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Abstract: Mesoporous titania nanoparticles (NPs) can be used for encapsulation polyphenols, with
applications in the food industry, cosmetics, or biomedicine. TiO2 NPs were synthesized using
the sol-gel method combined with solvothermal treatment. TiO2 NPs were characterized through
X-ray diffraction, FTIR spectroscopy, the N2 adsorption method, scanning and transmission electron
microscopy, and thermal analysis. The sample prepared using Pluronic F127 presented a higher
surface area and less agglomerated NPs than the samples synthesized with Pluronic P123. Grape
marc (GM), a by-product from wine production, can be exploited for preparing extracts with good
antioxidant properties. In this regard, we prepared hydroethanolic and ethanolic GM extracts from
two cultivars, Feteasca Neagra (FN) and Pinot Noir. The extract components were determined
by spectrometric analyses and HPLC. The extract with the highest radical scavenging activity, the
hydroethanolic FN extract, was encapsulated in titania (FN@TiO2) and compared with SBA-15 silica
support. Both resulting materials showed biocompatibility on the NCTC fibroblast cell line in a
50–300 µg/mL concentration range after 48 h of incubation and even better radical scavenging
potential than the free extract. Although titania has a lower capacity to host polyphenols than SBA-15,
the FN@TiO2 sample shows better cytocompatibility (up to 700 µmg/mL), and therefore, it could be
used for skin-care products.

Keywords: mesoporous titania; grape marc extract; mesoporous silica; extract encapsulation;
antioxidant properties; phenolic compounds; biocompatibility

1. Introduction

An effective carrier for biologically active molecules should meet the following condi-
tions: a high specific surface area and pore volume, tunable pore size, good biocompatibility
and no toxicity, and the possibility to adjust the interactions between biologically active
molecules and the support. The most used inorganic matrix for the encapsulation of bi-
ologically active compounds is mesoporous silica, which presents outstanding porosity
(up to 1200 m2/g specific surface area and 1.5 cm3/g pore volume), good biocompatibility
depending on particle size and shape, surface properties, concentration, etc. [1–3]. Silica
nanoparticles are generally assessed as safe and biocompatible by the US Food and Drug
Administration (FDA) and have been employed as additives in cosmetics and foods [4].

Among functional inorganic materials, nanostructured titania is of particular interest
due to its remarkable features: good chemical and thermal stability, low cost, biocompati-
bility, resistance to photochemical erosion, and excellent optical and electrical properties.
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Titania is used intensively in environmental applications to remove pollutants from both
air and water [5]. Titania, which has already been successfully applied as an implant
material or in cosmetic formulations, can also be employed as a carrier for biologically
active compounds [6]. For example, in 2012, mesoporous titania was tested as a carrier for
ibuprofen [7].

Titania exhibits photocatalytic properties under UV irradiation but has a lower ad-
sorption capacity than mesoporous silica, so by combining the properties of both silica
and titania, titania–silica composites have been successfully applied as photocatalysts for
environment purification [8], as well as for biomedical applications [9]. Titania nanoparti-
cles (NPs) are poorly soluble in biological fluids and thus pose challenges when used in
biomedical applications. However, titania NPs have been applied in photodynamic therapy
for the tumors’ treatment [10,11]. There are reports that showed that titania NPs help to
neutralize bacterial or fungal strains [12].

Unlike silica, mesoporous titania exhibits lower porosity values (up to 250 m2/g
specific surface area and 0.4 cm3/g pore volume) and a lower concentration of surface
OH groups that can be involved in functionalization reactions, but it could interact with
biologically active substances through donor–acceptor bonds.

Typically, mesoporous titania is produced by the soft-templated sol-gel method based
on the hydrolysis and condensation reactions involving the cooperative assembly of tita-
nium precursor, usually, titanium isopropoxide or titanium butoxide, with the structure
directing agent in the presence of a complexation agent that slows down the rate of hy-
drolysis and condensation reactions. The sol-gel process of Ti precursors differs from that
of silicon alkoxides because of their higher chemical reactivity, resulting from the lower
electronegativity of titanium and its ability to spontaneously enhance the coordination
number with water molecules, with the hydrolysis rate of titanium alkoxide being five
times faster than silicates, hindering the cooperative assembly of inorganic species with
surfactant molecules [13].

Red Vitis vinifera L. grape marc (GM) resulting from winemaking is an affordable
source of polyphenols, including anthocyanins, flavonoids, stilbenes, flavan-3-ols, and
phenolic acids, which have antioxidant, anti-inflammatory, antidiabetic, and cardioprotec-
tive properties, antiproliferative effects [14], and potent broad virucidal activity [15]. For
instance, Balea et al. [16] reported that Feteasca Neagra extract prepared in 70% ethanol
from fermented grape pomace exhibited antiproliferative activity on A549 lung carcinoma,
MDA-MB-231 human breast adenocarcinoma, and B164A5 murine melanoma, with the
best results being obtained for the last cell line.

There are studies on phenolic compounds in wines. For example, malvidin glycosides
are formed during wine maturation [17]. Goldberg et al. [18] highlighted that climate
influences the concentration of quercetin, as wines originating from areas with a warmer
climate and greater exposure to sunlight had a higher concentration of quercetin. The
presence of p-coumaric acid in wines seems to be more random than that of quercetin, with
this phenolic acid being important because it acts as a precursor of flavonols, flavan-3-ols,
and trihydroxy stilbenes [17].

Lately, the demand for natural extracts with antioxidant properties for cosmetics and
nutraceuticals is of growing interest and the use of an abundant waste such as grape marc
from wine production can contribute to the sustainability of this field [19]. Wasilewski
et al. [20] reported a shower gel formulation enriched with compounds extracted from
grape pomace, which was safe for utilization as natural cosmetics.

The recovery of biologically active substances from GM is done by extraction, with the
yield and chemical profile depending on the type of solvent, the extraction technique and
its parameters, and the quality of the grape pomace, which in turn is strongly influenced
by the climate, etc. [21–23].

Herein, we report the synthesis of a series of mesoporous titania NPs by combining
the sol-gel process and solvothermal treatment using two metal precursors, titanium(IV)
isopropoxide and titanium(IV) butoxide, and two nonionic surfactants, the triblock copoly-
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mer EO20-PO70-EO20 (Pluronic P123) or EO99-PO70-EO99 (Pluronic F127), in various
molar ratios, 2-propanol or n-butanol, as the solvent and acetic acid was used to delay
the hydrolysis rate of the metallic alkoxide. Titania NPs with the best features were used
to encapsulate a hydroethanolic extract prepared from red grape marc, and the resulting
material was compared with the material obtained by incorporating the same extract in
mesoporous SBA-15 silica. We also evaluated the chemical profile of several ethanolic or
hydroethanolic extracts prepared from the red grape marc from two varieties: Feteasca
Neagra and Pinot Noir.

2. Results
2.1. Obtaining and Characterization of Mesoporous Matrices

A series of mesoporous titania nanoparticles were synthesized by the sol-gel method
assisted by solvothermal treatment using as a template agent either the triblock copolymer,
EO20-PO70-EO20 (Pluronic P123) or the nonionic surfactant EO99-PO70-EO99 (Pluronic
F127). The scheme showing the steps of obtaining the titania samples can be seen in Figure 1,
while Table 1 lists the titanium precursor, the solvent, the molar ratio between the titanium
precursor and template agent used in the synthesis of titania NPs, and how the samples
are denoted. Titania samples obtained after solvothermal treatment and purified through
Soxhlet extraction (samples labeled Sn_E) or calcined at 400 ◦C (samples labeled Sn_C) were
characterized by wide-angle powder X-ray diffraction (XRD), FTIR spectroscopy, thermal
analysis, scanning electron microscopy, transmission electron microscopy, and porosity
evaluation based on N2 adsorption–desorption isotherms.
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Figure 1. Main steps of the titania samples preparation.

Table 1. Synthesis conditions for mesoporous titania obtaining.

Sample Solvent Titania Precursor Template Agent Ti Precursor/Template Agent
Molar Ratio

S1 n-butanol Ti(OnBu)4 P123 1/0.017
S2 n-butanol Ti(OnBu)4 P123 1/0.034
S3 2-propanol Ti(OiPr)4 P123 1/0.017
S4 2-propanol Ti(OiPr)4 P123 1/0.034
S5 2-propanol Ti(OiPr)4 F127 1/0.017
S6 n-butanol Ti(OnBu)4 F127 1/0.017

2.1.1. X-ray Diffraction

The XRD patterns of the titania samples demonstrated the formation of an anatase
crystalline phase, having tetragonal symmetry for all samples irrespective of the structure
directing agent, titanium precursor, or quantity of the surfactant used in the synthesis. The
thermal treatment determined the preservation of the anatase phase (JCPDS no. 21-1272)
and an increase in its crystallinity, with a crystallite size of D101 = 8 nm, calculated using
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Rigaku PDXL software version 1.8 from the most intense diffraction peak at 2θ = 25.27◦

for uncalcined materials (Figure 2A), and D101 = 10 nm for the samples obtained at 400 ◦C
(Figure 2B).
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Figure 2. XRD patterns of titania samples obtained after solvothermal treatment and purified by
Soxhlet extraction (A) and for TiO2 samples calcined at 400 ◦C, 3 h. (B) The JCPDS no. 21-1272 for
anatase phase is shown as reference.

2.1.2. Morphology of Mesoporous Inorganic Matrices

The morphology of titania samples was investigated by scanning and transmission
electron microscopy (Figure 3). The use of titanium(IV) butoxide as a precursor yielded
more agglomerated nanoparticles (Figure 3A,B,D) than in the case of titanium(IV) iso-
propoxide (Figure 3C,E). TEM investigation demonstrated the crystalline nature of TiO2
NPs and the interparticle pores formation (Figure 3F,G). Titania samples present polyhedral
nanoparticles with around 10 nm dimension, which are agglomerated. The particle sizes
of the calcined S3_C (Figure 3F) and S5_C (Figure 3G) samples observed on the TEM
investigation were consistent, with the crystallite size found based on XRD analyses. Meso-
porous SBA-15 silica presents rod-type particles with an average diameter of 447 nm and a
length/diameter ratio in the range of 2.04–2.20 (Figure 3H).
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Figure 3. SEM micrographs for the following samples: S1_E (A) and S6-E (B) purified by Soxhlet
extraction, S5_C (C), S2_C (D) and S4_C (E) titania samples obtained at 400 ◦C, TEM images of S3_C
(F) and S5_C (G) calcined samples, and SEM image of SBA-15 silica (H).

2.1.3. FTIR Spectroscopy

In the FTIR spectra of the titania samples isolated after solvothermal treatment
(S3 and S5), one can notice the characteristic bands of methyl and methylene groups
in the range of 2850–2930 cm−1, as well as the ether bridge vibrations ranging in the
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1410–1530 cm−1 domain that demonstrate the presence of the polymer on the surface of
titanium dioxide nanoparticles (Figure 4). The extraction process in ethyl alcohol for 24 h
did not completely remove the structure directing agent, as its characteristic vibrations
were still present but less intense in the FTIR spectra of the samples purified by extraction,
S1_E and S3_E (Figure 4). The calcining step at 400 ◦C caused the removal of the template
agent regardless of the polymer type (Figure 4—spectrum of S3_C sample). In the FTIR
spectra of all TiO2 samples, irrespective of the stage in which the samples were analyzed,
one can notice the specific bands of Ti–O and Ti–O–Ti bonds at 677 cm−1 and 466 cm−1,
respectively [24], as well as the stretching modes of vibration of hydroxyl groups with
the lowest transmittance value at 3420 cm−1 and the bending band of adsorbed water
molecules at 1634 cm−1. The stretching vibrations of -OH groups are less intense in the case
of the calcined S3_C sample than in the spectra of the other NPs isolated after solvothermal
treatment, S3 and S5, or after Soxhlet extraction, S1_E and S3_E (Figure 4).
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Figure 4. FTIR spectra of the following samples: S1_E and S3_E obtained after Soxhlet extraction, S3
and S5 isolated after solvothermal treatment, and S3_C calcined at 400 ◦C.

2.1.4. Thermal Analysis

The copolymers decompose in steps up to 400 ◦C. The extraction process was not
very efficient, a content of about 10% (wt.) copolymer remained in the materials purified
by Soxhlet extraction (Figure 5A). In agreement with FTIR spectra, the DTA-TG analysis
showed that the thermal treatment at 400 ◦C for 3 h completely removed the surfactant, as
no effect was recorded on the DTA traces of the calcined samples (Figure 5B).
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The TG curves for calcined samples were included to evaluate the content of hydroxyl groups at-
tached to the titania surface that was subtracted when the content of the polymer was determined.
(B) Corresponding DTA curves.
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2.1.5. Evaluation of the Porosity for Mesoporous Inorganic Matrices

The textural properties of the titania samples were determined from nitrogen adsorption–
desorption isotherms, recorded at liquid nitrogen temperature, that are type IV with hysteresis
at P/P0 > 0.5, characteristic for mesoporous materials with wormlike pores. The porosity of
the titania samples is mainly due to interparticle pores, evidenced by a sharp increase
in the volume of adsorbed gas in the region of high P/P0 values (Figures 6A,B and
S1). Table 2 gathered the parameters determined from nitrogen adsorption–desorption
isotherms: specific surface area, SBET, determined by applying BET theory, total pore
volume measured at relative pressure, P/P0 = 0.985, and average pore diameter, dBJH,
calculated from the desorption branch of the isotherms with BJH method. The uncal-
cined titania samples have a higher specific surface area, SBET, than the calcined materials
(312 and 274 m2/g for S2_E and S4_E, respectively, and 154 m2/g in the case of S4_C),
probably because of the contribution of remaining copolymer on titania nanoparticles
surface (Table 2). When Ti(OnBu)4 was used as the precursor in the synthesis, this resulted
in higher values of average pore size (6.3 nm for S6_C in comparison with 5.4 nm for
S5_C for which Ti(OiPr)4 was used), although the specific surface area and total pore
volume did not change significantly (153 m2/g and 0.33 cm3/g for S5_C and 153 m2/g and
0.31 cm3/g for S6_C-Table 2). The use of the copolymer F127 instead of Pluronic P123 for
titania nanoparticles synthesis did not have an important contribution to the porosity of
the resulting materials. A higher copolymer quantity introduced in the synthesis led to a
diminution of the pore size (7.4 nm and 5.8 nm for S3_C and S4_C, respectively, Table 2).
SBA-15 silica had higher porosity than all titania NPs with the following textural features:
SBET = 984 m2/g, V = 1.31 cm3/g, and the average diameter of the mesopores computed
from the desorption branch of isotherm, dBJH = 6.3 nm.
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2.2. Obtaining and Characterization of Red GM Extracts

The polyphenols extraction was carried out using Vitis vinifera L. red grape marc (GM)
from two cultivars, Feteasca Neagra (FN) and Pinot Noir (PN), from the Research Station
for Viticulture Murfatlar (Constanta County, Romania). The extracts were obtained by
conventional technique at reflux using FN and PN grape pomace samples collected after
wine production in 2018 or 2019 and ethanol or 50% ethanol aqueous solution as solvent.

For all extracts, the following data were determined by UV-vis methods: the total
polyphenols index (TP) expressed as gallic acid (GA) equivalents based on the chemical
reaction between phenolic substances and Folic Ciocâlteu reagent, the total flavonoids
index (TF) expressed as quercetin (Q) equivalents, based on the chemical reaction between
flavonoids and the aqueous solution of AlCl3, and the total anthocyanin pigments (TA)
expressed as cyanidin-glucoside (CG) equivalents using the method described by Lee
et al. [25]. All these data are presented in Table 3. The radical scavenging activity (RSA)
was expressed as Trolox (T) equivalents using two assays: DPPH and ABTS.

Table 3. Solvents used for extraction, yield values, and spectrometric data expressed per gram of dry
extract for prepared extracts.

Extract Year, Solvent Yield
(%)

TP
(mgGA/g)

TF
(mgQ/g)

TA
(mg CG/g)

FN 2019, 50% ethanol 13.2 295.46 ± 1.33 14.82 ± 0.51 7.35 ± 1.89
FN(E) 2018, ethanol 0.4 71.02 ± 0.22 12.31 ± 0.64 20.42 ± 4.26
FN(E-W) 2018, 50% ethanol 6.5 147.71 ± 8.6 5.06 ± 0.12 3.56 ± 0.24
PN 2019, 50% ethanol 11.8 138.49 ± 3.49 11.94 ± 0.03 4.29 ± 0.00
PN(E) 2018, ethanol 1.3 47.09 ± 0.99 13.34 ± 4.11 2.86 ± 0.00

All spectrometric measurements were performed in triplicate.

Upon first glance at the data in Table 3, one can observe that the type of red GM and
the harvest year strongly influenced the quantity of phenolic compounds in the extracts.
The extract richest in polyphenols is the hydroethanolic FN extract prepared from Feteasca
Neagra GM collected in 2019. Both GMs used in this study from 2018 were very poor in
phytocompounds, probably because the climate has altered the quality of these wastes.
For all extracts prepared from GMs collected in 2018, we obtained very low yields (in the
range of 0.4–6.5%) and TP index values (47.09–147.71 mgGA/g extract). Regarding the
solvent, the 50% ethanol aqueous solution was more effective in the recovery of polyphenols
(147.71 for FN(E-W) vs. 71.02 mgGA/g extract for FN(E) extract) than absolute ethanol,
which was better at extracting flavonoids (12.31 and 5.06 mgQ/g extract for FN(E) and
FN(E-W), respectively, or 13.34 and 11.94 mgQ/g extract for PN(E) and PN, respectively.

Figure 7 shows the radical scavenging activity (RSA) expressed as Trolox equivalents
(TE) using two assays: DPPH and ABTS. The FN sample prepared from GM collected
in 2019 has the highest value for antioxidant activity assessed by both DPPH and ABTS
assays, (566.00 ± 13.08 and 572.37 ± 5.78 mgTE/g extract, respectively), followed by the
other hydroethanolic FN extract obtained from GM collected in 2018 (316.92 ± 21.6 and
267.11 ± 9.04 mgTE/g extract, respectively). Both ethanolic extracts prepared from GMs
collected in 2018 had weak radical scavenging activity (35.18 ± 4.88 and 47.89 ± 7.12 mgTE/g
extract for FN(E) and PN(E), respectively), which could be correlated with the low amount of
polyphenols, though the FN(E) sample has the highest index of TA (20.42 ± 4.26 mgCG/g
extract)—Table 3.

Phenolic substances present in the extracts were quantified using reverse-phase high-
performance liquid chromatography and the data are listed in Table 4. The chromatograms
can be seen in Figure S2. We identified in all the extracts the following phenolic acids: gallic,
protocatechuic, vanillic, and syringic acids from the class of flavonoids, rutin and quercetin,
and catechin (except for the FN(E) sample) and (-) epicatechin (except the extracts prepared
in absolute ethanol) from the flavan-3-ol class. The only extract in which delphinidin
(0.593 ± 0.010 mg/g extract) and the esterified phenolic acid—caftaric acid (0.050 mg/g
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extract)—were quantified was FN(E-W), while p-coumaric acid was found only in the
FN(E) sample. Being poorly soluble in water but soluble in ethanol, trans-resveratrol was
quantified in higher amounts in the ethanolic extracts: FN(E) and PN(E) (Table 4).
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Table 4. Chemical profile of prepared extracts determined by HPLC-PDA analysis.

Phenolic Substance
Concentration (mg/g Dried Extract)

FN FN(E) FN(E-W) PN PN(E)

Gallic Acid 1.150 ± 0.004 0.594 ± 0.001 0.437 ± 0.000 0.238 ± 0.008 0.723 ± 0.000
Protocatechuic acid 0.541 ± 0.001 0.714 ± 0.000 0.078 ± 0.002 0.367 ± 0.001 1.748 ± 0.001

Catechin 0.087 ± 0.001 nd 5.978 ± 0.000 1.164 ± 0.002 0.504 ± 0.001
Caftaric acid nd nd 0.050 ± 0.000 nd nd
Vanillic acid 1.091 ± 0.003 0.826 ± 0.000 0. 334 ± 0.007 1.424 ± 0.004 0.309 ± 0.000
Syringic acid 2.492 ± 0.004 1.490 ± 0.000 0.674 ± 0.000 2.043 ± 0.006 1.869 ± 0.003

p-Coumaric acid nd 0.083 ± 0.000 nd nd 0.035 ± 0.001
(-) Epicatechin 2.755 ± 0.006 nd 4.757 ± 0.001 0.644 ± 0.002 nd

Delphinidin nd nd 0.593 ± 0.010 nd nd
Rutin 0.582 ± 0.001 0.191 ± 0.001 0.702 ± 0.001 0.427 ± 0.000 0.139 ± 0.000

trans-Resveratrol 0.023 ± 0.001 0.082 ± 0.000 nd nd 0.080 ± 0.000
Quercetin 0.160 ± 0.001 0.370 ± 0.000 0.133 ± 0.000 0.073 ± 0.001 0.280 ± 0.000

nd—not determined.

2.3. Characterization of Materials Containing FN Extract

The hydroethanolic FN extract with the best antioxidant potential (572.37 mgTrolox/g
extract) was selected to be encapsulated into mesoporous SBA-15 silica with an ordered
pore framework with hexagonal symmetry determined by small-angle X-ray diffraction
(Figure S3) and in S5_C titania nanoparticles through the impregnation method, followed
by solvent evaporation under low pressure (3 mbar) according to the procedure described
elsewhere [26].

The resulting materials containing FN extract were analyzed by TG-DTA analysis
to evaluate the amount of phenolic compounds incorporated in mesoporous inorganic
matrices. The main feature influencing the quantity of phenolic compounds that can
be encapsulated in the mesopores of inorganic matrices is the total pore volume. The
extract amount from the considered inorganic supports was computed based on the weight
loss for materials containing extract, taking into account the weight loss of hydroxyl
groups during the support heating, and the removal of moisture, which corresponds to
the first endothermic event of the DTA curve for each sample subjected to the analysis
(Figure 8). As expected, the quantity of encapsulated phenolic substances was lower
in the case of FN@TiO2, 20% (wt) (Figure 8A) than for FN@SBA-15 material, 39% (wt)
(Figure 8B). Another observation from the thermal analyses is that the temperature at
which the polyphenol decomposition rate reached the maximum, 312 ◦C, was higher in the
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case of FN@SBA-15 (Figure 8B, black dash-dot curve) than 281 ◦C for FN@TiO2 (Figure 8A,
red dash-dot line), which could be explained by the bigger exposure of biologically active
compounds to oxidation in the case of their embedding in mesoporous titania since its
mesopores are interparticle pores, and the polyphenols were on the titania NPs’ surfaces,
unlike in the case of the SBA-15 matrix, which has cylindrical channels of mesopores.
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(B) performed in air flow.

The sharp decrease in the porosity of materials with encapsulated extract demonstrated
the presence of phytocompounds in the mesopores of the inorganic matrices (Figure S4). In
the case of FN@SBA-15 material, the values of SBET and V decreased from 984 m2/g and
1.31 cm3/g, respectively, for SBA-15, to 209 m2/g and 0.36 cm3/g, respectively. In the case
of FN@TiO2, practically all pores were filled with FN extract (V = 0.01 cm3/g), though the
extract quantity was lower than in the case of FN@SBA-15.

FTIR spectroscopy highlighted the presence of phenolic components in the spectra of
the FN extract and FN@SBA-15 and FN@TiO2 samples (Figure 9A) through the presence of
the asymmetric stretching vibrations of C=O bonds belonging to the carboxylic groups at
1726 cm−1, asymmetric and symmetric stretching bands of C–H bonds of methylene groups
at 2929 cm−1 and 2843 cm−1, respectively. The stretching vibration of C–O bonds overlapped
with the deformation band of O–H groups linked on aromatic rings from 1391 cm−1 and
the vibration mode of aromatic C–H bonds at 1100 cm−1, the last band being superimposed
the very intense asymmetrical stretching band of the Si–O–Si bonds of the SBA-15 matrix in
the case of FN@SBA-15 material. In all the spectra, including that of mesoporous inorganic
matrices, the broad band with the minimum transmittance at 3470 cm−1 due to hydroxyl
groups, which belong either to the phenolic substances or the inorganic matrices, and the
bending vibration of adsorbed water at 1627 cm−1 can be observed [27].
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Figure 9. FTIR spectra of FN extract, SBA-15 matrix, FN@SBA-15 material, TiO2 support, and
FN@TiO2 sample (A). Radical scavenging activity assessed by DPPH assay for FN@TiO2 and FN@
SBA-15 in comparison with FN extract alone and corresponding inorganic matrices, TiO2 and SBA-15,
in the same quantities as in the FN-loaded supports (B).
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Spectrometric determinations of radical scavenging activity (DPPH method) for mate-
rials containing FN extract showed the preservation of this property over time (Figure 9B).
The antioxidant potential was also determined for the FN extract after three months of
storage in dark conditions, in a refrigerator, and for mesoporous inorganic matrices, which
showed no contribution to the radical scavenging potential of FN@TiO2 and FN@SBA-15.

2.4. Assessment of Cytocompatibility of the Polyphenolic Extract, Materials Containing Extract,
and Corresponding Mesoporous Supports

The cytocompatibility of FN and PN extracts, FN extract encapsulated in SBA-15 and
TiO2, and the corresponding inorganic materials was assessed on NCTC clone L929 murine
fibroblasts cell line at 24 h and 48 h incubation times using MTT assay. All samples were
tested in triplicate.

Both extracts, FN and PN, are biocompatible at concentrations lower than 300 µg/mL,
either after 24 h or 48 h of incubation. PN extract showed lower cytotoxicity than FN extract
at 700 µg/mL concentration, and in the case of FN extract, cell viability decreased to 35.86%
at 24 h and 19.47% after 48 h, while for PN extract, cytotoxic effects were observed only after
48 h of incubation (69.17% cell viability). Cell viability decreased sharply at a treatment
dose of 1000 µg/mL for both FN and PN extracts to 15.64% and 47.71%, respectively after
24 h and 7.59% and 15.64%, respectively, after 48 h of incubation (Figure 10A).
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Figure 10. Cell viability of normal L929 cells for the free hydroethanolic PN and FN grape pomace
extracts (A) and FN extract encapsulated in TiO2 (B) and SBA-15 matrices compared to the corre-
sponding supports, TiO2 and SBA-15, assessed using MTT assay (C). Results are presented as average
value of three replicates ± standard deviation (n = 3). # (p < 0.05) shows significant differences
between the fibroblasts incubated with samples in comparison to control. Treatments with samples
of cells are not considered toxic when cell viability is higher than 80%.

The FN extract encapsulated in TiO2 NPs, FN@TiO2, showed biocompatible behavior
for all tested concentrations, between 50 µg/mL and 700 µg/mL, with cell viability val-
ues in the range of 104.22–82.89%. TiO2 NPs also showed no cytotoxic effect on NCTC
fibroblasts at concentrations up to 700 µg/mL (Figure 10B). FN@SBA-15 showed cytocom-
patibility at concentrations in the range of 50–300 µg/mL after both incubation periods.
At high concentrations, 500 and 700 µg/mL of FN@SBA-15, the cell viability decreased
to 75.95% and 72.91%, respectively. SBA-15 support presents no cytotoxicity at the tested
concentrations (Figure 10C).

3. Discussion

Antioxidants are very important for cellular health because they help neutralize free
radicals and thus can prevent various inflammation-based diseases. In recent years, many
interdisciplinary research groups have studied their biological effects on human health,
their recovery from various sources, including plant waste [28–30], and how to preserve or
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enhance their effectiveness by developing new approaches, such as including antioxidants
in various formulations with improved features and benefits [26,31,32].

Grape pomace, a by-product from wine production, is a source of antioxidants and
antimicrobial agents, especially against foodborne bacteria strains, which can be used in
various fields, such as fertilizers, the food industry, cosmetics, and supplements, after
their recovery by solid–liquid extraction [33–35]. Grape pomace extracts can improve the
antibacterial activity of antibiotics because they inhibit biofilm formation and could be
used in the treatment of resistant-biofilm-related infections [35]. Until now, this valuable
source of antioxidants and antimicrobials has not been very well exploited.

We valorized fermented dried grape marc from two cultivars, Feteasca Neagra and
Pinot Noir from Constanta County, Romania, collected in two years, by preparing extracts
through conventional extraction technique in non-toxic solvents: 50% ethanol aqueous
solution and absolute ethanol for further application in cosmetics. We observed that the
quantity of phenolic compounds is very different depending on the variety and the harvest
year of the grapes. The extracts obtained from Feteasca Neagra were generally richer in
polyphenols and had more total anthocyanins expressed per mass of dried extract than
those prepared from Pinot Noir GM, results that are in agreement with the data reported
by Balea et al. [16].

Thus, the richest extract in bioactive compounds obtained in this study was the
hydroethanolic FN extract with 39.00 ± 0.17 mg GA/g GM, followed by hydroethanolic
PN extract with 16.34 ± 0.41 mg GA/g GM, with the TP index values being in the domain
of total phenolic content reported by Constantin et al. [36] for the extracts prepared in
water at 28 ◦C from Feteasca Neagra grapes, Galati County, Romania (0.77–83.62 mg/g
dried mass). They reported the following distribution of phenolic compounds: 3%, 1%,
and 96% in grape pulp, skins, and seeds, respectively. This study and previous results
demonstrated that the climatic conditions and cultivar strongly influence the content of
phenolic compounds in not only wines but also in fermented GM, and thus, if exploited,
the quality of extracts. For instance, we reported for a polyphenolic extract prepared in
the same way as the PN sample in this study, but using GM collected in 2020, values for
TP of 43.16 mgGA/g GM and RSA of 689.09 mgTE/g extract, which are 2.6 and 2.2 times
higher, respectively, than those of the hydroethanolic PN extract from reference [26]. If we
compare the ethanolic FN(E) extract with our previous results from an extract obtained
from the same GM variety but collected in 2017, the TP index and antioxidant potential are
3.9 and 3.4 times lower for the FN(E) sample than for the FN extract (GM from 2017) [23].
Previously, we also prepared and characterized Cabernet Sauvignon extract for which the
TP index was 265.21 ± 4.97 mg GA/g extract and the RSA value was 344 mgTE/g extract
(DPPH assay), with both values being lower than those of FN extract (295.46 mg GA/g
extract and 566.00 mgTE/g extract, respectively) discussed here.

With respect to the TA index expressed as CG equivalents per mass of dry extract,
all the extracts prepared from Feteasca Neagra had higher TA index values, especially
the ethanolic extract (20.42 for FN(E) vs. 7.35 and 3.56 mgCG/g for FN and FN(E-W),
respectively) than extracts obtained from Pinot Noir (2.86 and 4.29 mgCG/g for PN(E)
and PN, respectively). Also, for the Pinot Noir extracts, for the preparation of which we
used GM collected in 2020, we determined a lower value of the TA index, 4.52 mgCG/g
extract, [23] than for Feteasca Neagra extracts.

Nevertheless, bioactive substances derived from plants are susceptible to degrada-
tion. Hence, one approach to enhance their chemical stability and thus their shelf-life is
to encapsulate bioactive compounds in various carriers. In this regard, Castro et al. [37]
proposed formulations for a grape seed extract using microdispersion based on soy lecithin
and pectin with a very good yield of the entrapment and controlled delivery of the extract
polyphenols. Raschip et al. [38] reported the embedding of Feteasca Neagra and Merlot
extracts in ice-templated 3D xanthan–PVA composites. They showed that the polymeric
films containing Feteasca Neagra extract presented a high antioxidant potential, while the
Merlot extract embedded in xanthan–PVA composites exhibited a better antibacterial poten-



Inorganics 2024, 12, 263 12 of 18

tial against Gram-positive or Gram-negative bacterial strains than the samples containing
FN extract or samples without extract. By microencapsulation through the freeze-drying
method of grape pomace extracts in sodium alginate with gum Arabic coated with gelatin,
an improved in vitro bioaccessibility of polyphenols was demonstrated [39].

Reports on polyphenols, like quercetin- or resveratrol-based delivery systems for can-
cer therapy have emerged in recent years [40–42]. For example, functional lipid–polymer
nanoparticles with high biocompatibility have been developed as carriers for bioactive
substances from Curcuma zedoaria and Platycodon grandiflorum to treat breast cancer metas-
tases [43], in addition to quercetin-loaded lipid nanoparticles with improved release prop-
erties for anticancer therapy, thus mitigating the side-effects of chemotherapy [40].

Among carriers, mesoporous inorganic materials, especially silica, have been used for
embedding various extracts, the resulting extract-loaded materials exhibiting improved
stability, radical scavenging potential or anti-inflammatory properties, and desirable bio-
compatibility [23,44,45]. Usually, mesoporous silica nanoparticles increase the solubility of
poorly water-soluble bioactive compounds due to their nanoconfinement in mesopores in
amorphous state, improving their bioavailability [46].

In our previous papers, we showed the improved properties of the extracts when
loaded on supports based on mesoporous MCM-41 silica, depending on the surface func-
tionalization [47,48]. For example, we reported that the hydroethanolic Pinot Noir extract
(GM collected in 2020) presented better anti-inflammatory properties when encapsulated in
fucoidan-coated aminopropyl functionalized MCM-41 silica than that of corresponding free
extract or reference drugs [26]. We carried out a stability study of polyphenolic extract from
wild bilberries free and encapsulated in mesoporous silica. During the accelerated degrada-
tion study, the free extract lost a part of the polyphenols, while when it was incorporated in
mesoporous silica, better stability in time was observed [48].

Herein, for the first time, we tested mesoporous SBA-15 silica as a carrier for phenolic
compounds, which has a larger pore volume and wider pore diameter than MCM-41. We
demonstrated that SBA-15 silica has desirable cytocompatibility, being suitable for use as a
matrix for the incorporation of bioactive compounds (with the FN@SBA-15 sample having
a high content of polyphenols, 39% wt.). The FN@SBA-15 formulation showed non-toxic
effects up to 300 µg/mL on NCTC fibroblast cells (Figure 10C). Also, the encapsulation
of FN extract in SBA-15 support did not alter the radical scavenging properties of the
extract (Figure 9B). Also, liposomal formulations of sea buckthorn and grape pomace
extracts showed an enhanced antioxidant activity of extracts due to the protective effect of
liposomes against acidic degradation [49].

The use of titania NPs is approved by the Food and Drug Administration and the EU
Commission in cosmetics and sunscreen formulations [11,50]. The challenge in using TiO2
NPs for biomedical applications is related to their poor solubility in water and biological
fluids, but titania can be used for topical applications.

Previously, we reported the use of titania NPs as support for common sage and wild
thyme extracts [51]. TiO2 NPs, used to incorporate these extracts, were obtained by sol-gel
method, followed by an aging step of the reaction mixture at reflux using Pluronic P123 as a
template agent. Finally, titania was calcined at 450 ◦C. In this study, we report the synthesis of
a series of titania nanoparticles synthesized through the sol-gel technique combined with a
solvothermal treatment, showing the parameters that influence the textural features of NPs.

We demonstrated that both Pluronic P123 and Pluronic F127 can be used for mesopore
formation. By using this method, we obtained smaller pore diameters ranging from 3.7 to
7.4 nm versus 10.5 nm and higher SBET in the range of 126–312 m2/g (Table 2) compared
to 115 m2/g [51], 112 m2/g for a sample also prepared in the presence of Pluronic F127 in
ethanol [52], or 39 m2/g [53]. The use of Pluronic F127 led to less aggregated TiO2 NPs,
the formed spherical agglomerates having nanometric size (100–400 nm). In this study,
we selected the titania sample obtained in the presence of F127 copolymer, which was
thermally treated at 400 ◦C/3 h to encapsulate the hydroethanolic FN sample, the resulting
sample being denoted as FN@TiO2. The biocompatibility of titania support and FN@TiO2
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was assessed on NCTC fibroblasts, and the results demonstrated no cytotoxic effects of
either titania NPs or the FN@TiO2 sample for all tested concentrations, in the range of
50–700 µg/mL after 24 h and 48 h incubation time periods (Figure 10B). As in the case
of FN@SBA-15 sample, titania nanoparticles containing FN extract preserved the radical
scavenging capacity of the extract (Figure 9B). Our findings are in agreement with the
literature data that showed a good in vitro biocompatibility of titania nanostructures on
various cell lines [54–56].

Regarding the morphology of titania NPs prepared in the presence of both Pluronic
F127 and P123, small crystals of 10 nm average size with polyhedral shape were obtained.
Samsudin et al. observed that Pluronic F127 acts as a crystallographic controlling agent
favoring the formation of {0 0 1} anatase facet that finally led to truncated octahedral
bipyramidal particles, while the {1 0 1} facets led to the formation of almost spherical
particles [53]. During TEM investigation, a similar particles shape was observed of titania
NPs synthesized in the presence of either Pluronic F127 or Pluronic P123, so both triblock
copolymers probably favor the formation of the {0 0 1} anatase facet.

4. Materials and Methods

All chemicals utilized for the red GM polyphenolic extracts preparation and analyses,
as well as for the synthesis of the mesoporous inorganic matrices, are provided in the
Supplementary Materials.

4.1. Obtaining of Mesoporous Inorganic Matrices

The first step of the synthesis of titania nanoparticles consisted of dissolving 1.25 g
of the structure directing agent (Pluronic P123 or Pluronic F127) in 50 mL of solvent
(2-propanol or n-butanol) at 40 ◦C, under magnetic stirring. Then, 1.5 mL of glacial acetic
acid were added dropwise to slow down the hydrolysis reaction of the titanium precursor.
A volume of Ti(IV) isopropoxide or Ti(IV) n-butoxide was poured into the reaction mixture
kept at 40 ◦C, under magnetic stirring. After 1 h, in the resulting solution, 1 mL of
deionized water was dropped to promote the hydrolysis and condensation reactions of
titanium alkoxide. The reaction mixture was maintained under magnetic stirring at 40 ◦C
for 24 h. Then, the resulting mixture was transferred into a reactor under autogenous
pressure for a solvothermal treatment carried out at 100 ◦C for 24 h. After cooling, the solid
was separated by centrifugation, washed with corresponding solvent, water, and ethanol,
and then dried at 60 ◦C. The removal of the structure directing agent was carried out by
Soxhlet extraction in ethanol for 24 h. Then, a part of each sample was calcined at 400 ◦C
for 3 h with a heating rate of 0.5 ◦C/min.

Mesoporous SBA-15 silica was synthesized by an established procedure [57] starting
with 2.5 g of Pluronic P123 dissolved at room temperature in 92.8 mL aqueous solution of
hydrochloric acid (prepared by adding 13.8 mL HCl 37% (wt) in 79 mL deionized water),
and then tetraethyl orthosilicate (5.9 mL) was added to the solution of the structure directing
agent. The resulting mixture was stirred at 35 ◦C for 24 h and then was solvothermally
treated in statical conditions under autogenous pressure for another 24 h at 100 ◦C. The
solid was filtered off, washed 3 times with 25 mL ethanol and 3 times with 50 mL deionized
water, and dried at room temperature overnight. Finally, SBA-15 silica was thermally
treated at 550 ◦C for 5 h.

4.2. Materials Characterization

The materials were investigated through X-ray diffraction in the range of 2θ = 10–70◦

and at a scanning rate of 2◦/min and 0.01◦ step (Miniflex 2, Rigaku Holdings Corporation,
Tokyo, Japan), FTIR spectroscopy using 64 scans, a resolution of 2 cm−1 in 4000–400
cm−1 range (KBr pellets technique; Bruker Tensor 27, Bruker Corporation Optik GmbH,
Bremen, Germany), thermogravimetric analysis coupled with differential thermal analysis
carried out in air flow (50 mL/min), with a heating rate of 10◦/min in the temperature
range of 20−850 ◦C (DTA-TG, Mettler Toledo GA/SDTA851e, Greifensee, Switzerland),
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scanning electron microscopy (Tescan Vega 3 LMH microscope, Brno, Czech Republic), and
transmission electron microscopy (FEI TECNAI F30 G2 S-TWIN, Hillsboro, OR, USA), as
well as N2 adsorption–desorption isotherms recorded at liquid nitrogen temperature after
outgassing of the samples at 120 ◦C for 17 h (Quantachrome Autosorb iQ2, Quantachrome
Instruments, Boynton Beach, FL, USA).

4.3. Extracts Preparation

The grape marc (GM) samples were collected after fermentation stage during wine-
making process. The fermented GM was dried in fresh air, in a thin layer, at ambient
temperature on metallic mesh. Every 24 h, the GM was aerated by turning to facilitate the
evaporation of water and ethylic alcohol and to avoid the development of bacteria and
fungi because of the moisture. The dry GM was grounded in a food processor to increase
the contact surface between vegetal waste and solvent.

For all extracts, a maceration step of 18 h was carried out at room temperature, under
magnetic stirring before the three steps of 60 min, performed by refluxing the mixture
containing red GM (3 g) and solvent (18 mL), adding on each stage a new solvent volume,
and keeping the same ratio between the vegetal waste mass and solvent volume (1/6 g/mL).
All three fractions obtained after extraction were put together, and then the solvent was
completely evaporated using a DLAB RE100-Pro rotary evaporator (DLAB SCIENTIFIC
Co., Ltd., Beijing, China).

4.4. Characterization of Polyphenolic Extracts

Total polyphenols index, total flavonoids content, total amount of anthocyanins,
and radical scavenging potential (DPPH and ABTS assays) were determined using UV-
vis spectroscopy (Shimadzu UV-1800 spectrophotometer, Shimadzu Corporation, Kyoto,
Japan), the methods being described in reference [23]. The components of the extracts
from twenty-three standard substances (see Supplementary Materials) were quantified by
reverse-phase HPLC-PDA (Shimadzu Nexera X2 with SPD-M30A detector) operating in
the wavelength range of 250–600 nm and using a Nucleoshell® C18 column 4.6 × 100 mm
(2.7 µm) (Macherey-Nagel GmbH & Co. KG, Düren, Germany). The details of the HPLC
method were provided elsewhere [23].

4.5. Cytocompatibility Evaluation

The cytocompatibility of FN and PN extracts, as well as of nanoparticles containing
FN extract compared to that of mesoporous inorganic matrices in which FN extract was
incorporated, was evaluated on NCTC clone L929 murine fibroblasts obtained from the
European Collection of Authenticated Cell Cultures. The samples were sterilized under
UV irradiation for 2 h, and then stock suspensions/solutions of 1 mg/mL were prepared in
culture medium, which contained 10% fetal bovine serum and 1% antibiotics. The stock
solutions/suspensions were incubated at 37 ◦C for 24 h in humid atmosphere containing
5% carbon dioxide. After 24 h, the stock suspensions were dispersed in ultrasounds for at
least 1 h, and the extract solutions were filtered off through 0.22 µm Millipore membrane.
Mouse NCTC fibroblast cells were seeded in sterile 96-well culture plates (4 × 104 cells/mL)
in culture medium. Fibroblasts were treated with the tested samples and incubated for
24 h and 48 h. The in vitro testing of biocompatibility of the samples was carried out at the
following concentrations: 100, 300, 700, and 1000 µg/mL for the free FN and PN extracts
and 50, 100, 200, 300, 500, and 700 µg/mL for encapsulated FN extract in TiO2 NPs and
SBA-15 silica (FN@TiO2 and FN@SBA-15) and corresponding supports (TiO2 and SBA-15).
The determination of cell viability (MTT assay, Sigma-Aldrich, Merck Company, Darmstadt,
Germany) was performed after 24 h and 48 h incubation periods of the cells with samples.
The experiments were performed according to the procedure described in reference [58].
The spectrophotometric determinations were performed on a Berthold Mithras LB 940
Multimode Plate Reader (Berthold Technologies GmbH & Co., Bad Wildbad, Germany),
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at 570 nm wavelength. Untreated cells were considered the control with 100% cellular
viability, based on which were calculated the cell viability for the samples.

Experiments were performed in triplicate, and the results were presented as mean
± standard deviation. Student’s t-test was performed for the statistical analysis, using
two-tailed distribution and two-sample equal variance, in Microsoft 365 Excel software.
Statistical differences were considered for p < 0.05.

5. Conclusions

We report the parameters that influenced the morphology of mesoporous titania NPs
synthesized by sol-gel method combined with solvothermal treatment. The use of Pluronic
F127 as a porogenic agent in the synthesis showed the formation of less agglomerated
TiO2 nanoparticles based on SEM and TEM investigation with higher SBET and lower pore
diameter (153 m2/g vs. 126 m2/g and 5.4 nm vs. 7.4 nm, respectively) than in the case of
Pluronic P123.

We determined the chemical profiles of several extracts prepared from two types of
red GM (Feteasca Neagra and Pinot Noir), and we could conclude that it depended on
the cultivar and solvent. The extract with the best antioxidant properties, hydroethanolic
FN extract prepared from GM collected in 2019, was encapsulated in TiO2 NPs and com-
pared with the resulting material obtained by the incorporation of FN extract in SBA-15
silica support.

We have successfully obtained and characterized materials containing FN extract,
FN@TiO2, and FN@SBA-15, with desirable cytocompatibility on NCTC clone L929 murine
fibroblasts in the concentration range of 50–300 µg/mL after 24 h and 48 h of incubation
time and radical scavenging properties.

A long-term stability study for the FN extract alone and encapsulated in titania
nanoparticles must be performed to obtain data regarding shelf-life. Also, further in vivo
studies should be carried out for the safe use of the proposed extract-loaded nanoparticles
in skincare products.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/inorganics12100263/s1. Figure S1. N2 adsorption–desorption
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curves calculated with BJH model from desorption branch; Figure S2. Chromatograms for the following
extracts: hydroethanolic FN extract (A), ethanolic FN(E) extract (B), hydroethanolic PN extract (C), and
ethanolic PN(E) extract; Figure S3. Small-angle X-ray diffraction of mesoporous SBA-15 silica; Figure S4.
N2 adsorption–desorption isotherms for FN@SBA-15 sample (a) and SBA-15 silica (b).
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