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Abstract: This study explores the bioactive potential of young shoots from blackcurrant, European
blueberry, and mountain cranberry, widely employed in gemmotherapy and phytotherapy, as rich
sources of antioxidants, antimicrobial agents, and anti-inflammatory components. The primary
aims of this study were to enhance the extraction conditions for bioactive compounds from black-
currant young shoots using Modde software for experimental design, to conduct a comprehensive
phytochemical analysis of blackcurrant, European blueberry, and mountain cranberry young shoot
extracts through LC-MS analysis, and to evaluate the in vitro biological activities of these optimized
extracts. The experimental design comprised multiple variables: extraction techniques, solvent type,
extraction time, apparent pH, and the solvent-to-vegetal product ratio. The responses included
total phenolic content, total flavonoid content, condensed tannin content, and total antioxidant
activity determined through the DPPH assay. Furthermore, the antioxidant potential of the extracts
was validated through in vitro cell culture experiments, in addition to the cytotoxicity assessments
conducted on both normal and cancer cell lines. Extracts obtained through Ultra-Turrax extraction
using 70% acetone displayed high levels of polyphenolic compounds and enhanced antioxidant
potential, regardless of young shoots origin. LC-MS analysis revealed the predominant occurrence of
chlorogenic acid, hyperoside, and isoquercitrin in all examined samples. The optimized extracts also
displayed significant biological potential when evaluated in vitro on cell lines. These results provide
valuable insights into the potent bioactive components present in these young shoot extracts, paving
the way for further exploration in therapeutic applications.

Keywords: experimental design; young shoots; Ribes nigrum L.; Vaccinium myrtillus L.; Vaccinium
vitis-idaea L.; bioactive compounds; antioxidant potential; cytotoxic activity

1. Introduction

The historical utilization of plants in traditional medicine and the knowledge acquired
from folk medicine have formed the foundation for extracting active compounds and
investigating their potential applications across diverse industries [1,2]. Given the rapid
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development of research and technology, advances in medicine and in toxicological evalua-
tions, plant extracts and natural bioactive compounds are gaining more and more ground
and are increasingly preferred to synthetic antioxidants in the pharmaceutical, cosmetic,
and food industries.

Berries are well known for their nutritional benefits and for their rich content of bioac-
tive compounds imparting health benefits and have been the subject of many scientific
studies in recent years [3-5]. Fruits of the Vaccinium and Ribes genera have been exten-
sively studied for their antioxidant and antiproliferative effects [6~17]. Extracts obtained
from different fruits of the Vaccinium genus (e.g., bilberry, blueberry, lingonberry, and
cranberry) have shown remarkable antioxidant activity, being rich in flavonoids, catechins,
polyphenolic acids, anthocyanidins and procyanidins, organic acids, and vitamins [6,7].
In in vitro tests, either the berry extracts, as such, or isolated fractions of these extracts
with high content of bioactive compounds showed significant efficacy in inhibiting cell
proliferation on various cancer cell lines such as colon cancer cells (Caco-2, HT-29, and
HCT-116), oral squamous cell carcinoma (OSCC) cells, cervix epithelioid carcinoma, and
breast adenocarcinoma [8-11]. Fruits of the genus Ribes (e.g., blackcurrant) are also rich
in polyphenols, especially anthocyanins and phenolic acids, with antioxidant and antipro-
liferative action demonstrated on cancer cell lines such as SGC-7901 gastric cancer cells,
Caco-2 colon carcinoma cells, HepG2 human liver cancer cells, murine B16F10 melanoma
cells, A2780 ovarian cancer cells, or HeLa cervical cancer cells [12-17].

In addition to the fruits themselves, young shoots are used for medicinal purposes, with
important therapeutic potential, although these plant parts are often neglected or considered
as byproducts [18,19]. Although most research focuses on the fruit [20], recent studies have
shown that blackcurrant leaves and buds have anti-inflammatory effects [19,21,22] and have
an even greater antioxidant capacity compared to fruits [23].

The damaging effects of free radicals and oxidative stress on cellular systems are linked
to the development of numerous diseases, including neurodegenerative diseases, cancer,
cardiovascular disease, diabetes, and premature aging. Thus, bioactive compounds in plant
extracts that possess antioxidant properties can combat free radical activity, counteract
cellular oxidative stress, and attenuate or prevent associated inflammatory processes [4].

In phytotherapy, the extraction of bioactive compounds from plants is based on tradi-
tional methods, such as maceration, infusion, and decoction, with ancient historical origins.
Tinctures, evolved from these practices, use alcohol as a solvent, with hydroalcoholic so-
lutions with alcohol concentrations of 30-50% offering superior extraction capacity [24].
Gemmotherapy is distinguished from phytotherapy using extracts obtained from em-
bryonic plant tissues in the growth phase, called meristematic (buds, shoots, roots, etc.).
Gemmotherapeutic extracts are classically prepared according to the European Pharma-
copoeia in glycerol mixtures of fresh plant material by maceration [24].

As alternatives to classical extraction methods, green extraction techniques have
recently been developed, which are more efficient due to higher extraction yields, a consid-
erable reduction in extraction time, used energy, and extraction costs, a reduction in the
volume of organic solvents required, extractions at low temperatures, and extracts richer in
bioactive compounds, including thermolabile compounds [25].

Due to the increased interest in the benefits of berries, there are recent studies using
green extraction methods to obtain polyphenol-rich extracts from these natural sources,
including leaves and buds or shoots, such as microwave-assisted extraction (MAE) [26],
ultrasound-assisted extraction (UAE) [26,27], enzyme-assisted extraction (EAE) [27], and
deep eutectic solvent (DES) extraction [26]. This class of compounds is of particular interest
as they are considered to have the strongest antioxidant and antiradical properties [28].

Turbo-extraction (TE) by Ultra-Turrax is also considered a green extraction method
because it requires a short extraction time (1-3 min), optimizes the interaction between
plant material and solvents, increasing extraction efficiency, uses low amount of energy,
and is considered a sustainable extraction method [29,30]. Recent studies have successfully
applied this method for the isolation of polyphenolic compounds from walnut septum [29]
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and hazelnut involucre [31], neglected byproducts, which can be exploited in the food
industry, cosmetics, and phytotherapy. To the best of our knowledge, this is the first study
that has explored the young shoots of R. nigrum using UTE.

In the context of the current orientation towards “green chemistry”, plant parts con-
sidered as byproducts, such as young shoots, have the potential to provide a valuable
source of bioactive compounds [32]. Furthermore, given the seasonal variations in phenolic
compound content and antioxidant activity of different plant parts, there is an opportunity
to study and determine the optimal harvest time and extraction conditions to maximize
benefits [18].

On the other hand, with the development and widespread use of gemmotherapy,
there has been an increased interest in investigating gemmotherapeutic extracts [33]. While
blackcurrant, European blueberry (or bilberry), and mountain cranberry (or lingonberry)
fruits and leaves have been phytochemically and biologically studied more often, there
is little information in the literature on the phytochemical composition and application
potential of gemmotherapeutic extracts obtained from these three species.

In vitro studies on cell cultures with extracts from young shoots (YSs) of Vaccinium
spp. or Ribes spp. are scarce, and the literature is deficient in such data. Thus, the present
study focused on young shoots from three species: Ribes nigrum L. (blackcurrant), Vac-
cinium myrtillus L. (European blueberry or bilberry), and Vaccinium vitis-idaea L. (mountain
cranberry or lingonberry). Based on these premises, the aims of this work were (1) to
optimize the extraction conditions of bioactive compounds from R. nigrum young shoots
(RNYSs) using a rational experimental design and two green extraction methods, UAE
and UTE; (2) to characterize the phytochemical profile of the extract obtained from RNYSs
under the optimal extraction conditions identified, using validated high-performance liquid
chromatography—-tandem mass spectrometry (LC-MS) analytical methods; (3) to prelimi-
nary investigate the phytochemical profiles and health beneficial potential of V. myrtillus
young shoots (VMYSs) and V. vitis-idaea young shoots (VVIYSs) in order to develop their
optimal experimental conditions in further studies; (4) to evaluate the antioxidant and
cytotoxic in vitro potential on normal and cancerous cell lines and to correlate the biological
activity with the content of bioactive compounds.

2. Materials and Methods
2.1. Chemical and Reagents

Vanillin (99%), sodium carbonate, sodium acetate, potassium chloride, 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) (97%), 2,2-diphenyl-1-(2,4,6-trinitrop-
henyl) hydrazine (DPPH), 2,7 dichloro-fluorescein diacetate (DCFH-DA), and dimethyl
sulfoxide (DMSO) were all acquired from Sigma Aldrich (Schnelldorf, Germany), and
aluminum chloride (>98%) from Carl Roth (Karlsruhe, Germany). Folin-Ciocélteu reagent,
hydrochloric acid (37%), acetic acid, acetone, ethanol, and methanol were obtained from
Merck (Darmstadt, Germany). All reagents were of analytical purity, and HPLC-grade
solvents were used.

All standards used for spectrophotometric assays and LC-MS analysis were obtained
from Sigma Aldrich (Schnelldorf, Germany), except sinapic acid purchased from Carl Roth
(Karlsruhe, Germany), and ferulic acid and gallic acid acquired from Merck (Darmstadt,
Germany). Double-distilled, deionized water pro injections was purchased from Infusion
Solution Laboratory of the Iuliu Hatieganu University of Medicine and Pharmacy, Cluj-
Napoca, Romania (IHUMPh).

2.2. Plant Material

In June 2022, young shoots from blackcurrant, bilberry, and lingonberry were harvested
in the Obcinile Bucovinei region, located at an altitude of approximately 1000 m, within
Suceava County, Romania (Table 1). Each of the three plant specimens was transported to
the Department of Pharmaceutical Botany at the Faculty of Pharmacy, IHUMPh, for proper
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identification and subsequent inclusion in the Herbarium, where they received voucher
numbers (R. nigrum L.—51.1.2.1.1; V. myrtillus L.—106.7.2.10; V. vitis-idaea L.—106.7.1.1).

Table 1. Details regarding the harvesting location of selected species.

Harvested Species Location GPS Position

Ribes nigrum L.
Vaccinium myrtillus L.
Vaccinium vitis-idaea L.

Obcinile Bucovinei,

Suceava county, Romania 47°5323" N 25°17'21" E

After harvesting, the plant material was purified by rinsing with tap water. The fresh
YSs, with a length of 5-7.5 cm, from these three plant species were processed by chopping
using a Thermomix (Vorwerk, Wuppertal, Germany). They were then vacuum-sealed and
stored in a refrigerator at 4 °C until the time of analysis. Next, the RNYSs underwent
lyophilization, beginning at —55 °C for 24 h, followed by 48 h at —25 °C, under a pressure
of 200 mTorr, employing the Advantage 2.0 equipment from SP Scientific (Warminster, PA,
USA). This lyophilized portion was utilized in the experimental design to evaluate the total
phenolic content (TPC), total flavonoid content (TFC), condensed tannin content (CTC),
total antioxidant activity (TAA) using the DPPH assay, and LC-MS analysis.

2.3. Preparation of Plant Extracts and Investigation of Optimal Experimental Conditions to Obtain
Extracts Rich in Phytochemicals

An experimental design (Table 2) was developed using Modde Software, version
13.0.2 (Sartorius Stedim Data Analytics AB, Umed, Sweden) to establish the optimal extrac-
tion conditions for polyphenolic compounds from RNYS samples. This design involved
five independent variables (Table 3): extraction method (X;), which included UAE and
UTE; stirring time (Xj); extraction solvent (X3); apparent pH (X4); and solvent-to-plant
product ratio (Xs), as detailed in Table 2. Additionally, four dependent variables were
considered: TPC, quantified in gallic acid equivalents (GAE) per gram of plant material
dry weight (dw) (mg GAE/g dw); TFC, measured in quercetin equivalents (QE) per gram
of dry weight (mg QE/g dw); CTC, expressed in catechin equivalents (CE) per gram of
dry weight (mg CE/g dw); and TAA assessed using the DPPH test, reported in Trolox
equivalents (TE) per gram of dry weight (mg TE/g dw).

Lyophilized RNYSs were ground and weighed according to the experimental plan and
mixed with the extraction solvent in 25 mL Falcon tubes. The apparent pH of the considered
extraction solvents was determined using a pH meter type 110 from Hana Instruments
(Smithfield, RI, USA). The extracts prepared by UAE were obtained in two steps: (a) shak-
ing for 2 min using a Vortex RX-3 (Velp Scientifica, Usmate, Italy); (b) actual extraction
using an ultrasonic bath (Elmasonic S 180 (H), manufacturer Elma Schmidbauer GmbH,
Singen, Germany), according to the experimental plan. Following extraction, each mixture
was centrifuged for 15 min at 3000 rpm at room temperature using a Hettich Micro 22R
centrifuge (manufactured by Andreas Hettich GmbH & Co., Tuttlingen, Germany). The ex-
tracts prepared through UTE also followed a two-stage process: (a) shaking for 2 min using
a Vortex RX-3 and (b) actual extraction using an Ultra-Turrax homogenizer at 4000 rpm
(T18; IKA Labortechnik, Staufen, Germany) for 1-3 min based on the experimental plan.
After homogenization, each mixture was similarly centrifuged under the same conditions.
The resulting supernatants, representing the extracted compounds, were collected and
subsequently subjected to analysis for the determination of dependent variables as per the
experimental plan, as well as phytochemical analysis through LC-MS.

Once the experimental plan was validated, the identified optimal extraction conditions
were applied to obtain the optimal extract from young shoots of R. nigrum (blackcurrant).
Under identical conditions, extracts were prepared from the young shoots of V. myrtillus
(bilberry) and V. vitis-idaea (lingonberry) at a concentration of 10% (mass/volume). After
centrifugation (at 3000 rpm for 15 min.), each resulting supernatant was divided into
two equal fractions. The first fraction was used to determine TPC, TFC, CTC, TAA, and
phytochemical analysis using LC-MS.
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Table 2. Independent variables of the experimental design for assessing optimal conditions for the
extraction of bioactive compounds from blackcurrant young shoots.

Sample Extraction Method  Stirring Time Extraction Solvent Solvent Apparent pH Solvent + Vegetal
Code X1) X2) (X3) Xg) Product (X5)
N6 UAE* 20 min 70% acetone in 1% acetic acid 3.7 20mL+1g
N1 UTE ** 1 min 50% ethanol in 1% acetic acid 3.4 20mL+1g
N10 UAE 10 min 50% ethanol in 1% acetic acid 3.4 20mL+2g
N13 UTE 1 min 70% acetone in 1% acetic acid 3.7 20mL+1g
N3 UTE 3 min 50% ethanol in water 6.8 20mL+1g
N16 UAE 20 min 70% acetone in 1% acetic acid 3.7 20mL+2g
N5 UTE 1 min 70% acetone in water 6.4 20mL+1g
N11 UTE 3 min 50% ethanol in 1% acetic acid 3.4 20mL+2g
N2 UAE 10 min 50% ethanol in water 6.8 20mL+1g
N14 UAE 10 min 70% acetone in water 6.4 20mL+2g
N9 UTE 1 min 50% ethanol in water 6.8 20mL+2g
N19 UTE 2 min 50% ethanol in water 6.8 20mL+15¢g
N17 UTE 2 min 50% ethanol in water 6.8 20mL+15g
N7 UTE 3 min 70% acetone in 1% acetic acid 3.7 20mL+1g
N18 UTE 2 min 50% ethanol in water 6.8 20mL+15¢g
N8 UAE 20 min 70% acetone in water 6.4 20mL+1g
N15 UTE 3 min 70% acetone in water 6.4 20mL+2g
N12 UAE 20 min 50% ethanol in water 6.8 20mL+2g
N4 UAE 20 min 50% ethanol in 1% acetic acid 3.4 20mL+15¢g

* UAE—ultrasound-assisted extraction; ** UTE—UItra-Turrax extraction.

Table 3. Independent and dependent variables of the experimental design used in the screening step.

Level

Variables

-1 0 1
Independent variables (factors)
Extraction method (X7) UAE - UTE
Stirring time (Xy)
- UAE 10 - 20
- UTE 1 2 3
Extraction solvent (X3) 50% ethanol - 70% acetone
Solvent apparent pH (X4) neutral - 1% acetic acid
Solvent (mL):vegetal product (g) ratio (Xs) 20:1 20:1.5 20:2

Dependent variables (responses)

Total phenolic content (TPC, mg GAE/g dw by (Yy)

Total flavonoid content (TFC, mg QE/g dw 2) (Yp)

Condensed tannin content (CTC, mg CE/g dw 3) (Y3)

Total antioxidant activity (TAA, mg TE/g dw %) (Yy)
1 —mg GAE/g dw = mg gallic acid equivalents per g of dry weight; >—mg QE/g dw = mg quercetin equivalents
per g of dry weight; >—mg CE/g dw = mg catechin equivalents per g dry weight; —mg TE/g dw = mg Trolox
equivalents per g dry weight.

The second fraction was lyophilized after the solvent evaporation using a rotary
evaporator (HEI-VAP Advantage Rotary evaporator HL/HB/G1, Heidolph Instruments
GmbH & Co. KG, Schwabach, Germany). The lyophilization was performed at a pressure
of 200 mTorr and a temperature of —25 °C for 48 h using the SP Scientific Virtis AdVantage
2.0 BenchTop lyophilizer (Model Advantage Plus EL-85, American Laboratory Trading Inc.,
East Lyme, CT, USA). These samples were later used for in vitro testing on cell lines.

2.4. Quantitative Determinations of Total Bioactive Compounds
2.4.1. Total Phenolic Content

The determination of TPC in the extracts followed a spectrophotometric method using
the Folin—Ciocalteu (FC) reagent, as outlined in the protocols described by Rusu et al. and
Vlase et al. [30,31]. In brief, a 20 uL aliquot from each sample was placed in a 96-well plate
and mixed with 80 uL of FC reagent (diluted at a 1:10 ratio). After a 3 min incubation
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period, 80 uL of a sodium carbonate solution (7.5% w/v) was added. The absorbance
readings were taken at 760 nm against a reagent blank after a 30 min incubation in darkness
at room temperature using a Synergy HT microplate reader (BioTek Instruments, Inc.,
Winooski, VI, USA). The calibration curve was prepared with gallic acid as reference
standard (0.01-0.16 mg/mL, R? = 0.9998). The results were expressed as mg GAE/g dw.

2.4.2. Total Flavonoid Content

The spectrophotometric determination of the TFC in the extracts was carried out in
96-well plates, as previously detailed [30,31]. Here, 100 puL of extract was mixed with an
equal volume of a 2% AICl3 aqueous solution. The plate was then placed in darkness and
incubated at room temperature for 15 min. Subsequently, the absorbance of each sample
was measured at 420 nm against a blank, using the microplate reader. Quercetin was
employed as the reference standard (0.313-60 pg/mL, R? = 0.9967). The quantification of
TFC was expressed as mg QE/g dw.

2.4.3. Condensed Tannin Content

The determination of CTC was conducted through a spectrophotometric approach
within 96-well plates [31]. In this method, 50 uL of the extract was combined with 250 uL
of a solution containing 0.5% vanillin prepared in 4% concentrated HCI in methanol. Subse-
quently, the plate was placed in darkness and incubated at 30 °C for 20 min, after which the
absorbance was measured at 500 nm against a blank, with the same microplate reader. The
calibration curve was established using catechin as reference standard (0.01-0.12 mg/mL,
R? = 0.9935), and the CTC was expressed as mg CE/g dw.

2.5. Determination of the Antioxidant Activity

The DPPH free radical scavenging capacity was conducted in a 96-well plate [30,31]
by combining 10 pL of the extract with 9 uL of a 0.004% methanolic solution of DPPH
and incubating the mixture in darkness for 30 min. The modification in absorbance was
assessed at 517 nm, and the DPPH reduction capabilities were determined in comparison to
the Trolox stock solution using the formula A = Agtock solution — Asample- Here, Astock solution
represents the absorbance of DPPH radical mixed with methanol, and Agymple corresponds
to the absorbance of DPPH radical mixed with the plant extract. The absorbance values of
the samples were compared against a solvent blank utilizing the microplate reader. Trolox
reagent served as the reference standard (0.025-0.3 mg/mL, R? = 0.9942), and the outcomes
were quantified as mg TE/g extract dw.

2.6. Phytochemical Analysis by LC-MS
2.6.1. Identification and Quantification of Polyphenolic Compounds

The phytochemical composition of the YS extracts was analyzed by LC-MS employing
two validated analytical methods [29,34,35]. The equipment used included an Agilent
Technologies 1100 HPLC Series system equipped with an autosampler, column thermostat,
binary gradient pump, degasser, and UV detector, which was connected to an Agilent
mass spectrometer, specifically, the Ion Trap 1100 SL model (LC/MSD Ion Trap VL, Agilent,
Santa Clara, CA, USA) [36,37].

The first analytical method, with minor modifications (adding five new compound
standards), was employed to identify 23 polyphenols in the YS extracts, namely, apigenin,
caffeic acid, 4-O-caffeoylquinic acid, caftaric acid, chlorogenic acid, p-coumaric acid, ferulic
acid, fisetin, gentisic acid, hyperoside, isoquercitrin, kaempferitrin, kaempferol, kaempferol-3-
rhamnoside, luteolin, myricetin, patuletin, quercetin, quercitrin, rutoside, sinapic acid, vitexin,
and vitexin 2-O-rhamnoside. In brief, chromatographic separation occurred on a reverse-
phase analytical column (Zorbax SB-C18, 100 mm x 3.0 mm id, 3.5 um, Agilent Technologies,
Santa Clara, CA, USA) using a mobile phase consisting of a mixture of methanol and 0.1%
acetic acid (v/v) in a binary gradient [38]. The elution process began with a linear gradient,
commencing at 5% methanol and concluding at 42% methanol at 35 min. An isocratic elution
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of 42% methanol was maintained for the subsequent 3 min, followed by rebalancing the
column with 5% methanol for the next 7 min [39]. The flow rate was set at 1 mL/min, the
column temperature was held at 48 °C, and each sample was injected at a volume of 5 pL.
Detection of the bioactive compounds occurred in both UV and MS modes. Initially, phenolic
acids were detected at 330 nm for the first 17 min, and subsequently, flavonoids and their
aglycones were identified at 370 nm up to 38 min. The MS system operated in negative mode
using an electrospray ionization source (ESI) with specific settings [31,40].

The second validated LC-MS analytical method was employed to identify six addi-
tional polyphenols in the extracts: (+)-catechin, (—)-epicatechin, gallic acid, protocatechuic
acid, syringic acid, and vanillic acid, as previously described [41,42]. The chromatographic
separation, equipment, and mobile phase were consistent with the first method, with a
specific binary gradient. Detection of these compounds was performed solely in MS mode,
utilizing the same ESI source and settings as described in the first method [41].

For the identification of each bioactive compound in the plant extracts, the MS spec-
tra/traces were compared with library spectra. After MS detection, the UV trace was
utilized for quantification of the compounds. Quantification was based on the calibration
curve of their respective standards.

Data acquisition and interpretation were carried out using DataAnalysis (v5.3) and
ChemStation (vA09.03) software from Agilent (Santa Clara, CA, USA). The results were
expressed in mg of bioactive compound per g of vegetal product.

2.6.2. Identification and Quantification of Procyanidins

A novel LC-MS analytical method was developed for the quantification of procyani-
dins in the extracts of RNYSs, VMYSs, and VVIYSs. The same equipment used for the
determination of polyphenolic compounds was employed. The chromatographic sepa-
ration was carried out using a Zorbax SB-C18 column (100 mm x 3.0 mm i.d., 3.5 pm)
from Agilent Technologies. A gradient mixture of methanol and 0.1% acetic acid in water
was utilized for separation (initiated with 8% methanol, increased to 20% methanol at
8 min, followed by a 3 min re-equilibration with 8% methanol). The chromatography was
conducted at 45 °C with a flow rate of 1 mL/min, and a 5 uL injection volume was used.

Analyte detection was performed in MS/MS mode with negative ionization using an
ion trap mass spectrometer equipped with an ESI source. The specific settings included
a capillary voltage of 3000 V, a nebulizer pressure of 60 psi (nitrogen), a dry nitrogen gas
flow rate of 12 L/min, and a dry gas temperature of 350 °C.

Under these chromatographic conditions, the retention times for the various procyani-
dins were as follows: 2.6 min for B3, 2.9 min for B1, 3.8 min for B4, 5.1 min for B2, 7.1 min
for C1, and 7.6 min for Al.

For quantification purposes, the following mass spectrometry transitions were em-
ployed: m/z 575 > (m/z 407; 423; 447, 449; 450; 453; 539; 557) for Al procyanidin,
m/z577 >m/z (407.2; 425.1; 451.1) for all four B procyanidins (as they share identical
MS/MS spectra due to their isomeric nature), and m/z 865 > (407.2; 425.2; 451.2; 543.3;
577.3; 695.4; 713.3; 739.3) for C1 procyanidin. The calibration curves were found to be linear
for all analytes within the concentration range of 0.1-100 pug/mL.

2.7. In Vitro Biological Activity on Cell Lines
2.7.1. Cell Culture

The intestinal cell line Caco-2 (CLS Cell Lines Service GmbH, Eppelheim, Germany)
and the A549 and BJ cells (ATCC, Manassas, VA, USA) were used. Caco-2 cells were
maintained in Eagle’s minimum essential medium (EMEM), while A549 and BJ cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM). All media were supple-
mented with 10% fetal bovine serum (FBS). The cell culture flasks were routinely incubated
at 37 °C in a humidified incubator with 5% CO, supplementation. The media were changed
every 2 days, and the cells were subcultured or further used in experiments once they
reached 80-90% confluence.



Horticulturae 2023, 9, 1163

8 of 25

2.7.2. Preparation of Extract Solutions

Stock solutions of 100 mg/mL in dimethyl sulfoxide (DMSO) were prepared from
each lyophilized plant extract. The stock solutions were further diluted in DMSO to obtain
working solutions of 2.5, 6.25, 12.5, 18.75, 25, 37.5, 50, and 75 mg/mL. Consecutively, the
working solutions were used to prepare the solutions with concentrations ranging from 20
to 800 ug/mL in cell culture media.

2.7.3. Viability Assays

The cytotoxicity of the extracts was evaluated by Alamar Blue (AB) assay as previously
reported [43]. The cellular dependent conversion of resazurin to the fluorescent resorufin
compound was measured at Aexcitation = 530/25; Aemission = 590/35, using a Synergy 2
Multi-Mode Microplate Reader. In brief, 5000 Caco-2 cells or BJ cells and 15000 A549 cells
were seeded in 96-well plates to reach a confluency of 80% at the end of the experiment and
left to attach to the wells for 24 h. The cells were subsequently exposed, for 24 h, to extracts
dissolved in media at increasing concentrations ranging from 20 to 800 ug/mL. Following
the exposure, the medium was removed, and the mentioned viability assay was performed,
with the cells being incubated with a 200 uM solution of resazurin for 3 h. The experiments
included three biological replicates. The results were expressed as relative values compared
to the negative control (100%) (cells exposed to media containing 0.2% DMSO).

2.7.4. Dichloro-Fluorescein Diacetate Assay

The ability of the extracts to mitigate oxidative stress in Caco-2 cells was monitored
using the reactive oxygen species (ROS)-sensitive DCFH-DA dye in non-stimulated and
H,0O, stimulated conditions [34,44]. Caco-2 cells were selected as they were reported to be
a more suitable model for the evaluation of antioxidant properties of dietary phenolics due
to a retained active transport through the membrane [45].

Briefly, after a 24 h treatment with nontoxic concentrations of the extracts, the cells were
washed with phosphate-buffered saline (PBS) and further incubated for 2 h with 50 uM
DCFH-DA in Hanks’ Balanced Salt Solution (HBSS). Subsequently, the excess of DCFH-
DA was washed, and the cells were either exposed to 250 uM H,O, in HBSS (stimulated
conditions) or to HBSS alone (non-stimulated conditions) for 2 h. The conversion of
DCFH-DA to the fluorescent compound dichlorofluorescein (DCF) was measured using
the microplate reader at Aexcitation = 485/20; Aemission = 528/20. The potency of the extracts
to protect against oxidative stress was compared to the well-known antioxidant N-Acetyl
Cysteine (NAC, 20 mM solution for cells treatment).

2.8. Statistical Analysis

All samples were analyzed in triplicate (n = 3) and the results were presented as
the mean =+ standard deviation (SD). For the statistical analysis, the Student’s t-test and
one-way analysis of variance (ANOVA) were utilized, followed by post hoc testing with
either the Holm- Sidak or Tukey's multiple comparisons methods. SigmaPlot 11.0 software
was employed for statistical analysis and significance was considered at a p-value of < 0.05.

3. Results
3.1. Outcomes of the Experimental Runs and Fitting the Data with the Models

The experimental design matrix for the extraction of bioactive compounds from
RNYSs, consisting of 19 vegetal extracts, was generated using Modde software v13.0.2.
Table 4 presents the factors presumed to impact the extraction yield, including extraction
method and duration, solvent type, apparent pH, and the solvent-to-vegetal product ratio.
Furthermore, it includes the responses examined, such as TPC, TEC, CTC, and TAA. This
table offers a concise overview of the outcomes resulting from the experimental runs. The
summarized results illustrate that these factors exerted varying degrees of influence, either
positively or negatively, on the observed outcomes.
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Table 4. The experimental design matrix used during the screening step and the outcomes of TPC,
TFC, CTC, and TAA of the Ribes nigrum L. young shoot extracts.

Sample Run Factorial Design with Coded Values Determination (Experimental Results)

Code  Order X X2 Xs X3 Xs Y, (TPC) Y, (TEC) Y; (CTC) Y, (TAA)
N1 2 UTE! 1 min EtOH50 3 3.4 20:1 59.28 + 0.61 5.25 + 0.00 105.61 £ 5.35 1048.03 + 39.08
N2 9 UAE? 10 min EtOH50 6.8 20:1 53.52 4+ 1.69 5.84 + 0.06 63.16 £+ 3.57 923.80 + 95.87
N3 5 UTE 3 min EtOH50 6.8 20:1 68.41 + 0.61 6.04 + 0.00 109.39 £+ 3.57 1147.71 + 59.79
N4 19 UAE 20 min EtOH50 3.4 20:1.5 50.10 + 1.23 528 +0.14 94.78 + 0.00 820.03 4 42.30
N5 7 UTE 1 min Ace70 % 6.4 20:1 79.71 £ 4.00 6.76 + 0.13 161.93 £ 2.97 1341.28 + 72.39
N6 1 UAE 20 min Ace70 3.7 20:1 48.41 + 1.84 4.77 £+ 0.00 79.55 + 1.78 906.46 + 68.84
N7 14 UTE 3 min Ace70 3.7 20:1 77.97 + 4.61 6.96 + 0.11 195.97+17.83  1310.94 + 19.86
N8 16 UAE 20 min Ace70 6.4 20:1 47.00 £ 0.77 492 +0.21 90.06 £ 3.57 903.58 + 31.25
N9 11 UTE 1 min EtOH50 6.8 20:2 53.39 + 0.54 5.72 +0.07 117.74 +5.94 874.32 + 33.85
N10 3 UAE 10 min EtOH50 3.4 20:2 51.48 £+ 0.31 5.31+0.14 104.92 + 6.84 786.93 4+ 16.41
N11 8 UTE 3 min EtOH50 3.4 20:2 64.85 + 0.77 5.57 + 0.30 170.28 +£9.51 890.94 4+ 27.09
N12 18 UAE 20 min EtOH50 6.8 20:2 37.79 £+ 0.46 4.03 + 0.01 54.07 + 2.67 625.86 + 8.76
N13 4 UTE 1 min Ace70 3.7 20:1 80.25 + 3.84 6.16 + 0.06 197.24 + 23.18 1488.62 +4.33
N14 10 UAE 10 min Ace70 6.4 20:2 43.33 £+ 0.00 4.54 +0.04 86.22 + 3.57 747.20 4+ 17.65
N15 17 UTE 3 min Ace70 6.4 20:2 76.81 £+ 2.00 7.22 +0.23 242.36 + 5.65 982.67 + 0.00
N16 6 UAE 20 min Ace70 3.7 20:2 59.47 + 0.69 6.20 + 0.07 138.97 £+ 0.89 917.66 + 5.73
N17 13 UTE 2 min EtOH50 6.8 20:1.5 62.56 + 1.02 6.08 + 0.05 118.32 £ 4.76 959.67 + 6.01
N18 15 UTE 2 min EtOH50 6.8 20:1.5 62.63 + 1.33 6.55 + 0.09 120.84 +7.53 977.01 + 21.68
N19 12 UTE 2 min EtOH50 6.8 20:1.5 63.57 £ 143 6.25 + 0.01 115.52 + 10.30 1038.64 + 5.78

1 UTE—Ultra-Turrax extraction; 2 UAE—ultrasound-assisted extraction; 3 EtOH50—50% ethanol in solvent;
4 Ace70—70% acetone in solvent; X;—extraction method; Xp—stirring time; X3—extraction solvent; Xy;—solvent
apparent pH; Xs—solvent (mL):vegetal product (g) ratio; Y;—total polyphenolic content (TPC), expressed as
mg gallic acid equivalent (GAE) per g dry weight; Y,—total flavonoid content (TFC), expressed as mg quercetin
equivalent (QE) per g dry weight; Y3—condensed tannin content (CTC), expressed as mg catechin equivalents (CE)
per g dry weight; Y,—total antioxidant activity (TAA) through DPPH assay, expressed as mg Trolox equivalents

(TE) per g dry weight.
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In the screening phase, the experimental design data were fitted using the partial least
squares regression (PLS) method. Figure 1 displays the fitting parameters for the output
variables, which include TPC, TFC, CTC, and TAA.

Y1

Y2

Y3

Y4

IRr2

iQ

. Model validity
[l Reproducibility

Figure 1. The fitting parameters for the evaluated output variables.

3.1.1. The Influence of Experimental Conditions on Dependent Variables

As indicated in Table 4, it is evident that the working parameters have a noticeable
impact on the extraction yield of bioactive compounds. The influence of these working con-
ditions on TPC, TFC, CTC, and TAA is visually represented in Figure 2 through diagrams
featuring scaled and centered coefficients.



Horticulturae 2023, 9, 1163 10 of 25

12 : 012

: 0.04 '
A = [ | [ -

0.8 -0.08.
B8 XA as 3 W 8@ s 8833 ¥
= < * 38§ 5 < X882 E g ”
S =S XX E S = <X i
SRS wa IR %;

=
> >

3 20
2 15
) . .

@) < l

50 -—. §5.

1 . ol .-_-_—
2 -5 |
3 -10
E 2 X3 8 E F " E 2733 F £ %
2 2 SR 2 2 > % B8

><<r<>< ><<r><

Figure 2. The influence of working conditions on TPC, TFC, CTC, and TAA by DPPH assay upon R.
nigrum L. extract during the screening step, depicted as scaled and centered coefficient plots. X;—
extraction method; X,—stirring time; X3—extraction solvent; X4—solvent apparent pH; Xs—solvent

(mL):vegetal product (g) ratio.

Furthermore, Figure 3 illustrates the response surfaces used to predict the extraction yield
of bioactive compounds from RNYS extracts concerning the assessed extraction parameters.
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X2—UAE
Xz—ethanol
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Xz —ethanol Xs—acetone Xz—acetone

Figure 3. Response surface for predicting the bioactive compounds recovery from RNYS extract with
respect to X;—extraction method; X,—stirring time; X3—extraction solvent; X;—solvent apparent
pH; Xs—solvent (mL):vegetal product (g) ratio. The red areas on the graphics depict the extraction pa-
rameter ranges that ensure the highest extraction yield for the bioactive compounds under evaluation
and maximum outcome for the evaluated dependent variables.
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3.1.2. Investigation of Optimal Experimental Conditions to Obtain Extracts Rich in
Phytochemicals for RN'YSs

In the optimization step, the primary objective was to maximize the extraction of
polyphenols, flavonoids, and condensed tannins, and to achieve significant antioxidant
activity. Consequently, the Modde software provided the optimal extraction conditions as
follows: UTE for 3 min, using a solvent composed of 70% acetone in water, maintaining a
neutral apparent pH (6.4), and applying a solvent-to-vegetal product ratio of 20 (mL) to
2 (grams of YS). Under these conditions, a new extract was successfully obtained from the
RNYSs. In the same conditions, with a plant product concentration of 10% (mass/volume),
extracts from VMYSs and VVIYSs were also prepared.

For all these three extracts, a comprehensive series of determinations was conducted,
including TPC, TFC, CTC, and TAA. Additionally, a detailed phytochemical profile was
established, consisting in the identification and quantification of polyphenols (utilizing
previously validated LC-MS analytical methods) and procyanidins, with the application of
a newly developed analytical method. Moreover, the extracts” antioxidant and cytotoxic
potential were investigated in vitro through studies performed on cell lines.

3.2. Quantitative Determinations of Total Bioactive Compounds and Antioxidant Activity

Table 5 summarizes the results obtained for the spectrophotometric assays performed
on the YS extracts. Statistical analysis was conducted to compare the results of TPC, TFC,
CTC, and TAA among the optimized extracts of RNYSs, VMYSs, and VVIYSs (data are
provided in Supplementary Material, Figures S1-54).

Table 5. Determination of TPC, TEC, CTC, and total antioxidant activity through DPPH assay for the
RNYSs, VMYSs, and VVIYSs (mean value + SD, n = 3).

No Species TPC! TFC? CcTC? TAA*

1 R. nigrum L. 263.86 + 18.47 41.49 + 1.65 131.81 4+ 7.90 3.66 + 0.40
2 V. myrtillus L. 105.25 + 7.36 43.17 £ 3.02 18.80 4 1.88 3.45 4+ 0.24
3 V. vitis-idaea L. 114.43 + 5.72 38.06 + 4.18 25.99 + 1.03 3.41+0.17

1 TPC—total polyphenolic content, expressed as mg gallic acid equivalent (GAE)/g dw; 2 TFC—total flavonoid
content, expressed as mg quercetin equivalent (QE)/g dw; 3 CTC—condensed tannin content, expressed as mg
catechin equivalents (CE)/g dw; * DPPH—antioxidant activity through DPPH assay, expressed as mg Trolox
equivalent (TE)/g dw.

3.3. Phytochemical Analysis by LC-MS

Table 6 displays the quantification results for individual phenolic acids and flavonoids
identified within the extracts from the studied plant species.

Table 6. Identification and quantification of bioactive compounds from young shoot extracts of
selected species by LC/MS.

Compounds/Plant Species R. nigrum L. V. myrtillus L. V. vitis-idaea L.
Hydroxycinnamic Acids Chlorogenic acid 321.09 + 28.89 4455.11 £ 356.40 238.05 + 11.90
(ng/g plant 4-O-Caffeoylquinic acid 64.48 + 5.15 478 £0.43 44.58 + 3.56
product) p-coumaric acid 441 +0.26 49.55 +4.45 -
Hydroxi’benmc Acids Gallic acid 242 +0.12 24.82 +0.99 -
(ng/g plant Protocatechuic acid - 8.21 4 0.57 443 +0.17
product)
(+)-Epicatechin 4.63 +0.37 17.92 £ 0.71 29.67 +1.18
(—)-Catechin 3.71+0.25 2.44 + 0.09 94.76 + 7.58
Epigallocatechin gallate 38.11 £1.90 33.20 £2.32 -
Flavanols Procyan%d:m Al - - 357.62 4+ 21.45
(ug/g plant Procyamdm Bl 4.86 £ 0.19 3.68 + 0.33 53.31 £ 2.66
roduct) Procyanidin B2 2.01 +£0.12 4222 +3.79 8.94 + 0.62
p Procyanidin B3 11.93 +1.19 - 148.73 + 8.92
Procyanidin B4 16.79 £ 1.17 12.73 £1.27 40.67 +2.44
Procyanidin C1 - 38.61 + 3.08 8.77 + 0.87

Procyanidin C2 - 74.56 £ 7.45 6.28 = 0.56
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Table 6. Cont.

Compounds/Plant Species R. nigrum L. V. myrtillus L. V. vitis-idaea L.
Hyperoside 58.97 + 3.53 644.65 £ 25.78 588.68 & 29.43
Isoquercitrin 280.91 & 14.04 42.03 £4.20 111.38 £ 11.13
Flavonols Rutoside 433.13 + 21.66 - 165.93 £ 11.61
(ug/g plant Quercitrin 106.48 £+ 8.51 9.26 £ 0.64 9.26 £ 0.46
product) Kaempferitrin - - 25.57 4+ 1.02
Quercetol 8.89 + 0.71 5.59 +0.39 3.94 +£0.23
- 2.97 £0.24

Kaempferol-3-thamnoside -

- Not found. Data are expressed as mean + SD (n = 3).

3.4. Biological Activities of the Young Shoot Extracts
3.4.1. Cytotoxic Potential

The results obtained in the cytocompatibility assays of the YS extracts on the three tested
line cells are illustrated in Figure 4.

=3 Vaccinium myrtillys L.
B Ribes nigrum L.
3 Vaccinium vitis-idaea L.

A549 cell line

120 1

* *
*
100 * *
80
3 T ud
s *
E 60 * *
R~ *
40
*
20 *
* * * * ﬁ
0 - T T T
NC 20 50 100 150 200 300 400 600 800
Concentration ug/mL
Caco-2 cell line =3 Vaccinium myrtillys L.
B Ribes nigrum L.
120 3 Vaccinium vitis-idaea L.
100 = = T * *
* *
T f *
*
80
- i
< *
D 601
oy
=4 *
40
*
20 *
0 A L L - L — —
NC 20 50 100 150 200

Concentration pug/mL

Figure 4. Cont.
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Figure 4. Cytotoxicity of VMYSs, RNYSs, and VVIYSs on A549 cell line, Caco-2 cell line, and BJ cell
line evaluated using Alamar Blue assay after a 24 h exposure. The results were expressed as the
mean + SD (n = 3) and as relative values compared to the negative control (NC) (100%). * p < 0.05 vs.
NC (ANOVA + post hoc Holm-Sidék test).

For an easier comparison of biological potencies, IC5y values were calculated for all
extracts on the evaluated cell lines (Table 7).

Table 7. ICsg values (ug/mL) after exposure of A549, Caco-2 and BJ cells for VMYSs, RNYSs, and
VVIYSs, evaluated by Alamar Blue assay.

ICs (ug/mL)

Plant species V. myrtillus L. R. nigrum L. V. vitis-idaea L.
A549 cell line >800 162.9 360.1
Caco-2 cell line >800 302.7 336.1
BJ cell line >800 618.9 ~800

3.4.2. Antioxidant Activity

The antioxidant effects of the YS extracts on Caco-2 cells are illustrated in Figure 5.
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Figure 5. Antioxidant effects of VMYSs (A), RNYSs (B), and VVIYSs (C), evaluated using DCFH-DA assay
on Caco-2 cell line. Cells were incubated with the extracts at three noncytotoxic concentrations or NAC
(20 mM) for 24 h and further loaded with 50 uM DCFH-DA. The antioxidant potential was measured
in stimulated /non-stimulated conditions after a 3 h exposure in the presence and absence of 250 uM
H,0,. Data are expressed as means =+ SD (n = 3). All values are expressed as relative values compared to
the negative control (100%). Different letters (a—d in non-stimulated conditions, and A-E in stimulated
conditions) show statistically significant differences (ANOVA + Holm-Sidék post hoc test at p < 0.05).
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4. Discussion
4.1. Fitting the Experimental Data with the Models

For all assessed variables, a very good fit was achieved, with R? values ranging from
0.986 to 1.000. Moreover, an excellent model validity and reproducibility was observed. R?,
a statistical parameter, characterizes the proportion of variation in the response explained
by the chosen model. In a robust model, R? should approach a value of 1. In contrast,
Q? signifies the percentage of response variation predicted by the model through cross-
validation (values ranging from 0.829 to 0.999). High values for both parameters, with a
difference of <0.3 between them, indicate strong predictive capability for a suitable model.
In the selected model, a minimal difference between these two statistical parameters was
found, further affirming the model’s reproducibility and validity [29-31].

Additionally, it was noticed that polyphenols, flavonoids, and catechins displayed
good extraction yields with different solvent types. However, this factor had a mini-
mal impact on the overall extraction yield, as depicted in Figure 2. Consequently, in the
optimization phase, it was aimed to maximize TPC, TFC, CTC, and TAA. The optimal
extraction conditions were, hence, identified as follows: UTE for 3 min, using a solvent
composed of 70% acetone in water, maintaining a neutral apparent pH of 6.4, and applying
a solvent-to-vegetal product ratio of 20 mL to 2 g of RNYSs.

4.2. The Influence of Experimental Conditions on Dependent Variables

In this experiment, the focus was on a less-explored plant matrix, namely, YSs of
R. nigrum. The analysis results, as depicted in Table 4, clearly indicate that the measured re-
sponses (TPC, TFC, CTC, and TAA) were significantly influenced by the factors considered
in the experimental design. For a more detailed understanding, contour plots that allow for
curvature modelling were employed, thus enabling the visualization of nonlinear response
surfaces, and thereby facilitating the prediction of extraction efficiency for each considered
response, as illustrated in Figure 3.

The experimental parameters comprised a stirring time ranging from 1 to 3 min for
UTE and 10 to 20 min for UAE. The apparent pH was maintained in the neutral to acidic
range by including 1% acetic acid in the solvent mixture. The solvents employed were 50%
ethanol in water (EtOH50) and 70% acetone in water (Ace70). The solvent-to-plant product
ratio was also considered, ranging from 20:1 to 20:2.

Notably, the selection of an appropriate solvent is a critical aspect of plant product
extraction techniques. In this study, it was opted for two polar solvents known to yield
favorable results in phenolic extraction. As anticipated, based on prior research [8], the
mixture of acetone and water, comprising a polar aprotic and relatively acidic solvent, and
a polar protic solvent, respectively, outperformed a mixture of two polar protic solvents,
namely, water and ethanol. Specifically, the results indicate that the best outcomes in terms
of TPC, TFC, CTC, and TAA were achieved using a solvent composed of 70% acetone in
water, underscoring the positive correlation between bioactive compound content and
antioxidant activity. These findings align with previous research [31,46], where superior
extraction yields for phenolic compounds translated into enhanced antioxidant activity
and associated health benefits, particularly when a binary solvent mixture of water and
acetone was employed.

In relation to the extraction technique, for all assessed output variables (TPC, TEC, CTC,
and TAA), optimal extraction yields were observed when employing UTE as the extraction
method (exerting a positive influence), in combination with a hydroalcoholic mixture
containing 70% acetone (also exerting a positive influence). Conversely, the use of UAE as
the extraction method (having a negative influence), particularly when combined with a
hydroalcoholic mixture containing 50% ethanol (also having a negative influence), resulted
in decreased recovery yields. Consequently, the extraction conditions that positively
influenced the recovery of the output variables yielded the highest TPC at 80.25 + 3.84 mg
GAE/g dw (N13, run order 4, Table 4), the highest TFC at 7.22 + 0.23 mg QE/g dw (N15,
run order 17, Table 4), the highest CTC at 197.24 4 23.18 mg CE/g dw (N13, run order 4,
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Table 4), and the greatest radical scavenging activity at 1488.62 & 4.33 mg TE/g dw (N13,
run order 4, Table 4).

From Table 4 and Figure 2, it becomes evident that the solvent-to-plant product ratio
had the most substantial positive impact on the recovery of bioactive compounds. A higher
proportion of plant products was associated with an augmented extraction yield of bioactive
compounds and superior antioxidant capacity.

Furthermore, the stirring time exhibited statistically significant influence over TPC,
TFC, CTC, and TAA (Table 4, Figure 2). Longer stirring times positively affected the
extraction yield, particularly in the case of UTE. In contrast, when UAE was employed,
longer stirring times led to reduced recovery yields.

To a lesser degree, solvent apparent pH influenced the output variables. Notably,
higher TPC and TFC were obtained at a neutral apparent pH, while elevated CTC and TAA
were observed when 1% acetic acid was added to the solvent mixture, ensuring an acidic
apparent pH.

In the pursuit of optimized extracts with an appropriate phytocomplex and robust
antioxidant activity, it was set out to maximize TPC, TFC, CTC, and TAA using the Modde
software. The optimized extraction conditions derived from this approach included UTE
for 3 min, employing a hydroalcoholic solvent mixture containing 70% acetone, maintaining
a neutral apparent pH, and using a solvent-to-plant product ratio of 20:2.

4.3. Quantitative Determinations of Total Bioactive Compounds and Antioxidant Activity

This research conducted on extracts of RNYSs, VMYSs, and VVIYSs provides addi-
tional evidence that modern extraction techniques exert a substantial influence on bioactive
compounds content and antioxidant potential [28,30,39,42].

Following the experimental determinations, the extracts yielded the results summa-
rized in Table 5. The investigation of the RNYSs, VMYSs, and VVIYSs revealed variations
in their phenolic content and antioxidant activity. In terms of TPC, RNYSs exhibited the
highest concentration among the three species, registering 263.86 &= 18.74 mg GAE/g dw.
Indeed, it was obtained under the optimal extraction condition using UTE, a modern
and ecofriendly extraction method seldom applied on plant matrices. Vagiri et al. found
a quantity of 45—56 mg GAE/g dw in blackcurrant buds using UAE, significantly less
compared to this study [47]. Nonetheless, comparison with other literature data proved
challenging due to variations in expressing the measurements. For instance, in the study
by Tabart et al., polyphenols were extracted from blackcurrant buds by simple extraction
for 1hat4 °C, yielding 45.1 & 7.5 mg of chlorogenic acid equivalents (CAE) per gram of
frozen weight (FW) [48]. Turrini et al. expressed their results in mg GAE/100 mL extract.
They found TPC values of 415.56 £ 5.52 mg GAE /100 mL in an extract obtained by pulsed
ultrasound-assisted extraction (PUAE) compared to 276.44 &+ 3.85 mg GAE/100 mL in a
glycerin macerate, both for a ratio of solid plant material (dw):solvent of 1:20 [49]. However,
the UTE method is considered as a promising approach for obtaining polyphenolic-rich
extracts from plant matrices, including young shoots. The RNYS extract prepared under
the optimal identified conditions proved to be rich in polyphenolics.

VVIYSs levels of TPC followed those of blackcurrant with amounts of 114.43 & 5.72 mg
GAE/g dw, while VMYSs displayed a slightly lower TPC of 105.25 £+ 7.36 mg GAE/g dw.
For these two matrices, the optimal extraction conditions will be studied in further analyses.
The investigations of their phytochemical profiles and health beneficial potential were the
reasons these plant matrices were included along with RNYSs in this study.

The current findings underscore the rich phenolic composition of all three selected
species. Tabart et al. comparatively analyzed extracts of leaves, buds, and berries from
R. nigrum. The TPC values were 46.0, 45.1 mg, and 21.2 mg CAE/g frozen weight (FW),
respectively [48]. In similar studies, phytochemical analyses indicated that R. nigrum leaves
are valuable sources of polyphenols, showing contents up to fivefold higher than in fruits,
while the antioxidant potential was correlated with the content of polyphenols [23]. These
results were confirmed by another study that found the highest amount of TPC and TEC in
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extracts from leaves, followed by stems and berries [50]. In a study conducted by Bujor
et al. the bilberry leaf extracts exhibited a TPC of 142.9 + 19.2 mg GAE/g dry extract [51].
Additionally, in another study by the same author, the TPC of lingonberry leaf extracts was
reported as 158.9 £ 6.0 mg GAE/g dry extract [52].

Concerning TFC, VMYS extracts demonstrated the highest TFC at 43.17 £ 3.02 mg
QE/g dw, closely followed by RNYSs with 41.49 + 1.65 mg QE/g dw, and VVIYSs with
38.06 £ 4.18 mg QE/g dw. This indicates a substantial presence of flavonoids in all three
species. The outcomes shown for VMYSs were comparable with other studies performed on
leaf extracts of Vaccinium species. In a study conducted by Stefanescu et al., V. vitis-idaea leaf
extract exhibited a TFC of 49.94 + 8.03 mg QE/g plant material [53]. Dragana et al. found
variable amounts of total flavonoids in V. myrtillus leaves, ranging from 43.08 £ 0.68 mg
rutin equivalent (RUE)/g of extract (for aqueous extract) to 94.49 + 3.61 mg RUE/g of
extract (for ethyl acetate extract) [54]. Tabart et al. found in extracts obtained from R. nigrum
leaves, buds, and berries, TFC amounts of 2.05, 2.15, and 0.50 mg QE /g FW, respectively [48].
Charpentier et al. obtained flavonoid content of concentrated bud macerates from R. nigrum
of 150 mg/100 g fresh weight (fw) [55]. Other analyses on the same matrix found values
of 126 mg/100 g [56] and 97 mg/100 g [57]. In a study conducted by Mikulic-Petkovsek
et al., V. myrtillus harvested from shaded forests, characterized by low photosynthetic
active radiation (PAR), exhibited lower levels of flavanols [58]. Conversely, blueberries
from sun-exposed locations with high PAR displayed higher amounts of flavanols. This
observation aligns with the findings of Jaakola et al., who reported significantly elevated
levels of flavan-3-ols in bilberry leaves exposed to direct sunlight [59]. Considering that the
collection site in Obcinile Bucovinei, Suceava county has substantial solar exposure, the
high amount of TFC for the investigated species have a plausible explanation and align
with prior findings.

Additionally, the evaluation of CTC in RNYSs highlighted blackcurrant as a significant
source of condensed tannins, with 131.81 = 7.90 mg CE/g dw. In contrast, VVIYSs and VMYSs
displayed lower CTC values of 25.99 + 1.03 mg CE/g dw and 18.8 &+ 1.88 mg CE/g dw,
respectively.

Furthermore, the assessment of TAA by DPPH assay underscored the robust antiox-
idant potential of RNYSs, with a TAA of 3.66 &+ 0.40 mg TE/g dw. Similarly, VMYSs
exhibited substantial antioxidant activity (3.45 &= 0.24 mg TE/g dw), while VVIYSs showed
a TAA of 3.41 £ 0.17 mg TE/g dw. These results indicate significant antioxidant capabilities
for all three YS extracts of the selected species and correlations with the TPC and TFC val-
ues, as these bioactive compounds are responsible for the radical scavenging potential [60].
In the study performed by Turrini et al., the radical scavenging activity (RSA) of the extracts
from R. nigrum buds was also correlated with TPC values. For PUAE compared to glycerin
macerate, TPC values were 415.56 + 5.52 vs. 276.44 + 3.85 mg/100 mL, while RSA values
were 1158.58 & 73.24 vs. 1137.04 + 38.49 mg /100 mL, respectively [49].

Previous research has indicated that increased solar exposure at higher altitudes was
associated with higher levels of ortho-dihydroxylated flavonoids and improved radical
scavenging capacity [61,62]. Compounds like flavanols, flavonols, and caffeic acid deriva-
tives contributed to strong antioxidant properties, primarily due to the presence of highly
antioxidant 1,2-dihydroxyphenyl moieties. Soobrattee et al. ranked antioxidant activity in
the following order: procyanidin dimer > flavan-3-ols > flavonols > hydroxycinnamic acids
> simple phenolic acids [63]. The variations in reactivity noted among the extracts of YSs in
the DPPH test may be ascribed to variances in their polyphenol compositions, including
compounds containing dihydroxyphenyl moieties, differences in molecular sizes (e.g., fla-
vanols), or the potential presence of unidentified substances exhibiting antioxidant activity.

4.4. Phytochemical Analysis by LC-MS

The phytochemical analysis permitted the identification and quantification of 15 com-
pounds in YSs distributed in two major classes, phenolic acids and flavonoids (Table 6).
The approach revealed that the most abundant secondary metabolites of RNYSs were
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hydroxycinnamic acids, among them, chlorogenic acid found in relatively high amounts,
while gallic and p-coumaric acids were found in lesser concentrations. Chlorogenic acid
was determined in all three matrices; the highest amount (4455.11 & 356.40 ug/g) was
quantified in VMYS extract, representing more than 10 times the amounts determined in
extracts of RNYSs and VVIYSs. The same trend was noticed for p-coumaric and gallic acids,
much higher values were found in VMYS extract. However, the extracts of RNYSs and
VVIYSs were much richer in 4-O-caffeoilquinic acid. Moreover, the extracts of VVIYSs
showed higher amounts of catechin and epicatechin, yet epigallocatechin was quantified
only in RNYSs and VMYSs. Although these two plant matrices presented higher contents
of TPC, the extracts of VVIYSs seemed to be richer in individual flavonoids.

A quantitative comparison between the outcomes of this study and the results obtained
in other experiments was not possible due to the lack of data for YS matrix. Therefore, we
examined several other matrices of R. nigrum, V. myrtillus, and V. vitis-idaea. Compared to
our research, where the chlorogenic acid amount was 321.09 & 28.89 ug/g plant product,
Vagiri et al. found, in ethanolic extracts of R. nigrum leaves, amounts of chlorogenic
acid ranging from 81 to 121 nug/g dw relative to leaf positions and harvest date [47],
while Raudsepp et al. determined a considerably higher amount for this compound
(14.93 mg/g dry leaves) [64]. This research group also detected catechin, epicatechin, and
epigallocatechin in the leaves of Estonian R. nigrum.

In this study, three glycosides of quercetin (hyperoside, isoquercitrin, quercitrin), that
contain antioxidant chemical structures that can scavenge free radicals responsible for
oxidative chain reactions [65], were found in all three types of YSs, while rutoside, another
quercetin glycoside, was quantified only in R. nigrum and V. vitis-idaea. In the leaves of
R. nigrum, Vagiri et al. also identified quercetin-3-O-galactoside (hyperoside), quercetin-3-O-
glucoside (isoquercitrin), and quercetin-3-O-rutinoside (rutoside) [47]. Hyperoside content
from YSs in this study was comparable to the amount in leaves, 58.97 £ 3.53 vs. 57-81 nug/g,
while the other two were higher in YSs, 280.91 + 14.04 vs. 38-85 pg/g and 433.13 + 21.66
vs. 99-229 ug/g, respectively. Nevertheless, another analysis of R. nigrum leaf extract
showed high concentrations of quercitrin and rutoside, the two major glycosides of their
ethanolic extract, of 19.47 and 3.99 mg/g dry leaves, respectively [64]. Moreover, besides
hydroethanolic and methanolic extracts, infusion of R. nigrum leaves reported contents of
phenolic acids and quercetin glycosides, especially isoquercitrin (9.3 & 1.01 mg/100g dw)
and rutoside (7.5 £ 1.4 mg/100g dw) [66].

Liu et al. characterized the chemical profile by HPLC-DAD and HPLC-ESI-MS in the
aqueous acetone extracts from the leaves of V. myrtillus and V. vitis-idaea [67]. The total
phenolics in V. myrtillus green leaves ranged from 9 to 77 mg/g dw and from 73 to 74 mg/g
dw in red leaves, with chlorogenic acid accounting for the majority of the total content of
phenolic compounds, from 2 to 66 mg/g dw depending on the growth period. Quercetin
glycosides including hyperoside, isoquercitrin, quercitrin, and rutin were among the major
phenolics in the extracts from both species [67].

Furthermore, quantification of compounds in Caucasian V. myrtillus leaf extracts
demonstrated high contents of hyperoside (4.69 mg/g), isoquercitrin (12.02 mg/g), and
quercitrin (2.77 mg/g) [68]. Both fruits and leaves of V. myrtillus were disclosed to contain
catechin and epicatechin, hydroxycinnamic acids dominated by p-coumaric, ferulic, and
caffeic acids, followed by gallic, ellagic, and syringic acids [7].

In the study of Hokkanen et al., phenolics from leaves and stems of V. vitis-idaea
and V. myrtillus were studied using LC-MS [69]. The concentrations of most quercetin
glycosides, including hyperoside, isoquercitrin, quercitrin, and rutoside, as well as total
flavonols were higher in the extracts of V. vitis-idaea, while catechins were more abundant
in V. myrtillus extracts [69].

Ieri et al. defined the phytochemical fingerprint of V. myrtillus and V. vitis-idaea buds
and foliar tissues [70]. They concluded that TPC was higher in the young sprouts than in
adult leaves regardless of the type of extraction. Hydroxycinnamic acids were the main
class of compounds, independently of the age of the leaf tissue, corresponding to 93% of
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the total phenols in the glycerol-alcoholic bud extract. Interestingly, hydroxycynnamic
acids were more concentrated in young tissues compared with adult leaf tissues (53.6 and
25.2 mg/g, respectively) [70], which, again, underlines the importance of our research.

It is worth mentioning that many factors, such as geographical location, cultivar type,
growing conditions, or growth period, could impact the chemical composition of plant
matrices [71]. Indeed, the mountainous region from which the analyzed plant samples
were collected (Obcinile Bucovinei, at 1000 m altitude) and the mountain climate were
correlated with their high polyphenolic content and phytochemical profile.

4.5. Biological Activities of the Young Shoot Extracts
4.5.1. Cytotoxic Potential

Among the extracts obtained from the YSs, the VMYS extract exhibited the highest
cytocompatibility, statistically reducing cellular viability at the two highest tested concentra-
tions in the case of the cancerous cells, while in the case of BJ cells, no statistical difference
was observed. At the 800 pg/mL dosage, this bilberry extract reduced cellular viability
of Caco-2 cells by approximately 15%, while in the case of A549 cells, the viability was
decreased by 35%. Conversely, the VVIYS and RNYS extracts showed increased toxicity on
all cell lines, leading to a dose-dependent decrease in cellular viability starting from a dose
of 100-150 png/mL, depending on the extract and the cellular line exposed. In comparison
with normal cellular phenotype, cancerous cells displayed an increased susceptibility, at
the highest tested dose both extracts decreasing the cellular viability by more than 90%. For
BJ cells, the measured viability for the VVIYS and RNYS extracts at the highest dose was 50
and 35% of the negative control.

To evaluate if there is a statistical difference between the susceptibility of the cell lines
and the cytotoxic potencies of the extracts, an ANOVA 3-way analysis was performed
using as variables the cell type, type of the extract, and the concentration tested, and as the
response the measured viability. The analysis indicated that all variables tested had a signif-
icant impact on the measured viability. As observed from the graphical representations, the
analysis indicated that the VMYS extract displayed less toxicity than the other two extracts,
with the cancerous cells being more sensitive to the cytotoxic activity of the extracts.

Comparable results were reported by Ginovyan et al. for an ethanolic extract of
R. nigrum L. leaves in HT-29 and MCEF-7 cells, with the cellular viability decreasing by
more than 50% at exposure doses between 300 and 400 pg/mL. In addition, the authors
reported that the observed cytotoxicity was dependent on the exposure duration with
longer exposures being associated with increased cytotoxicity [72]. The anticancer effects
were also noted for aqueous extract from blueberry leaves on the AGS gastric cancer cell
line, as the cellular viability decreased by more than 50% at doses higher than 400 ug/mL.
The leaf extract also presented an antimigrating potential, most probably due to the high
content of anthocyanins. In the same study, the authors evaluated the cytotoxic effect
of a similarly obtained extract from the fruits, which was shown to be less active on the
cancerous cell line [73].

A selective cytotoxic effect towards the cancerous cell line was reported for a methano-
lic extract of R. idaeus shoots, with the extract displaying ICsy values of 110 pg/mL and
300 ug/mL towards HL-60 and HeLa cells, respectively. The authors supposed that this
effect was related to the high sanguiin H-6 content, a primary ellagitannin present in the
Rosaceae family [74].

Conversely, Ziemlewska et al. reported that water-glycerin extracts from the leaves of
R. nigrum L. and V. myrtillus can have a beneficial effect on the viability of keratinocytes
(HaCaT) and fibroblasts (BJ]), depending on the exposure dose. At small/intermediate doses,
the authors reported that the extracts increased the measured viability and the cellular
metabolism. Interestingly, similar to the current study a higher cytotoxicity was observed
for the RNYS extract compared to VMYS extract [19]. Similarly, Debnath-Canning et al.
reported that fruit and leaf extract from V. angustifolium can reduce cellular damage and
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inflammation in microglial cells exposed to glutamate or o-synuclein and act as protective
agents against neurodegenerative disorders [75].

4.5.2. Antioxidant Activity

The antioxidant activity of the extracts prepared from YSs was assessed on the Caco-2
cell line because these cells were reported to be a more suitable model for the evaluation
of antioxidant properties of the dietary phenolics. Kellett et al. evaluated the antioxidant
effects of quercetin and catechin in HepG2 and Caco-2 cells. While quercetin presented
an antioxidant effect on both cell lines (increased effect on Caco-2 cells), the antioxidant
effects of catechin were only noticeable on the Caco-2 cells. This could be explained by the
fact that Caco-2 cells display tight junctions and permeability similar to small intestinal
epithelial cells and a retained active transport through the membrane [76].

When cells were exposed to H,O,, there was a statistically significant increase in
ROS, reaching approximately 135% of the negative control value. Conversely, exposure
to NAC reduced ROS levels by 50% in both stimulated and non-stimulated conditions.
In comparison with previously reported data from our group on the antioxidant effects
of various plant extracts, exposure of Caco-2 cells to HyO, induced a significantly lower
increase in ROS. Exposure of A549, T47D-kBluc, MCF-7, and human gingival fibroblasts to
the same concentration of HyO, resulted in an approximately 300-500% increase in ROS,
while in the present case, a modest increase of 30% was observed [34]. These results could
be related to the increased barrier membrane function observed in Caco-2 cells [76].

In accordance with the observed effects for NAC, all extracts obtained from YSs exhib-
ited antioxidant properties, with the blackcurrant and lingonberry extracts demonstrating
exceptional antioxidant capabilities. The extracts effectively decreased ROS levels in both
conditions in a dose-dependent manner, with lingonberry extracts exhibiting a stronger
antioxidant activity than NAC at the highest tested dose. Regarding the VVIYS extract,
it alone reduced ROS levels by approximately 65%, and in the presence of HyO,, the
ROS content was reduced by 70%. The antioxidant properties observed in cell culture are
congruent with the results obtained in the abiotic DPPH assay (Table 5). Bioactive phyto-
compounds can directly mitigate oxidative insults, as measured by the abiotic antioxidant
assays (DPPH), or indirectly augment the cellular antioxidant capacity by increasing the
synthesis of cellular antioxidants and the activity of the detoxifying enzymes.

Similar to the current results, Kwon et al. reported that the pre-exposure to a methano-
lic extract from the leaves of V. bracteatum Thunb. reduced ROS in BV-2 microglial cells
exposed to lipopolysaccharides (LPS) in a dose-dependent manner [77].

Gao et al. reported that ethanolic extracts of fruits, leaves, and flower buds from
V. dunalianum Wight reduced ROS in HyO,-stimulated PC12 cells by increasing the activity
of the superoxide dismutase and catalase antioxidant enzymes. In addition, they reported
that the extracts decreased the malondialdehyde (MDA) content and increased the level of
reduced glutathione [78]. Compared with the fruit extracts, the extract from leaves had a
similar antioxidant effect, indicating that other plant parts, such as the YSs tested in the
current study, could prove to be a valuable resource of bioactive compounds. V. dunalianum
Wight was also studied by Cheng et al., who investigated various fractions of a shoot extract
obtained by using 80% methanol in water and then divided into fractions using various
solvents (petroleum ether, chloroform, ethyl acetate, and n-butanol). These fractions, along
with the remaining aqueous extract, were evaluated for their antioxidant potential through
various assays, both in vitro and on HepG2 cells. The ethyl acetate fraction displayed
notable antioxidant properties, including the ability to inhibit ROS formation and induce
apoptosis in HepG2 cells exposed to H,O,. Furthermore, it dose-dependently enhanced
the activity of antioxidant enzymes like superoxide-dismutase and catalase and increased
glutathione (GSH) levels [79].

Chlorogenic acid, one of the more abundant phytochemicals in the YS extracts, has
been shown to possess antioxidant and anti-inflammatory potential through the upregula-
tion of an antioxidant cellular defense mechanisms, acting as an antioxidant in in vitro and
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in vivo models [80-82]. In addition, caffeoylquinic acids were previously reported to exhibit
antioxidant properties effects on hepatic cells exposed to the pro-oxidant tert-butyl hy-
droperoxide (t-BHP). Congruent with the results reported by Gao et al. [78], caffeoylquinic
acids can increase the cellular GSH level and alleviate BHP-induced DNA damage. All
these bioactive compounds present a common indirect antioxidant mechanism by inducing
the nuclear translocation of the Nrf2 and the activation of the Nrf2/ARE cell signaling
pathway, leading to increased expression of antioxidant enzymes and cellular defense [83].

Tabart et al. explored the antioxidant capacity of R. nigrum extracts (shoots, leaves, and
fruits) obtained through solvent extraction. They assessed antioxidant activity using the
cellular antioxidant activity (CAA) assay on human EAHy926 cells and conducted erythro-
cyte resistance tests. The leaf extract displayed the highest antioxidant activity on EAHy926
cells, followed by the shoot and fruit extracts. In the erythrocyte resistance test, the shoot
extract showed similar antioxidant activity to the leaf extract, both outperforming the fruit
extract. Additionally, the researchers investigated how blackcurrant extracts (from leaves,
berries, and shoots) influenced ROS production in stimulated equine neutrophils. The leaf
extract exhibited the strongest antioxidant activity, followed by the shoot and berry extracts.
Nevertheless, none of these extracts significantly reduced the total myeloperoxidase release
from activated neutrophils compared to the control group [84].

5. Conclusions

The primary objective of this research was to investigate less-explored natural re-
sources with diverse potential applications. Up to date, this is the first study that has
explored the young shoots of R. nigrum. For this purpose, a green, modern, and efficient
method, namely, turboextraction by Ultra-Turrax, was applied. To optimize the extraction
of polyphenols, flavonoids, and condensed tannins, and to maximize antioxidant activity
in this plant matrix, a rational experimental design was employed, which identified the
most effective extraction parameters: Ultra-Turrax extraction for 3 min, using a solvent
composed of 70% acetone in water, maintaining a neutral pH, and employing a solvent-
to-vegetal product ratio of 20:2. The scope and the novelty of the study were extended by
investigating extracts of young shoots from two other prominent species, V. myrtillus and
V. vitis-idaea, prepared under the same experimental conditions. This expanded perspective
underscores the diversity of phytochemical profiles within these extracts. The current
findings underscore the remarkable antioxidant potential and cytotoxic activity of these
extracts when investigated in vitro on cancer cell lines. This study highlights the biological
potential of the investigated species, emphasizing the need for further studies to determine
the optimal experimental conditions for V. myrtillus and V. vitis-idaea young shoots.
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(RNYS), Vaccinium myrtillus (VMYS), and Vaccinium vitis-idaea (VVIYS). All values are expressed as
mean £ SD (n = 3). Statistical analysis was performed using a one-way ANOVA test, with Tukey’s
multiple comparisons post-test (**** p < 0.0001); Figure S2: Statistical comparison for results of total
flavonoid content (TFC) for optimized young shoots extracts of Ribes nigrum (RNYS), Vaccinium
myrtillus (VMYS), and Vaccinium vitis-idaea (VVIYS). All values are expressed as mean =+ SD (n = 3).
Statistical analysis was performed using a one-way ANOVA test, with Tukey’s multiple comparisons
post-test. Statistical significance was considered for p < 0.05; Figure S3: Statistical comparison for
results of condensed tannin content (CTC) for optimized young shoots extracts of Ribes nigrum
(RNYS), Vaccinium myrtillus (VMYS), and Vaccinium vitis-idaea (VVIYS). All values are expressed as
mean £ SD (n = 3). Statistical analysis was performed using a one-way ANOVA test, with Tukey’s
multiple comparisons post-test (**** p < 0.0001); Figure S4: Statistical comparison for results of
total antioxidant activity evaluated by DPPH assay (TAA) for optimized young shoots extracts of
Ribes nigrum (RNYS), Vaccinium myrtillus (VMYS), and Vaccinium vitis-idaea (VVIYS). All values are
expressed as mean =+ SD (n = 3). Statistical analysis was performed using a one-way ANOVA test,
with Tukey’s multiple comparisons post-test. Statistical significance was considered for p < 0.05.
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