.27 ± 2.83 c 20.93 ± 1.68 c −10.29 ± 1.45 a 24.3 ± 1.8 a

Carrot (C) 17.4 ± 0.2 b 55.73 ± 0.79 b 19.15 ± 1.80 a 28.57 ± 0.80 a -
Fermented Carrot (F_C) 13.2 ± 0.4 a 47.82 ± 0.08 a 22.84 ± 0.23 b 35.83 ± 0.19 b -

Freeze-dried Carrot (C_FD) 96.6 ± 0.4 c 65.43 ± 1.17 c 20.15 ± 1.89 ab 35.60 ± 1.91 b 39.3 ± 2.5 a

Freeze-dried Fermented
Carrot (F_C_FD) 96.3 ± 0.3 c 68.31 ± 2.68 c 17.77 ± 0.38 a 33.44 ± 0.24 b 105.8 ± 4.1 b

Red Bell Pepper (RBP) 13.6 ± 0.3 b 24.65 ± 1.53 a 27.46 ± 2.72 a 20.15 ± 3.45 a -
Fermented Red Bell

Pepper (F_RBP) 10.4 ± 0.1 a 27.93 ± 0.12 a 25.64 ± 0.10 a 16.97 ± 0.18 a -

Freeze-dried Red Bell
Pepper (RBP_FD) 98.4 ± 0.4 c 54.08 ± 1.72 b 29.43 ± 1.59 a 35.35 ± 0.55 b 10.1 ± 2.4 a

Freeze-dried Fermented Red
Bell Pepper (F_RBP_FD) 98.6 ± 0.4 c 50.80 ± 2.24 b 33.90 ± 9.44 a 32.17 ± 1.80 b 76.6 ± 6.6 b

* a, b, c, and specific letters: different indexes for each vegetable type and each column mean statistically significant
differences for given values at the level of p < 0.05.

Dried fermented vegetables, in turn, are very fragile due to the presence of large air
spaces in the tissue, which can be detrimental to the storage or transport of the dried pieces.
Pickled dried vegetables can be used as snacks or, after grinding, the powder can be used
to increase the health value of products, as an additive containing lactic acid bacteria, as
a dye due to the foreignness of dyes having a color effect, and as a substance having an
antioxidant effect.

There were no visible differences in the color and shape of the analyzed freeze-dried
fermented and nonfermented samples (Figures 4 and 5), which is confirmed by the color
test results (Table 1). Microtomography analysis of vegetables can show the 3D structure of
the entire analyzed sample. Rybak et al. [29] observed similar results for microtomography
of freeze-dried red bell pepper, Bialik et al. [40] for kiwi berry, and Ropelewska et al. [30]
for beetroot raw and fermented.
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3.2. Physical Properties

The physical properties that the potential customer pays attention to are mainly the
color of the product and its size. For vegetables, including dried ones, it is extremely
important. The color is influenced by the pigments contained in the raw material, as well
as its structure and water content (Table 2).

Each of the vegetables tested had different colors and amounts of dry matter (Table 2).
The dry substance for each of the vegetables was similar. The highest amount of dry
matter was observed in beetroot samples, and the lowest was in red bell pepper. After
the fermentation process, the dry matter content decreased, and thus the water content in
vegetables increased, regardless of the type of vegetable. This phenomenon is related to the
fermentation process in which slices of vegetables are kept in salty water for the fermenta-
tion time (for beetroots and carrots from 7–14 days, shorter for red bell peppers) [30,41,42],
which causes water to seep into the vegetable [18,43].

Each of the vegetables analyzed had a different color; the beetroot was characterized by a
purple-red color which is related to the betaxanthins (yellow-orange, mainly vulgaxanthin-I)
and betacyanins (red-violet, main betanin), after the fermentation process it turned into a
more purple color. Betalains are water-soluble and stable in the pH range of 3–6; however,
some chemical changes at higher temperatures could be observed. This can be related
to the stability of these pigments; yellow betaxanthins are more stable than red-violet
betacyanins [10,44,45]. However, some betalains can pass from the beet tissue to the brine
because they are water-soluble pigments.

Carrots can be characterized by a yellow-orange color, and red bell peppers are red
(skin) and orange (upper layer below the skin). Carotenoids, here, β-carotene and capsaicin,
are water-insoluble pigments that are kept more in the tissue, and no water-colored brine
was observed, which can be the reason for the more stable color of the carrot tissue during
the fermentation process.

After the freeze-drying process, the dry matter content increased, which is related to the
removal of water in the sublimation process during the freeze-drying process. In connection
with this death, the obtained vegetable droughts also became darker. In the case of red beet,
a color shift toward a darker blue was observed, in combination with the position of the
a* coefficient to more purple. Apart from the change in the brightness parameter for the
carrots, no changes were obtained in the values of the other factors determining the color of
the product. This may indicate good color retention of this vegetable and, at the same time,
low degradation of dyes during the freeze-drying process.

The greatest changes in the color index for red beet and pepper affected the b* factor
(green-blue), which may indicate a change in the consumer’s perception of this color.

Studies have confirmed that the pigments from beetroot, such as betaxanthins and
betacyanins, as well as the carotenoids from carrots and red peppers, change color under the
influence of the fermentation process. It should therefore be recognized that fermentation
or drying processes carried out in an inappropriate manner can result in significant losses
of the visual characteristics of colored vegetables.

3.3. Microbiology

Beetroot, carrot, and red bell peppers were fermented naturally for 10 days. Raw
vegetables and fermented vegetables were freeze-dried. The count of lactic acid bacteria in
the tested samples is shown in Table 3. LAB count of LAB was observed in the vegetables
before fermentation at the level of 2–3 log CFU/g. A similar count of LAB was observed
after the freeze-drying of raw vegetables, as indicated by the lack of influence of the freeze-
drying process on the content of lactic acid bacteria in the samples. After fermentation,
a greater count of LAB was observed for red bell pepper than for beetroot and carrot.
Furthermore, in the case of fermented vegetables, there was no effect of freeze-drying on
LAB count.
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Table 3. Lactic acid bacteria in vegetables.

Vegetable Type Beetroot Carrot Red Bell Pepper
CFU/g d.m.

Unfermented 2.09 ± 0.12 a 2.98 ± 0.05 b 2.24 ± 0.18 a

Fermented 7.62 ± 0.03 b 7.13 ± 0.06 c 8.25 ± 0.03 c

Unfermented freeze-dried 2.42 ± 0.17 a 2.14 ± 0.11 a 2.03 ± 0.11 a

Fermented freeze-dried 7.57 ± 0.06 b 7.66 ± 0.08 d 7.48 ± 0.29 b

a, b, c and specific letters—different indexes for each column mean statistically significant differences for given
values at the level of p < 0.05.

Ropelewska et al. [30] showed that the use of natural fermentation in the case of
popular vegetables, such as beetroot, is preferable for sensory reasons to fermentation
with the use of starter cultures. Studies of fermented pomace showed that the use of
freeze-drying to preserve the fermented product reduces the LAB count by approximately
3–4 log cycles [21]. On the other hand, other studies have shown that the freeze-drying of
fermented juices does not affect the LAB count [27], which confirms the previous research
by Barbu et al. [46]. It has been shown that freeze-dried carrot fermented juices exhibit
greater stability than spray drying over a one-month storage period, confirming the benefits
of lyophilization to extend the shelf life of fermented products [47]. Moreover, the use
of fermentation prevents the growth of the Enterobacteriaceae family in the products, in
particular, from Salmonella spp. [48].

4. Conclusions

Research confirmed that beetroot pigments, e.g., betaxanthins and betacyanins, as
well as carrots and red bell peppers, e.g., carotenoids, which are abundant in β-carotene
and capsaicin, change their color due to the fermentation process. Therefore, it should
be considered that processing, including inadequate fermentation and drying, can cause
significant losses in the nutritional value and the visual characteristics of colored vegetables.
There are many applications for pickled dried vegetables. They could be used as snacks or
for increasing the health value of numerous instant products when pulverized, therefore
benefiting the probiotic and antioxidant properties of the final product.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/fermentation8110659/s1, Figure S1: Figure S1. Structure of raw and fer-
mented vegetables (confocal microscope): (a) fermented beetroot; (b) fermented carrot; (c) fermented
red bell pepper.
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