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Abstract

:

Black chokeberry fruits possess a wide range of biological activities, among which the most important that are frequently mentioned in the literature are their antioxidant, anti-inflammatory, anti-proliferative, and antimicrobial properties. The present paper reports, for the first time, the encapsulation of the ethanolic extract of Aronia melanocarpa L. fruits into two mesoporous silica-type matrices (i.e., pristine MCM-41 and MCM-41 silica decorated with zinc oxide nanoparticles). The aim of this work was to evaluate the antiradicalic capacity, the antimicrobial potential, and the effects on the cell viability on a cancer cell line (i.e., A375 human melanoma cell line) versus normal cells (i.e., HaCaT human keratinocytes) of black chokeberry extract loaded on silica-type matrices in comparison to that of the extract alone. The ethanolic polyphenolic extract obtained by conventional extraction was characterized by high-performance liquid chromatography with a photodiode array detector (HPLC–PDA) and spectrophotometric methods. The extract was found to contain high amounts of polyphenols and flavonoids, as well as good radical scavenging activity. The extract-loaded materials were investigated by Fourier transform infrared spectroscopy, N2 adsorption–desorption isotherms, thermal analysis, and radical scavenger activity on solid samples. The black chokeberry extract, both free and loaded onto mesoporous silica-type matrices, exhibited a significant antioxidant capacity. Antibacterial activity was recorded only for Gram-positive bacteria, with a more potent antibacterial effect being observed for the extract loaded onto the ZnO-modified MCM-41 silica-type support than for the free extract, probably due to the synergistic effect of the ZnO nanoparticles that decorate the pore walls of silica. The cellular viability test (i.e., MTT assay) showed dose- and time-dependent activity regarding the melanoma cell line. The healthy cells were less affected than the cancer cells, with all tested samples showing good cytocompatibility at doses of up to 100 µg/mL. Improved in vitro antiproliferative and antimigratory (i.e., scratch assay) potential was demonstrated through the loading of black chokeberry extract into mesoporous silica-type matrices, and the screened samples exhibited low selectivity against the tested non-tumor cell line. Based on presented results, one can conclude that mesoporous silica-type matrices are good hosts for black chokeberry extract, increasing its antioxidant, antibacterial (on the screened strains), and in vitro antitumor (on the screened cell line) properties.
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1. Introduction


The Aronia genus (belonging to the Rosaceae family and the Amygdaloideae subfamily) originates from the eastern parts of North America and was initially used by the Native Americans of Forest Potawatomi as tea for the treatment of colds [1,2,3]. Around 1900, it migrated to Europe, initially as ornamental shrubs, and then, around 1946, the plant was settled as a cultivar in Russia. More recently, it spread to East European countries, Germany, Sweden, Norway, and Finland, and, in 1976, it was introduced to Japan [1,2]. Aronia fruits are also known as chokeberries, dogberries, choke pears, or wild gooseberries [3]. Its berries are considered an important food ingredient and a source of natural pigments [4], but, due to their astringent properties and sour taste, they are better for processing rather than for direct consumption. Another benefit of Aronia cultivation is that it is a relatively easy process, with only occasional ringspot and rust being reported, rather than any major problems (i.e., bird problems, pests, or other serious diseases) [3].



Four species are officially recognized within the genus of Aronia: Aronia melanocarpa (Michx.) Elliot, known as the black chokeberry; Aronia prunifolia (Marshall) Rehder, the purple chokeberry; Aronia arbutifolia (L.) Pers, the red chokeberry; and Aronia mitschurinii A.K. Skvortsov & Maitul, the dark-fruited chokeberry [1,4].



Nowadays, the cultivated Aronia melanocarpa (Michx.) Elliot has a distinct morphology compared to its wild-growing North American counterparts as a result of selection and breeding experiments performed by Ivan Michurin in his nursery at the beginning of the 20th century. It is believed that all black chokeberry plants cultivated in Russia originated from Ivan Michurin’s nursery, the major distinct difference being the large-fruited chokeberry. As reported by Brand et al., it seems that almost all of the scientific investigations found in the literature on Aronia fruit content have been performed using Aronia mitschurinii (a hybrid containing 75% A. melanocarpa and 25% Sorbus aucuparia, and which is the only species used for commercial fruit production), and not on A. melanocarpa (Michx.) Elliot due to an inadequacy in understanding the taxonomy and genetics of Aronia [1,5].



Black chokeberry (A. melanocarpa (Michx.) Elliott) fruits have been reported to be an enormous source of bioactive compounds, such as polyphenols (anthocyanins and procyanidins in particular), other phenolic compounds such as chlorogenic and neo-chlorogenic acid and small amounts of tannins, pectin, a low amount of fat (mainly phosphatidylinositol and glycerides from linoleic acid), mineral compounds (e.g., K, Zn, Na, Ca, Fe, and Mg), vitamins (i.e., C, B1, B2, B6, niacin, folic acid, pantothenic acid, carotenoids, and α- and β-tocopherol), triterpenes (mainly β-sitosterol and campesterol), carbohydrates, amygdalin, and over 40 volatile compounds [2,3,4]. Derivatives of betulinic acid, namely, 23-hydroxybetulinic acid and 2α-hydroxyoleanoic acid, were found in the seedlings of black chokeberry [3]. Several studies have emphasized that the concentration of bioactive compounds depends on the cultivar, habitat, fertilization, maturation of berries, and harvest date [2].



Several in vitro and in vivo studies have highlighted the antioxidant (one of the richest plants in antioxidants), anti-inflammatory, anti-proliferative, anti-atherosclerotic, hypotensive, antiplatelet, cardioprotective, gastroprotective, antidiabetic, antimicrobial (antibacterial and antiviral), immunomodulatory, and antitumor potential of the fruits, the juice, or the different types of concentrated or standardized extracts [1,4].



Mesoporous silica nanoparticles (MSNs) have gained extremely high consideration and importance in recent years, as they can be used as matrices for many pharmacologically active compounds based on their versatile properties not only in drug delivery, but also in imaging applications [6]. Moreover, in 2011, they were approved by the Food and Drug Administration for phase I clinical trials in humans. Mobil crystalline material (MCM-41), together with SBA-15, are the most studied silica-type carriers, which present two-dimensional (2D) hexagonal mesopore channels [7]. They operate as matrices for biologically active molecules, having several relevant properties, such as a high surface area, large pore volume, high capacity to accommodate guest molecules, and good mechanical and thermal stability. They also possess good biodegradability and can be used to enhance the solubility and dissolution rate of poor water-soluble drugs due to their amorphization when adsorbed into mesoporous MSNs, and, thus, to improve their bioavailability. Based on their size, they can easily accumulate at the needed site of action through an increased permeability and enhanced retention effect. Based on their shape, they are rapidly internalized by cells and tissues. As a consequence, MSNs have been found to be good hosts for drugs, not only in cancer treatment [8,9,10,11,12] but also in anti-biotherapy as they can improve antibiotic release kinetics, thus increasing patients’ adherence and decreasing the risk of developing resistance [7,13,14,15,16].



However, regarding the employment of MSNs for embedding polyphenolic extracts, there are only a few reports [17,18,19] in which it is mentioned that, through encapsulation, improved stability can be achieved in comparison to that of the extract alone, which is prone to a faster degradation. Evidence of the benefits of phytochemical encapsulation has also been found by using a bio-hybrid matrix consisting of Althaea officinalis L. (i.e., polysaccharides) and Betonica officinalis L. (i.e., polyphenols) extract-loaded SBA-15-type silica, showing chemopreventive effects against Hep-2 human epidermoid carcinoma of larynx cell lines and non-toxicity against NCTC clone 929 mouse fibroblast cells [20].



Recently, it was reported that encapsulation of black chokeberry extract in maltodextrin and skimmed milk by spray drying [21] or in alginate and alginate–inulin systems by electrostatic extrusion [22] leads to the increased stability of phytochemicals [23]. In addition, the encapsulation of Aronia juice in maltodextrin and Arabic gum has been shown to preserve anthocyanin content [24].



This paper reports, for the first time, the encapsulation of black chokeberry extract into MCM-41-type mesoporous silica (pristine and modified with zinc oxide nanoparticles). The aim of this study was to evaluate the activity of two different formulations containing encapsulated A. melanocarpa polyphenolic extract in comparison to that of the free extract based on their preliminary biological tests, such as their antiradical and antioxidant capacity, antimicrobial potential on the selected strains, and in vitro effects on cancer cell viability (using A375 human melanoma cells) and normal skin cells (using HaCaT human keratinocytes).




2. Materials and Methods


2.1. Materials


For the synthesis of mesoporous silica, tetraethyl orthosilicate (TEOS; Fluka, Seelzer, Germany), trimethylhexadecylammonium bromide (CTAB; Alfa Aesar, Ward Hill, MA, USA), zinc acetate dihydrate (Zn(CH3COO)2·2H2O; Fluka, Seelzer, Germany), NH4Cl (Sigma-Aldrich Co. Merck Group, Darmstadt, Germany), 36.5–38% wt hydrochloric acid (Merck Group, Darmstadt, Germany), and 25% wt ammonia aqueous solution (Scharlau, Scharlab S.L., Barcelona, Spain) were used as received without further purification.



The reagents used in the spectrophotometric determinations were sodium carbonate (Na2CO3), potassium persulfate (K2S2O8), aluminum chloride hexahydrate (AlCl3·6H2O), Folin–Ciocalteu reagent, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), and 2,2-diphenyl-1-picrylhydrazyl (DPPH), purchased from Sigma-Aldrich Co. (Merck Group, Darmstadt, Germany), as well as 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, 97%; Aldrich Chemical Co., Inc., Milwaukee, WI, USA). Ascorbic acid powder was bought from a local vendor.



For the chromatographic analyses, several standard HPLC-grade compounds were used: gallic acid purchased from Alfa Aesar (Ward Hill, MA, USA); vanillic, protocatechuic, trans-ferulic, and chicoric acids, (−)epicatechin, and ellagic acid dihydrate from TCI (Tokyo, Japan); caftaric and syringic acid purchased from Molekula GmbH (Munich, Germany); chlorogenic acid from HWI group (Alpen Aan de Rijn, The Netherlands); rosmarinic and caffeic acid, quercetin, rutin and catechin hydrate, myricetin, kaempferol, and cyanidin chloride acquired from Sigma-Aldrich Co. (Merck Group, Darmstadt, Germany); trans-p-coumaric acid, trans-resveratrol, malvidin chloride, and delphinidin chloride from Sigma-Aldrich Co. (Merck Group, Darmstadt, Germany); pelargonidin chloride bought from Aldrich Chemical Co., Inc. (Milwaukee, WI, USA); solvents such as ethanol and acetonitrile (ACN) purchased from Riedel-de Haën (Honeywell Riedel-de Haën, Seelzer, Germany); and formic acid from Merck Group (Darmstadt, Germany) used without additional purification. For all solutions and experiments, ultrapure water (Millipore Direct-Q 3 UV water purification system with a Biopack UF cartridge) was used.




2.2. Preparation and Characterization of the Black Chokeberry Polyphenolic Extract


The ethanolic polyphenolic extract from A. melanocarpa (Michx.) Elliott fruits was prepared using a finely ground powder of Aronia dried berries (from the western part of Romania) and ethanol by conventional extraction. The Aronia dried berries (recognized in the Department of Pharmacognosy, “Victor Babes” University of Medicine and Pharmacy Timisoara; a voucher specimen (No. AM_AM1) was deposited at the Herbarium of the Faculty of Pharmacy, Timisoara) were macerated (Aronia dried berries /ethanol = 1/6 w/v) at room temperature overnight and were then heated at reflux in three 1-h stages, with magnetic stirring, intermediate filtration, and solvent replacement at the same ratio as in the maceration process. Finally, the extract fractions were combined and dried under vacuum and further re-dissolved in ethanol.



The A. melanocarpa polyphenolic extract was characterized using spectrophotometric methods (Shimadzu UV-1800, Shimadzu Corporation, Kyoto, Japan) to determine the total polyphenolic (using Folin–Ciocalteu assay, in the 50–450 μg/mL gallic acid domain and expressed as milligrams of gallic acid equivalent (GAE) per gram of dried black chokeberry), flavonoid (AlCl3 assay, expressed as rutin hydrate equivalent (RE) in the 0.5–100 μg/mL rutin hydrate domain), and anthocyanin (using the extinction coefficient of cyanidin-3-glicoside and expressed as cyanidin-3-glucoside equivalent (CGE)) contents, and radical scavenger activity (RSA) was determined by the in vitro DPPH method (50 µL extract or standard substance mixed with 2.95 mL of 25 mg/L DPPH ethanolic solution) and the ABTS assay (20 µL extract or standard substance mixed with 980 µL ABTS carbocation radical solution, generated by the reaction of 10 mL of 7 mM aqueous solution of ABTS and 176 µL of 2.45 mM aqueous solution of K2S2O8), expressed as Trolox equivalent (TE) in the 0.05–1.25 mM domain. The extract composition was determined by reversed-phase high-performance liquid chromatography with a photodiode array detector (HPLC–PDA) (Shimadzu Nexera 2, Shimadzu Corporation) as previously described [17]. The limit of detection (LOD) for the standard substances identified in the black chokeberry extract was 0.099 mg/L for protocatechuic, chlorogenic, and caffeic acids or 0.499 mg/L for rutin hydrate, while the limit of quantification (LOQ) was 0.494 mg/L (protocatechuic acid), 0.495 mg/L (chlorogenic and caffeic acids), or 0.998 mg/L (rutin hydrate).




2.3. Encapsulation of the Black Chokeberry Extract into Mesoporous Silica-Type Supports


As supports for polyphenolic extract loading, pristine MCM-41 silica (MCM-41E) and MCM-41 silica with pore walls decorated with ZnO nanoparticles (ZnMCM-41) were used. The synthesis procedure of these supports was previously reported [25]. The materials containing black chokeberry extract were prepared by the incipient wetness impregnation method using A. melanocarpa ethanolic extract and MCM-41E or ZnMCM-41 supports. The polyphenolic extract was mixed with the silica-type supports, previously outgassed at 110 °C for 18 h, using the outgassing unit of a Quantachrome Autosorb iQ2 gas sorption analyzer (Quantachrome Instruments, Boynton Beach, FL, USA), and the resulted suspension was dried under vacuum for 12 h in static conditions, at room temperature, at 4 mbar, in a desiccator connected to a vacuum diaphragm pump (Vacuubrand diaphragm pump MD 1, Wertheim, Germany). The extract-loaded materials were labeled Ar@support.




2.4. Material Characterization


The mesoporous carriers were characterized using Fourier transform infrared spectroscopy (FTIR), nitrogen adsorption–desorption isotherms, and scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDS), while the extract-loaded materials were investigated by FTIR spectroscopy, N2 adsorption–desorption isotherms, thermogravimetric analysis (TGA)/differential thermal analysis (DTA), and RSA on solid samples.



The FTIR spectra were recorded in the 4000–400 cm−1 range on a Bruker Tensor 27 spectrophotometer (KBr pellet technique; Bruker Corporation Optik GmbH, Bremen, Germany). Nitrogen adsorption–desorption isotherms were recorded at 77 K using a Quantachrome Autosorb iQ2 gas sorption analyzer. The specific surface area values, SBET, were computed through the Brunauer–Emmett–Teller method in the relative pressure range of 0.05–0.25, while the pore size distribution curves and the average pore diameter, dBJH, were determined based on the Barrett–Joyner–Halenda (BJH) method and the total pore volume was determined at p/p0 = 0.99. Prior to recording the isotherms, the mesoporous supports and extract-loaded samples were outgassed at 110 °C for 12 h and 35 °C for 18 h, respectively.



The chemical composition of the ZnMCM-41 support was determined by SEM-EDS (Tescan Vega 3 LMH, Brno, Czech Republic and Bruker Nano, Berlin, Germany), while the phytochemical content for the extract-loaded samples was evaluated through TGA/DTA performed on a Mettler Toledo GA/SDTA851e equipment (Greifensee, Switzerland) in the temperature range of 25–600 °C in air, at a heating rate of 10 °C/min.



The RSA of the extract-loaded materials was assessed by DPPH assay; the details of this method applied to solid samples were reported elsewhere [17]. In brief, the extract-loaded powders were analyzed in comparison to the corresponding carrier, as well as the free extract in the same concentrations, with the degradation of the DPPH free radical solution as the control, after 24 h.




2.5. Methodology


2.5.1. In Vitro Antimicrobial Activity


The compounds were screened for their antimicrobial activity against 10 reference strains (Thermo Fisher Scientific, Waltham, MA, USA), as shown in Table 1.



We selected these 10 strains because they are the most common pathogens (i.e., bacteria and fungi) responsible for healthcare-associated infections and because they cause continuous problems for the healthcare industry (i.e., high medical costs and treatment resistance); thus, they can be seen as economic burdens.



The antimicrobial activity of the samples was evaluated by both the agar disk diffusion method and the dilution method, according to the procedures outlined by the Clinical Laboratory and Standard Institute (CLSI), the European Committee on Antimicrobial Susceptibility Testing (EUCAST), and the other studies [26,27,28,29,30].



Disk Diffusion Method


For each microorganism under study, suspensions were prepared in physiological saline to a 0.5 McFarland standard concentration. Mueller–Hinton agar (Sanimed, Bucharest, Romania), supplemented with 5% defibrinated sheep blood for Streptococcus spp., was inoculated with 0.1 mL of this suspension. Ten microliters from each sample (8 mg dry substance/1 mL ethanol) were added to a 6-mm diameter blank disk (BioMaxima, Lublin, Poland), placed on top of the Mueller–Hinton medium. The plates were incubated at 35–37 °C for 24 h, and readings of the inhibition zones were then taken in millimeters. All tests were done in triplicate and the average value was recorded. The positive control consisted of a gentamycin and fluconazole disk (BioMaxima, Lublin, Poland), while a blank paper disk impregnated with ethanol was used as a negative control.




Dilution Method


An inoculum was prepared from the 0.5 McFarland microbial suspension by dilution of 1:150 in order to obtain a suspension of 106 colony-forming units (CFU)/mL. A further dilution of 1:2 brought the final inoculum to 5 × 105 CFU/mL. For the tested compounds, serial dilutions of 8, 4, 2, 1, 0.5, and 0.25 mg /mL were prepared. In six test tubes, 0.1 mL of each dilution of the tested compound, 0.4 mL of the Mueller–Hinton broth (supplemented with 2–5% lysed horse blood for Streptococcus spp.), and 0.5 mL of the suspension of the microorganism under study (final inoculum was approximately 0.5 × 105 CFU/mL) were added. After incubation at 37 °C for 24 h, the minimum inhibitory concentration (MIC) (i.e., the lowest concentration without visible growth) was determined. As a control, 0.1 mL of ethanol was added into a tube with 0.5 mL of the microbial suspension and 0.4 mL of the Mueller–Hinton broth.



To determine the minimum bactericidal concentration (MBC), a volume of 1 µL from the test tubes with no visible growth was inoculated using a loop (NuovaAptaca SRL, Italy) on Columbia agar supplemented with 5% blood. The inoculated plates were incubated at 37 °C for 24 h. To determine the minimum fungicidal concentration (MFC), a Sabouraud with chloramphenicol medium was used for inoculation.





2.5.2. In Vitro Cytotoxic Activity


Cell Culture


The human melanoma cell line A375 (ATCC® CRL-1619TM) was acquired from the American Type Culture Collection (ATCC, Manassas, VA, USA) and the HaCaT human keratinocytes were kindly given by the University of Debrecen (Debrecen, Hungary). The cells were cultured in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich, Taufkirchen, Germany) supplemented with 1% antibiotic mixture (Penicillin/Streptomycin (Pen/Strep), 10,000 IU/mL; Sigma-Aldrich, Taufkirchen, Germany) in order to avoid contamination and 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Standard conditions (37 °C and humidified atmosphere containing 5% CO2) were used for the cell culture.




MTT Assay


The MTT technique was used to determine cellular viability. For this, 1 × 104 cells/well were seeded in 96-well microplates and allowed to attach overnight. Then, the cells were treated with different concentrations (i.e., 10, 50, 100, and 250 µg/mL) of the samples (i.e., A. melanocarpa extract, Ar@MCM-41E, Ar@ZnMCM-41, and MCM-41E and ZnMCM-41 matrices) and incubated for 24, 48, or 72 h. The control group is represented by untreated cells, incubated only with cell culture medium. After the treatment period, 10 μL of 5 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution (Sigma-Aldrich, Taufkirchen, Germany) were added into each well. The cells were incubated for 3 h at 37 °C; during this period of time, the intact mitochondrial reductase converted and precipitated MTT as blue crystals. A volume of 100 μL of lysis solution was added in each well to dissolve the precipitated crystals. Then, the absorbance was spectrophotometrically measured at 570 nm using a microplate reader (xMark Microplate Spectrophotometer, Bio-Rad, Serial No. 10578, Tokyo, Japan).




Scratch Assay


This method was used to evaluate the antimigratory potential of the samples (i.e., A. melanocarpa extract, Ar@MCM-41E, Ar@ZnMCM-41, and MCM-41E and ZnMCM-41 matrices) against the A375 human melanoma cell line. First, 2 × 105 cells/well were cultured in 12-well plates until a confluence of 90% was reached. After that, scratches were drawn on well-defined zones of the cells’ monolayer with a sterile pipette tip. Cells that detached after the procedure were removed by washing with phosphate-buffered saline (PBS) before treatment with the samples. Then, the cells were treated with a concentration of 100 µg/mL from each sample. Pictures of the cells were taken at 0 and 24 h using an Olympus IX73 inverted microscope provided with DP74 camera (Olympus, Japan). For comparation, we used a control group (i.e., untreated cells). For the analysis of cell migration, we used cell Sense Dimension Software. To determine the migratory ability of the tumor cells, the scratch closure rate was calculated as previously described [31]:


  Scratch   closure   rate   =        A  t o   −  A t     A  t o       × 100  



(1)




where At0 is the scratch area at 0 h and At is the scratch area at 24 h.





2.5.3. Statistical Analysis


For the in vitro analysis, the results are expressed as mean ± standard deviation (SD). Comparison among groups was performed by one-way analysis of variance (ANOVA), followed by a Dunnett’s multiple comparison test. GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA) was used for the statistical analysis.






3. Results


3.1. Obtaining and Characterizing the Black Chokeberry Polyphenolic Extract


The Aronia ethanolic extract had high concentration of polyphenols, flavonoids, and anthocyanins, as well as good radical scavenging activity (Table 2). All group quantification methods are expressed per gram of dried berries, with a total polyphenol content of 17.32 ± 0.18 mg GAE/g, a total flavonoid content of 6.98 ± 0.28 mg RE/g, and a total anthocyanin content of 0.52 ± 0.02 mg CGE/g. The RSA, expressed as TE, was in the range of 14.06–15.33 mg TE/g, with a slightly higher value being obtained from the ABTS assay.



HPLC–PDA analysis led to the identification of four compounds from the 23 available standards, and the corresponding chromatogram is presented in Figure 1. The most abundant substance was chlorogenic acid (141.283 ± 0.045 mg/100 g), followed by protocatechuic acid (62.135 ± 0.005 mg/100 g) and rutin hydrate (21.773 ± 0.041 mg/100 g), with caffeic acid being found in the lowest amount (0.725 ± 0.008 mg/100 g).




3.2. Characterization of Aronia-Loaded Mesoporous Silica-Type Supports


The mesoporous silica-type materials used for embedding the Aronia extract, MCM-41E, and ZnMCM-41 (12% wt ZnO determined by EDS) were chosen due to their high pore volume, in the range of 0.78–0.80 cm3/g (Table 3). The Aronia extract-loaded materials were characterized by FTIR spectra, TGA/DTA, and N2 adsorption–desorption isotherms.



The FTIR spectra of the Aronia extract-loaded samples evidenced the presence of phytocompounds on the mesoporous silica-type supports through the bands associated with the stretching vibrations of C–H bonds (in the 2850–3000 cm−1 region) and C–O bonds (1732 cm−1 for the embedded extract and 1726 cm−1 for the polyphenolic extract). The bands assigned to the mesoporous silica-type supports were asymmetrical and symmetrical stretching vibrations of Si–O–Si bonds (1088 and 804 cm−1 for the MCM-41E support and 1084 and 798 cm−1 for ZnMCM-41, respectively), stretching vibration of silanol groups at 968 cm−1, and the deformation band of Si–O bonds at 468 cm−1, as well as the specific band of physiosorbed water molecules at 1638 cm−1 (Figure 2). The content of natural compounds in the extract-loaded samples, which was in the range of 42–43% wt (Table 3), was determined from the thermogravimetric analysis considering the weight loss up to 600 °C and after deducting the physiosorbed water associated with the first endothermic event on the DTA curve (Figure 3).



The textural parameters of the supports and the extract-loaded materials determined from the N2 adsorption–desorption isotherms (Figure 4) are listed in Table 3. One can observe a sharp decrease in porosity as result of the adsorption of natural compounds into the mesopores of the silica-type supports. Hence, the specific surface area computed with the Brunauer–Emmett–Teller method, SBET, decreased from 781 and 620 m2/g to 89 and 17 m2/g for MCM-41E and ZnMCM-41, respectively, and the total pore volume, Vpore, from 0.78 and 0.80 cm3/g to 0.12 and 0.11 cm3/g for MCM-41E and ZnMCM-41, respectively. The adsorption of phytochemicals from Aronia into the pores of the silica-type supports was also confirmed by a decrease in the average pore size, dBJH, from 2.81 nm for MCM-41E to 2.52 nm for Ar@MCM-41E.



The RSA of black chokeberry-loaded materials was determined after 24 h of incubation in DPPH free radical solution under dark conditions, in duplicate, and compared to that of the free extract and the corresponding silica-type support in the same concentration as in the materials containing the extract, using the degradation of the DPPH free radical solution as the control. Considering that mesoporous silica-type supports have the ability to adsorb organic molecules (i.e., DPPH radicals) due to their high porosity, as well as the slow interaction between free radicals from the solution and a solid sample (antioxidant compounds encapsulated in a solid matrix), 24 h of incubation was determined as an optimum duration in the case of the embedded extract in a solid support [17]. In addition, the degradation of the DPPH solution over time was considered for the determination of the RSA for all samples. One can observe the preservation of RSA for the embedded extract, which was slightly higher than that of the free extract (Figure 5), while the mesoporous silica-type supports did not contribute to the RSA.




3.3. Antimicrobial Activity


Table 4 presents the antimicrobial activity of the black chokeberry extract free and embedded in two mesoporous silica-type matrices (i.e., Ar@MCM-41E and Ar@ZnMCM-41), which was assessed by two methods: the disk diffusion method (expressed through the dimeter of the inhibition zone) and the dilution method (expressed through the MIC and the MBC/MFC).



The free black chokeberry extract was active only in the Gram-positive cocci strains, with the best antibacterial effect on Streptococcus pyogenes ATCC 19615 strain (inhibition zone diameter: 16.66; MIC equivalent to an MBC of 1 mg/mL), followed by the Streptococcus pneumoniae ATCC 49619 strain and the Staphylococcus aureus ATCC 25923 strain (both with an MIC and an MBC of 2 mg/mL).



The two formulations of black chokeberry extract embedded in the mesoporous silica-type matrices were more effective. It can be noticed that the best antibacterial effect of the Ar@MCM-41E formulation was obtained for the S. pyogenes ATCC 19615 strain, with the highest inhibition zone diameter of 19 mm at the lowest MIC of 0.5 mg/mL, followed by the Streptococcus pneumoniae ATCC 49619 strain (inhibition zone diameter: 17.66 mm; MIC: 1 mg/mL) and then the S. aureus ATCC 25923 strain (inhibition zone diameter: 15.66 mm; MIC: 2 mg/mL).



Regarding the Ar@ZnMCM-41 formulation, the best antibacterial effect was also obtained for the S. pyogenes ATCC 19615 strain, with the diameter of the inhibition zone being higher (i.e., 21 mm) than the one obtained using the previous formulation at the same MIC of 0.5 mg/mL and an equivalent MBC (i.e., 0.5 mg/mL). Moreover, the Ar@ZnMCM-41 formulation presented an improved antibacterial activity against the S. aureus ATCC 25923 strain, with the diameter of the inhibition zone being much higher (i.e., 20.66 mm) at a lower MIC (i.e., 1 mg/mL) than those obtained for the Ar@MCM-41E formulation.



The diameter of the inhibition zone for the Streptococcus pneumoniae ATCC 49619 strain was also higher for the Ar@ZnMCM-41 formulation (i.e., 19.66 mm vs. 17.66 mm) at a lower MIC (i.e., 0.5 mg/mL vs. 1 mg/mL).



Both formulations that were tested presented an antimicrobial effect on the Enterococcus faecalis ATCC 51299 strain, with a higher inhibition zone diameter being obtained for Ar@ZnMCM-41 (i.e., 16.33 mm vs. 15.33 mm) at a much lower MIC (i.e., 4 mg/mL vs. 8 mg/mL).



It was only possible to test the antimicrobial activity of the two mesoporous silica-type matrices (i.e., MCM-41E and ZnMCM-41) using the disk diffusion method, expressed in millimeters (corresponding to the diameter of the growth of the inhibition zone). Subsequent to the absence of the antimicrobial activity of these compounds in the disk diffusion method, testing of the MIC, MBC, and MFC was no longer necessary.



The two mesoporous silica-type matrices (i.e., MCM-41E and ZnMCM-41) presented much lower antimicrobial activity on the same strains compared to those that had the embedded black chokeberry extract (Table 5).



Hence, based on Table 4 and Table 5, we can conclude that the Aronia extract incorporated in the two mesoporous silica-type matrices (i.e., Ar@MCM-41E and Ar@ZnMCM-41) presented antibacterial activity only on Gram-positive bacteria. All of the species of Gram-negative bacteria that were tested were resistant to the action of Aronia, as well as the two species of Candida that were tested. Moreover, the Ar@ZnMCM-41 sample presented a more potent antibacterial effect than Ar@MCM-41E, probably due to the presence of ZnO nanoparticles, which uniformly decorated the pore walls of silica.3.4. Assessment of the Cytotoxic Effects



The effects of A. melanocarpa (Michx.) Elliott extract, as well as the extract incorporated into the mesoporous silica-type matrices (i.e., Ar@MCM-41E and Ar@ZnMCM-41) and the MCM-41E and ZnMCM-41 matrices, were assessed on a human melanoma cell line (A375) and on a non-tumor cell line (HaCaT human keratinocytes). The samples were evaluated after treatment at different time periods (i.e., 24, 48, and 72 h) and compared to the control (i.e., the untreated cells). Figure 6 depicts the effects of the tested samples on the A375 human melanoma cell line. At 24 h post-treatment, the black chokeberry extract decreased the viability of the tumor cells at the highest doses tested (at 100 µg/mL, cell viability was 80.9 ± 2.4% vs. the control, and, at 250 µg/mL, cell viability was 43.8 ± 3.3% vs. the control). By encapsulating the black chokeberry extract into the mesoporous silica-type matrices, only a slightly higher decrease in the viability of the tumor cells was noticed, indicating that after the 24 h treatment, there were no important differences between the viabilities obtained from the extract alone or in its encapsulated forms. The most significant decrease was observed for the Ar@ZnMCM-41 sample at 250 µg/mL (cell viability was 39.5 ± 5.5% vs. the control), whereas, for Ar@MCM-41E, the viability was 40.7 ± 4.7% vs. the control. The MCM-41E and ZnMCM-41 matrices affected the cell viability to a much lesser extent (at 250 µg/mL, for MCM-41E, cell viability was 87.8 ± 2.5% vs. the control, and, for ZnMCM-41, it was 88 ± 4.3% vs. the control).



At 48 h post-treatment, a dose-dependent decrease in the viability of the melanoma cells was observed for the both black chokeberry extract as well as the black chokeberry extract encapsulated in the matrices. After treatment with the highest concentration (i.e., 250 µg/mL) of black chokeberry extract, the viability of the tumor cells was 39.2 ± 4.1% vs. the control. The highest decrease was obtained in the case of Ar@ZnMCM-41 at 250 µg/mL (cell viability was 35 ± 3.6% vs. the control), followed by Ar@MCM-41E at 250 µg/mL (cell viability was 36.6 ± 1.4% vs. the control). The two matrices also decreased the viability of the cells, especially at the highest dose tested: For MCM-41E, it was 84.7 ± 2.3%, and for ZnMCM-41, it was 80.7 ± 4.9%.



The most significant decrease in the viability of the tumor cells was obtained following treatment with the black chokeberry extract and its encapsulated forms for 72 h. At this time interval, the black chokeberry extract (at 250 µg/mL) provoked a decrease in the viability of the A375 cells to 38.7 ± 4.7% vs. the control. Even at this interval, the most affected were the cells treated with the highest dose of Ar@ZnMCM-41 (for 250 µg/mL, the cell viability was 29.9 ± 2.7% vs. the control), indicating that this encapsulation of the black chokeberry extract in this silica-type matrix could be a promising sample for melanoma treatment; however, additional tests are required to confirm this.



To demonstrate the selectivity on the cancer cell line, the effect of the samples was also determined on a non-tumor cell line. Figure 7 depicts the effect of the aforementioned samples on HaCaT human keratinocytes. Twenty-four hours after treatment, only at the highest dose tested (i.e., 250 µg/mL) could a significant decrease in the viability of the cells compared to control be observed, but the cells were less affected compared to the cancer cells at the same concentration. For cells treated with the black chokeberry extract, compared to the control, the viability was 79.8 ± 3.3%; for Ar@MCM-41E, it was 77.9 ± 3.5%; and, for Ar@ZnMCM-41, it was 81 ± 4.4%. Nevertheless, at 10 and 100 µg/mL, the black chokeberry extract alone or encapsulated in the silica-type matrices elicited a beneficial effect on the HaCaT human keratinocytes, with the viability of the cells being above 94% for all samples. This effect indicates that the extract-loaded supports had good cytocompatibility at doses of up to 100 µg/mL.



At 48 h post-treatment, a significant decrease in the viability of the HaCaT human keratinocytes was noticed at the highest tested dose, i.e., 250 µg/mL. The lowest value was obtained for the black chokeberry extract (cell viability was 74.4 ± 3.1% vs. the control); meanwhile, for Ar@MCM-41E at 250 µg/mL, the viability was 76 ± 4.8% vs. the control, and, for Ar@ZnMCM-41 at the same concentration, it was 79.3 ± 2.7% vs. the control. The MCM-41E carrier provoked, at the highest dose tested, a decrease in cell viability (73.7 ± 5.2%), with the ZnMCM-41 support showing a similar value (74 ± 2.8%).



Following treatment with the samples for 72 h, the previously mentioned effects were maintained, namely, a dose-dependent decrease was noticed, with the most significant results obtained only at the highest dose tested. For the same period of incubation, the melanoma cells were more affected after treatment with the black chokeberry extract alone or with the forms encapsulated in the matrices, indicating that the samples altered the cancer cells to a greater degree than the keratinocytes. At this concentration, the black chokeberry extract decreased cell viability to 72.7 ± 3.6%, whereas for the encapsulated forms, slightly less of a decrease in cell viability was observed (for Ar@MCM-41E, 73.2 ± 2.1% and for Ar@ZnMCM-41, 75.1 ± 4.9% vs. the control). Our results indicate that the black chokeberry extract alone had a slightly more potent effect on the keratinocytes than the encapsulated forms did. Moreover, at the lowest concentrations tested, the encapsulated samples did not significantly affect the viability of the keratinocytes, indicating once more a good cytocompatibility, and, at low doses, they were not toxic toward the HaCaT cells.



For the evaluation of the antimigratory effect of A. melanocarpa (Michx.) Elliott extract on A375 human melanoma cells, as well as the black chokeberry extract-loaded mesoporous silica-type matrices (i.e., Ar@MCM-41E and Ar@ZnMCM-41) and the MCM-41E and ZnMCM-41 matrices, a scratch assay was performed. The cells were treated with a concentration of 100 µg/mL from each sample and compared to the control (i.e., untreated cells). This concentration was used for evaluating the antimigratory potential because, at the highest tested concentration, the viability decreased, and the experiment could not be performed.



Figure 8 shows that, at the concentration of 100 µg/mL, there was a significant reduction of A375 melanoma cells following treatment with the black chokeberry-loaded silica-type matrices. For Ar@MCM-41E, the scratch closure rate was only 6.8% and, in the case of Ar@ZnMCM-41, the scratch closure rate was even smaller (1.6% vs. the control), indicating an antimigratory effect of the aforementioned samples. Likewise, the black chokeberry extract elicited an antimigratory effect on the cancer cells compared to the control (scratch closure rate of 48.2% for the Aronia extract vs. 76.4% for the control). Treatment with the matrices achieved similar results as in the case of the control group.





4. Discussion


Nanomedicine is a key science of the 21st century. An increase in research on MSNs as drug carriers for the treatment of various diseases can be observed. MCM-41 is a mesoporous solid, being one of the most widely explored materials for drug delivery [32]. MCM-41 mesoporous silica has an ordered hexagonal pore array of unidirectional and non-interconnecting pores, with diameters of 2–4 nm [33]. The porosity of MCM-41 silica makes it an ideal candidate for the loading and encapsulation of organic molecules or macromolecules such as proteins, DNA, and RNA [34,35,36].



The yield of Aronia ethanolic extract was higher (53.8% wt) than that obtained by Rodriguez-Werner et al. for 70% acetonic extracts prepared using ultrasound-assisted extraction (20.6–26.9% wt) [37], probably due to the long process, high temperature, and use of ethanol as solvent for the extraction. It is well known that the conditions of the extraction greatly influence both the yield and the chemical profile of extracts. Our black chokeberry extract had a high polyphenol content (1732 ± 18 mg GAE/100 g), consistent with the amount reported by Jurikova et al. for Aronia extracts prepared in different solvents (690–2950 mg GAE/100 g berries) [4]. For a methanolic extract acidified with HCl, a lower total polyphenolic content (10.637 mg/g) and a 10 times higher total anthocyanin content (4.341 mg/g) was obtained, probably due to the addition of acid in the extraction solvent, which favored the extraction of anthocyanins [38]. Other studies reported a lower TPC: 460.5–690.2 mg GAE/100 g for acidified methanolic extracts from Aronia Nero [39], 1330 ± 3 mg GAE/100 g for chokeberries from the Czech Republic, or 778–1285 mg GAE/100 g for methanolic extracts from the Aron, Ferbodi, Hugin, Nero, and Viking varieties of black chokeberry [40]. However, an increased amount of TPC was obtained for acidified 80% CH3OH extracts, ranging from 1845 to 2340 mg GAE/100 g [41]. Our Aronia extract contained a low amount of anthocyanins (0.52 ± 0.02 mg CGE/g), probably because of the extraction temperature (i.e., 80 °C) and the lack of acid in the extraction solvent in comparison to the values reported by Kapci et al. and Tolic et al. for acidified 75% or 95% methanolic extracts—4.5 ± 0.20 mg CGE/ g [42] and 1.41–1.47 mg CGE/g [43], respectively.



Significant RSA of the Aronia extract was obtained by the DPPH and ABTS assays, being in the range of 14.06–15.33 mg TE/g, which is higher than the values reported by Kapci et al. (i.e., 11–11.3 mg TE/g) [42] for their extract with a higher amount of anthocyanins.



Concerning the chemical profiling of the black chokeberry extract determined by HPLC–PDA, four standard substances were quantified, namely protocatechuic (62.135 ± 0.005 mg/100 g), chlorogenic acid (141.283 ± 0.045 mg/100 g), caffeic acid (0.725 ± 0.008 mg/100 g), and rutin hydrate (21.773 ± 0.041 mg/100 g), which is consistent with the Aronia extract reported by Jurikova et al., who pointed out that chlorogenic acid is the most abundant polyphenolic compound, followed by neochlorogenic and caffeic acids, as well as several flavonoids [4]. For an acidified methanolic extract prepared by ultrasound-assisted extraction, Ochmian et al. reported lower amounts of polyphenols (72–96.6 mg/100 g chlorogenic acid and 3.9–6.1 mg/100 g rutin) [41], while Cebova et al. obtained a higher amount of chlorogenic acid (194.860 ± 0.059 mg/100 g) and lower contents of protocatechuic (34.086 ± 0.770 mg/100 g), caffeic acid (0.478 ± 0.009 mg/100 g), and rutin (1.744 ± 0.000 mg/100 g) than that of our extract [44].



A similar content of chlorogenic acid in the black chokeberry extract was reported by Rop et al. (113.1–1960 mg/100 g) for a methanolic extract obtained at 25 °C [40], while Rodríguez-Werner et al. reported a higher amount (281–301 mg/g) for a 70% acetonic extract prepared by ultrasound-assisted extraction [37].



The nanoconfinement of the black chokeberry polyphenolic extract in the silica-type supports led to obtaining materials with a high content of Aronia extract (42–43%) due to the high total pore volume of the supports that preserved the RSA of the extract, as demonstrated by the DPPH assay on solid samples. A higher stability was observed for the Ar@ZnMCM-41 sample, which could explain the better antimicrobial and antitumor activity.



The black chokeberry extract was found to contain very potent antimicrobial compounds. Several studies have depicted the antimicrobial activity of the extracts obtained from this vegetal product. For example, Jurikova et al. concluded that this action could be attributed to several mechanisms and to the synergistic activity of the active compounds presented in black chokeberries, such as anthocyanins, phenolic acids, and weak organic acids [4]. The work performed by Denev et al. highlighted that proanthocyanidins are the major contributors to this effect, as well as to the antioxidant profile of black chokeberries [45]. Epicatechin and quercetin within the extract were found to be the active substances responsible for the antimycotic action on Candida albicans, without any effect on S. aureus [4,45]. Bräunlich et al. showed the ability of an A. melanocarpa L. ethanolic extract to prevent the formation of a biofilm and to inhibit the in vitro growth of Escherichia coli and Bacillus cereus [46].



This is the first study that describes the antimicrobial activity of black chokeberry extract embedded in two mesoporous silica-type matrices (i.e., Ar@MCM-41E and Ar@ZnMCM-41), and our findings are consistent with other data from the literature [4,45,47], showing the antimicrobial activity of the black chokeberry extract on Gram-positive bacteria (i.e., S. aureus and B. cereus) and no antimycotic activity [48]. In 2005, Valcheva-Kuzmanova et al. reported in vitro bacteriostatic activity of the black chokeberry extract on S. aureus and E. coli. [49]. The two tested samples of black chokeberry showed an antibacterial effect on Gram-positive bacteria with no antimycotic effect on Candida spp. From the two studied samples, the black chokeberry extract embedded in mesoporous silica-type matrices modified with ZnO presented the most potent antibacterial activity. An explanation for the lack of effect on Gram-negative bacteria could be that these types of bacteria contain an outer lipopolysaccharide membrane, which blocks the penetration of the hydrophilic substances in the bacterial cells [50]. Moreover, based on the present data, it seems that the embedding of the black chokeberry extract into the mesopores of a ZnO-modified silica-type matrices has a synergistic effect and enhances the antibacterial effect of the black chokeberry extract.



In our study, the greatest inhibition zone diameter (21 mm) was obtained with Ar@ZnMCM-41 on the S. pyogenes ATCC19615 strain at the lowest MIC used (i.e., 0.5 mg/mL), followed by the Streptococcus pneumonieae ATCC19615 strain (inhibition zone diameter: 19.66 mm; MIC: 0.5 mg/mL) and the S. aureus ATCC25923 strain (inhibition zone diameter: 20.66 mm; MIC: 1 mg/mL). In the study of Denev et al., the purified extract containing 20% anthocyanins exhibited the largest inhibition zone diameter of 11 mm for Proteus vulgaris G and S. aureus ATCC6538P, while the lowest MIC (i.e., 0.156 mg/mL) was found for proanthocyanidins (which was four times lower than that from the purified extract containing 20% anthocyanins) [45]. Although our extract did not present any antimicrobial activity against Candida spp., in the study performed by Denev et al., the diameter of the inhibition zone of epicatechin for the Candida albicans ATCC10231 strain was 12 mm, with an MIC of 2.5 mg/mL [45]. Differences in the antimicrobial activity of the black chokeberry extract could be attributed to the variation in the concentration of anthocyanins and could be the consequence of the type of extract, solvent used, or cultivation zones of the plant [51].



Regarding other important studies from the scientific literature, a recent study showed that black chokeberry leaf extract also possesses bacteriostatic properties, with S. aureus, Brochothrix thermosphacta, and Salmonella enterica being the most sensitive to the leaf extract compared to Listeria monocytogenes, which was found to be the most resistant bacteria to the back chokeberry leaf extract [52]. A recent study published this year by Lee et al. reported that the juice can inhibit the development of an oral streptococcal biofilm at the beginning of its formation by decomposing the formation of extracellular RNA, a structure with a pivotal role in the formation of bacterial biofilms [53]. It seems that the active compounds of black chokeberry (such as flavons, flavonols, flavans, iso/neo-flavonoids, chalcones, and dihydroflavonols) have antibiofilm activity without any toxicity toward the studied species, a beneficial property that lowers the risk of developing resistance, as the current antimicrobials do [4].



In another recent study performed by Brezoiu et al., a moderate improvement in antimicrobial activity was also observed for a polyphenolic extract of Salvia officinalis L. when embedded into the mesopores of a silica-type support compared to the free extract [19].



A. melanocarpa L. has been previously reported to possess cytotoxic and pro-apoptotic effects on various types of cancer, including colon cancer [2], breast cancer [54], hepatocarcinoma [55], and pancreatic cancer [56]. Our results indicate that the hydroalcoholic extract from black chokeberry elicited a dose- and time-dependent decrease in the viability of melanoma cells. Furthermore, when tested on a non-tumor cell line, namely human keratinocytes, the extract achieved a significant decrease in cell viability only at the highest concentration tested, indicating that the tumor cells were more affected than the keratinocytes. Our data are in accordance with a study performed by Goh et al. [57] that indicated that A. melanocarpa L. concentrate did not alter HaCaT cell viability at doses up to 0.3% (v/v). Bermúdez-Soto et al. investigated the effect of polyphenol-rich chokeberry juice on Caco-2 human colon carcinoma and showed an approximately 70% inhibition in the proliferation of tumor cells and a decrease in the viability of tumor cells to approximately 80% after application of a 5% digested chokeberry juice [58]. In a study performed on melanoma and on normal cell lines, anthocyanin-rich black chokeberry extract showed antiproliferative potential against tumor cells, while having no negative effect on normal cells [59].



In the present study, we evaluated, for the first time, the effect of black chokeberry extract encapsulated into mesoporous silica-type matrices (i.e., MCM-41E and ZnMCM-41) on melanoma and normal cells. Our data show a dose- and time-dependent decrease in the viability of melanoma cells, the most active sample being Ar@ZnMCM-41 at a concentration of 250 µg/mL. On the other hand, the non-tumor cells were less affected by the black chokeberry extract encapsulated in the two matrices. Furthermore, a slight increase in the viability of HaCaT cells was noticed following encapsulation compared to the effect obtained by the black chokeberry extract alone. As reported by Brezoiu et al., an increase in the proliferation of normal cells could be associated with the polyphenolic content of the extract [17]. The effect of the ZnMCM-41 matrix was previously tested on HaCaT cells by Brezoiu et al. The authors reported that, after a 24-h treatment with ZnMCM-41 at a concentration of 100 µg/mL, the mesoporous silica-type matrices modified with ZnO had good cytocompatibility with the keratinocytes [17]. In our study, we obtained similar results—neither the encapsulated samples nor the free matrices significantly altered the viability of HaCaT cells at 10, 50, or 100 µg/mL. In a comprehensive study conducted on resveratrol encapsulated in MSNs, Chaudhary et al. observed that phosphonate-modified MSNs increased the antiproliferative activity of resveratrol, whereas amine-modified MSNs did not alter the proliferation of PC3 prostate cancer cells compared to resveratrol alone [60]. In another study performed on resveratrol encapsulated in colloidal MSNs, it was demonstrated that the encapsulated form enhanced, in a dose-dependent manner, the antiproliferative activity against HT-29 and LS147T colon cancer cell lines as compared to pure resveratrol [61].



The study performed by Gill et al. highlighted the fact that from the three tested extracts of Aronia (i.e., A. arbutifolia, A. prunifolia, and A. melanocarpa), the black chokeberry extract had the strongest effect in terms of reducing cell proliferation, having the greatest level of total phenols, individual phenolic acids, and antioxidant activity out of all of the tested samples [62]. In 2014, Thani et al. showed that the in vitro effect of chemotherapy with gemcitabine can be enhanced by the polyphenols from A. melanocarpa in the AsPC-1 pancreatic cell line [56]. Moreover, in a study performed by Valcheva-Kuzmanova et al., it was shown that black chokeberry juice can induce a protective in vitro effect based on its antioxidant properties in a model of cisplatin-induced cytotoxicity in the human embryonal kidney cell line HEK293T [63]. In 2018, the group of Do Thi highlighted the antitumor effect of black chokeberry extract on the human liver cancer cell line SK-Hep1. In addition, Choi et al. found, in 2018, that triterpene acid (3-O-p-coumaroyltormentic acid) isolated from black chokeberry powder blocks the formation of breast cancer stem cells by downregulating c-Myc protein, a cancer stem cell survival factor [64].




5. Conclusions


This study presented the phytochemical characterization and biological activity evaluation of black chokeberry fruit ethanolic extract obtained from the western part of Romania, both free and loaded into mesoporous MCM-41-type silica (pristine and modified with ZnO nanoparticles). The extract was rich in polyphenols and flavonoids and elicited a significant RSA. HPLC–PDA analysis showed that, among the identified phytochemicals, chlorogenic acid, protocatechuic acid, and rutin hydrate were the most representative. The loading of the black chokeberry extract into mesoporous silica-type supports determined the preservation of its antiradicalic and antimicrobial activity on the tested Gram-positive bacteria. The encapsulation of the A. melanocarpa extract into the ZnMCM-41 support led to a slightly better antimicrobial capacity than the free extract due to ZnO synergistic effect. An enhanced antiproliferative effect and antimigratory potential on A375 human melanoma cells, depending on the dose and time, were found when the extract was loaded into mesoporous silica-type matrices. Based on the presented results, one can conclude that mesoporous silica-type matrices could be good hosts for black chokeberry extract. This is a preliminary study that can help to establish new directions to upgrade the use of this new formulation for the studied extract after validation on an increased number of normal and multidrug-resistant strains using experimental animal models of melanoma.
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Figure 1. HPLC–PDA chromatogram of the Aronia extract at 326 nm (1, protocatechuic acid; 2, chlorogenic acid; 3, caffeic acid; 4, rutin hydrate). 
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Figure 2. FTIR spectra of the Aronia extract (a) and extract-loaded materials (b,c) in comparison to the corresponding supports (d,e). 
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Figure 3. TGA/DTA of the extract-loaded silica-type supports. 
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Figure 4. Nitrogen adsorption–desorption isotherms of Ar@ZnMCM-41 (b) and Ar@MCM-41E (d) in comparison to the corresponding ZnMCM-41 (a) and MCM-41E (c), respectively. 
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Figure 5. In vitro RSA for the extract-loaded supports in comparison to that of the corresponding support and free extract after one and six months (*) of storage. 
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Figure 6. In vitro cytotoxicity evaluation of the A. melanocarpa (Michx.) Elliott. Extract (free or encapsulated in the silica-type matrices) and of the MCM-41 silica-type supports (10, 50, 100, and 250 µg/mL) on the A375 human melanoma cell line at 24, 48, and 72 h post-treatment by means of an MTT assay. The results are expressed as cell viability percentage (%) related to the control (i.e., the untreated cells). The data represent the mean values ± standard deviation (SD) of three independent experiments. One-way analysis of variance (ANOVA) followed by a Dunnett’s multiple comparison test was used for comparison among groups (* p < 0.05; ** p < 0.01; *** p < 0.001). 






Figure 6. In vitro cytotoxicity evaluation of the A. melanocarpa (Michx.) Elliott. Extract (free or encapsulated in the silica-type matrices) and of the MCM-41 silica-type supports (10, 50, 100, and 250 µg/mL) on the A375 human melanoma cell line at 24, 48, and 72 h post-treatment by means of an MTT assay. The results are expressed as cell viability percentage (%) related to the control (i.e., the untreated cells). The data represent the mean values ± standard deviation (SD) of three independent experiments. One-way analysis of variance (ANOVA) followed by a Dunnett’s multiple comparison test was used for comparison among groups (* p < 0.05; ** p < 0.01; *** p < 0.001).



[image: Pharmaceutics 12 00838 g006]







[image: Pharmaceutics 12 00838 g007 550] 





Figure 7. In vitro cytotoxicity evaluation of the Aronia melanocarpa (Michx.) Elliott. Extract (alone or encapsulated in MCMs) and of the MCMs (10, 50, 100, and 250 µg/mL) on HaCaT human keratinocytes at 24, 48, and 72 h post-treatment by means of an MTT assay. The results are expressed as cell viability percentage (%) related to the control (i.e., the untreated cells). The data represent the mean values ± SD of three independent experiments. One-way ANOVA followed by a Dunnett’s multiple comparison test was used for comparison among groups (*** p < 0.001). 
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Figure 8. (A) In vitro antimigratory potential of the Aronia melanocarpa (Michx.) Elliott. Extract (alone or encapsulated in MCMs) and of the MCMs (100 µg/mL) on A375 human melanoma cells. Images were taken by light microscopy at 10× magnification. Pictures were taken at 0 and 24 h post-treatment. The scale bars represent 100 µm. (B). The bar graphs are expressed as percentage of scratch closure after 24 h compared to the initial surface. One-way ANOVA followed by a Dunnett’s multiple comparison test was used for comparison among groups (*** p < 0.001 vs. the control). 
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Table 1. American Type Culture Collection (ATCC) of the microbial species used.
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Type of Microorganism

	
Microbial Species

	
ATCC






	
Gram-negative bacilli

	
Salmonella enterica serotip typhimurium

	
14028




	
Shigella flexneri serotip 2b

	
12022




	
Escherichia coli

	
25922




	
Pseudomonas aeruginosa

	
27853




	
Gram-positive cocci

	
Enterococcus faecalis

	
51299




	
Staphylococcus aureus

	
25923




	
Streptococcus pneumoniae

	
49619




	
Streptococcus pyogenes

	
19615




	
Fungi

	
Candida albicans

	
10231




	
Candida parapsilosis

	
22019
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Table 2. Total polyphenolic content (TPC), total flavonoid content (TFC), total anthocyanin content (TAC), IC50% value (50% of the DPPH free radical inhibition), and radical scavenging activity (RSA) by the DPPH and ABTS methods, as well as the identification and quantification of polyphenolic compounds by reverse-phase high-performance liquid chromatography with a photodiode array detector (HPLC–PDA) for the Aronia extract.
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Extract

	
Yield

(%)

	
TPC (mg GAE/g)

	
TFC (mg RE/g)

	
TAC (mg CGE/g)

	
IC50% (mg extract/mL)

	
RSA DPPH (mg TE/g)

	
RSA ABTS (mg TE/g)






	
A. melano-carpa

	
53.8

	
17.32 ± 0.18

	
6.98 ± 0.28

	
0.52 ± 0.02

	
11.92

	
14.06 ± 1.01

	
15.33 ± 0.42




	
HPLC–PDA composition




	
Standard substances

	
Protocatechuic acid

	
Chlorogenic acid

	
Caffeic acid

	
Rutin hydrate




	
Concentration in extract (mg/100 g)

	
62.135 ± 0.005

	
141.283 ± 0.045

	
0.725 ± 0.008

	
21.773 ± 0.041








All values are expressed as per gram of dried berries. GAE, gallic acid equivalent; RE, rutin hydrate equivalent; CGE, cyanidin-3-glucoside equivalent; TE, Trolox equivalent.
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Table 3. Textural parameters of the supports and the corresponding Aronia-loaded supports.
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Support Type

	
Support

	
Ar@support




	
ZnO

	
dBJH (nm)

	
SBET (m2/g)

	
Vpore (cm3/g)

	
Extract

(% wt)

	
dBJH (nm)

	
SBET (m2/g)

	
Vpore (cm3/g)




	
(% wt)






	
MCM-41E

	
-

	
2.81

	
781

	
0.78

	
43

	
2.52

	
89

	
0.12




	
ZnMCM-41

	
12

	
2.66

	
620

	
0.8

	
42

	
-

	
17

	
0.11








dBJH, average pore size determined by the Barrett–Joyner–Halenda method; SBET, specific surface area computed by the Brunauer–Emmett–Teller method; Vpore, total pore volume.
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Table 4. The diameter of inhibition growth zone, the minimum inhibitory concentration, and minimum bactericidal concentration of the black chokeberry extract free and embedded in two mesoporous silica-type matrices (i.e., Ar@MCM-41E and Ar@ZnMCM-41) for the tested strains.
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Microbial Species

	
Aronia

	
Ar@MCM-41E

	
Ar@ZnMCM-41




	
Disk Diffusion Method

	
Dilution Method

	
Disk Diffusion Method

	
Dilution Method

	
Disk Diffusion

	
Dilution Method




	
Inhibition Zone Diameter

	
MIC

	
MFC

MBC

	
Inhibition Zone Diameter

	
MIC

	
MFC

MBC

	
Inhibition Zone Diameter

	
MIC

	
MFC

MBC




	
(mm)

	
(mg/mL)

	
(mm)

	
(mg/mL)

	
(mm)

	
(mg/mL)






	
Salmonella enterica

	
7.66

	
-

	
-

	
9.66

	
-

	
-

	
11.66

	
-

	
-




	
Shigella flexneri serotip 2b

	
7.33

	
-

	
-

	
8.33

	
-

	
-

	
11.33

	
-

	
-




	
Escherichia coli

	
8.66

	
-

	
-

	
9.66

	
-

	
-

	
11.66

	
-

	
-




	
Pseudomonas aeruginosa

	
7

	
-

	
-

	
7.33

	
-

	
-

	
8.33

	
-

	
-




	
Enterococcus faecalis

	
12.66

	
-

	
-

	
15.33

	
8

	
8

	
16.33

	
4

	
8




	
Staphylococcus aureus

	
15

	
2

	
2

	
15.66

	
2

	
2

	
20.66

	
1

	
2




	
Streptococcus pneumoniae

	
15.33

	
2

	
2

	
17.66

	
1

	
1

	
19.66

	
0.5

	
1




	
Streptococcus pyogenes

	
16.66

	
1

	
1

	
19

	
0.5

	
1

	
21

	
0.5

	
0.5




	
Candida albicans

	
7

	
-

	
-

	
7

	
-

	
-

	
7.66

	
-

	
-




	
Candida parapsilosis

	
7

	
-

	
-

	
7.33

	
-

	
-

	
7.33

	
-

	
-








MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; MFC, minimum fungicidal concentration.
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Table 5. The antimicrobial activity of the two mesoporous silica-type matrices using the disk diffusion method (MCM-41E and ZnMCM-41).
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Microbial Species

	
MCM-41E

	
ZnMCM-41




	
Inhibition Zone Diameter

(mm)






	
Salmonella enterica

	
7

	
10.66




	
Shigella flexneri serotip 2b

	
7

	
10.66




	
Escherichia coli

	
7

	
10.66




	
Pseudomonas aeruginosa

	
7

	
10.66




	
Enterococcus faecalis

	
7

	
7.33




	
Staphylococcus aureus

	
8

	
10.66




	
Streptococcus pneumoniae

	
9

	
10.66




	
Streptococcus pyogenes

	
9.33

	
11.33




	
Candida albicans

	
8.33

	
9.66




	
Candida parapsilosis

	
7.66

	
9.33












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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