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Abstract: The aim of this study was to find a purely natural and effective preservative that could
be used in fresh-cut apples extracting proanthocyanidin (PC) components from black chokeberry
(Aronia melanocarpa (Michx.) Elliott) using DESs (deep eutectic solvents). DM130 microporous
resins were used in purification experiments to obtain proanthocyanidin purifiers with a higher
content. To investigate the free radical scavenging ability (DPPH, ·OH, O2

−, ABTS) of the resulting
proanthocyanidin purifiers, experiments were conducted due to their potent antioxidant properties.
The results show that the polyphenol extract from black chokeberry demonstrated an excellent
antioxidant capacity, with more than 95% scavenging of DPPH, ABTS and superoxide anion at
concentrations above 0.1 mg/mL. Furthermore, the antibacterial efficacy of the product was also
evaluated. The results of this study on the inhibitory ability of bacteria demonstrated that PC
exhibited superior inhibitory efficacy against E. coli and S. aureus, with inhibitory circles of 16 ± 0.11
mm and 18 ± 0.09 mm, respectively. Conversely, PC demonstrated no inhibitory efficacy against A.
niger and Penicillium sp. Finally, the effect of PC in preserving fresh-cut apples was tested in terms of
weight loss, hardness, appearance and total number of microorganisms. The results demonstrated a
26.44% reduction in weight loss and a 13.5% increase in hardness, as well as a 98% reduction in total
bacterial counts in apple pieces treated with 5 mg/mL of PC in comparison to those left untreated.

Keywords: Aronia melanocarpa; black chokeberry; antioxidant; antibacterial; fresh-cut; preservation

1. Introduction

Black chokeberry (Aronia melanocarpa (Michx.) Elliott) is a shrub species that contains a
wide range of active compounds including polysaccharides, flavonoids, proanthocyanidins,
and organic acids. The plant is known for containing the most abundant proanthocyani-
dins of any other plant, with 5 fold the proanthocyanidins content found in blueberries
and 80 fold the proanthocyanidins content present in grapes [1,2]. Cellulosic additives
made from the pulp of Nigella sativa fruits have been widely used in health food and
health medicines. The team led by Slimestad employed electron spray mass spectrometry–
liquid chromatography mass spectrometry to identify and analyze the chemical struc-
ture of flavonoids in black chokeberry [3,4]. They discovered six flavonoids, including
7-O-β-glucuronic acid, 3-O-β-galactoside, and 3-O-β-glucoside, with 3-O-β-galactoside
being the most abundant at 30.2 mg/100 g. Numerous studies have demonstrated that
blackberries possess the highest concentration of proanthocyanidins in the plant body.
Additionally, black chokeberry account for 43% to 55% of the fruit’s proanthocyanidins
content [5,6]. Black chokeberry exhibit a range of health benefits such as antioxidant [7],
anti-inflammatory [8,9], antibacterial [10], anticancer [11], and hepatoprotective proper-
ties [12].

Proanthocyanidins (PC) is a general term referring to a large class of polyphenol
compounds [13], and a large amount of research literature has shown that oligomeric
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proanthocyanidins (OPC) in its species have super antioxidant capacity, and is now rec-
ognized as the most effective natural antioxidant among natural products, capable of
Efficiently scavenging free radicals in the human body.

Currently, the primary techniques for capturing proanthocyanidins from natural
sources are solvent extraction, ultrasound-assisted extraction, microwave-assisted extrac-
tion, supercritical CO2 fluid extraction, and other methods [14–16]. However, most of
the solvent extraction, ultrasound-assisted extraction, and microwave-assisted extraction
methods utilize chemical solvents for extraction. The use of chemical solvents presents a
potential risk to human health. Furthermore, due to the disparate composition and polar-
ity of the chemical solvents employed in the extraction process, the extracted substances
frequently exhibit disparate pharmacological activities. On the contrary, supercritical CO2
fluid extraction can be employed as a more optimal alternative. The method of supercritical
CO2 fluid extraction exhibits elevated extraction efficiency, alongside relatively high quality
of the extracts obtained. However, its utilization demands expensive instruments and ex-
tractants, leading to excessive extraction costs [17]. Deep eutectic solvents (DESs) are liquid
mixtures created with hydrogen-bonded acceptors like choline chloride and hydrogen-
bonded donors such as sugars, organic acids, and polyols under specific conditions [18].
These DESs possess several benefits: simple and fast preparation, inexpensive and readily
available, biodegradable, non-toxic, with high extraction efficiency, and reusable [19]. Con-
sequently, they have found widespread application in natural product active ingredient
extraction [20].

Fresh-cut fruit, also known as cut fruit and packaged fruit, is widely recognized for its
convenience [21]. The processing steps involved in the production of fresh-cut fruit include
peeling, cutting, packing and other treatments of fresh fruits, with the objective of making
them easy to consume in specific environments (e.g., catering) [22]. The freshness, nutrition
and convenience of cut fruit have been widely recognized by consumers in Europe, America,
Japan and other countries. However, the process of cutting fruits results in a series of changes,
including browning, odor, loss of nutrients and a shortened shelf-life, which collectively make
storage difficult [23,24]. Currently, there are four main types of fresh-cut fruit preservation
techniques: physical preservation, chemical preservation, natural product extract preservation
and biological preservation [25]. The two principal physical preservation techniques are
low-temperature cold chain technology and cold sterilization technology. Nevertheless, these
methods entail harsh preservation conditions, high costs, and a proclivity for damage to
fresh-cut fruits. Nevertheless, chemical preservation techniques are frequently linked with
the potential for contamination by preservative residues, which may present a risk to human
health and the environment [26]. It is therefore of great importance to identify a natural
preservative that is convenient, safe, residue free and low cost.

In this study, proanthocyanidins from black chokeberry were extracted and purified
using a deep eutectic solvent with ultrasonic microwave-assisted extraction. The bacterio-
static and antioxidant abilities were then verified, and the purified proanthocyanidins were
finally applied in the preservation of fresh-cut apples. The application of the purified proan-
thocyanidins to fresh-cut apples was found to preserve the freshness of the apples. This
study provides a new idea for the food industry and the application of black chokeberry.

2. Materials and Methods
2.1. Instruments and Equipment

UV spectrophotometer (Shimadzu, UV-2600i, Kyoto, Japan); frozen centrifuges (1248R,
Genecompany, Hong Kong, China); texture analyzer (Bosin, TA. TOUCH, Shanghai, China);
Handy plate® Count Plate (Huankai, Handy plate®, Guangzhou, China); Colorimeter
(CR-10 PLUS, Konica Minolta, Tokyo, Japan); E. coli (ATCC 25922); S. aureus (ATCC 25923);
A. niger (ATCC16404); and Penicillium sp (FSCC197001).

Macroporous resin DM130 were purchased from Donghong Chemical Co., Ltd., Dong-
guan, China; DPPH, ABTS, hydroxyl radicals, superoxide anion generation rapid detection
kits are from China Nanjing Jiancheng Biotechnology Research Institute. Conventional
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reagents were purchased from China Shanghai Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China.

2.2. Preparation of DESs

Choline chloride and malonic acid were mixed in a beaker in the mass ratio range of
(1:0.1, 1:0.2~1:1.5) and subjected to magnetic stirring at 60~80 ◦C for a period of 2~4 h. The
mixture was then cooled to room temperature and subjected to stabilization experiments at
room temperature, 4 ◦C, and −20 ◦C, respectively.

2.3. Single-Factor Test

Freshly freeze-dried black chokeberry was crushed using a mortar and then sieved
through a 60–80 mesh. They were stored at a temperature of −20 ◦C in a plastic bag that
was protected from light. To accurately measure 1 g of freeze-dried black fruit powder, a
brown centrifuge tube was utilized. A certain amount of extraction solvent was added to
the tube and mixed before ultrasonic extraction was carried out under certain conditions.
The tube was then centrifuged at 8000 r/min for 15 min, yielding the crude anthocyanin
extract of blackcurrant. The basic conditions for extraction were set at a 1:1.2 solvent ratio,
30% solvent water content, 1:10 g/mL material–liquid ratio, 40 min extraction time, 45 ◦C
extraction temperature, and 300 W ultrasonic power. For each test, a single condition was
modified whilst keeping all other conditions constant. The extraction rate was employed
as an indicator to investigate the influence of diverse variables on the extraction rate.

2.4. Determination of Proanthocyanidin Content and Extraction Rate

An amount of 50 mg of proanthocyanidin standard was weighed precisely, dissolved
in methanol into a 50 mL brown volumetric flask, and ultrasonicated for 30 s to obtain
1 mg/mL proanthocyanidin mother liquor. The absorbance was measured at 550 nm by
gradient dilution with an enzyme marker, and the standard curve was plotted with the
concentration as the horizontal coordinate and the absorbance as the vertical coordinate.

The extraction rate (ER) is calculated according to the following formula:

ER(%) =
C × V × N

m × 103 × 100%

C = mass concentration of proanthocyanidins in the extract as calculated by the
standard curve(mg/mL); V = extract volume(mL); N = dilution factor; m = quality of black
fruits (mg).

2.5. Orthogonal Test

A six-factor, three-level orthogonal test was conducted based on a solvent ratio of 1:1.2,
a solvent water content of 10%, a material–liquid ratio of 1:15, an extraction time of 40 min,
an extraction temperature of 50 ◦C and ultrasonic power of 200 W. The results of this test
are presented below.

2.6. Purify

The material was purified using macroporous resin DM130 under the following
conditions: the sample was loaded onto the resin at a rate of 2 mL/min and a volume of
6 BV, then left to stand for 2 h. The resin was then eluted first with distilled water at a flow
rate of 3 mL/min and a column volume of 8 BV, followed by elution with 30% ethanol
at a volume of 3 BV. The eluent was collected, evaporated using rotary evaporation until
no alcohol flavor remained, and then lyophilized. The purity of the final product was
calculated using a specific formula.

Purity(%) =
m0

m1
× 100%
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m0 = content of proanthocyanidins in the purified material (mg); m1 = mass of purified
material weighed (mg).

2.7. Antioxidant Capacity
2.7.1. DPPH Radical Scavenging Activity

The DPPH radical scavenging capacity kit was used to determine the scavenging
capacity of PC for DPPH. Briefly, purified PC samples were accurately weighed and
prepared into different concentrations of working solution using 30% ethanol, while Vc
(Vitamin C) was used as a positive control at the same concentration. All experiments were
performed in triplicate and DPPH scavenging activity was calculated as follows:

Scavenging activity (%) =

[
1 − (A1 − A0)

A2

]
× 100%

where A0 is the absorbance of the sample only (sample without DPPH solution), A1 is
the absorbance of the sample with DPPH solution and A2 is the absorbance of the control
(DPPH solution without sample).

2.7.2. Hydroxyl Radical Scavenging Activity

Samples were processed as described in Section 2.7.1 and then assayed using a hy-
droxyl radical assay kit with Vc as a positive control. Hydroxyl anion radical scavenging
activity was calculated according to the following formula:

Scavenging activity (%) =

[
1 − (A1 − A0)

A2

]
× 100%

where A0 is the absorbance of the sample only (sample without ·OH solution), A1 is the
absorbance of the sample with ·OH solution and A2 is the absorbance of the control (·OH
solution without sample).

2.7.3. ABTS Radical Scavenging Activity

The ABTS radical scavenging activity of PC was determined according to reported
methods with minor modifications as follows [27]. An ABTS radical stock solution was
prepared by mixing 7.0 mmol/mL ABTS solution and 2.45 mmol/mL K2(SO4)2 solution
in equal proportions. The ABTS radical stock solution was diluted with phosphate buffer
(10 mmol/L, pH = 7.4) and the absorbance of the solution was measured at 734 nm on a
full-wavelength enzyme calibrator at a wavelength of 0.7 ± 0.02. The solution was stored
in the dark. Sample solutions of different concentrations and Vc control samples were
prepared using pure water as the solvent. The absorbance of the sample at 734 nm was
then measured in an enzyme labelling instrument

Scavenging activity (%) =
(A3 − A1 + A2)

A3
× 100%

The absorbance of the sample is taken as A1, the absorbance of the K2(SO4)2 solution
instead of the ABTS working solution is taken as A2, and the absorbance of pure water
instead of the sample is taken as A3.

2.7.4. Superoxide Anion Radical Scavenging Activity

Samples were processed as described in Section 2.7.1 and then assayed using a su-
peroxide anion radical assay kit with Vc as a positive control. Superoxide anion radical
scavenging activity was calculated according to the following formula:

Scavenging activity (%) =

[
(A0 − A1)

A0

]
× 100%
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where A0 is the absorbance value of the control group and A1 is the absorbance value of
the sample group.

2.8. Bacteriostatic Activity
2.8.1. Inhibition Circle

To determine the size of the inhibition circle of PC using the Oxford cup method, 20 µL
of PC at concentrations of 100 mg/mL, 50 mg/mL and 25 mg/mL were taken and added to
the Oxford cup and the bacteria were incubated in an nutrient agar (NA) Petri dish at 37 ◦C
for 24 h and the fungi were incubated in a Potato dextrose agar (PDA) Petri dish at 30 ◦C for
4 d. Measurement of the size of the inhibition circle at the end of the experiment.

2.8.2. Minimum Inhibitory Concentration (MIC)

Inoculum for each strain was prepared by suspending one isolated colony from a
solid plate in liquid medium. After 24 h of growth at the appropriate temperature, the
suspension was prepared in distilled water to obtain a final inoculum of 5 × 105 to 5 × 106

colony-forming units (CFU)/mL per bacterium. Gradient dilutions of PCs were prepared
by adding TTC (triphenyltetrazolium chloride) to the liquid medium and dispensing in
96-well plates. A volume of equal to that of the bacterial strain was added to each well of a
microtiter plate containing 100 µL of the serial extract dilution. After incubation for 24 h,
the minimal inhibition level (MIC) was determined using an enzyme marker at 540 nm.

2.8.3. Growth Inhibition Curve

A 5 × 105 to 5 × 106 (CFU)/mL bacterial solution was inoculated into NB (Nutrient
Broth) medium with a PC concentration of 25 mg/mL and incubated at 37 ◦C for 72 h. The
number of colonies was detected at each 12 h interval. The medium without added PC
served as control group 1, while the medium containing an equal amount of 30% ethanol
served as control group 2.

2.9. Fresh-Cut Apple Preservation
2.9.1. Pretreatment

Apples were selected that are uniform in size, color and ripeness, and free of wounds,
pests and diseases. The apples were washed with sterile water and dried at 25 ◦C in a sterile
environment. The apples were cut into 1 cm × 1 cm cubes. The apple pieces were subjected
to a series of preservation solutions (30% ethanol, PC at concentrations of 5 mg/mL and
25 mg/mL, for a period of 15 min). The preservative from the surface of the apple pieces
was drained and they were placed in PET fruit packaging boxes. These boxes were then
stored in a refrigerator at 7 ◦C for seven days, with measurements taken every two days for
weight, color change, and other data. In lieu of the preservation solution, distilled water
was employed as a control. One experimental group was tested on 4 blocks of apples per
day, repeated three times for a total of 12 apple block. The samples were tested on four
separate occasions on days 1, 3, 5, and 7, with the total number of apple block samples at
48. The weight loss and appearance rate of the apples were first recorded each day, and
then the texture of the 12 apples in the three groups was analyzed.

2.9.2. Weight Loss Rate

The change in the weight of the apple blocks per day was quantified using the weigh-
ing method. Three trials were conducted for each group. The rate of weight loss was
expressed as a percentage of the initial weight. The following formula was employed to
calculate the rate of weight loss of the apple blocks:

Weight loss rate (%) =
(W0 − W1)

W0

where W0 and W1 are the weights of the apple blocks at day 0 and day n, respectively.
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2.9.3. Firmness

The hardness of the apple blocks was quantified using a texture analyzer with a P50
probe, a contact pressure of 50 gf, a compressive deformation of 40% and a mode of texture
profile analysis test method with a pre-test speed of 3 mm/s, a test speed of 1 mm/s and
a post-test speed of 3 mm/s. The hardness of the apple blocks was quantified using a
tetrameter with a P50 probe, a contact pressure of 50 gf and a compressive deformation of
40%. Three replicates were conducted for each treatment group.

2.9.4. Appearances

Brightness L* of apple blocks from different treatment groups was measured during
storage using a colorimeter. The experiment was repeated three times for each group.
Additionally, photographic documentation of apple blocks should be undertaken.

2.9.5. Total Number of Bacterial Colonies

Apple homogenates were prepared by placing 5 g of apple cubes into a sterile ho-
mogenizing bag containing 10 mL of PBS buffer and homogenizing for 3 min in a tapping
homogenizer. A gradient concentration of apple homogenate was then prepared by placing
2 mL of apple homogenate into a test tube containing 18 mL of PBS buffer and shaking well
to dilute. This process was repeated until the desired concentration was achieved. 1 mL
apple homogenate was pipetted into the center of the Handy plate®, which was then left to
stand for fivemin, with the transparent side facing upwards. The plate was then placed in a
37 ◦C incubator, where the colonies were observed and counted after 48 h. Each group of
experiments was repeated three times.

3. Results
3.1. Preparation of Proanthocyanidin Extract
3.1.1. Preparation of DESs

Figure 1 illustrates that choline chloride and malonic acid could not form the eutectic
system at a ratio of 1:0.1–1:0.3, but did form the eutectic system at a ratio of 1:0.4–1:1.5.
However, the eutectic system at a ratio of 1:1.1–1:1.5 underwent solidification during low-
temperature freezing stabilization experiments at −20 ◦C, indicating the instability of the
hydrogen bonding within the eutectic system in this ratio range at ultra-low temperatures.

Horticulturae 2024, 10, x FOR PEER REVIEW 7 of 18 
 

 

 
Figure 1. DESs in different ratios ((A), choline chloride: malonate = 1.3:0.3; (B), choline chloride: 
malonate = 1:0.8; (C), choline chloride: malonate = 1:1.4—one week at 20 °C). 

3.1.2. Standard Curve 
The regression equation for the standard curve was Y = 12.938X + 0.0381, with an R2 

value of 0.9996 indicating good linearity in the 0 to 0.01 mg/mL range. Figure 2 displays 
the standard curve. 

 
Figure 2. Proanthocyanidin standard curve. Tested at 30 °C and 67% humidity with an absorption 
wavelength of 550 nm. 

3.1.3. Single-Factor Test 
To enable the comparison of a single variable’s impact on the extraction of proantho-

cyanidins from black-fruited adeno-ribbed rowan, the experiment utilized the regression 
equation of the standard curve. This method transformed the extract’s absorbance to the 
proanthocyanidin content, ensuring accurate results. 

Figure 3A illustrates the impact of varying ratios of hydrogen bond acceptors and 
donors using DESs on the extraction of proanthocyanidins from Adenophora nigra. As 
the ratio of choline chloride to malonic acid increased, the level of proanthocyanidins in 
the Adenophora nigra extract displayed an initial increase followed by a subsequent de-
crease. At a solvent ratio of 1:1.2, the proanthocyanidins content of the extract peaked at 
59.99 mg/g before declining. Therefore, we selected the extraction solvent in this experi-
ment to be the DESs with a choline chloride to malonic acid ratio of 1:1.2. 

Figure 1. DESs in different ratios ((A), choline chloride: malonate = 1.3:0.3; (B), choline chloride:
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3.1.2. Standard Curve

The regression equation for the standard curve was Y = 12.938X + 0.0381, with an R2

value of 0.9996 indicating good linearity in the 0 to 0.01 mg/mL range. Figure 2 displays
the standard curve.
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wavelength of 550 nm.

3.1.3. Single-Factor Test

To enable the comparison of a single variable’s impact on the extraction of proantho-
cyanidins from black-fruited adeno-ribbed rowan, the experiment utilized the regression
equation of the standard curve. This method transformed the extract’s absorbance to the
proanthocyanidin content, ensuring accurate results.

Figure 3A illustrates the impact of varying ratios of hydrogen bond acceptors and
donors using DESs on the extraction of proanthocyanidins from Adenophora nigra. As the
ratio of choline chloride to malonic acid increased, the level of proanthocyanidins in the
Adenophora nigra extract displayed an initial increase followed by a subsequent decrease.
At a solvent ratio of 1:1.2, the proanthocyanidins content of the extract peaked at 59.99 mg/g
before declining. Therefore, we selected the extraction solvent in this experiment to be the
DESs with a choline chloride to malonic acid ratio of 1:1.2.
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Figure 3. (A) is the effect of different DESs ratios on the extraction of proanthocyanidins. 0.8, 0.9, 1,
1.1, 1.2, 1.3, 1.4 indicates choline chloride: malonic acid = 1:0.8, 1:0.9, 1:1, 1:1.1, 1:1.2, 1:1.3, 1:1.4; (B) is
the effect of solvent water content on extraction; (C) is the effect of solution-feed ratio on extraction;
(D) is the effect of extraction time ratio on extraction; (E) is the effect of extraction temperature ratio
on extraction; (F) is the effect of ultrasound power ratio on extraction. Error bars show the standard
deviation of the mean (n = 3).
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Due to its viscosity, the prepared DESs was unable to be fully mixed with the freeze-
dried black chokeberry powder. According to previous reports, the addition of distilled
water can improve the fluidity of the solvent system and enhance extraction efficiency.
Therefore, we investigated the impact of DESs water content on proanthocyanidin extrac-
tion from black chokeberry in this experiment. As depicted in Figure 3B, the proantho-
cyanidin content in the extract reaches the highest value of 60.29 mg/g when the solvent
water content reaches 10%. Subsequently, the content decreases. Thus, the DESs containing
10% water content was determined as the optimal extraction solvent in this study.

Figure 3C illustrates the impact of varying material–liquid ratios on extracting proan-
thocyanidins from black chokeberry. The extracted contents display an ascending then
plateauing trend when increasing the material–liquid ratio. At a ratio of 1:15 g/mL, the ex-
tracted proanthocyanidin content peaked at 60.87 mg/g, after which it remained relatively
stable. To minimize the extraction costs, the experiment deemed 1:15 g/mL as the ideal
material–liquid proportion for extraction.

Figure 3D depicts the impact of various extraction times on the extraction efficacy
of proanthocyanidins from black chokeberry. The extraction yield showed an increasing
trend, followed by stabilization with time. When the extraction time reached 40 min, the
proanthocyanidin content in the crude extract reached a maximum value of 61.04 mg/g
approaching equilibrium, remaining relatively stable in subsequent extractions. To en-
hance extraction efficiency and save time, we selected 40 min as the optimal extraction
duration. The reduction in proanthocyanidin content after 70 min can be attributed to the
detrimental effects of prolonged ultrasonic exposure on the structure and polymerization
of proanthocyanidins.

Figure 3E demonstrates the impact of varied extraction temperatures regarding the
extraction of proanthocyanidins from black chokeberry. It is observed that crude liquor’s
proanthocyanidin content attained its highest value of 62.49 mg/g at 50 ◦C. However,
the content of proanthocyanidins lowered significantly in subsequent trials. Although
proanthocyanidin content could be retrieved at 60 ◦C, it has been reported in literature that
temperatures beyond 55 ◦C can cause damage to the proanthocyanidin structure. Thus,
50 ◦C was chosen as the optimal extraction temperature in this experiment to preserve the
integrity of proanthocyanidins in black chokeberry.

Figure 3F depicts the impact of varied ultrasonic power on the extraction of proan-
thocyanidins from black chokeberry. The proanthocyanidin content in the crude liquor
peaked at 63.18 mg/g when the ultrasonic power was 200 W, after which it declined in the
extract. Therefore, the optimal ultrasonic power was determined to be 200 watts. It was
observed that the proanthocyanidin content decreased after reaching 300 watts. This could
potentially be attributed to the excessive power output, which may have caused structural
damage to the proanthocyanidins or caused the phenolic hydroxyl group in their structure
to combine with other components in the solvent [28].

3.1.4. Orthogonal Test

Based on the one-way experiment, the ideal solvent ratio, water content, solution-
free ratio (S-F ratio), extraction time, extraction temperature and ultrasonic power were
determined. Two sets of conditions, before and after optimization, were subjected to an
orthogonal experiment with six factors and three levels. The factor table for the orthogonal
experiments is shown in Table 1.
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Table 1. Orthogonal experiment factor table L18 (36).

No.
Solvent

Ratio
A

Water
Content (%)

B

S-F Ratio
D

Extraction
Time (min)

C

Temperature
(◦C)

E

Ultrasonic
Power (W)

F

Concentration
(mg/g)

1 1.1 5 10 30 45 100 40.01
2 1.1 5 15 40 55 300 59.48
3 1.1 10 20 30 55 200 61.21
4 1.1 10 10 50 50 300 56.6
5 1.1 15 20 40 50 100 59.12
6 1.1 15 15 50 45 200 61.48
7 1.2 5 20 30 50 300 60.29
8 1.2 5 10 50 55 200 56.12
9 1.2 10 15 40 50 200 63.72
10 1.2 10 20 50 45 100 62.09
11 1.2 15 15 30 55 100 52.98
12 1.2 15 10 40 45 300 58.16
13 1.3 5 20 40 45 200 51.65
14 1.3 5 15 50 50 100 59.64
15 1.3 10 15 30 45 300 60.65
16 1.3 10 10 40 55 100 58.79
17 1.3 15 10 30 50 200 57.59
18 1.3 15 20 50 55 300 56.53
K1 337.90 327.19 332.73 327.27 334.04 332.63
K2 353.36 363.06 350.92 357.95 356.96 351.77
K3 344.85 345.86 352.46 350.89 345.11 351.71
k1 112.63 109.06 110.91 109.09 111.35 110.88
k2 117.79 121.02 116.97 119.32 118.99 117.26
k3 114.95 115.29 117.49 116.96 115.04 117.24
R 5.15 11.96 6.58 10.23 7.64 6.38

Factor weight B > D > E > C > F > A
Best combination A2B2C3D2E2F2

Optimum level A2
(1:1.2)

B2
(10%)

C3
(40 min)

D2
(1:15 g/mL)

E2
(50 ◦C)

F2
(200 w)

3.1.5. Purify

The percentage of proanthocyanidins in the purified product obtained after purifica-
tion using DM130 macroporous resin was calculated to be 82.4% by equation.

3.2. In Vitro Antioxidant Capacity

Figure 4A demonstrates that there is a significant difference (p ≤ 0.05) in the ability
of purified black chokeberry procyanidins and VC to DPPH· scavenging ability in the
concentration range of 0.1–4 mg/mL, and both increase in efficiency with increasing
concentration. Proanthocyanidins at 1 mg/mL achieved a maximum clearance of 100%,
and the remaining clearance capacity remained consistent while maintaining a positive
correlation trend with VC.

As shown in Figure 4B, there was no significant difference between the ·OH scavenging
ability of purified black chokeberry proanthocyanidins and VC in the concentration range
of 0.1–4 mg/mL (p ≤ 0.05), and both increased with the rise of concentration, and the
two reached the maximum scavenging effect at a concentration of 0.5 mg/mL with a
scavenging rate of 100%, and the scavenging rate no longer changed thereafter with the
rise of concentration and The ·OH scavenging ability was the same for both.
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As shown in Figure 4C, there was a significant difference (p ≤ 0.05) between the ability
of purified black chokeberry proanthocyanidins and VC to O2

− scavenging ability in the
concentration range of 0.1–4 mg/mL, and the trend of both remained unchanged for the
maximum scavenging effect, and the scavenging effect of proanthocyanidins was slightly
lower than that of VC on ·OH scavenging ability.

As illustrated in Figure 4D, there was no significant disparity (p > 0.05) in ABTS
scavenging ability efficacy between purified black chokeberry proanthocyanidin and VC
within the concentration range of 0.1–4 mg/mL. In addition, the trend for both remained
constant up to the maximum scavenging effect at 1 mg/mL, and their effect on ABTS
scavenging ability was mostly identical.

3.3. In Vitro Bacteriostatic Activity
3.3.1. Circle of Inhibition Size

Table 2 illustrates the inhibitory effect of PC on bacteria at varying concentrations. The
results demonstrate that PC is capable of effectively inhibiting bacteria. As the concentra-
tion increased, the size of the inhibition zone also increased in a corresponding manner.
Furthermore, the inhibitory effect on E. coli was less pronounced than that on S. aureus. The
table indicates that PC exhibited no inhibitory effect on fungi. Figure 5 illustrates the size
of the inhibition circle of PC against the four tested bacteria.
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Table 2. Inhibitory effect of proanthocyanidins of black chokeberry on test bacteria.

Strains
Inhibition Circle Diameter (mm)

30% Ethanol 100 mg/mL 50 mg/mL 25 mg/mL

E. coli - 16 ± 0.11 14 ± 0.14 10 ± 0.21
S. aureus - 18 ± 0.09 16 ± 0.17 12 ± 0.24

Penicillium sp. - - - -
A. niger - - - -

“-” indicates no inhibitory effect.
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3.3.2. Determination of Minimum Inhibitory Concentration (MIC)

As demonstrated in Table 3, the minimum inhibitory concentration (MIC) of the
purified proanthocyanidins was 25 mg/mL for E. coli and 5 mg/mL for S. aureus. The
proanthocyanidins employed in this study were solubilized in a 30% ethanol solution. 30%
ethanol solution was also employed as a control experiment. The results demonstrated
that the 30% ethanol solution lacked bacteriostatic properties. Furthermore, the results
demonstrated that proanthocyanidins are not fungistatic against fungi. Consequently, the
growth curves of Penicillium sp. and Aspergillus niger are not presented in this experiment.

Table 3. MIC of proanthocyanidin black chokeberry.

Sample MIC (mg/mL)

E. coli S. aureus Penicillium sp. A. niger

proanthocyanidin 25 5 - -
30% ethanol - - - -

“-” indicates no inhibitory effect.
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3.3.3. Growth Inhibition Curve

The growth curves of E. coli and S. aureus are shown in Figure 6A,B, which indicate
that the growth of E. coli and S. aureus was almost completely inhibited by the treatment
group of proanthocyanidin purified with 5 mg/mL concentration from 0–72 h. The growth
of E. coli and S. aureus was inhibited by the treatment group of 30% ethanol, whereas the
growth curves of the two bacteria treated with 30% ethanol had a delay period of 36 h.
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3.4. Fresh-Cut Apple Preservation
3.4.1. Weight Loss Rate

It is important to note that a significant area of tissue is exposed to the air following
the fresh-cutting of apples, which can result in water loss [29,30]. Therefore, the weight
loss rate is a crucial indicator for the evaluation of fresh-cut fruits. As demonstrated in
Table 4, there was a statistically significant difference (p ≤ 0.05) in weight loss between the
5 mg/mL PC-treated groups in comparison to the other two groups during the storage
process. The 5 mg/mL PC treatment group exhibited a reduction in weight loss, which
may be attributed to the efficacy of PC soaking in preventing the surface of freshly cut
apples from coming into contact with air.

Table 4. Changes in weight loss rate of fresh-cut apples.

Groups Weight Loss Rate (%)

1 Day 3 Day 5 Day 7 Day

5 mg/mL PC 1.12 ± 0.47 a 2.46 ± 0.56 a 3.48 ± 0.47 a 6.76 ± 0.68 a
Control 1.93 ± 0.55 a 4.76 ± 0.83 b 6.71 ± 0.91 b 9.19 ± 0.85 b

30% ethanol 1.25 ± 0.35 a 3.84 ± 0.71 b 5.38 ± 1.21 ab 8.85 ± 0.83 b
Different letters represent significant differences between different treatment groups on the same day (p ≤ 0.05).

3.4.2. Firmness

When the outside of fresh fruits and vegetables are exposed to the air, they are highly
susceptible to microbial attack and send browning [28]. Consequently, the concept of
firmness assumes significance when evaluating the quality of fresh-cut fruits and vegetables.
The results of the firmness experiment on PC-treated apple blocks are presented in Table 5.
Both the treatment and control groups exhibited a gradual decline in hardness over the
course of the experiment. The hardness of the control group decreased by 27.95% after
seven days of storage compared to the initial value. The results of the PC treatments varied
considerably. The 5 mg/mL PC treatment was more effective in maintaining the firmness
of the apple pieces by only 14.5% after seven days.
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Table 5. Variation in firmness of fresh-cut apples.

Groups Firmness (gf)

1 Day 3 Day 5 Day 7 Day

5 mg/mL PC 243.78 ± 8.43 a 225.32 ± 5.43 b 218.43 ± 6.47 c 208.43 ± 7.68 a
Control 247.51 ± 6.89 a 212.76 ± 5.07 a 190.75 ± 6.23 ab 178.33 ± 6.12 b

30% ethanol 245.57 ± 7.32 a 215.14 ± 5.02 ab 196.03 ± 6.54 b 182.71 ± 7.46 b
Different letters represent significant differences between different treatment groups on the same day (p ≤ 0.05).

3.4.3. Appearance Changes

The hue of newly cut fruit and vegetables is a crucial aspect that significantly impacts
consumer preferences. Table 6 presents the L* results of apple blocks following different
treatments. The results indicate a reduction in L* values for 5 mg/mL apple blocks,
although this is not statistically significant. This phenomenon can be attributed to the fact
that the PC itself is red, which in turn affects the apple block. This suggests that the PC
solution has a limited effect on the L* of apple blocks, despite their red color.

Table 6. Changes in fresh-cut apples L*.

Groups L*

1 Day 3 Day 5 Day 7 Day

5 mg/mL PC 76.43 ± 7.68 a 67.34 ± 5.43 a 64.45 ± 6.47 a 62.56 ± 4.3 a
Control 75.13 ± 3.89 a 68.63 ± 3.47 a 67.13 ± 2.54 a 66.23 ± 2.22 a

30% ethanol 70.33 ± 3.92 a 67.87 ± 2.64 a 66.8 ± 2.63 a 64.13 ± 3.93 a
Different letters represent significant differences between different treatment groups on the same day (p ≤ 0.05).

Appearance is a key factor influencing the quality of freshly cut fruit and vegetables
and the degree of variation in quality. Figure 7 shows the photographs of apple blocks
with different treatments for 7 days, and the results showed that the control and 30%
ethanol treatments would not inhibit the browning of apple blocks, and all of them showed
different degrees of brown spots after 7 days. The degree of browning after 7 days of PC
treatment at a concentration of 5 mg/mL was significantly lower than that of the control
group, which proves that the PC treatment at a concentration of 5 mg/mL can effectively
inhibit the browning of apple blocks.
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3.4.4. Determination of Total Bacterial Count

As shown in Figure 8, the total number of bacteria contained in the PC-treated group
at a concentration of 5 mg/mL PC was significantly different from the 30% ethanol-treated
group and the control group during the 0–10 d storage period (p ≤ 0.05), mainly because PC
has a strong bacterial inhibitory capacity and completely inhibited bacterial growth during
0–4 d. Compared to the control group, the 30% ethanol-treated group inhibited bacterial
growth during 4–8 d, but finally did not reduce the total number of bacteria. Compared
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to the control group, the 30% ethanol-treated group inhibited the growth of bacteria in d
4–8, but did not ultimately reduce the total number of bacteria. On the other hand, the
total number of bacteria in the control group increased proportionally from 0–6 d, probably
due to the exudation of sugars from its surface, which provided a suitable environment for
bacterial growth.
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4. Discussion

It has been demonstrated that proanthocyanidins possess antimicrobial properties [31].
Nevertheless, there is a paucity of research on the utilization of black chokeberry extracted
proanthocyanidins as a preservative for natural products. A combination of DESs and
the ultrasonic microwave method was employed to extract proanthocyanidins. DESs was
utilized to extract proanthocyanidins from black chokeberry. The six optimum extraction
conditions were determined through the optimization of DESs ratios, solvent water con-
tent, material–liquid ratio, extraction time, extraction temperature, and ultrasonic power.
The proanthocyanidins were then purified by applying macroporous resin. The results
show that proanthocyanidins extracted from blackberries can be well extracted using DESs.
extracted from black chokeberry using DESs was approximately twice that of 70% ethanol.
This indicates that the use of DESs can markedly enhance extraction efficiency. The out-
comes are consistent with those of Rodrigo T. Neto et al. The deep eutectic solvent is
more conducive to the extraction of proanthocyanidins [32]. Finally, the crude material
underwent purification using macroporous resin, resulting in a purified material that con-
tained 82.4% proanthocyanidins. The purification of the extracted proanthocyanidins by
the macroporous adsorbent resin method yielded satisfactory results, with a purification
rate comparable to that observed in previous studies [33].

It is well documented that fresh fruits and vegetables are susceptible to the growth of
microorganisms, including food-borne pathogens and fungi, during the preservation pro-
cess [34,35]. The proliferation of these microorganisms results in the rapid deterioration and
shortened shelf-life of freshly cut fruits and vegetables [36]. Proanthocyanidins extracted
from black chokeberry in this study showed strong inhibitory activity against E. coli and S.
aureus. This is consistent with the results reported by previous authors who have shown
PC in the inhibition of E. coli and S. aureus, such as X Li’s study on the inhibition of S. aureus
by larch bark procyanidins [37] and PA Pinzón-Arango’s study on the effect of cranberry
procyanidins on E. coli, among others [38]. One of the antimicrobial mechanisms of PC is
the presence of a significant proportion of phenolic hydroxyl groups in its structure, which
can disrupt cell membranes and increase the permeability of bacterial membranes. This, in
turn, can result in the leakage of bacterial cell contents, a decrease in indirect metabolism
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or metabolic disturbances due to the loss of ATP and other intracellular metabolites [39,40].
The same phenolic hydroxyl group also exhibits a notable antioxidant capacity [41]. For
instance, J Chen has conducted a comprehensive investigation into the antioxidant capacity
of phenolic hydroxyl groups in phenolic acid compounds, which has revealed that they
exhibit remarkable antioxidant properties [42]. In the present study, the proanthocyani-
dins extract from black chokeberry demonstrated an excellent antioxidant capacity, with
more than 95% scavenging of DPPH, ABTS and superoxide anion at concentrations above
0.1 mg/mL.

Extracted proanthocyanidins from black chokeberry demonstrate remarkable antibac-
terial and antioxidant properties, rendering them an ideal natural preservative for freshly
cut fruits and vegetables. Their efficacy lies in their ability to inhibit microbial growth and
reproduction, while simultaneously preventing the oxidation and decomposition of nutri-
ents within the fruits and vegetables. The firmness and appearance of fruits and vegetables
are two of the most important criteria by which people evaluate their goodness [43]. In
the control group, a decrease in the L* value of the apple pieces was observed during the
storage period, indicating a decrease in brightness, a dull surface texture with browning
and the appearance of light reddish spots on the surface. Upon immersion, a red coating
was observed on the surface of the apple block, though the effect on brightness was not
significant. In terms of weight loss and hardness, the excessive PC concentration led to
the leakage of the contents of the apple block, resulting in a decrease in hardness and
an increase in weight loss. The PC solution at a concentration of 5 mg/mL exhibited a
light orange color. The findings of the Lishan Liang et al. study of proanthocyanidins in
ume plums were comparable to those of the previous study [44].Additionally, browning
was reduced, which is likely due to the formation of a subtle coating on the surface of
the apple pieces by the PC solution, which protects them. Finally, the total number of
microorganisms in the apple blocks was quantified in order to ascertain the efficacy of the
PC coating. The results demonstrated that the PC coating effectively inhibited the growth
and reproduction of microorganisms on the surface of fresh-cut apples, with a significantly
lower total number of microorganisms observed in the PC experimental group compared
to the control group.

The findings of this study offer valuable insights into the potential applications of
black chokeberry’s proanthocyanidins as preservatives in fruits and vegetables. However,
several aspects must be addressed to facilitate their use on a larger scale in the future.
The primary challenge for the widespread use of black chokeberry proanthocyanidins as
preservatives is the industrialization of these compounds. Therefore, the development and
optimization of extraction processes on a larger scale is essential. It is similarly vital to
implement effective cultivation techniques in order to guarantee a sustainable and reliable
supply of raw materials. In conclusion, the preparation of natural ingredients for use as
preservatives in fruits and vegetables remains a significant challenge.

5. Conclusions

In this thesis, PC from black chokeberry were extracted using low-eutectic solvents
assisted by ultrasonication. The crude extract was purified by DM130 macroporous resin,
and then the purified extract was investigated for antioxidant and bacteriostatic activi-
ties. Finally, it was utilized for fresh-cut apple preservation applications. Experiments
showed that DESs could extract PC from black chokeberry with a 63.72% extraction rate.
Subsequently, antioxidant and antimicrobial activity studies confirmed its ability to act as a
preservative. PC is bacteriostatic against both E. coli and S. aureus, and 5 mg/mL of PC can
inhibit the growth of both bacteria. Finally, it was applied to fresh-cut apples to slow down
weight loss, softening and total microbial count of apple pieces.
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