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Abstract: As one of the most widely used acidic condiments in the world, vinegars have demonstrated
physiological functions. Due to their polyphenol content, blueberries (Vaccinium myrtillus L.) are a
valuable source of natural flavours and antioxidants for vinegar production. Ultrasound treatment
is recognized as an effective technique for improving the extraction yield of bioactive compounds
from various plant materials. The aim of this research was to investigate the antioxidant properties of
experimental vinegar variants obtained by an innovative manufacturing recipe using an alcoholic
substrate containing blueberry juice for a rapid initiation of acetic fermentation. The substrate was
subjected to ultrasound treatment at a frequency of 20 kHz and an amplitude (A) of 40%, 60%, and
80% for 3, 4, and 5 min. Under these conditions, total polyphenol content (TPC), total anthocyanins
content (TAC), antioxidant activity based on ABTS and DPPH assays, as well as the sensory attributes
in blueberry-vinegar formulations, were evaluated. The level of TPC and TAC and the antioxidant
activity of the developed vinegar variants were optimized using response surface methodology (RSM).
The obtained results revealed that ultrasound treatment resulted in increased TPC and TAC and
improved antioxidant properties and sensory characteristics of blueberry vinegar. Our data revealed
that the optimum values of the ultrasound treatment parameters were amplitude A: 78.50% and time
t: 3.96 min. The following predicted values were determined for the main parameters: TPC: 628.01
mg GAE/L, TAC: 22.79 mg C3G/L, ABTS: 391.7 µmol/100 mL, and DPPH: 229.17 µmol/100 mL. The
results of this study recommend the integration of both the use of an alcoholic substrate containing
blueberry juice and the application of ultrasound treatment in vinegar production as innovative
technological interventions with practical applicability for a rapid initiation of acetic fermentation and
for improving the antioxidant properties of blueberry vinegar. In addition, RSM can be considered
a valuable tool to optimize the ultrasound treatment’s effect on the antioxidant properties of the
vinegar formulations.

Keywords: blueberry vinegars; ultrasound treatment of alcoholic substrate; antioxidant activity;
phenolic compounds; anthocyanins; response surface methodology

Fermentation 2023, 9, 600. https://doi.org/10.3390/fermentation9070600 https://www.mdpi.com/journal/fermentation

https://doi.org/10.3390/fermentation9070600
https://doi.org/10.3390/fermentation9070600
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0002-8467-7558
https://orcid.org/0000-0002-4201-676X
https://orcid.org/0000-0002-4774-4440
https://orcid.org/0000-0003-4641-7365
https://doi.org/10.3390/fermentation9070600
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation9070600?type=check_update&version=1


Fermentation 2023, 9, 600 2 of 18

1. Introduction

Vinegar is used as a fermented flavouring ingredient and as a special culinary con-
stituent preservative, and also to give flavour to many food products such as salad dress-
ings, mayonnaise, mustard, ketchup, and other food [1]. Due to its vitamins, phenolic
compounds, and organic acids in its constitution, vinegar has multiple positive effects on
health, especially for appetite stimulation, blood-sugar control, blood-pressure regulation,
digestive, antimicrobial, body-weight management, antidiabetic, and lipid metabolism
regulation [2–5].

Fruits such as grapes, apples, bananas, lemons, strawberries, rice, orange, pineapple,
mulberry, blueberry, blackberry, or vegetables can be used as raw material for vinegar
production all around the world [6]. Vinegars are named according to their raw material
origin and uptake the properties of the corresponding raw material [7]. Berry vinegar
contains numerous bioactive compounds, including phenolic components. The synergic
effect of the acetic acid and these bioactive compounds could give to this product its ability
to reduce the availability of carbohydrates, which is good for people with diabetes [8].
Vinegars obtained from fruit juices conserve just a fraction of these health-connected
compounds [9].

According to the ‘Global Vinegar Market Report and Forecast 2021–2026’, the global
vinegar market reached USD 1.32 billion in 2020. Meanwhile, the global vinegar market it
is expected to grow at a Compound Annual Grow Rate (CAGR) of 1.6% between 2021 and
2026. It is expected to grow in the forecast period of 2021–2026 at a CAGR of 1.6% to attain
USD 1.43 billion in 2026 [10]. The global vinegar market is led by the rising consumption
of food globally. Europe is the largest vinegar market, representing nearly half of the
global market. Within Europe, Italy is the leading market for vinegar as well as its major
exporter [10,11].

The production of fruit vinegars as a way of making use of fruit byproducts is widely
employed by the food industry since it allows them to exploit surplus and low-quality
fruits without compromising the quality of the final product. The acetic nature of fruit
vinegars and the high sensory impact that this acid produces on the sensorial properties
of the product allow almost any type of fruit to be used for its elaboration. Every year,
large amounts of fruits are produced and wasted since the excess cannot be consumed or
because the fruits are considered of a second- or third-quality category [11].

In line with the Food and Agriculture Organization of the United Nations (FAO) [11],
21.6% of the fruit produced in the world is wasted, starting from the postharvest stage until
its distribution. Very often, fruit is rejected simply because of its “imperfect” appearance
or inadequate size, even if the fruit is edible. These actions lead to both ecological and
economic problems [12]. Considering the functional properties and the perishability of
these fruits, the use of such raw material in the production of high-value-added products
such as vinegars could be a valuable strategy [13]. Usually, this vinegar is produced from
raw materials containing sugar via sequential ethanol and acetic acid fermentations [14,15].

In the last few years, in food production, ultrasonic processing was considered a benefi-
cial method for improving the nutritional properties of products regarding the enhancement
of their biologically active compounds level, mostly the phenolic compounds [16]. It was
outlined that the use of ultrasonic extraction for vegetable extracts could raise sucrose
content, acidity content, phenolic compounds level, and pigmentation of liquid foods [17].
Data reported by other researchers [16,18] demonstrated the increase of the antioxidant
potential of different liquid food products, such as tomato juice or cider, after the use of
the ultrasound treatment. Currently, the reports of ultrasound treatment effects on the
antioxidant potential of vinegars obtained from berry juices are limited, despite its potential.

Response surface methodology (RSM) can reduce workloads and the time consump-
tion of the research work [3,19]. Therefore, RSM was used in this study, being successful
in “predicting the model of various process factors in a convenient manner such as food
science and engineering, chemical engineering and technology, and environment fields,
etc.” [19–21].
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In this study, an alcoholic substrate containing blueberry juice treated with ultrasound
was used to obtain blueberry vinegar. Under these conditions, the intention was to rapidly
initiate acetic fermentation. The degree of innovation of this study refers to a new recipe
used for obtaining blueberry vinegar and identifying a treatment formula for this product in
order to improve the polyphenols and anthocyanins content and the antioxidant properties.
Consequently, the goal of this study was to optimize (using RSM) the extraction of polyphe-
nols and anthocyanins, and the antioxidant activity of some vinegar variants obtained from
an alcoholic substrate containing blueberry juices treated by ultrasound. Optimization is
used in food processes, especially to minimize losses of bioactive ingredients, with RSM
being preferred for this purpose. Thus, we aimed to apply the ultrasound treatment for the
first time in blueberry-vinegar production by a new method and to optimize the bioactive
components (TPC, TAC, DPPH, and ABTS) using RSM.

2. Results and Discussion

The effects of high-power ultrasonic treatment were explored in terms of the content
of bioactive compounds such as TPC and TAC, as well as antioxidant activity measured
by ABTS and DDPH assays. All the above parameters were studied on blueberry fruits,
blueberry juice, juice diluted with water, and blueberry vinegar (B), as well as on the
samples subjected to ultrasound treatment at 40, 60, and 80% amplitude for 3, 4, and
5 min, as follows: B403 (A = 40%; t = 3 min), B404 (A = 40%; t = 4 min), B405 (A = 40%;
t = 5 min), B603 (A = 60%; t = 3 min), B604 (A = 60%; t = 4 min), B605 (A = 60%; t = 5 min),
B803 (A = 80%; t = 3 min), B804 (A = 80%; t = 4 min), and B805 (A = 80%; t = 5 min).

2.1. Analysis of the Raw Material (Blueberry) and Blueberry Juices Obtained

The titratable acidity (TA), pH, and total soluble solids (TSS), expressed in ◦Brix, of
fruit raw material, blueberry juice, and blueberry juice diluted with water are presented
in Table 1.

Table 1. Titratable acidity, pH and total soluble solids of blueberry fruits, blueberry juice, and
blueberry juice diluted with water.

Sample Titratable
Acidity (%) TSS (◦Brix) pH TSS/TA

Ratio

Blueberry 1.29 ± 0.02 12.28 ± 0.47 3.02 ± 0.14 9.44
Blueberry juice 0.94 ± 0.01 13.02 ± 0.26 3.17 ± 0.29 12.48

Juice diluted with water 0.75 ± 0.01 10.00 ± 0.00 3.3 ± 0.00 11.76
Each value represents average ± standard deviation (n = 3).

According to Saftner et al. [22], for consumption, the blueberries should have TSS
values above 10%, total titratable acidity values between 0.3% and 1.3%, pH values from
2.25 to 4.25, and a TSS/TA ratio between 10 and 33. In our case, the titratable acidity varied
around the value of 1.29% with a pH of 3.02, which is acceptable for fresh consumption.
However, in relation to acidity and TSS/TA ratio, the value is less than 10% and, hence,
their destination for the production of vinegars could be of interest for being explored. The
results for pH (3.02) and titratable acidity (1.29%) indicated the fruits were quite acidic.
Similar values for titratable acidity (1.58%) were reported for blueberries cultivated in
Turkey [23]. Likewise, mature blueberries cultivated in Nova Scotia (Canada) were much
less acidic than the blueberries used in this work [24]. High values of blueberry acidity
were also reported by de Souza et al. [25] and by da Silva Fonseca et al. [13] for blueberries
grown in Brazil (2.56% and 2.04%).

The results for total soluble solids content (12.28 ◦Brix) were similar to that reported
by da Silva Fonseca et al. [13] for Brazilian blueberries and by Almenar et al. [26] who
found a value of 12.67 ◦Brix for high bush blueberries (V. corymbosum L.).
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Total phenolic content (TPC), total anthocyanin content (TAC), and antioxidant po-
tential, expressed as ABTS and DPPH assay of the berry fruits raw material are presented
in Table 2.

Table 2. Total phenolic content, total anthocyanin content, and antioxidant potential of berry fruits.

Fruit Raw Material TPC
(mg GAE/100 g)

TAC
(mg C3G/100 g)

ABTS
(µmol TE/g)

DPPH
(µmol TE/g)

Blueberry 642.37 ± 0.24 1 80.28 ± 0.82 1 38.36 ± 6.03 1 27.58 ± 0.5 1

5246.94 ± 19.49 2 651.46 ± 6.67 2 312.38 ± 0.74 2 224.59 ± 5.94 2

1 Values specified at fresh weight FW; 2 Values specified at dry weight DW. Each value represents average ±
standard deviation (n = 3).

Table 3 contains data on the total phenolic content (TPC), total anthocyanin content
(TAC), and antioxidant potential of the blueberry juices used in the vinegar manufactur-
ing process.

Table 3. Total phenolic content, total anthocyanin content, and antioxidant potential of blueberry
juices used in the vinegar manufacturing process.

Raw Material
TPC

(mg GAE/L)
(mg GAE/100 g DW)

TAC
(mg C3G/L)

(mg GAE/100 g DW)

ABTS
(µmol TE/100 mL)
(µmol TE/g DW))

DPPH
(µmol TE/100 mL)
(µmol TE/g DW)

Blueberry juice 1364.52 ± 46.4 1 195.28 ± 11.54 1 798.2 ± 18.43 3 653.9 ± 25.18 3

1048.0 ± 3.56 2 149.98 ± 8.82 2 68.9 ± 7.40 4 50.22 ± 14.72 4

Juice diluted with water 972.18 ± 23.4 1 142.46 ± 2.80 1 600.3 ± 38.19 3 482.01 ± 28.30 3

972.1 ± 23.4 2 142.46 ± 2.80 2 60.03 ± 3.80 4 48.27 ± 16.50 4

1 Values expressed in mg GAE/L (FW). 2 Values expressed in mg GAE/100 g DW (specified at dry weight DW).
3 Values expressed in µmol TE/100 mL FW. 4 Values expressed in µmol TE/g DW.

Similar amounts of the total phenolic compounds of the blueberry used in the present
study (642.37 mg GAE/100 g) were reported by Bunea et al. [27] for the Bluecrop variety
(652.27 mg GAE/100 g) and by da Silva Fonseca et al. [13] when using ethanol as an
extraction solvent (697.49 mg GAE/100 g).

The results regarding the total anthocyanins tested in our study for the blueberry
(80.28 mg/100 g) were similar to those found by Jacques et al. [28] ranging from 72 to
128 mg/100 g and with those obtained by da Silva Fonseca et al. [13] (88.29 mg/100 g). In
the case of the anthocyanins content, the results were much less than those obtained by
Bunea et al. [27] for the Romanian blueberry V. corymbosum L. (100.58–163.40 mg/100 g).
The content of anthocyanins depends on many factors (growing area, climatic conditions,
harvest time, positioning conditions, etc.). These factors may have contributed to the
observed differences in anthocyanin content.

Regarding the antioxidant activity of the blueberry tested in this study using an ABTS
assay (38.36 µmol TE/g), higher values were found compared to the values reported by
Bunea et al. [27] for several blueberry varieties, ranging from 24.33 to 36.46 TE mmol/g.

2.2. Vinegars Variants Obtained (Acidity, TSS)

The average values of vinegar acidity obtained in this study are presented in Figure 1
and varied between 3.597 and 4.307% after 50 days of fermentation. Generally, the acidity
values were similar to the data presented by da Silva Fonseca et al. for blueberry vine-
gars [13]. The maximum value of acetic acid content (4.307%) was obtained for variant
B804 (Figure 1).
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Figure 1. The average value of acidity (acetic acid %) of the blueberry variants obtained using sub-
strates ultrasounds treated (graph of acetic acid formation in different stages of acetic fermentation).
Data were expressed as the average values of 3 determinations ± standard deviation. Values with
different letters differ significantly by ANOVA and Duncan’s test (p < 0.05).

According to Tarhon M.C and to Romanian legislation, fruit vinegars must have a
minimum acidity of 3.5 g/100 mL acetic acid and can present a maximum residual ethanol
content of 1 g/L [29].

The vinegars obtained in this study are in accordance with legislation (Figure 1). The
legislation does not establish the maximum value for the acetic acid content of the vinegar,
but a vinegar with an acidity exceeding 5.5% can be rejected by consumers [13].

2.3. Total Phenolic Content and Total Antocyanins Content of Blueberry Vvinegars

The average values of total polyphenol content, total anthocyanins content, and
antioxidant potential, expressed as ABTS and DPPH assay, of blueberry vinegars obtained
using the process described in the chapter material and methods are presented in Table 4.

Table 4. Average values of the total soluble solids, total polyphenol content, total anthocyanins
content, and antioxidant potential of blueberry vinegars.

TSS TPC TAC ABTS DPPH

(◦Bx) (mg GAE/L) (mg GAE/100 g DW) (mg C3G/L) (mg GAE/100 g DW) (µmol TE/100 mL) (µmol TE/g DW) (µmol TE/100 mL) (µmol TE/g DW)

B 8.6 431.33 ± 24.72 e 501.55 ± 28.74 e 13.46 ± 3.22 d 15.65 ± 3.72 d 209.18 ± 42.60 e 24.32 ± 49.53 e 137.41 ± 11.35 e 15.98 ± 13.20 e

B603 8.6 441.41 ± 51.11 e 513.27 ± 58.75 e 15.25 ± 1.32 cd 17.73 ± 1.52 cd 220.63 ± 37.22 e 25.65 ± 42.78 e 146.68 ± 16.42 e 17.06 ± 18.87 e

B803 8.6 455.45 ± 38.36 e 529.59 ± 43.44 e 16.07 ± 1.96 cd 18.69 ± 2.22 cd 244.29 ± 25.87 e 28.41 ± 29.30 e 150.66 ± 11.85 e 17.52 ± 13.42 e

B403 8.5 486.77 ± 25.30 de 572.67 ± 29.42 de 16.45 ± 2.18 cd 19.35 ± 2.53 cd 260.34 ± 18.00 de 30.63 ± 20.9 de 139.99 ± 19.07 e 16.47 ± 22.17 e

B604 8.7 475.88 ± 38.39 e 546.99 ± 44.13 e 16.05 ± 2.60 cd 18.45 ± 2.99 cd 300.62 ± 34.13 cd 34.55 ± 39.23 cd 155.02 ± 13.00 e 17.82 ± 14.94 e

B805 8.7 601.84 ± 30.26 ab 691.77 ± 33.62 ab 21.08 ± 2.44 ab 24.23 ± 2.71 ab 363.69 ± 14.50 b 41.80 ± 16.11 b 217.10 ± 12.02 ab 24.95 ± 13.36 ab

B605 8.5 547.63 ± 19.22 bc 644.27 ± 22.61 bc 18.61 ± 1.50 bc 21.89 ± 1.76 bc 350.51 ± 25.26 bc 41.24 ± 29.72 bc 187.56 ± 11.07 cd 22.07 ± 13.02 cd

B804 8.83 536.53 ± 24.00 cd 607.62 ± 26.67 cd 20.74 ± 1.86 ab 23.49 ± 2.07 ab 317.31 ± 25.04 bc 35.94 ± 27.82 bc 179.96 ± 12.04 d 20.38 ± 13.38 d

B404 9.0 643.05 ± 28.05 a 714.50 ± 32.62 a 23.29 ± 1.34 a 25.88 ± 1.56 a 417.19 ± 37.53 a 46.35 ± 43.64 a 238.04 ± 14.18 a 26.45 ± 16.49 a

B405 9.0 588.15 ± 27.39 abc 653.50 ± 32.22 abc 21.15 ± 2.38 ab 23.50 ± 2.80 ab 361.03 ± 17.93 b 40.11 ± 21.09 b 204.56 ± 11.33 bc 22.73 ± 13.33 bc

Data were expressed as the average of 3 determinations ± standard deviation. Values with different letters differ
significantly by ANOVA and Duncan’s test (p < 0.05).
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To understand the influence of ultrasound treatments on the biologically active com-
pounds of blueberry vinegars and to improve the levels of these valuable substances, the
response surface methodology (RSM) was used. All polynomial mathematical equations
concerning the indicators of the vinegars obtained in this study are given as the results of
RSM. Therefore, with the aim to optimize the process for increasing the level of TPC and
TAC, the following polynomial model was used:

TPC (mg GAE/L) = 601.81 + 57.73 × X1 + 30.90 × X2 − 28.46 × X1
2 − 55.83 × X2

2 + 1.57 × X1 × X2 (1)

TAC (mg C3G/L) = 21.08 + 2.55 × X1 − 0.6538 × X2 − 0.7289 × X1
2 − 1.90 × X2

2 − 0.1972 × X1 × X2 (2)

where X1 indicates the ultrasound amplitude and X2 refers to the time of the treatment.
These models indicate the effect of amplitude and time on the TPC and TAC values in

berry vinegar as a result of RSM, using the experimental design presented in Table 5. The
TPC values were the highest (643.2 mg GAE/L) for the ultrasound-treated samples using
an amplitude of 80% for 4 min. The lowest TPC value was found in the samples treated
with an amplitude of 40% for 3 min (441.4 mg GAE/L). Regarding the TAC of the samples,
the lowest value was reported at 3 min and with 40% amplitude in sample application
3 (B403) (15.31 mg C3GE/L). The highest TAC value was identified in the variant treated
with 80% amplitude for 4 min (23.29 mg C3GE/L) (Table 5).

Table 5. The measured responses in the experimental design (RSM).

Sample
Application

(ID)

Independent Variables Dependent Variables

Amplitude
(X1)

Time
(X2)

Response 1 Response 2 Response 2 Response 3

TPC
(mg GAE/L)

TAC
(mg C3G/L)

ABTS
(µmol TE/100 mL)

DPPH
(µmol TE/100 mL)

B - - 431.33 13.46 209.18 137.41
1 (B603) 60 3 475.88 16.05 300.62 155.02
2 (B803) 80 3 536.53 20.74 317.31 179.96
3 (B403) 40 3 441.41 15.31 220.63 146.68
4 (B604) 60 4 600.19 21.01 363.43 216.94
5 (B604) 60 4 605.32 21.11 364.44 217.88
6 (B805) 80 5 588.15 21.15 361.03 204.56
7 (B605) 60 5 547.63 18.61 350.51 187.56
8 (B604) 60 4 600.21 21.05 363.32 216.44
9 (B804) 80 4 643.05 23.29 417.19 238.04

10 (B604) 60 4 603.28 21.13 363.42 217.88
11 (B404) 40 4 455.45 16.07 244.29 150.66
12 (B604) 60 4 600.19 21.12 363.84 216.37
13 (B405) 40 5 486.77 16.45 260.34 139.99

The results regarding the analysis of variance (ANOVA) for the responses in the case
of TPC (mg GAE/L) and TAC (mg C3G/L) of the berry vinegar samples at different levels
of amplitude and time are presented in Table 6.

For complying with the level, there was found a quadratic model (R2 = 0.9614 for TPC,
respectively, R2 = 0.9889 for TAC). The effect of the amplitude on the TPC and TAC of the
samples was statistically significant at p < 0.001.

The change of the TPC and TAC values, depending on the US time and amplitude is
presented in Figure 2.
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Table 6. Analysis of variance (ANOVA) for the responses regarding vinegars TPC and TAC.

Source SS DF MS F-Value p-Value Significance

Model for TPC
(mg GAE/L) 52,678.71 5 10,535.74 60.73 <0.0001 **

X1 = A-Amplitude 26,658.15 1 26,658.15 153.67 <0.0001 **
X2 = B-Time 4922.79 1 4922.79 28.38 0.0001 **

AB 9.80 1 9.80 0.0565 0.8190 -
A2 6520.57 1 6520.57 37.59 0.0005 *
B2 16,951.25 1 16,951.25 97.72 <0.0001 **

Lack of Fit 1192.03 3 397.34 71.32 0.0006 -
Total 53,893.02 12 -

R2 = 0.9775; Adjusted R2 = 0.9614; Std. Dev. = 13.17; Average = 552.62; C.V. % = 2.38

Model for TAC
(mg C3G/L) 82.45 5 16.49 214.12 <0.0001 **

X1 = A-Amplitude 52.02 1 52.02 675.51 <0.0001 **
X2 = B-Time 3.42 1 3.42 44.40 0.0003 *

AB 0.1560 1 0.1560 2.03 0.1976 -
A2 3.70 1 3.70 47.99 0.0002 *
B2 25.22 1 25.22 327.42 <0.0001 **

Lack of Fit 0.5284 3 0.1761 65.72 0.0007 -

R2 = 0.9935; Adjusted R2 = 0.9889; Std. Dev.= 0.2775; Average = 19.46; C.V. % = 1.43

SS: Sum of squares; DF: degree of freedom; MS: average squares; TPC: total polyphenols content; TAC: total
anthocyanin content; * significant at p < 0.05 and ** significant at p < 0.01

In the optimization model, TPC was determined to be 628.02 mg GAE/L and TAC was
found to be 22.79 mg C3G/L, after 3.96 min and 78.50% amplitude treatment
(Figure 2), an increase of 45.6% was found for TPC, compared with the untreated con-
trol, and, respectively, an increase of 69.3% was identified for the TAC amount value.

Similar results regarding the positive effects of ultrasonic treatments on vinegars TPC
were reported by Yikmis, et al. for apple [3] and tomato vinegars [9], by Lieu et al. [17] for
grape juice, by Brezan et al. [16] for apple cider, and by Bhat et al. [30] for lime juice.

2.4. Antioxidant Activity of Berry Vinegars

With the aim of optimizing the process to increase the level of ABTS and DPPH, the
following polynomial model was used:

ABTS (µmol TE/100 mL) = 363.69 + 55.23 × X1 + 19.25 × X2 − 26.06 × X1
2 − 28.64 × X2

2 + 1.01 × X1 × X2 (3)

DPPH (µmol TE/100 mL) = 217.1 + 27.68 × X1 + 9.64 × X2 − 14.55 × X1
2 − 28.41 × X2

2 + 7.82 × X1 × X2 (4)

where X1 indicates the ultrasound amplitude and X2 refers to the time of the treatment.
Table 7 presents the results of the ANOVA analysis for ABTS (µmol TE/100 mL) and

DPPH µmol TE/100 mL) values of the berry-vinegar samples. In this study, a quadratic
model was used (R2 = 0.8607 for ABTS and R2 = 0.9189 for DPPH) and the values obtained
are within the accepted limits.

The change of ABTS and DPPH values, depending on the US variables (amplitude
and time) is presented in Figure 3.

At the end of optimization, ABTS was found to be 363.69 (µmol TE/100 mL) and
DPPH respectively 217.102 (µmol TE/100 mL) for 3.96 min treatment at 78.50% amplitude
(Figure 4).

The lowest DPPH (µmol TE/100 mL) value was determined in the sample treated
for 5 min with 40% amplitude, application 13 (139.1 µmol TE/100 mL), while the highest
DPPH value was detected in the sample treated with 80% amplitude for 4 min (238.9 µmol
TE/100 mL).
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Table 7. Analysis of variance (ANOVA) of responses for antioxidant activity (evaluated by DPPH
and ABTS assays) of the vinegar samples.

Source SS DF MS F-Value p-Value Significance

Model for ABTS *
(µmol TE/100 mL) 36,608.95 5 7321.79 15.83 0.0011 *

X1 = A-Amplitude 24,406.97 1 24,406.97 52.77 0.0002 **
X2 = B-Time 2964.31 1 2964.31 6.41 0.0391 *

AB 4.04 1 4.04 0.0087 0.9282 -
A2 4723.21 1 4723.21 10.21 0.0152 *
B2 5707.83 1 5707.83 12.34 0.0098 *

Lack of Fit 3236.73 3 1078.91 5004.21 <0.0001 -
Total 39,846.54 12 -

R2 = 0.9187; Adjusted R2 = 0.8607; Std. Dev. = 21.15; Average = 330.03; C.V.% = 6.52

Model for DPPH *
(µmol TE/100 mL) 12,791.90 5 2558.38 28.21 0.0002 *

X1 = A-Amplitude 6128.57 1 6128.57 67.57 <0.0001 **
X2 = B-Time 511.31 1 511.31 5.64 0.0493 *

AB 244.77 1 244.77 2.70 0.1444 -
A2 1592.54 1 1592.54 17.56 0.0041 *
B2 4946.38 1 4946.38 54.53 0.0002 *

Lack of Fit 632.73 3 210.91 381.58 <0.0001 -

R2 = 0.9527; Adjusted R2 = 0.9189; Std. Dev. = 9.41; Average = 190.66; C.V. % = 4.94

SS: Sum of squares; DF: freedom degree; MS: average squares; * significant at p < 0.05 and ** significant at p < 0.01.

The antioxidant activity mentioned in this study is higher than those reported by
Arvaniti et al. [31] for commercial and homemade Greek vinegars (from apple cider) and
similar to those specified by da Silva Fonseca et al. [13] for the blueberry and honey vinegars
obtained using another fermentation process.

As stated by Wang et al. [32], ABTS and DPPH radicals have a different stereo-chemical
composition and consequently confer, after interaction with antioxidants, a qualitatively
different reaction for radical deactivation. In this context, more than a single assay is needed
to provide the amount of information needed to estimate the antioxidant potential.

Figure 4 showed that a satisfactory antioxidant range is likely to be obtained by
applying an ultrasound treatment with an amplitude of 78.50% and a period time of
3.96 min and this fact is most likely owing to the high responsiveness of phenolics to
these conditions.

2.5. HPLC Analysis of Phenolic Compounds

In this study, four phenolic compounds (ellagic acid, gallic acid, ferulic acid, and
chlorogenic acid) were identified in several samples chosen according to the results obtained
using the model optimization. The choice of the study of the four hydroxycinnamic acids
was made taking into account data from the literature that reported hydroxycinnamic
acids (gallic acid and caffeic acid) as the main phenolic compounds in most types of fruit
vinegars [33]. Chou et al. [34] highlighted that the number of flavonoids in vinegars is less.
The authors reported that only one flavonoid compound (catechin) was detected when 21
flavonoid standards were analyzed. In persimmon vinegar, hydroxycinnamic acids were
reported as major compounds [35], while in pomegranate vinegar, the protocatechuic acid
(28.88 ± 0.02 mg/L), followed by gallic acid, were the most abundant phenolic compounds
detected [36].

The level of these antioxidants in the vinegars obtained using the US treated substrates
A 80% and 60% for 4 and 5 min and the untreated substrate are presented in Table 8.
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Figure 3. Response surface showing the effect of time (min) and amplitude (A%) of the ultrasound
treatments on the antioxidant potential of the blueberry vinegars: (a) ABTS assay; (b) DPPH assay.

It can be observed that the level of all phenolics compounds identified by HPLC
analysis was the highest in the vinegar sample B804 (ID Table 5). This vinegar sample was
obtained using an amplitude of 80% for 4 min and the values of the treatment parameters
were very close to those recorded after applying the optimization model (A 78.5%, 3.96 min).
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Figure 4. Contour plots showing the optimum predicted values for all the responses (parameters
predicted values for amplitude 78.50% and 3.96 min time period of the US treatment): (a) desir-
ability; (b) predicted value for TPC (612.715; 643.31); (c) predicted value for TAC (22.4769; 23.1216);
(d) predicted value for ABTS (366.732; 416.689); (e) predicted value for DPPH (218.104; 240.227).
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Table 8. Phenolic compounds in the vinegar samples identified by HPLC.

Sample Ellagic Acid
(µg/100 mL)

Gallic Acid
(µg/100 mL)

Ferulic Acid
(µg/100 mL)

Chlorogenic
Acid (µg/100

mL)

B 1.781 ± 0.085 d 21.466 ± 2.72 d 1.506 ± 0.038 d 17.422 ± 1.083 b

B804 3.347 ± 0.026 a 35.22 ± 1.03 a 2.538 ± 0.116 a 18.801 ± 0.995 a

B805 3.271 ± 0.018 b 34.065 ± 0.85 b 1.967 ± 0.047 b 8.588 ± 0.084 d

B604 3.062 ± 0.104 c 28.215 ± 1.34 c 1.59 ± 0.062 c 14.238 ± 1.027 c

B605 2.353 ± 0.163 c 21.914 ± 2.78 d 1.536 ± 0.009 cd 8.447 ± 0.082 d

Data were expressed as the average of 3 determinations ± standard deviation. Values with different letters differ
significantly by ANOVA and Duncan’s test (p < 0.05).

2.6. Sensory Analysis

The results of sensory analysis of blueberry-vinegar samples, based on odour and
taste profiles (general impression, pungent sensation, aromatic intensity, taste, and ethyl
acetate odour) are presented in Figure 5. Among the judges, there were six experts (three
female and three male panellists). The score of the attribute “ethyl acetate odor” is only the
score of intensity.
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Table 5. There were significant differences between samples at p < 0.05 and n.s., no statistical difference.

Sensory analysis of the vinegar variants evaluated revealed no abnormal odours. It
was observed that there was no statistically significant difference between all samples in
the case of the vinegars taste. The intensely sour taste of vinegar led to similar results, with
the scores given by the tasters being close (there were no significant differences in taste).

The B804 (ID Table 5) sample was the most preferred sample regarding the evaluation
of colour (8.27), aromatic intensity (8.18), pungent sensation (7.07), and general evaluation
of impression (8.18) (p < 0.05).

The evaluation of the panellists highlights that the samples obtained using ultrasound-
treated substrates were generally more liked compared with the sample control (B). Similar
data were reported by Yikmus, et al. [4] for US-treated juice vinegars, products generally
admired by the panellists. Other researchers reported also an improvement in the sensory
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evaluations because of the ultrasound treatments used in the processing of various fruit
juices [37].

3. Materials and Methods
3.1. Materials, Reagents

Folin–Ciocalteu reagent, was acquired from Sigma-Aldrich (St. Louis, MI, USA). DPPH
(cat. no. D9132, purity 97%) and ABTS (cat. no. A1888, purity 98.6%) were acquired from
Sigma-Aldrich (St. Louis, MO, USA). Cyanidin 3 glycoside and gallic acid were acquired
from Karl Roth GmbH (Karlsruhe, Germany). Hydrochloric acid, sodium acetate, sodium
carbonate, and sodium hydroxide were acquired from POCH BBASIC (Glivice, Poland).
Trolox were acquired from Sigma-Aldrich (St. Louis, MO, USA).

Wild blueberry fruits (Vaccinium myrtillus L., Wild), sold at a local fruit market, were
used as raw materials. The berries were harvested in August from a hilly area situated in
Northeast Romania 45◦43′18′′ N 26◦20′15′′ E (Comandau, Covasna County, Romania).

3.2. Production of Berry-Vinegar Variants

Fresh blueberries were sorted, mechanically crushed (with a beater), and the berry
juice was obtained under laboratory conditions using a Bosch MES3500 (700 W) centrifugal
juice extractor (Bosch GmbH, Stuttgart, Germany) following a procedure typically applied
at home scale.

The clear blueberry juice obtained was used for the production of vinegar according to
the technological flow chart shown in Figure 6 but the method used was not the traditional
one. We have tried a new method, our intention being the faster initiation of acetic
fermentation, the use of treatments leading to the accentuation of the functional valences of
the finished product, and the identification of the optimal parameters of these treatments
in order to obtain vinegar with improved antioxidant properties.

First, the berry juices were diluted with water in order to obtain substrates having
total soluble substances of 10 ◦Brix. After that, these substrates were mixed with ethanol
(7%, v/v), glucose (4%, w/v), and apple vinegar (10%, v/v) for acidification. A commercial
mineral-salts blend (0.03%, w/v; Acetozym® (Heinrich Frings GmbH & Co. KG, Rheinbach,
Germany ) was used to supplement the substrates. After the ultrasound treatments, this
substrate having enough alcohol for the acetic fermentation was inoculated (in ratio 10%,
v/v) with a culture of acetic bacteria prepared according to da Cunha et al. [1] and da Silva
Fonseca [13]. A volume of 200 mL ultrasound-treated substrate was transferred to a 0.5 L
capacity glass jar and inoculated with 20 mL acetic bacteria culture inoculum. The acetic
bacteria culture and the inoculum were prepared according to da Cunha et al. [1]. The
acetic acid bacteria were isolated from red grape (Vitis vinifera L.) vinegar produced in the
faculty laboratory, by cultivating nonpasteurized vinegar in a GY medium (100 g/L glucose,
10 g/L yeast extract, and 100 mg/L natamycin). For obtaining the inoculum, in 500 mL
Erlenmeyer flasks there were mixed the acetic bacteria culture (25 mL) with blueberry wine
(150 mL), the dilution of the bacterial culture being 1:7. The flasks were incubated at 30 ◦C
for 24 h in an orbital shaker rotating at 120 rpm for growth and cell adaptation and then
added to the alcoholic substrates.

The fermentation temperature was set at 30 ◦C. During the process were determined
the acidity (% acetic acid) and the pH values. The fermentation process was stopped when
the acetic acid content was stable for a period of 7 days and until the alcohol content was
between 0.5% and 1%. The acetic fermentation experiments were completed in 50 days
after the inoculation. As a control (B sample), it used the untreated berry vinegar. Vinegar
samples were stored at 4 ◦C.

3.3. Titratable Acidity, pH, and Total Soluble Solids

The pH, titratable acidity (% acetic acid), and total soluble solids values were deter-
mined for the substrates (before fermentation) and for the vinegar samples. The pH was
measured using a pH meter (Consort C5020T, Consort, Turnhout, Belgium), the acidity
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(% acetic acid) was determined by titration with a solution of 1N NaOH in the presence
of phenolphthalein as an indicator and the total soluble solids content (TSS, ◦Brix) was
analysed using a refractometer (OE Germany/OE Swiss/MASS) at room temperature.
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3.4. Ultrasound (US) Treatments

The substrates were ultrasonically treated (VCX-750, Sonics & Materials, Inc.,
Newtown, CT, USA) using a continuous frequency of 20 kHz, an amplitude A of 40%, 60%,
and 80%, and a power of 750 W for periods of 3, 4, and 5 min for samples of 19 mm and
500 mL as a mixture [16].

3.5. Factorial Experimental Design

The berry vinegars’ parameters were analyzed using Minitab Statistical Analysis
Software (Minitab18.1.1) and response surface methodology (RSM) was employed in order
to optimize the ultrasound treatment’s effect on the antioxidant properties of the products.
Table 5 presents the test applications (ID samples) used for optimization.

The response surface method (RSM) was used to understand the effect of ultrasound
treatment of blueberry vinegar on bioactive components. Central composite design (CCD)
was chosen for RSM. Two factors and 3 levels were determined in the design. There were 13
trial points for RSM optimization. Model adequacy, R2 and corrected R2 coefficients, lack-
of-fit tests, and ANOVA results were evaluated. The independent variables were duration
(X1) and amplitude (X2). Dependent variables were total phenolic content (TPC), total
anthocyanins content (TAC), and total antioxidants (DPPH and ABTS). MINITAB statistical
software (Minitab 18.1, Minitab, Inc., State College, PA, USA, 2017) was used for RSM
and its graphs were developed with SigmaPlot 12.0 Statistical Analysis Software (Systat
Software, Inc., San Jose, CA, USA). A polynomial was used to create model equations.
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3.6. Total Phenolic Content (TPC) and Total Monomeric Anthocyanins Content (TAC)

Total phenolic content (TPC) of the samples was analyzed by the Folin–Ciocalteu
method [38] using a plate reader spectrophotometer (Tecan, SunRiseTM, software MagellanTM,
Männedorf, Switzerland). The TPC was calculated as milligrams of gallic acid equivalents
(GAE) per litre (L) and per 100 g dry weight (DW).

Total anthocyanins monomers were determined using the differential pH method and
the absorbance was measured by the use of a spectrophotometer DR2800 type (Hach Lange,
Loveland, CO, USA) [39]. The results were reported as mg cyanidin 3 glycoside (C3G) per
litre of vinegar, respectively, per 100 g DW.

3.7. Antioxidant Activity

The antioxidant activity was determined by two different methods, respectively, ABTS
and DPPH assays.

3.7.1. ABTS Assay

The antioxidant potential of vinegar variants in reaction with ABTS (2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid) radical (ABTS +) was determined by referring to
a method related by Re et al. [40]. Trolox standards were applied to generate the calibration
curve. Results were reported in µmol Trolox Equivalents per 100 mL of vinegar (µmol
TE/100 mL) and per g dry weight (µmol TE/g DW).

3.7.2. DPPH Assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was formulated by a method de-
scribed by Kumaran et al. [41]. Absorbance was analyzed at 517 nm (spectrophotometer
DR2800, Hach Lange, Loveland, USA) considering the methanol as a witness sample. The
antioxidant activity of the samples against DPPH radicals was expressed as micromoles of
Trolox equivalents per 100 mL of vinegar (µmol TE/100 mL) and per g dry weight (µmol
TE/g DW) using a calibration curve previously created.

3.8. Polyphenols Profiles by HPLC Analysis

The polyphenolic compounds profile was determined by high-performance liquid
chromatography (HPLC) according to the method described by Abdel-Hameed et al. [42].
Separations were performed using an Agilent Technologies 1200 chromatograph equipped
with a UV-DAD detector, using a 250 mm × 4 mm Licrocart (Licrospher PR-18 5 µm)
column (Merck, Darmstadt, Germany) operated at 30 ◦C. All recorded data were processed
using Agilent Chem Station B.04.03 software (Agilent, Santa Clara, USA). The mobile phase
consisted of water/acetic acid (97:3, v/v) (eluent A) and acetonitrile (eluent B) at the flow
rate of 1 mL/min. The linear gradient profile was as follows: 97% A (0 min), 97–91% A
(5 min), 91–84% A (5–15 min), 84–65% A (15–20.8 min), 65–64.5% A (20.8–36 min), 64.5–50%
A (36–37 min), 50% A (37–38 min), 50–97% A (38–39 min), and 97% A (42 min). The injection
volume was 20 µL.

3.9. Sensory Analysis

The overall acceptability of the vinegar samples was evaluated by considering odor
and taste profiles (general impression, pungent sensation, aromatic intensity, taste, and
ethyl acetate odor). Twelve female and ten male panellists participated in the vinegar
samples evaluation. Each sample was dosed in glass containers 20 ± 1 g and placed at
4–6 ◦C until serving. For performing the analysis, a 9–point hedonic scale was used. Scale
scores were the following: excellent, 9; very good, 8; good, 7; acceptable, 6; and poor, <6.

3.10. Statistical Analysis

In order to optimize the antioxidant potential of blueberry vinegar, the RSM (Minitab
18.1, Minitab, Inc.) was used. There were obtained three-dimensional graphs (Sigma
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Plot 12.0 Statistical Analysis Software, Systat Software, Inc.). Samples were prepared
in triplicate.

4. Conclusions

This study provides strong evidence for the integration of ultrasound treatment of
alcoholic substrate containing blueberry juices as an effective step in vinegar production
to increase the extraction of bioactive compounds and, consequently, to enhance the an-
tioxidant properties of the resulting products. The added value of this study consists
both in the use of a new recipe to obtain blueberry vinegar, using an alcoholic substrate
containing fruit juice and in the optimization, based on the response surface methodology,
of the extraction process of antioxidant compounds from blueberry. The obtained data
proved that the blueberry vinegars ultrasound-treated and optimized were of superior
quality in relation to the polyphenols and anthocyanins content having, at the same time,
better antioxidant properties. For the optimum values of all these parameters, the better
values found for US amplitude and duration were 78.50% and 3.95 min, respectively. The
sensory analysis of blueberry-vinegar variants revealed that the samples obtained using
ultrasound-treated substrates were generally more liked compared with the control sample.
The vinegar sample obtained following ultrasound treatment at 80% amplitude for 4 min,
which showed the highest TPC and TAC levels and the strongest antioxidant properties
assessed by the DPPH and ABTS tests, was the most preferred sample in terms of colour,
aromatic intensity, pungent sensation, and overall impression. Blueberry vinegars obtained
by ultrasound treatment of the raw material are a good source of polyphenolic compounds
that contribute to the daily intake of antioxidants. We plan to extend the research for a
more indepth analysis of polyphenolic compounds in blueberry-vinegar variants obtained
using ultrasound treatments. Our results highlight that the use of an ultrasonically treated
alcoholic substrate represents innovative items with practical applicability for a rapid start
of acetic fermentation and for improving the antioxidant properties of blueberry vinegar.

Limitations of this study could be due to the experimental design with only three levels
of variable design (multivariate). Therefore, future approaches are considered to improve
the design in order to meet the optimal condition for obtaining the best blueberry-vinegar
variant with a high level of valuable bioactive compounds. In addition, any study on the
antioxidant and TPC potential of blueberry vinegars should take into account the structure
of the antioxidants, their contribution, raw material, technology, and the ageing process. In
light of this approach, we intend to continue research on blueberry vinegars as products
with a promising antioxidant potential and multiple benefits for human health.
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9. Yıkmış, S.; Aksu, F.; Altunatmaz, S.S.; Çöl, B.G. Ultrasound processing of vinegar: Modelling the impact on bioactives and other

quality factors. Foods 2021, 10, 1703. [CrossRef] [PubMed]
10. Expert Market Research. Available online: https://www.expertmarketresearch.com/reports/vinegar-market (accessed on 9

January 2023).
11. The State of Food and Agriculture 2019. Moving Fordward on Food Loss and Waste Reduction. Available online:

https://scholar.google.com/scholar_lookup?title=The+State+of+Food+and+Agriculture+2019:+Moving+Fordward+on+
Food+Loss+and+Waste+Reduction&author=Food+and+Agriculture+Organization&publication_year=2019 (accessed on 15
January 2023).

12. Luzón-Quintana, L.M.; Castro, R.; Durán-Guerrero, E. Biotechnological processes in fruit vinegar production. Foods 2021, 10, 945.
[CrossRef]

13. Da Silva Fonseca, M.; Santos, V.A.Q.; Calegari, G.C.; Dekker, R.F.H.; De Melo Barbosa-Dekker, A.; Da Cunha, M.A.A. Blueberry
and honey vinegar: Successive batch production, antioxidant potential and antimicrobial ability. Braz. J. Food Technol. 2018, 21.
[CrossRef]

14. Ho, C.W.; Lazim, A.M.; Fazry, S.; Zaki, U.K.H.H.; Lim, S.J. Varieties, production, composition and health benefits of vinegars. A
review. Food Chem. 2017, 221, 1621–1630. [CrossRef]
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