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Abstract: Vinegar is a fermented food with a diversity of uses seasoning, salad dressing and flavour-
ing for foods. Since ancient times it is considered a remedy for health and today there are different
types of vinegar on the market, and many others are under development. Determination of the
physicochemical characteristics of the new types of vinegar is necessary in order to improve them.
Therefore, the aim of this paper is to compare the physicochemical characteristics of vinegar obtained
from banana peels (with or without boiling peels) at different ages, with those of commercial vine-
gars. The vinegar from banana peels was obtained and aged in our laboratory, while the commercial
vinegars were purchased from a local market. The physicochemical characteristics of all the samples
were investigated before and after gastric and intestinal digestion. Inductively coupled plasma mass
spectrometry was used to determine the mineral content of the vinegars. Additionally, statistical
analysis of the results was performed by applying a one-way analysis of variance. Results showed
that vinegar obtained from banana peels is clearer and total dry extract values are lower than those
of commercial vinegars. Banana peel vinegars have higher antioxidant activity and total polyphenol
content similar to the commercial balsamic vinegars. This study advances the knowledge in the field
of vinegar production by using raw agricultural by-products.
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1. Introduction

Vinegar is a common food product, obtained during fermentation of raw materials
such as grains, apples, grapes or sugarcane, which contain starch and/or sugars [1,2].
Nowadays, on the market, there are various types of vinegar such as wine vinegar (fabri-
cated in Europe), cider and malt vinegars (in England and Wales), rice vinegars (in Asia),
balsamic vinegar and others. Vinegar from fruits such as apple [3], orange [4], tomato [5],
lemon [2], sour cherry [6] or fruit waste such as pineapple waste [7] or banana peel [8,9]
were developed and produced. The biotechnological processes involved in vinegar produc-
tion are: alcoholic fermentation (which implies the presence of yeasts such as Saccharomyces
cerevisiae) and acetous fermentation (acetic acid bacteria such as Acetobacter transform the
alcohol to acetic acid) [1,10]. The fermentation processes can be slow, involving the growth,
on the surface of the liquid, of acetic acid bacteria for several weeks or months or fast when
the liquid is oxygenized by agitation and the fermentation begins rapidly by submerging
the bacteria culture. Usually used as a condiment, salad dressing and flavoring for various
foods [1,11], vinegar provides health beneficial effects such as anti-infective properties,
antitumor activity and control of blood glucose [10]. The global vinegar market reached
1.3 billion US dollar (USD) in 2019 [12]. In the European Union, the revenue from vinegar
market amounted 1 billion USD in 2018 and the quantity of vinegar produced was around
1.2 billion l the same year [13].

The quality of fermented products such as vinegars is influenced by the raw material
used, acidification system and aging method [14] and is dependent on the chemical compo-
sition and sensory characteristics of vinegars [15]. It contains vitamins, minerals, essential
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amino acids, organic acids and other polyphenols [11,16]. The main volatile compound in
vinegar that gives its own unique taste and flavor is acetic acid. Other volatile compounds
are alcohols, acids, esters, aldehydes and ketones [1].

Although the quality characteristics can vary a lot, some general guidelines about
certain characteristics such as acidity content and presence of heavy metals in vinegars
have been established on the national and international level [11]. Over the past years,
there has been a growing interest in adding value to raw agricultural by-products. If
these raw agricultural by-products are disposed as waste, it can be problematic to the
environment due to their chemical composition and prone to microbial spoilage emitting
toxic gaseous such as H2, CO2 and CH4 [17]. Recently, food waste is not only a problem
related to food security but also an economic problem because of its impact on profitability.
The production of vinegar involves low production cost related to raw materials as fruits
waste and food surpluses [18]. Different types of vinegar has appeared on the marketplace
made from different raw materials such as pineapple and onion waste and their properties
were analyzed [19,20].

All over the world, most consumers of bananas discard the peels as waste parts after
consumption, which contributes to pollution. Therefore, it is extremely important to assess
the potential use of banana peels in vinegar production instead of considering them as
waste materials.

The purpose of this study was to characterize the banana peel and balsamic com-
mercial vinegars concerning their physicochemical (total dry extract, acidity, total gravity,
brix, color), bioactive properties (antioxidant capacity, total phenolic content) and min-
eral composition. In addition, the changes of these parameters were investigated with
in vitro methods.

2. Materials and Methods
2.1. Materials, Chemicals and Reagents

Banana peel vinegars were produced in faculty laboratory, while commercial bal-
samic vinegars were procured from the local supermarkets. All chemicals and reagents
(Sodium chloride, S7653, purity 99%; Hydrochloric acid 37%, 320331; Dipotassium hy-
drogenphosphate, P3786, purity 98%; Nitric acid 70%, 225711; Methanol, 34860, purity
99%; Sodium carbonate, S7795, purity 99%; 2,2-Diphenyl-1-picrylhydrazyl, D9132; Folin-
Ciocalteu, F9252) utilized in the analyses in the present study were procured from Sigma-
Aldrich (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). Pepsin from porcine
gastric mucosa (P 7000; 250 U/mg of solid), porcine bile extract (B8631) and porcine pancre-
atin (P1750, 4 × USP) were purchased from Sigma-Aldrich Corp. Beer yeast was procured
from Enzymes Derivates Romania (Enzymes Derivates SA, Piatra Neamt, , Romania).

2.2. Production of Banana Peel Vinegars

Bananas were procured from the local supermarkets. Bananas were peeled and
the peels were manually cut into small pieces and then chopped in an electric blender
to obtained a homogenous mixture. Vinegar production involves two main processes,
alcoholic and acetic fermentation. All these processes were performed in a traditional way.
The alcoholic fermentation was done in a clay recipient (14 days, in dark at 24 ◦C) where
the 2.4 Kg of chopped banana peels, 180 g of honey, 180 g of beer yeast (Saccharomyces
cerevisiae) and 2.4 L of water were added. The acetic fermentation was done in another clay
recipient (14 days, in dark at 28 ◦C) by the formation of acetic acid through the oxidation of
ethylic alcohol. The recipient used for the acetic fermentation was left open so that acetic
bacteria from the environment could inoculate the liquid. After 14 days the fermented
liquid was filtered and bottled. In order to obtain 1 L of vinegar 0.68 Kg of banana peels
were used.
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2.3. Vinegar Samples

The analyzed samples were: banana peel vinegar aged for 1 year, produced without
boiling the peels (V1), banana peel vinegar aged for 3 years, produced without boiling
the peels (V2), banana peel vinegar aged for 2 years, produced with peels boiling (V3),
commercial balsamic vinegar produced from concentrated apple juice and caramel aged in
oak barrels for 1 year (V4) and Modena commercial vinegar obtained from concentrated
grape must (V5). Commercial vinegars were obtained by the same procedure the differences
being the raw materials used and the maturation period and recipient.

2.4. In Vitro Digestion

All samples were digested. The in vitro gastric digestion (gd) simulating the human
model proposed by Gallier et al. [21] was used with some modification.

Simulated gastric digestion was done by mixing 100 mL of sample with 50 mL of
simulated gastric fluid. The simulated gastric fluid was produced by dissolving 2.0 g of
NaCl/L, 7 mL of 6 M HCl/L and 3.2 mg pepsin/L at pH 1.2 and acidifying to pH 1.5 with
6 M HCl at 37 ◦C in a shaking water bath at 95 rpm.

Simulated intestinal fluid was obtained with 6.8 g of K2HPO4 and 77 mL of 0.2 M
NaOH/L and adjusted to pH 6.8.

After 2 h of gastric digestion of vinegar samples, in vitro intestinal digestion (id)
under simulated intestinal conditions was performed at 37 ◦C in a water bath according
to the procedure of Gallier et al. [21]. The digested vinegar samples were mixed with the
simulated intestinal fluid (1:1), the pH was adjusted to 7.0 and bile extract (5 mg/mL of
simulated intestinal fluid) was added. After that pancreatin was added (1.6 mg/mL of
stimulated intestinal fluid). In vitro intestinal digestion was done for 2 h.

2.5. Physicochemical Properties

Color evaluation of the samples was conducted using a chromameter model CR
400 (Konica Minolta, Tokyo, Japan) based on the Hunter L* (whiteness/darkness), a*
(redness/greenness) and b* (yellowness/blueness) systems. Color was evaluated only
before the digestion of the samples [11].

Total dry extract (TDE) was analyzed by the evaporation at 100 ◦C and weighing of
the resulted residue [22].

Total acidity was performed by acid base titration with a solution of 0.1 N sodium
hydroxide in the presence of phenolphthalein and the results were expressed in acetic acid
content [23].

The specific gravity (SG) was evaluated using a glass hydrometer at 20 ◦C [2].
Total soluble solids were analyzed using a refractometer and the results were expressed

in degree Brix [11].
Antioxidant activity was determined for all the samples based on DPPH (2,2-diphenyl-

1-hydrazyl-hydrate) inhibition. The absorbance was measured at 515 nm using a spec-
trophotometer and IC 50 was computed using a calibration curve with different quantities
of DPPH. Inhibition percent of free radicals was computed as follows:

I% = (Astandard − Asample)/Astandard × 100, (1)

where: I%—inhibition percent of free radicals; Astandard = absorbance of the standard
sample; Asample = absorbance of the analysed sample.

Total polyphenols content (TPC) was determined by Folin–Ciocalteau method and the
results were expressed as mg of gallic acid equivalents (mg GAE) [11].

Mineral composition was determined using a mass spectrometer with inductively
coupled plasma mass spectrometry (ICP-MS) Agilent Technologies 7500 Series (Agilent,
Santa Clara, CA, USA). Vinegar samples were prepared according to Ozturk et al. [11].
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2.6. Statistical Analysis

The obtained results were investigated further by using Minitab software, version
17. One-way analysis of variance (ANOVA) was applied to determine if there are any
statistically significant differences between the means of groups. α –level was set at
0.05 and the p-values obtained were calculated and compared with this value. Tukey
Pairwise Comparisons method was also used. The values of S and R-sq, were calculated
in order to find out how the model fits. The meaning of these indicators is explained by
Ghinea et al. [24]. The outcomes are better if S has lower values and R-sq values are close
to 100.

3. Results and Discussion

Color properties of the banana peels and commercial balsamic vinegars are shown in
Figure 1. López et al. [25] explained that vinegar color is an influential factor regarding
the sensorial characteristics of the product. L* values, indicating the luminosity level,
ranged from 15.84 to 36.04. High values of L* indicates clearness, while low values indicate
darkness. Banana peel vinegars had remarkably higher L* values except for one sample.
Banana peel vinegars (V1 and V3) can be characterized as light colored due to the high level
of L* compared to the commercial samples (Figure 1a). Different colors between vinegar
types are related to the chemical composition and variety. a* and b* values of the samples
were variable among the samples, indicating that color characteristics of vinegars were
different from each other. In the case of a* the samples presented values situated in the
negative region (Figure 1b), more towards green and in the case of b* they were situated in
the positive region (Figure 1c), more towards blue (V1 and V3).
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p-values are equal to 0.000, which means that the color parameters are statistically
significant. Results obtained by applying Tukey pairwise comparisons method showed that
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V1 and V3 samples are significantly different than other samples when the mean values
of L* were investigated, V2 and V5 are in the same category (C), as well V2 and V4 in the
category D. Knowing that means which do not share a letter are significantly different, in
the case of a* values only V1 and V5 were grouped in the same category. In the case of b*
values, samples V3 and V1 are different from the rest of the samples, while samples V2,
V4 and V5 were grouped in the same category. The model fits our data, since R-sq explain
99.71% of the variation in the response in the case of L*, 98.89% (for a*) and 99.97% (for b*).

Ozturk et al. [11] found that L* values of home-made vinegar samples obtained from
grapes and apples ranged from 0.28 to 20.15, presenting a similar color with those of the
present study with the exception of two samples (V1 and V3). The differences in color
could be related to different raw materials and maturation time. Vinegar obtained from
banana peel aged for 1 year (produced without boiling the peels) and vinegar from banana
peel aged for 2 years (produced with boiling the peels) have high values of L*, which
means they are clearer than the other types of vinegar. They are significantly different than
other samples.

Table 1 shows physicochemical properties of banana peel and commercial balsamic
vinegar samples before and after in vitro digestion. A large variability was observed in the
data indicating differences regarding vinegar qualities.

Table 1. Physic and biochemical properties of banana peel and commercial balsamic vinegar before and after in vitro digestion.

Sample Total Dry Extract
(g/cm3)

Total Acidity
(g/cm3)

Specific Gravity
(g/cm3)

Total Soluble Solids
(◦ Brix)

TPC
(mg GAE/L) I%

V1 2.11 e ± 0.111 1.08 d ± 0.036 0.9243 a ± 0.001 2.15 e ± 0.036 5.72 a ± 0.044 14.69 d ± 0.118

V2 5.43 c ± 0.085 2.18 c ± 0.036 0.8558 b ± 0.009 5.83 c ± 0.072 4.03 c ± 0.046 20.19 c ± 0.530

V3 4.23 d ± 0.056 0.91 e ± 0.089 0.8662 b ± 0.004 4.0 d ± 0.191 5.20 b ± 0.035 60.92 a ± 0.098

V4 12.66 b ± 0.082 3.57 b ± 0.056 0.8853 b ± 0.001 10.87 b ± 0.131 4.14 c ± 0.044 25.29 b ± 0.820

V5 26.43 a ± 0.182 4.72 a ± 0.056 0.9412 a ± 0.017 21.87 a ± 0.171 5.27 b ± 0.044 5.42 e ± 0.046

Means that do not share a letter are significantly different.

V1g.d. 1.454 e ± 0.019 0.3 d ± 0.026 0.9311 c ± 0.010 1.0 e ± 0.173 5.31 a ± 0.044 31.59 b ± 0.380

V2g.d. 3.426 c ± 0.075 0.9 c ± 0.036 0.9654 b ± 0.008 3.9 c ± 0.098 2.5 d ± 0.035 25.63 c ± 0.161

V3g.d. 2.81 d ± 0.089 0.36 d ± 0.044 0.9813 b ± 0.005 3.0 d ± 0.353 4.8 b ± 0.040 31.40 b ± 0.053

V4g.d. 7.98 b ± 0.046 1.38 b ± 0.026 0.9756 b ± 0.007 7.0 b ± 0.265 2.91 c ± 0.040 13.92 d ± 0.911

V5g.d. 17.088 a ± 0.487 1.74 a ± 0.056 1.0392 a ± 0.012 12.0 a ± 0.529 1.81 e ± 0.026 74.96 a ± 0.262

Means that do not share a letter are significantly different.

V1i.d. 1.228 e ± 0.084 0.26 c ± 0.053 0.9754 b,c ± 0.005 1.0 c ± 0.105 3.04 b ± 0.072 80.24 c ± 0.062

V2i.d. 2.1 c ± 0.211 0.36 c ± 0.044 0.995 a, b ± 0.010 0.8 c ± 0.106 4.69 a ± 0.111 87.77 a ± 0.219

V3i.d. 1.774 d ± 0.012 0.3 c ± 0.017 0.955 c ± 0.001 1.0 c ± 0.105 2.23 d ± 0.070 88.26 a ± 0.348

V4i.d. 4.694 b ± 0.088 1.2 b ± 0.052 0.9595 c ± 0.009 3.0 b ± 0.176 2.17 d ± 0.108 92.94 a ± 0.250

V5i.d. 8.826 a ± 0.011 1.62 a ± 0.085 1.007 a ± 0.010 6.0 a ± 0.361 2.77 c ± 0.035 86.36 b ± 0.070

Means that do not share a letter are significantly different.

Different lowercase letters (a–e) in a row show significant differences between the groups (p < 0.05).

Total dry extract (TDE) of the vinegars varied between 2.11 to 26.43 g/100 cm3.
Commercial balsamic vinegars recorded values of 12.66 g/100 cm3 and 26.43 g/100 cm3

in the case of apple vinegar, respectively Modena vinegar, values above that of banana
peel vinegars.

Grouping information was performed by using the Tukey method and 95% confidence.
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The data regarding the values of total dry extract after gastric and intestinal digestion
are reported in Table 1. After two hours of gastric digestion, the total dry extract values have
decreased raging between 1.454 g/100 cm3 and 17.088 g/100 cm3, the highest values being
recorded in the case of balsamic vinegars. Intestinal digestion was performed for two hours
the values raging between 1.228 g/100 cm3 and 8.826 g/cm3. After performing in vitro
digestion of the analyzed vinegar samples, we can conclude that the highest decrease in
total dry extract values was observed in the case of balsamic vinegars compared with
the banana peel vinegars. p-values are equal to 0.000, which means that in the case of
TDE parameter the differences between some of the means are statistically significant,
in all three cases. From Figure 2 it can be observed that the values obtained for all five
samples have the same tendency. Samples V5 and V4 have the highest means for TDE in
all three cases before and after gastric and intestinal digestion, while V1 the lowest means
(Figure 2). Results obtained by applying Tukey pairwise comparisons method showed that
all means are significantly different. The model fits our data since R-sq explains 99.98% of
the variation in the response in the case of TDE, 99.77% (for TDE gd) and 99.78% (for TDE
id). Total dry extract values are lower for the samples with vinegar obtained from banana
peel compared with the samples with commercial vinegars and it was observed that TDE
values decreased after gastric and intestinal digestion for all vinegar samples.
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Figure 2. Interval plots of total dry extract (TDE) vs. samples before digestion (bd); and after gastric
digestion (gd); intestinal digestion (id). V1 = banana peel vinegar aged for 1 year, produced without
boiling the peels boiling aged for 1 year, V2 = banana peel vinegar aged for 3 years, produced without
boiling the peels boiling aged for 3 years, V3 = banana peel vinegar aged for 2 years, produced with
peels boiling the peels aged for 2 years, V4 = commercial balsamic vinegar produced from concentrated
apple juice and caramel aged in oak barrels for 1 year, V5 = Modena commercial vinegar obtained
from concentrated grape must. The error bars represent a 95% confidence interval for the mean.

Acetic acid and other organic acids (citric acid, tartaric acid, malic acid, lactic acid and
succinic acid) determine the acidity of the vinegars [26].

The acidity, aroma and quality of vinegar are affected by all volatile organic acids’
short chain, mainly acetic acids, propionic and butyric acids, that come from raw materials
or are formed by fermentation [27]. Total acidity (TA) levels of the vinegar samples
were not in conformity with the Codex Alimentarius Commission regulations which
mention that the total acid content of vinegar should be a minimum of 50 g/L [28]. These
findings are similar to other research where different types of food waste and traditional
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wine vinegars recorded an acidity below the limit mentioned by the Codex Alimentarius
Commission [11,19]. The findings of this research suggest that banana peel vinegar can
almost be classified as vinegar.

Modena commercial vinegar recorded the highest total acidity value (4.72 g/100 cm3)
and banana peel vinegar produced with peels boiling aged for 2 years the smallest
(0.91 g/100 cm3).

After two hours of gastric digestion, total acidity values decreased, ranging between
0.3 g/100 cm3 and 1.74 g/100 cm3. The intestinal digested samples had a total acidity
between 0.26 g/cm3 and 1.62 g/100 cm3.

Commercial balsamic vinegars presented the highest acidity compared with banana
peel vinegars before and after in vitro digestion.

In the study performed by Lopa et al. [29], the total acidity levels of 9 commercial
vinegar samples were higher than 4% using conventional and automated analysis methods.

p-values are equal with 0.000, which means that in the case of TA parameter the
differences between some of the means are statistically significant, before and after diges-
tion. From Figure 3 it can be observed that samples V5 followed by V4 have the highest
means for TA in all three cases before and after gastric and intestinal digestion, while the
lowest means were observed for samples V3 before and after gastric digestion and V1
after intestinal digestion. Results showed that all means are significantly different for TA
of the samples before digestion (Figure 3), the differences between means for TA of the
samples V1 gd and V3 gd are not significantly significant (Figure 3). The same result was
observed after investigation of TA values for samples V1 id, V2 id and V3 id, for which
the differences between means not significantly significant (Figure 3). The model fits our
data since R-sq explains 99.90% of the variation in the response in the case of TA, 99.68%
(for TA gd) and 99.36% (for TA id). S values are lower 0.057, 0.039 and 0.054, which means
that the model describes the response well. Total acidity values of vinegar samples are
not in conformity with Codex Alimentarius Commission regulations, decreased in the
following order V5 > V4 > V2 > V1 > V3 and the differences between some of the means
are statistically significant, before and after digestion.

The data regarding specific gravity (SG) of analyzed samples are presented in Table 1. Af-
ter in vitro digestion the values of this parameter recorded a slight growth from 0.8558 g/cm3

and 0.9412 g/cm3 and 1.0392 g/cm3 in the case of gastric digestion and 0.955 g/cm3 to
1.007 g/cm3 at intestinal digestion. It was observed that before and after digestion, for the
SG parameter the differences between some of the means are statistically significant, based
on the p-values equal to 0.000. Samples V5 followed by V1 have the highest means for SG,
while V2 samples have the lowest mean according to the data presented in Figure 4. In
this case, based on the SG means values obtained, the samples V1 and V5 were grouped
in one category, while the other three in the other category, which means that samples V1
and V5 are not significantly different. Instead, regarding SG values the samples V1 and
V5 are statistically different compared with the others samples (V2, V3 and V4). From
Figure 4, it can be observed that after gastric digestion the SG of samples V1 g.d. slowly
increased compared with the SG of the samples V5 gd. Results showed the means are
significantly different for samples V1 gd and V5 gd, and they are no longer grouped in the
same category. After intestinal digestion (Figure 4), the values of means for SG showed
that samples V5 ig and V2 ig are not significantly different. The same aspect was observed
also for samples V1 ig, V3 ig and V4 ig which can be grouped in one category. The model
fits our data since R-sq explains 96.04% of the variation in the response in the case of SG,
96.16% (for SG gd) and 91.07% (for SG id). The model describes the response well since
S values are lower by 0.008, 0.008 and 0.007, respectively. Vinegar obtained from banana
peel aged for 1 year (produced without boiling the peels) and Modena commercial vinegar,
based on the investigation of the data regarding specific gravity, before digestion is in the
same category. After gastric digestion, the SG values of vinegar obtained from banana
peel samples slowly increased compared with the SG values of the Modena commercial
vinegar samples.
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Figure 3. Interval plots of total acidity (TA) vs. samples before digestion (bd); and after gastric
digestion (gd); intestinal digestion (id). V1 = banana peel vinegar aged for 1 year, produced without
boiling the peels boiling aged for 1 year, V2 = banana peel vinegar aged for 3 years, produced without
boiling the peels boiling aged for 3 years, V3 = banana peel vinegar aged for 2 years, produced with
peels boiling the peels aged for 2 years, V4 = commercial balsamic vinegar produced from concentrated
apple juice and caramel aged in oak barrels for 1 year, V5 = Modena commercial vinegar obtained
from concentrated grape must. The error bars represent a 95% confidence interval for the mean.
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Figure 4. Interval plots of specific gravity (SG) vs. samples before digestion (bd); and after gastric
digestion (gd); intestinal digestion (id). V1 = banana peel vinegar aged for 1 year, produced without
boiling the peels boiling aged for 1 year, V2 = banana peel vinegar aged for 3 years, produced without
boiling the peels boiling aged for 3 years, V3 = banana peel vinegar aged for 2 years, produced with
peels boiling the peels aged for 2 years, V4 = commercial balsamic vinegar produced from concentrated
apple juice and caramel aged in oak barrels for 1 year, V5 = Modena commercial vinegar obtained
from concentrated grape must. The error bars represent a 95% confidence interval for the mean.
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The levels of soluble solids including sugar, salts and proteins in an aqueous sample
are indicated by Brix (%) parameter. In general, this parameter indicated sugar equivalents
in samples omitting other soluble materials [30].

The Brix values of studied vinegars varied in a wide range, from 2.15 to 21.87 ◦Bx
before digestion. The highest values were recorded in the case of balsamic commercial
vinegars. These values are higher than the value 2.18 to 2.31 ◦Bx reported by Chalchisa
and Derenje [31] for pineapple peels vinegar and 1.2 ◦Bx for persimmon peels vinegar
detected by Bayram et al. [32]. After digestion of the samples, a decrease was observed in
Brix values. This parameter is related to the level of sugars that decrease with the activity
of fermentation by microorganisms [33].

Raw material is a factor that influences the variability of Brix values of vinegar sam-
ples. In a study conducted on wine and alcohol vinegars, Sáiz-Abajo et al. [30] found
that Brix concentration varied between 3.80 to 5.00 and from 3.30 to 3.40, respectively.
Masino et al. [33] found that Brix values of traditional balsamic vinegars were above 55.00.
Total soluble solids of balsamic vinegars studied were below the values obtained by
Lalou et al. [34] in a study conducted on 11 samples of balsamic vinegar in which the
values varied between 23.8 and 72.50.

It was observed that for Brix parameter, in all three cases (before and after digestion),
the differences between some of the means are statistically significant, based on the obtained
p-values (0.000). Samples V5 has the highest mean followed by samples V4, while the
lowest mean was observed for samples V1, V1 gd, and V2 id respectively (Figure 5).
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Figure 5. Interval plots of Brix vs. samples before digestion (bd); and after gastric digestion (gd);
intestinal digestion (id). V1 = banana peel vinegar aged for 1 year, produced without boiling the
peels boiling aged for 1 year, V2 = banana peel vinegar aged for 3 years, produced without boiling
the peels boiling aged for 3 years, V3 = banana peel vinegar aged for 2 years, produced with peels
boiling the peels aged for 2 years, V4 = commercial balsamic vinegar produced from concentrated
apple juice and caramel aged in oak barrels for 1 year, V5 = Modena commercial vinegar obtained
from concentrated grape must. The error bars represent a 95% confidence interval for the mean.

Results obtained by applying Tukey pairwise comparisons method showed that all
means are significantly different before and after gastric digestion, instead of after intestinal
digestion samples V1 id, V2 id and V3 id can be grouped in one category which means that
they are not significantly different when Brix parameter is evaluated. The model fits our
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data since R-sq explains 99.98% of the variation in the response in the case of Brix, 99.54%
(for Brix gd) and 99.35% (for Brix id). Additionally, the model describes the response well
since S values are lower 0.133, 0.320 and 0.197, respectively. Before digestion, the Brix
values of vinegar samples decreased in the following order V5 > V4 > V2 > V3 > V1, after
digestion as expected the level of sugar for all vinegar samples decreased.

Bioactive properties such as total phenolic content and DPPH radical scavenging
activities of the analyzed samples are shown in Table 1. From the studied vinegar samples,
the highest TPC and I% levels were observed in the banana peel vinegar produced without
peels boiling aged for 3 years (V1), respectively banana peel vinegar produced with peels
boiling aged for 2 years (V3) V2 sample had the lowest levels in term of total phenolic
content and V5 sample the lowest I%. TPC of the vinegars varied from 4.03 mg gallic acid
equivalent/ L to 5.72 mg GAE/L, while DPPH scavenging activities was in the range of
levels from 5.42% to 60.92%. The total polyphenol content of the vinegars analyzed in this
study was lower than those reported by other researchers. Lee et al. [35] showed that total
polyphenol content of commercial onion, apple and pomegranate vinegar samples were
446.80, 780.47 and 37.43 µg/mL respectively. Na et al. [36] reported that total polyphenol
content of commercial rice, fig, persimmon, apple and brewed vinegars were 83.86, 320.94,
485.13, 41.97 and 284.10 mg/kg, respectively.

Bioactive characteristics of vinegars can vary a lot depending on the type of raw
material. The differences in the antioxidant activities were attributed to their different
phenolic content and composition and to other non-phenolic antioxidants present in the
samples [37].

After in vitro gastric digestion of the samples it was observed a decrease in total
polyphenols content compared with the data obtained before digestion. The TPC values
after intestinal digestion were lower than those obtained for the initial samples. These
results are similar to those obtained by Bakir et al. [38]. For the TPC parameter, the p-values
are equal with 0.000, in all cases (before, after gastric and intestinal digestion), which
means that differences between some of the means are statistically significant. According
to Figure 6, the highest means were registered for samples V1, V1 gd and V2 id, while the
lowest means were obtained for samples V2, V5 gd and V3 id and V4 id.

Results obtained by applying Tukey pairwise comparisons method showed that all
means are significantly different after gastric digestion, while before digestion samples
V5 and V3 can be grouped in one category as the samples V4 and V2 (grouped in another
category) which means that the means are not significantly different. Instead, after intestinal
digestion only V4 id and V3 id can be grouped in one category. The model fits our data,
since R-sq explains 99.73% of the variation in the response in the case of TPC, 99.95% (for
TPC gd) and 99.43% (for TPC id).

DPPH radical scavenging activity of the vinegar samples studied are lower than the
values obtained for onion (75.33%), pomegranate (92.13%) and higher than apple vinegar
(2.91%) [39]. A higher DPPH radical scavenging activity than that of the analyzed samples
was found at bokbunja (65%) [40] and omija vinegar (65.5%) [41].

Regarding the I% of the samples submerged to in vitro digestion, there was observed
an increase in DPPH radical scavenging activities especially after intestinal digestion,
ranging from 80.24% (V1) to 92.94% (V4). In the present study, bioactive properties of
analysed vinegars were lower than those obtained by Ozturk et al. [11] and similar to
those reported by Masino et al. [33]. DPPH radical scavenging activity of plum, apple and
lemon fruit vinegars obtained only by acetic acid fermentation ranged between 16.7% and
35.7% according to the study performed by Kim et al. [39]. If apple and plum vinegars
are produced by traditional two stages fermentation (alcohol and acetic) DPPH radical
scavenging ability is higher (between 59.66% and 65.99%).
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Figure 6. Interval plots of total polyphenol content (TPC) vs. samples before digestion (bd); and
after gastric digestion (gd); intestinal digestion (id). V1 = banana peel vinegar aged for 1 year,
produced without boiling the peels boiling aged for 1 year, V2 = banana peel vinegar aged for 3 years,
produced without boiling the peels boiling aged for 3 years, V3 = banana peel vinegar aged for 2 years,
produced with peels boiling the peels aged for 2 years, V4 = commercial balsamic vinegar produced
from concentrated apple juice and caramel aged in oak barrels for 1 year, V5 = Modena commercial
vinegar obtained from concentrated grape must. The error bars represent a 95% confidence interval
for the mean.

For I parameter, the p-values are equal with 0.000, in all cases (before, after gastric
and intestinal digestion), which means that differences between some of the means are
statistically significant. The highest means were registered for samples V3, V5 gd and
V3 and V4 id, while the lowest means were obtained for samples V5, V4 gd and V1 id.
All means are significantly different before digestion, while after digestion V1 gd and V3
gd can be grouped in one category as the samples V4 id, V3 id and V2 id (grouped in
another category) which means that the means are not significantly different. The model
fits our data since R-sq explains 99.96% of the variation in the response in the case of I
parameter, 99.95% (for I gd) and 99.66% (for I id) and S values are lower. Banana peel
vinegars have higher antioxidant activity and total polyphenol content quite similar to
commercial balsamic vinegars.

Table 2 presents mineral contents of the analyzed vinegars. In general Na, Mg, and Ca
were the most abundant minerals presented in the vinegars.

The sample coded as V3 was the richest one in terms of the amounts of a group of
minerals, such as Mg, Na, Cr, Mn and Se. Quantities of Cu and Mg ranged from 0.05 mg/L
to 3.11 mg/L and from 7.12 mg/L to 114.29 mg/L, respectively. Co and Ni of which
quantities were always lower than 0.15 mg/L, were the minerals with the lowest amount
among the other minerals analyzed. Banana peel vinegar is generally richer in Na, Mg,
and Ca content than other commercial vinegars.

The major ions in the body fluids are sodium and potassium. In order to assure
homeostasis, the regulation of proper concentration of these ions in the extra cellular and
intra cellular fluids is essential [42]. Diets based on fruits and vegetables that are rich in
potassium and magnesium are related to lower blood pressure [43].



Processes 2021, 9, 1193 12 of 14

Table 2. Mineral content of banana peel and commercial balsamic vinegars studied.

Mineral
Substance

Sample

V1 V2 V3 V4 V5

Se 2.82 e ± 0.026 2.54 d,e ± 0.030 2.89 e ± 0.017 0.07 e ± 0.010 0.14 d ± 0.017
Cr 3.63 d,e ± 0.020 3.26 d,e ± 0.026 3.72 d,e ± 0.017 0.04 e ± 0.010 0.12 d ± 0.010
Cu 3.01 d,e ± 0.062 2.79 d,e ± 0.125 3.11 e ± 0.108 0.05 e ± 0.009 0.33 d ± 0.035
Mg 113.31 b ± 0.370 105.06 b ± 0.986 114.29 b ± 0.719 7.12 c ± 0.123 111.90 b ± 1.115
Co 0.01 f ± 0.0002 0.02 e ± 0.010 0.01 f ± 0.005 0.00 e 0.00 d

Zn 0.764 f ± 0.019 0.569 d,e ± 0.016 0.812 f ± 0.001 3.61 d ± 0.045 2.38 d ± 0.096
Na 186.06 a ± 1.107 168.01 a ± 3.527 187.54 b ± 0.795 26.12 b ± 0.304 14.69 c ± 0.856
Ca 12.02 c ± 0.288 11.89 c ± 0.296 12.34 c ± 0.735 104.21 a ± 0.593 148.94 a ± 8.756
Ni 0.14 f ± 0.017 0.12 e ± 0.010 0.15 f ± 0.010 0.11 e ± 0.017 0.07 d ± 0.016
Mn 4.01 d ± 0.187 3.78 d ± 0.178 4.36 d ± 0.161 0.09 e ± 0.018 0.11 d ± 0.017

Different lowercase letters (a–f) in a row show significant differences between the groups (p < 0.05).

4. Conclusions

In this study, we determined the mineral and physicochemical characteristics of five
types of vinegars before and after in vitro digestion and applied the one-way ANOVA to
compare the vinegar sample characteristics.

In conclusion, this study demonstrated that banana peels vinegar has a lower antimi-
crobial activity due to the fact that total acidity is low. Physicochemical characteristics of
the banana peel vinegars were very diverse and different from those of the commercial
banana vinegars. The production of banana peels vinegar should be foreword studied in
order to produce vinegar that meets the standard requirements and that can lead to food
waste minimization and diversified vinegar offer on the market.
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