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[bookmark: Abstract]Abstract
Two mesostructured silicas with wormhole-like pore arrangement (HMS and MSU-2) were synthesized and evaluated for the first time as carriers for the encapsulation of two bioactive flavonoids (quercetin and naringin). For comparative purposes, a hexagonal mesostructured SBA-15 silica type frequently used as encapsulating support was also prepared and tested. All the materials were characterized before and after the loading with the analytes. Different silica/analyte ratios were evaluated to determine the loading and encapsulation kinetics of the different materials. Both flavonoids were successfully loaded inside the pores of the three silicas. The quercetin loading capacity of HMS was higher than SBA-15 and MSU-2 silicas, whereas for naringin SBA-15 and MSU-2 were slightly more effective. These differences could be attributed to the molecular size of the analytes and the textural properties of the different materials. Nevertheless, HMS was the silica that enabled to release the highest amount of both analytes. Thus, it could be considered a suitable carrier of these flavonoids and an alternative to other materials such as SBA-15. Moreover, the release process was performed under controlled conditions (pH 2.0 and 7.4) to simulate digestive conditions. Quercetin was delivered faster and more efficiently from the encapsulated at pH 2.0, whereas no differences were observed for naringin at both pHs. Finally, the antioxidant activity of the resulting encapsulates was determined. The results obtained suggested the potential use of wormhole-like mesostructured silicas as carriers to enhance the stability and bioavailability of flavonoids, so they can be used in future food and biomedical applications.
Keywords Encapsulation · Bioactive flavonoids · Mesostructured silicas · Carrier materials · In-vitro release · Antioxidant activity
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1 [bookmark: 1 Introduction][bookmark: 1 Introduction]Introduction
In recent years, one of the current trends that have aroused special interest in different fields, such as the food, pharma- ceutical and cosmetic industries, has been the encapsulation of bioactive compounds in order to preserve their health- promoting effects. Among these bioactive compounds, poly- phenols stand out for their many beneficial properties on health, including the prevention of several diseases as well as their well-known antioxidant, anti-inflammatory and anti- microbial properties, among others [1, 2].
Flavonoids, which belong to a polyphenolic class, attract special interest due to their widespread occurrence in a large
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number of vegetables and fruits, which can be used as a great source of these bioactive compounds [3]. In particular, quercetin is the major dietary flavonol and presents the high- est antioxidant activity among flavonoids [4]. On the other hand, naringin is the predominant flavanone in grapefruit and also presents excellent free radical scavenging ability [5]. Both flavonoids, exhibit a broad-spectrum of pharmaco- logical activities, such as anticancer, antiviral, antimutagenic and lipid peroxidation inhibitory effects [4–7]. Therefore, a suitable intake of these compounds may be associated with the prevention of cardiovascular damages and cancer risk. Nevertheless, this wide spectrum of beneficial properties is hindered because of their low solubility in water (few mg/L) and their low chemical stability when exposed to light, oxy- gen, heat or neutral and alkaline media [6–8], which limit their absorption after oral administration. Thus, the encap- sulation of these compounds in supramolecular structures as nanoparticles or microparticles can be a good way to

overcome these problems and improve their bioavailability and shelf-life.
For this reason, the development of innovative encapsula- tion strategies to achieve suitable carrier materials able to protect and provide controlled release of these compounds has become an interesting topic for food, pharmaceutic and cosmetic applications. In this context, natural carriers and biodegradable polymers have been extensively used for the encapsulation of antioxidant compounds due to their favour- able properties such as good biocompatibility, easy design and preparation [9]. For instance, quercetin has been suc- cessfully encapsulated in proteins, liposomes, cyclodextrins and chitosan nanoparticles [10–15], whereas naringin has been encapsulated to a lesser extent in maltodextrin, cellu- lose and cyclodextrins [5, 16, 17]. However, these carriers usually present some shortcomings: they can easily aggre- gate with each other by flocculation in water, allow little control over the carrier size, have poor versatility, can be damaged by friction and present low heat tolerance [4, 18]. In contrast, inorganic materials such as silica-based nano- and micro-particles could be used as alternative carriers, as they present important advantages, like mechanical and chemical stability, biocompatibility, biodegradability and low toxicity. Furthermore, they have a controllable porosity, can release embedded agents, and are biologically inert [4, 19, 20]. In particular, mesostructured silicas have attracted in recent years significant interest to be used as carriers and have been successfully applied for the encapsulation of vitamins in food products, of antioxidants in dermic formu- lations and drug delivery with controlled release [21–31]. These materials can be promising carriers of bioactive com- pounds due to their multiple advantages, such as their high specific surface area, large pore volume, well defined pore- size distribution, controlled particle size and morphology, excellent chemical, thermal and mechanical stability, stable aqueous dispersion, good biocompatibility and biodegra- dability and modifiable surface properties [32–35]. Due to their advanced properties, the application of mesostructured materials as carriers can successfully overcome some prob- lems related to the low solubility and poor bioavailability of polyphenols [36, 37]. Thus, loading these compounds in the mesostructured silica systems can stabilize and protect them from degradation, ensuring high loading capacity.
Since the first time this type of materials appeared in
1992 [38, 39], a large number of synthetic strategies have been developed and, nowadays, a wide variety of mesostruc- tured silicas with diverse porous structures and different morphologies have been successfully prepared [40]. In this sense, up to date, mesostructured silicas with 2D hexagonal ordered pore structure, SBA-15 and MCM-41, modified with different organic ligands have been the main mesostructured materials evaluated and applied as carriers for the encapsu- lation of quercetin [8, 18, 41–43], besides mesostructured

silicas with 3D pore arrangement, SBA-16 (cubic) [8] and KCC-1 (dendritic fibres) [43]. Nevertheless, to the best of our knowledge, these materials have never been used for the encapsulation of naringin. Moreover, as far as we know, despite the wide variety of mesostructured silicas with dif- ferent structural properties, some of them like the ones with a wormhole-like framework, such as HMS and MSU-2, have not yet been evaluated as carriers for the encapsula- tion of these polyphenols. These mesostructured silicas with wormhole-like pore arrangement may present some advan- tages over other silicas such as SBA-15. For instance, they present mesostructures with thicker pore walls that increase their stability, and they have spherical morphology and small particle size that enable better access to the wormhole-like framework mesopores, leading to better retention of the ana- lytes in adsorption processes [44]. Moreover, this type of mesostructured silicas also offers advantages related to its synthesis procedure. For instance, the synthesis of HMS is done at room temperature and it is pH-independent, leading to a more robust and reproducible synthesis procedure [45]. In the case of MSU-2, this material has greater mechanical and thermal stability than other materials, and there are no micropores in its structure that may collapse at high temper- atures. Therefore, higher calcination temperatures (600 °C), faster calcination ramps and shorter calcination times can be used during its synthesis procedure. In addition, the synthe- sis of these wormhole-like mesostructured silicas involve the use of low-cost, biodegradable, and non-toxic surfactant, high yields and moderate temperatures (55 °C) [46, 47].
Hence, the aim of this work was to evaluate for the first
time two mesostructured silicas with wormhole-like pore arrangement (HMS and MSU-2) as carriers to encapsulate quercetin and naringin to stabilize and protect them from degradation and improve their bioavailability. In addition, a hexagonal mesostructured silica SBA-15 was also tested for comparative purposes. All the materials were synthesized and characterized, and different parameters were optimized to evaluate their adsorption capacity and encapsulation effi- ciency. Moreover, the release process was evaluated under different pH conditions using phosphate saline buffer (PBS) and potassium chloride buffer to achieve a controlled and sustained release of the flavanols under digestive conditions, which adds significant value for future food and biomedical applications. Finally, as it has been previously reported that the encapsulation of quercetin in MCM-41 mesostructured silica improves its antioxidant efficacy [8], the antioxidant activity of the resulting quercetin and naringin encapsulates in HMS was determined by the DPPH• free radical-scav- enging activity method.

2 [bookmark: 2 Experimental][bookmark: 2 Experimental]Experimental
2.1 [bookmark: 2.1 Chemicals and reagents][bookmark: 2.1 Chemicals and reagents]Chemicals and reagents

Tetraethylorthosilicate 98% (TEOS, M = 208.33 g mol−1, d = 0.934 g mL−1), poly(ethylene glycol)-block- poly(propylene glycol)-block-poly(ethylene glycol) (EO20PO70EO20, Pluronic 123, Mav = 5800 g mol−1, d = 1.019 g mL−1), dodecylamine 98% (DDA, M = 185.36 g mol−1) and Tergitol® NP-9 (M = 616.82 g mol−1) were pur- chased from Sigma–Aldrich (St. Louis, MO, USA). Hydro- chloric acid 35% (M = 6.45 g mol−1, d = 1.19 g mL−1), ethanol (EtOH, purity grade ≥ 99.5%), methanol (MeOH, purity grade ≥ 99.9%), potassium chloride extrapure grade (M = 74.56 g mol−1), potassium phosphate monobasic extrapure grade (M = 136.09 g mol−1), sodium chloride extrapure grade (M = 58.44 g mol−1), sodium hydroxide extrapure grade (M = 40.00 g mol−1) and sodium phosphate dibasic extrapure grade (M = 141.96 g mol−1) were obtained from Scharlab (Barcelona, Spain). Sodium fluoride 99% (M = 41.99 g mol−1) was from Fluka (Busch, Switzerland). Water (resistivity 18.2 MΩ cm) was obtained from a Mil- lipore Milli-Q-System (Billerica, MA, USA).
Quercetin (purity grade ≥ 95%), naringin (purity grade ≥ 90%) and 2,2-diphenyl-1-picrylhydrazyl (DPPH•, M = 394.32 g mol−1) were supplied by Sigma-Aldrich (St. Louis, MO, USA).
The potassium chloride buffer (pH 2.0) was prepared as follows: 0.466 g of potassium chloride were dissolved in 250 mL of water and the pH was adjusted with HCl. For the PBS (pH 7.4), 0.5 g of potassium chloride, 0.6 g of potassium phosphate and 20 g of NaCl were weighed and dissolved in 130 mL of water. Then, 3.6 g of sodium phos- phate were dissolved in 40 mL of water stirring with heat. Both solutions were then mixed, and the pH was adjusted with NaOH or HCl. Finally, the volume was brought up to 250 mL.

2.2 [bookmark: 2.2 Synthesis of mesostructured silica m][bookmark: 2.2 Synthesis of mesostructured silica m]Synthesis of mesostructured silica materials

SBA-15 mesoporous silica was prepared as follows: 48.4 g of Pluronic 123 were dissolved in 1440 g of 2 M HCl solu- tion and 360 mL of Milli-Q water under stirring at 35 °C. Then, 102 g of TEOS were slowly added, and the resulting mixture was stirred at the same temperature for 20 h. After this reaction time, the stirring was stopped, and the tempera- ture was increased to 80 °C and maintained for 24 h. The solid product was recovered by filtration and washed with Milli-Q water. Then, it was calcined at 500 °C for 18 h [48]. MSU-2 mesoporous silica was prepared according to Pérez-Quintanilla et al. [49]. Briefly, 78.2 g of Tergitol®

NP-9 were mixed with 1562 mL of Milli-Q water. The solution was stirred at room temperature until its homog- enization and, afterwards, 52.82 g of TEOS were added drop by drop. The resulting suspension was then aged without stirring for 20 h. After this time, 26.4 mL of
0.24 M sodium fluoride solution were added dropwise with stirring. The resulting solution was then placed in a bath under stirring at 55 °C for 48 h. The final product was filtered, washed with Milli-Q water and dried at 100 °C for 4 h. Finally, the surfactant was removed by calcination at 600 °C for 12 h.
HMS mesoporous silica was synthesized following the method described by Pérez-Quintanilla et al. [50] with slight modifications. Briefly, 30 g of DDA were dissolved in
388.8 mL of Milli-Q water and 227.4 mL of EtOH. The solu- tion was stirred until its homogenization and, subsequently,
124.8 g of TEOS were added drop by drop. The solution was stirred for 18 h, yielding a thick white suspension that was filtered and dried at 80 °C for 1 h. The amine was removed by heating the solid at reflux in EtOH with a Soxhlet for 8 h. Finally, the rest of the surfactant was removed by calcination at 550 °C for 18 h.
[bookmark: 2.3 Characterization of mesostructured s]2.3 Characterization of mesostructured silica materials

Conventional transmission electron microscopy (TEM) was achieved on a TECNAI 20 Philips microscope operating at 200 kV, with a resolution of 0.27 nm and ± 70° of sample inclination, using a BeO sample holder. Scanning electron micrographs (SEM) and morphological analysis were per- formed on an XL30 ESEM Philips with an energy-dispersive spectrometry system (EDS). The samples were prepared with a sputtering method according to the following parameters: sputter time 100 s, sputter current 30 mA, and film thickness 20 nm using sputter coater BAL-TEC SCD 005. Nitrogen gas adsorption–desorption isotherms were carried out with a Micromeritics ASAP 2020 analyzer. Previous to analysis,
0.2 g of sample were dried in vacuum line overnight and after- wards, the samples were outgassed at 90 °C in vacuum during 10 h in the port of degasification of the instrument. Adsorption isotherms were measured at −196 °C over interval of rela- tives pressures from 10–4 to 0.998.Their specific surface area were determined before and after encapsulation following the Brunauer–Emmett–Teller (BET) method, the pore size dis- tribution of the samples were determined applying the BJH method to the desorption branch.
[bookmark: 2.4 Encapsulation study of quercetin and]2.4 Encapsulation study of quercetin and naringin in mesostructured silica materials

Different silica/analyte ratios (1:1, 1:5 and 5:1) were evalu- ated keeping constant the amount of quercetin at 50 mg.
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Thus, the loading procedure was as follows: 50 mg of quercetin were first weighed into a 50 mL polypropylene centrifuge tube and 5 mL of EtOH were added, then the mix-

The quercetin and naringin release efficiencies were cal- culated with the following equation:

ture was placed into an ultrasonic bath (30 s). Subsequently,

Release efficiency (%) ∶   Mr∕ Me     × 100
[bookmark: _bookmark0]
(3)

the amount of silica needed for each ratio was added (50 mg, 10 mg and 250 mg for 1:1, 1:5 and 5:1 silica/analyte ratios, respectively). The mixture was placed into the ultrasonic bath (1 min) and then magnetically stirred at 300 rpm for different times (0.5 h, 1 h, 2 h, 4 h and 24 h). Afterwards, the solution mixture was centrifuged at 6000 rpm for 8 min. Finally, the concentration of quercetin in the supernatant was measured on a Cary 60 UV–Vis Spectrometer from Agilent Technologies (Santa Clara, CA, USA) at 370 nm. A blank solution with the same amount of silica and solvent but without the analytes was measured and used to correct the absorbance of the samples. For naringin, the same pro- cedure as quercetin was performed, with the exception that in this case 2 mL of MeOH were used instead of 5 mL of EtOH and the concentration of naringin in the supernatant was measured at 335 nm.
The adsorption capacity and the relative quercetin or nar- ingin encapsulation efficiencies were calculated with the fol- lowing equations:

where Mr is the equilibrium amount of quercetin or naringin released at time t (mg), Me is the equilibrium amount of quercetin or naringin encapsulated at time t (mg). All experi- ments were performed in triplicate (n = 3).
[bookmark: 2.6 In vitro controlled release kinetics][bookmark: _bookmark1]2.6 In vitro controlled release kinetics of quercetin and naringin encapsulated in HMS

The in vitro release studies were carried out as follows: 5 mL of water were added to the quercetin or naringin encapsu- lates in HMS. The solution was mixed and centrifuged at 6000 rpm for 8 min. The supernatant was discarded and 25 mL of potassium chloride buffer (pH 2.0) or PBS (pH 7.4) were added and stirred at 200 rpm. 50 µL of the mixture were withdrawn at 1 min, 5 min, 10 min, 15 min, 20 min,
25 min, 30 min, 40 min, 50 min, 60 min, 90 min and 120 min and analysed by UV–vis spectroscopy at 370 nm or 335 nm in the case of quercetin and naringin, respectively, to quan- tify the amount of analyte released at each time. A blank

Adsorption capacity μg mg−1 ∶ Co − Ct × Vs   ∕ W

(1)

solution with the same amount of silica and solvent but without the analytes was measured and used to correct the absorbance of the samples. The release efficiency for querce-

Encapsulation efficiency(%) ∶ Mo − Ct × Vs   ∕ Mo × 100
(2)
where Co is the initial concentration of quercetin or naringin, (μg mL−1), Ct is the equilibrium concentration of quercetin or naringin, (μg mL−1) at time t, Vs is the volume of super- natant (mL), W is the amount of silica added (mg) and Mo is the initial amount of quercetin or naringin, (mg). All experi-

tin or naringin was calculated with Eq. 3, as described in Sect. 2.5. The release kinetics of the analytes from the pores of the HMS silica support were evaluated with the Higuchi model, in which the amount of analyte (guest) released per unit of exposed area (Q) at time t can be adjusted according to the following equation:

ments were performed in triplicate (n = 3).

Q = KH     t

(4)


[bookmark: 2.5 Preliminary release studies of querc][bookmark: _bookmark2]2.5 Preliminary release studies of quercetin and naringin

For the release of quercetin and naringin, 5 mL of water were added to the encapsulated sample. The solution was mixed and centrifuged at 6000 rpm for 8 min. The superna- tant was discarded and 5 mL of EtOH (pH 7.0) or acidified EtOH (pH 2.0) were added in the case of quercetin, whereas for naringin 5 mL of MeOH (pH 7.0) or acidified MeOH (pH 2.0) were added. The solution was sonicated for 1 min and then centrifugated again at 6000 rpm for 8 min. Finally, 10 µL of the supernatant were withdrawn and analysed by UV–vis spectroscopy at 370 nm or 335 nm in the case of quercetin and naringin, respectively. A blank solution with the same amount of silica and solvent but without the ana- lytes was measured and used to correct the absorbance of the samples.

where KH is the release rate constant for the Higuchi model. All experiments were performed in triplicate (n = 3).
2.7 [bookmark: 2.7 Quantification of quercetin and nari][bookmark: 2.7 Quantification of quercetin and nari]Quantification of quercetin and naringin

Stock standard solutions of quercetin and naringin (1000 mg L−1) were prepared by diluting in MeOH the adequate amount of each compound and were stored at −20 °C. Work- ing solutions of the analytes (40–20 mg L−1) were prepared by appropriate dilution of the stock solutions with MeOH and were stored at 4 °C. For the quantification of quercetin or naringin in the supernatant, standard curves for querce- tin (with EtOH) and naringin (with MeOH) were prepared and analysed by UV–vis spectroscopy at 370 nm for querce- tin and 335 nm in the case of naringin. Accordingly, the standard curves employed for the quantification of quercetin (0–20 mg L−1) and naringin (0–200 mg L−1) in the superna- tant at pH 7.0 were y = 0.0607 x + 0.0004 (R2 = 0.997) and

y = 0.006 x − 0.009 (R2 = 0.999), respectively. On the other hand, the standard curves employed for the quantification of quercetin and naringin in the supernatant after their released at pH 2.0 were prepared with acidified EtOH or MeOH (pH 2.0), and were y = 0.0675 x + 0.005 (R2 = 0.996) and y = 0.0061 x − 0.003 (R2 = 0.998), respectively. In all cases, a blank solution with the same amount of silica and solvent but without the analytes was measured and used to correct the absorbance of the samples. According to this correction and the Lambert–Beer equation, all standard curves were adjusted containing the origin.

2.8 [bookmark: 2.8 Antioxidant activity determination b][bookmark: 2.8 Antioxidant activity determination b]Antioxidant activity determination by the DPPH• method

The antioxidant activity of the analytes encapsulated in HMS mesostructured silica was determined in-vitro after their controlled release under different pH conditions using the DPPH• free radical-scavenging activity method [51], with some modifications. After the encapsulation proce- dure, the silica was washed with 5 mL of water, which were subsequently discarded. Then, 25 mL of potassium chloride buffer (pH 2.0) or PBS (pH 7.4) were added for the con- trolled release of the analytes and were stirred at 200 rpm for 2 h. Afterwards, 1 mL of the release solution (sample) was mixed with 1 mL of DPPH• (0.1 mM) solution [52] and stored in the dark for 1 h. Then, its absorbance was measured at 517 nm. In parallel form, a blank sample was prepared for each assay by mixing 1 mL of potassium chloride buffer (pH 2.0) or PBS (pH 7.4) without containing the target analytes with 1 mL of the DPPH• solution and following the same incubation procedure as with the samples. The antioxidant activity was calculated as follows:
Absblank − Abssample

also prepared in parallel for each control sample as described above.

3 [bookmark: 3 Result and discussion][bookmark: 3 Result and discussion]Result and discussion
3.1 [bookmark: 3.1 Loading kinetics of quercetin and na][bookmark: _bookmark3][bookmark: _bookmark3]Loading kinetics of quercetin and naringin on SBA‑15, MSU‑2 and HMS mesostructured silicas

Initially, a solubility study of both analytes was carried out using MeOH and EtOH, as according to the EU Commis- sion Directives 2009/32/EC and 2010/59/EU, both solvents are authorized for the production of foodstuffs and food ingredients [53, 54]. For this purpose, an excessive quan- tity of quercetin or naringin (50 mg) was added to 2 mL and 5 mL of solvent. It was observed that quercetin was not completely soluble in any of the solvents tested when 2 mL were used. On the other hand, with 5 mL of EtOH the amount of quercetin was completely dissolved, whereas with MeOH it was only partially dissolved. Conversely, naringin was completely dissolved in 2 mL and 5 mL of MeOH, but not in EtOH. Thus, quercetin and naringin loading experi- ments were performed with 5 mL EtOH and 2 mL MeOH, respectively.
Loading studies for both quercetin and naringin were carried out with the three mesostructured silicas using different silica/analyte ratios (1:1, 1:5 and 5:1) keeping constant the amount of analyte at 50 mg. Thus, the amount of silica added was the variable parameter, using 50 mg, 10 mg and 250 mg in each ratio, respectively. Figures 1 and 2 show the encapsulation efficiencies and adsorption (loading) kinetics obtained for quercetin and naringin using the different mesostructured silicas as carriers,
[bookmark: _bookmark4]respectively. In the case of SBA-15, the maximum encap-

Antioxidantactivity(%) =

Absblank

× 100

(5)

sulation efficiency of quercetin was achieved at 30 min with the silica/analyte ratios 1:1 and 1:5 (approximately

where Absblank and Abssample are the absorbance of the blank and the sample, respectively, measured after 1 h of incuba- tion with the DPPH• solution.
To determine if the encapsulation of quercetin and nar- ingin in HMS mesostructured silica improves the antioxidant efficiency of these compounds, the antioxidant activity of non-encapsulated control samples was also evaluated. For the non-encapsulated control samples, the mg of quercetin or naringin (corresponding to the mg of analyte measured after its in-vitro controlled release from the carrier after 2 h according to the release kinetics described above in Sect. 2.6) were directly weighted and mixed at 200 rpm for 2 h with 25 mL of potassium chloride buffer (pH 2.0) or PBS (pH 7.4). Then, 1 mL of this control solution was incubated in the same conditions described above and the antioxidant activity was calculated using (Eq. 5). Blank samples were

32%), whereas for the silica/analyte ratio 5:1 the maxi- mum encapsulation was observed after 4 h (21%) (Fig. 1a). Thus, the ratio 5:1 seemed to be the least optimum as it provided less encapsulation, required more time and consumed more silica carrier. In contrast, the maximum encapsulation efficiency of naringin was achieved with the three ratios at 30 min (Fig. 1b). Nevertheless, for both analytes the silica/analyte ratio 1:5 presented higher load- ing ability than the other ratios (Fig. 2a and b). This is interesting because it is desirable to encapsulate the high- est amount of analyte using the least amount of silica. This fact can be explained by a possible aggregation of the mesostructured silica, as described in previous works [55–57]. It is difficult to obtain these materials in mono- dispersive phases because they tend to form clusters or agglomerates due to the strong van der Waals interactions
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[bookmark: _bookmark5]Fig. 1 Encapsulation efficiencies obtained for quercetin and naringin using different mesostructured silicas as carriers at different silica/analyte ratios. Ratio 5:1 = 250 mg silica/50 mg analyte; ratio 1:1 = 50 mg silica/50 mg analyte; ratio 1:5 = 10 mg silica/50 mg analyte
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[bookmark: _bookmark6]Fig. 2 Adsorption (loading) kinetics obtained for quercetin and naringin using different mesostructured silicas as carriers at different silica/ana- lyte ratios. Ratio 5:1 = 250 mg silica/50 mg analyte; ratio 1:1 = 50 mg silica/50 mg analyte; ratio 1:5 = 10 mg silica/50 mg analyte

[58]. Consequently, this prevents free access of the ana- lytes to the entire surface or the entry of the pores of the material when there is a high number of silica particles in the media, which hinders the mass transfer process to the internal parts of the agglomerates. Accordingly, when the amount of mesostructured silica employed is lower, the dispersion of the material in the medium is more effective than with higher amounts of it, leading to achieve better diffusion of the analytes through the whole pore network of the silica and, therefore, showing better encapsulation efficiency, as more surface area and pores can be accessed (because less agglomerates are formed). Therefore, the silica/analyte ratio 1:5 seemed to be the most suitable for the encapsulation of quercetin and naringin in the SBA-15 mesostructured silica, as it enabled to use less amount of carrier with the best encapsulation efficiency.
On the other hand, with the MSU-2 mesostructured silica, the highest encapsulation efficiency of quercetin (40%) was reached with the silica/analyte ratio 5:1 after 4 h of stir- ring (Fig. 1c). Conversely, the silica/analyte ratios 1:1 and 1:5 reached the point of maximum encapsulation after 2 h of stirring, but their encapsulation efficiency was signifi- cantly lower than for the silica/analyte ratio 5:1 (approxi- mately a 20%) (Fig. 1c). Nevertheless, despite having the highest encapsulation efficiency, the silica/analyte ratio 5:1 presented the lowest loading ability (Fig. 2c). There- fore, this was the least optimum ratio, because as the con- centration of carrier increased, the adsorption capacity of MSU-2 was reduced, as explained above for SBA-15 [20, 55–58]. Regarding the other ratios, although they had similar encapsulation efficiency, the silica/analyte ratio 1:5 clearly showed higher adsorption capacity than the silica/analyte ratio 1:1 (Fig. 2c). In the case of naringin, the encapsulation efficiency was similar for the silica/analyte ratios 1:5 and 5:1, reaching the maximum point at 30 min and decreasing afterwards, whereas for silica/analyte ratio 1:1 the encapsu- lation efficiency increased with time, achieving the maxi- mum encapsulation after 2 h (Fig. 1d). Despite the naringin encapsulation efficiency of MSU-2 was similar for both 1:5 and 5:1 silica/analyte ratios, the loading ability was signifi- cantly higher with the ratio 1:5 (Fig. 2d).
Regarding HMS mesostructured silica, the maximum
encapsulation of quercetin was reached in all the ratios assayed after 2 h of stirring (Fig. 1e). The silica/analyte ratio 5:1 presented the lowest encapsulation efficiency (18%), whereas the encapsulation efficiency was similar for both silica/analyte ratios 1:5 and 1:1 (approximately 35–40%) (Fig. 1e). However, the adsorption capacity was clearly higher with the ratio 1:5 (Fig. 2e). On the other hand, the maximum encapsulation of naringin was observed at 30 min with the silica/analyte ratios 1:5 (41%) and 5:1 (34%), while with the ratio 1:1 the maximum encapsulation point was reached after 1 h (Fig. 1f). Regarding the adsorption

capacity, it was observed that the ratio 1:5, besides the high- est encapsulation efficiency, it also had the highest loading ability (Fig. 2f).
Overall, according to the results obtained for the three materials, it can be concluded that the ratio silica/analyte 1:5 seemed to be the most suitable to achieve the encapsulation of both quercetin and naringin, as it showed in all cases the highest adsorption capacity (Fig. 2). In the case of quercetin, the MSU-2 was the least effective material, as it showed the lowest encapsulation and loading efficiency. On the other hand, the SBA-15 was the material which required less time (30 min), achieving similar encapsulation efficiency to pre- vious works in the literature [8, 42]. Nevertheless, despite HMS required more time (2 h), this material proved to have higher encapsulation efficiency of quercetin than the SBA-15 mesostructured silica (Fig. 1). Regarding naringin, all mate- rials achieved their maximum encapsulation efficiency after 30 min. SBA-15 and MSU-2 provided similar encapsulation results (45–47%), whereas HMS was slightly less effective but with very close values (41%) (Fig. 1). Nevertheless, apart from the encapsulation ability, it is also important to determine the release efficiency of the material to determine which it is the most suitable to act as a carrier for the target analytes.
3.2 [bookmark: 3.2 Characterization of SBA-15, MSU-2 an][bookmark: _bookmark7][bookmark: _bookmark7]Characterization of SBA‑15, MSU‑2 and HMS mesostructured silicas

The materials prepared were characterized before and after the encapsulation procedure. TEM micrographs of SBA-15 showed a clear arrangement of ordered hexagonal pores with uniform size (Fig. 3a). Conversely, TEM images of MSU-2 and HMS (Fig. 3b and c) confirmed the typical disordered structure of these materials, showing irregularly aligned mesopores with relatively uniform pore sizes, what it is known as wormhole-like pore arrangement. SEM pictures determined the morphology of the materials prepared. The SBA-15 had a rod-like morphology (1 × 0.5 µm) (Fig. 3d), whereas MSU-2 showed spherical particles and HMS quasi- spherical particles with mean diameters around 0.5–1.9 µm and 1.4–5.2 µm, respectively (Fig. 3e and f). These results indicate that these mesostructured silicas are microparticles, which it is interesting because due to their size they can not easily cross epitheliums or physical membranes of the body, for this reason, large particle sizes are more suitable for orally administrated controlled release devices [22, 59, 60]. After the encapsulation procedure, it was assumed that all the materials kept the same structure, particles size and morphology as before the loading process, since it is well known that all these materials have high thermal, mechanical and chemical stability [61], even at strong pH media [62]. Moreover, the stability of mesostructured silicas has also been checked when a functionalization on the material has
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[bookmark: _bookmark8]Fig. 3 TEM (a, b and c) and SEM (d, e and f) images of the mesostructured silicas prepared in this work
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been done (which is not the case). For instance, even when large ligands like C18 (octadecylsilane) groups have been attached, changes in the structure of the pore size distribu- tion have never been detected in the modified materials [63]. Nitrogen adsorption–desorption isotherms of the different mesostructured silicas non-encapsulated and encapsulated with quercetin (silica/analyte ratio 1:5) and naringin (sil- ica/analyte ratio 1:1) are shown in Fig. 4. All the materials presented isotherms of type IV according to the I.U.P.A.C. classification with a hysteresis loop typical of mesoporous solids. SBA-15 had an H1 hysteresis loop, which cor- responds to uniform cylindrical pores (Fig. 4a). On the other hand, HMS and MSU-2 had an H2 hysteresis loop (Fig. 4b and c), which indicates wormhole-like pores lead- ing to some bottleneck effect. Both materials almost did not show a hysteresis loop as its pore size falls in the range of small mesopores being slightly smaller in the case of HMS (Fig. 4). The volume adsorbed starts to increase sharply at a relative pressure (P/P0) of 0.1, indicating the coverage of the monolayer and the start of the multilayer filling for SBA-15, for MSU-2 and HMS this happen at a lower relative pres- sure, 0.04 (MSU-2) and 0.05 (HMS), at 0.45 the isotherms show a hysteresis loop what indicates capillary condensation of nitrogen within the mesopore structure at 0.45 for SBA- 15 and approximately 0.3 for MSU-2 and 0.25 for HMS, (Fig. 4a, b and c). The height and steepness of the sorption step give information about the extent and uniformity of the mesoporous framework. In this sense, a tall and sharp adsorption step corresponds to a higher amount of well- defined framework mesoporosity. After the encapsulation

with quercetin and naringin, all the materials kept the same trends described for their isotherms (Fig. 4a, b and c). It was observed, that after the encapsulation the volume adsorbed by the materials decreased, which was sharper in the case of quercetin than for naringin. These may indicate the uptake of the target flavonoids inside the pores. Narrow pore size distributions were found for all the materials, which con- firms their uniform framework mesoporosity (Fig. 4d, e and f). SBA-15 presented the highest pore diameter (55.5 Å), while MSU-2 and HMS showed lower values (31.2 Å and
25.2 Å, respectively). This may explain why the quercetin is adsorbed faster in the SBA-15 than in the other silicas. After the loading with the analytes, the pore size of all the materials barely changed, which may indicate that the pores are not blocked after the encapsulation. In the case of SBA- 15 part of the adsorption process could take place in the surface of the material or in the micropores, which explains the high descend experimented in the pore volume and the surface area with naringin, which size is in the range of the micropores that could lead to a partial blockage of them.
Table 1 gathers the Brunauer–Emmett–Teller surface area (SBET) and the total pore volume of the different materials before and after the quercetin and naringin loading proce- dure using different silica/analyte ratios (1:1 and 1:5). The materials loaded with the ratio 5:1 were not characterized, as it proved to be the relation with the lowest encapsula- tion efficiency for both quercetin and naringin, as previ- ously described in Sect. 3.1. The three mesostructured sili- cas showed very high SBET and typical pore volume values for surfactant-assembled mesostructures [34]. Although
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[bookmark: _bookmark9]Fig. 4 Nitrogen adsorption–desorption isotherms before and after the encapsulation process with quercetin and naringin of a SBA- 15, b MSU-2 and c HMS and pore size distribution before and after

the encapsulation process with quercetin and naringin of d SBA-15, e MSU-2 and f HMS. Ratio 1:1 = 50 mg silica/50 mg analyte; ratio 1:5 = 10 mg silica/50 mg analyte

[bookmark: _bookmark10]Table 1 Textural properties of the mesostructured silicas before and after the encapsulation process Silica	S


a (m2 g−1)	Pore volume

BET

(cm3 g−1)


	SBA-15 1D hexagonal parallel channels and rod-like particle morphology (1 × 0.5 µm)
	780
	0.80

	Silica—Quercetin ratio 1:1*
	512
	0.58

	Silica—Quercetin ratio 1:5*
	395
	0.37

	Silica—Naringin ratio 1:1*
	681
	0.71

	Silica—Naringin ratio 1:5*
	629
	0.70

	MSU-2 3D wormhole-like channels and spherical morphology (0.5–1.9 µm)
	1040
	0.99

	Silica—Quercetin ratio 1:1
	871
	0.83

	Silica—Quercetin ratio 1:5
	519
	0.47

	Silica—Naringin ratio 1:1
	901
	0.84

	Silica—Naringin ratio 1:5
	944
	0.89

	HMS 3D wormhole-like channels and quasi-spherical morphology (1.4–5.2 µm)
	1050
	0.98

	Silica—Quercetin ratio 1:1
	873
	0.71

	Silica—Quercetin ratio 1:5
	621
	0.54

	Silica—Naringin ratio 1:1
	933
	0.82

	Silica—Naringin ratio 1:5
	926
	0.84


aSBET = Specific surface area calculated by Brunauer–Emmett–Teller (BET) method
*Silica—Quercetin ratio 1:1 = 50 mg silica/50 mg quercetin; Silica—Quercetin ratio 1:5 = 10 mg silica/50 mg quercetin; Silica—Naringin ratio 1:1 = 50 mg silica/50 mg naringin; Silica—Naringin ratio 1:5 = 10 mg silica/50 mg naringin



SBA-15 was the material with the highest pore diameter, MSU-2 and HMS showed very similar SBET and pore vol- ume values, which were significantly higher than the ones obtained for SBA-15 (Table 1). After the loading procedures, it was observed that in all cases the SBET and pore volume of the three materials decreased (Table 1). This suggests that the polyphenols were successfully loaded inside the pores of the mesostructured silicas [52]. Besides of being loaded inside the pores, the decrease of the SBET may also indicate that the analytes could be adsorbed as well on the surface of the materials by their interactions with the silanol groups of the silica surface. Likewise, the reduction in the SBET and pore volume could be simply caused by the reduced mass fraction of silica in the polyphenol-silica composite. How- ever, if the adsorption only happens on the external surface of the materials, the decrease of the SBET would not be so noticeably, since much more surface is inside the mesopores. This fact is related to the reduction of the micropore area of the bare SBA-15 from 214 m2 g−1 to 184 m2 g−1 in the SBA- 15 loaded with naringin. Therefore, the results obtained sug- gest that adsorption of the analytes takes place in both sites of the materials, inside the mesopores and on the external surface. It was observed that the decrease of the SBET and pore volume was more significant in the case of quercetin than in naringin. This may be due to the different molecular size of both flavonoids (see Electronic Supplementary Mate- rial (ESM) Fig. S1). Since naringin presents a higher width than quercetin, its entrance into the pore may be more hin- dered than in the case of quercetin. In the case of quercetin,

the SBET and pore volume were significantly more reduced with the silica/analyte ratio 1:5 than with the silica/analyte ratio 1:1. Conversely, for naringin slight differences were observed among both ratios (Table 1). The SBET and pore volume are both determining parameters of the loading pro- cedure since, as long as the pore size enables the analyte to get into the matrix, the higher the SBET and the pore volume, the greater the analyte loading will be [52]. In this sense, according to the results described in Sect. 3.1, HMS proved to be the material with the highest encapsulation efficiency of quercetin, probably due to its high SBET and great pore volume. Nevertheless, in the case of naringin, SBA-15 and MSU-2 showed the same encapsulation efficiency, while HMS was slightly less effective. This may be due to the bigger molecular size of naringin and the smaller pore diam- eter of HMS, which may hinder the entry of the analyte inside the pores. Conversely, the encapsulation of naringin was probably enhanced in the SBA-15 and MSU-2 because the pore diameter of these materials was higher than that of HMS.
[bookmark: 3.3 Preliminary release studies of querc]3.3 Preliminary release studies of quercetin
and naringin loaded in SBA‑15, MSU‑2 and HMS mesostructured silicas

After confirming the encapsulation procedure of quercetin and naringin in the mesostructured silicas, some initial pre- liminary release experiments were carried out with the sil- ica/analyte ratios 1:1 and 1:5, whereas the silica/analyte ratio

5:1 was discarded as it provided the lowest encapsulation efficiency, as it has been previously described in Sect. 3.1. Table 2 shows the release data of quercetin from the differ- ent mesostructured silicas at pH 7.0 and 2.0. For SBA-15, although both ratios showed similar encapsulation efficiency, the release efficiency at pH 7.0 was higher for the ratio 1:1 than for 1:5. Conversely, at pH 2.0 the total amount released was greater in the ratio 1:5. With MSU-2, the encapsulation efficiency was also similar for both ratios. Nevertheless, as with SBA-15, the total amount released was significantly higher for silica/analyte ratio 1:1 at pH 7.0, whereas at pH
2.0 it was greater for the silica/analyte ratio 1:5. In the case of HMS, despite the encapsulation efficiency was slightly higher for silica/analyte ratio 1:5, the total amount released was greater for silica/analyte ratio 1:1 at both pH values. Indeed, the differences observed in the release procedure among both ratios at pH 7.0 were very little, but at pH
2.0 the silica/analyte ratio 1:1 was clearly more effective in the release of quercetin than the silica/analyte ratio 1:5.

Comparing the different materials, besides providing the greatest encapsulation %, HMS was also the mesostructured silica which enabled to release the highest amount of querce- tin at both pH values. Moreover, in all cases, the release of quercetin from the different materials was more effective at pH 2.0 than at pH 7.0.
Regarding naringin, Table 3 lists its release data from the different mesostructured silicas at pH 7.0 and 2.0. For SBA-15, both ratios showed similar encapsulation efficiency, but the silica/analyte ratio 1:5 provided a greater release of naringin than the silica/analyte ratio 1:1 at both pHs values. Moreover, the total amount released was very similar among the pHs tested. On the other hand, with MSU-2 the maxi- mum encapsulation efficiency was similar at both ratios, but it was reached faster with silica/analyte ratio 1:5. Never- theless, the release efficiency was significantly higher with silica/analyte ratio 1:1 at both pHs, being slightly greater the total amount released at pH 7.0. For HMS, the maxi- mum encapsulation efficiency was the same for both ratios.



[bookmark: _bookmark11]Table 2 Release data of quercetin encapsulated in SBA-15, MSU-2 and HMS mesostructured silicas at pH 7.0 and 2.0 and optimum encapsula- tion time

	
	pH = 2.0
	
	
	pH = 7.0
	

	
	Silica—
	Optimum encap-   Encapsula-
	Me (mg ± sd)
	
	Release
	Mr (mg ± sd)
	
	Release
	Mr (mg ± sd)

	quercetin
ratio*
	sulation time (h)	tion efficiency
(% ± sd)
	efficiency
(% ± sd)
	efficiency
(% ± sd)

	SBA-15	Ratio 1:1
	0.5
	31 (± 4)
	15 (± 2)
	12.4 (± 0.3)
	1.9 (± 0.2)
	24 (± 2)
	3.6 (± 0.1)

	Ratio 1:5
	0.5
	34 (± 2)
	17 (± 1)
	4.9 (± 0.5)
	0.8 (± 0.1)
	32 (± 3)
	5.4 (± 0.2)

	MSU-2	Ratio 1:1
	2
	20 (± 5)
	10 (± 2)
	23 (± 6)
	2.3 (± 0.2)
	46 (± 5)
	4.6 (± 0.3)

	Ratio 1:5
	2
	23 (± 2)
	11 (± 1)
	5.5 (± 0.9)
	0.6 (± 0.2)
	57 (± 5)
	6.3 (± 0.3)

	HMS	Ratio 1:1
	2
	35 (± 7)
	18 (± 3)
	21 (± 1)
	3.8 (± 0.5)
	41 (± 4)
	7.4 (± 0.4)

	Ratio 1:5
	2
	41 (± 5)
	21 (± 3)
	15 (± 2)
	3.2 (± 0.2)
	22 (± 3)
	4.7 (± 0.3)


*Silica—quercetin ratio 1:1 = 50 mg silica/50 mg quercetin; Silica – quercetin ratio 1:5 = 10 mg silica/50 mg quercetin
Me Total amount (mg) of quercetin encapsulated, Mr Total amount (mg) of quercetin released at equilibrium
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)Table 3 Release data of naringin encapsulated in SBA-15, MSU-2 and HMS mesostructured silicas at pH 7.0 and 2.0 and optimum encapsula- tion time


efficiency






*Silica—naringin ratio 1:1 = 50 mg silica/50 mg naringin; Silica – naringin ratio 1:5 = 10 mg silica/50 mg naringin
Me total amount (mg) of naringin encapsulated, Mr Total amount (mg) of naringin released at equilibrium

However, this maximum was achieved faster with silica/ana- lyte ratio 1:5. Moreover, the ratio 1:5 also provided higher release efficiency than silica/analyte ratio 1:1 at both pHs, and the total amount released was the same at pH 7.0 and
2.0. Comparing the different materials at the highest release conditions for each of them, it was observed that the total amount released was very similar among them. However, also considering the encapsulation time and efficiency, both HMS and SBA-15 at a silica/analyte ratio 1:5 could be con- sidered the most suitable materials to be used as naringin carriers.
3.4 [bookmark: 3.4 In vitro controlled release kinetics][bookmark: 3.4 In vitro controlled release kinetics]In vitro controlled release kinetics of quercetin and naringin loaded in HMS mesostructured silicas

The in vitro controlled release of quercetin and naringin was performed to simulate the gastrointestinal conditions. These experiments were only carried out with HMS mes- ostructured silica, as it proved to be a suitable carrier for both quercetin and naringin. Moreover, HMS was the silica with the largest particle size as indicated in Sect. 3.2, thus it could be safer than SBA-15 and MSU-2 for developing orally administrated controlled release devices in order to

avoid crossing epitheliums or being internalized by certain cells of the body [22, 59, 60]. Furthermore, the synthesis of HMS is more cost-effective and sustainable, in addition to providing thicker pore walls that improve and allow better access to the wormhole-like framework in adsorption pro- cesses [64] and confer more hydrothermal stability to the material avoiding any possible degradation inside the stom- ach. After the encapsulation procedure of the analytes in the silica using the optimum conditions previously established, the release studies were carried out with potassium chloride buffer at pH 2.0 (simulating stomach conditions) and PBS at pH 7.4 (simulating intestinal conditions) [22]. Figure 5a and b show the release behaviour of quercetin from HMS loaded at different ratios under different pH conditions. As it is observed, the silica/analyte ratio 1:1 provided greater release efficiency of quercetin than the silica/analyte ratio 1:5 at both pHs tested. At pH 2.0 the release efficiency of quercetin reached its stability after 15 min with the ratio 1:1, whereas for ratio 1:5 the highest release was achieved faster (5 min) (Fig. 5a). In contrast, at pH 7.4 the release effi- ciency of quercetin was lower than at pH 2.0 for both ratios. The maximum release efficiency of quercetin at pH 7.4 was achieved at 25 min and 15 min for silica/analyte ratios 1:1 and 1:5, respectively (Fig. 5b). These results agreed with the
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[bookmark: _bookmark13]Fig. 5 Release kinetics under different pH conditions of quercetin (a, b) and naringin (c, d) loaded at different ratios from HMS mesostructured silica. Ratio 1:1 = 50 mg silica/50 mg analyte; ratio 1:5 = 10 mg silica/50 mg analyte

preliminary release studies previously described. Therefore, although the ratio 1:5 slightly enabled higher encapsulation efficiency, it was less effective for the release of quercetin as the amount released was lower than with ratio 1:1. For this reason, it is important to evaluate not only the loading ability but also the release capability of the carrier under the actual application conditions.
On the other hand, Fig. 5c and d show the release behav- iour of naringin from HMS loaded at different ratios under different pH conditions. As in the case of quercetin, the release efficiency of naringin was also higher with silica/ analyte ratio 1:1 at both pH conditions than with the silica/ analyte ratio 1:5. With the ratio 1:1, the release efficiency of naringin reached its stability after 25 min at both pHs, and the amount released of naringin was almost the same with both pH values. Conversely, for ratio 1:5 the release efficiency of naringin reached its stability after 20 min at pH 2.0, whereas at pH 7.4 the maximum amount released of naringin was achieved after 40 min and was slightly lower than at pH 2.0. Thus, although in the preliminary release studies it seemed that the ratio 1:5 was more suitable, under gastrointestinal conditions it seemed more effective to use the ratio 1:1 for naringin loading in HMS.
Comparing the results of both flavonoids, it is observed that although the amount of each flavonoid loaded in the HMS silica is almost the same, the amount released of quercetin from the carrier is higher than the amount of nar- ingin in all the conditions assayed. This may be due to the higher molecular size of naringin and the presence of its sugar moiety, which may hinder the release of the compound from inside the pores.
Additionally, the release kinetics of the analytes from the pores of the HMS silica at both pHs and different ratios were evaluated with the Higuchi model (Fig. 6). According to this model, for a purely diffusion-controlled process, a linear relationship is valid for the release of relatively small molecules distributed uniformly throughout the carrier [65, 66]. As it is observed in Fig. 6, all the system behaviors display a one-step linear release in the first minutes of the release process (15–50 min, Table S1). Therefore, the model fits well to the data suggesting that in these conditions the delivery of the analytes from the pores of the HMS silica is basically a diffusive process. Regarding both pHs, the KH values are higher at pH 7.4 than at pH 2.0 (Table S1), imply- ing slower release rate of the analyte from the pores at pH
2.0. At both pHs, the silica/analyte ratio 1:1 for both ana- lytes shows higher KH and release rate than the silica/analyte ratio 1:5 (Table S1). Moreover, at both pHs the release of quercetin is faster than the release of naringin, what may be due to the bigger size of naringin. It was also observed that in all cases the y-interception values were high (very superior to 0 value) (Fig. 6). This phenomenon is known as burst release, which refers to an initial massive release of

the analyte that takes places immediately in the first minutes after placing the delivery system into the release medium [22]. Sometimes, the burst release can be desirable such as in the case of the encapsulation of aromas or for targeted release. Nevertheless, it is undesired for a sustained release.
3.5 [bookmark: 3.5 Antioxidant activity capacity of que][bookmark: 3.5 Antioxidant activity capacity of que]Antioxidant activity capacity of quercetin and naringin after their release from HMS mesostructured silica

The antioxidant activity of the different quercetin and nar- ingin encapsulates on HMS mesostructured silica was deter- mined after their in-vitro controlled release at different pH conditions and silica/analyte ratios 1:1 and 1:5 in order to see if the encapsulation procedure improves their antioxidant efficacy. Figure 7 shows the antioxidant activity obtained for the quercetin and naringin encapsulated and non-encapsu- lated (control) samples. As it is observed, the antioxidant activity of quercetin was higher at pH 2.0 than at pH 7.4 for both silica/analyte ratios. Conversely, the antioxidant activ- ity of naringin was significantly higher at pH 7.4 than at pH
2.0 for both ratios. Nevertheless, although in all cases the antioxidant activity was higher for the encapsulated samples than for the non-encapsulated samples, a significant statisti- cally increased of the antioxidant activity was only noticed at pH 7.4 for quercetin (at both silica/analyte ratios) and pH
2.0 for naringin (at both silica/analyte ratios), as indicated by the increasing % of antioxidant activity (Fig. 7). These results suggest that both quercetin and naringin maintain more antioxidant activity when they are released from the carrier than when they are administrated free in the release medium, mainly at pH 7.4 and 2.0, respectively. This sug- gests that the encapsulation procedure helps to keep the antioxidant activity of the analytes when they are released in the gastrointestinal tract. In contrast, the direct intake of these compounds in their free form negatively affect their antioxidant ability. Therefore, the encapsulation of these polyphenols in mesostructured silicas could be considered a potential way to protect the beneficial antioxidant proper- ties of these compounds until their absorption and enhance their bioavailability.

4 [bookmark: 4 Conclusions][bookmark: 4 Conclusions]Conclusions
Two mesostructured silicas with wormhole-like pore arrange- ment (HMS and MSU-2) and one hexagonal mesostructured SBA-15 silica type with different morphology and textural properties were successfully synthesized and evaluated as car- riers for the encapsulation of two bioactive flavonoids (querce- tin and naringin). The characterization of the materials before and after the encapsulation with the analytes confirmed that both flavonoids were successfully loaded inside the mesopores
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of the three silicas. Nevertheless, it was observed that these compounds were also adsorbed in the surface of the materi- als, due to their interactions with the silanol groups of the silicas surface. Thus, for future works it could be interesting to prepare end-capped materials or functionalized them with ligands which can act as molecular gates to achieve a more specific and controlled encapsulation of the analytes. Different silica/analyte ratios were evaluated to determine the loading and encapsulation kinetics of the different materials tested. The ratio 1:5 seemed the most suitable, as it provided, in gen- eral, the highest encapsulation efficiency and loading capac- ity of the analytes using the least amount of silica. Regarding the different materials, HMS showed higher loading capacity of quercetin than SBA-15 and MSU-2, whereas for naringin

SBA-15 and MSU-2 were slightly more effective. These differ- ences could be attributed to the molecular size of the analytes and the textural properties of the different materials. Neverthe- less, HMS resulted to be the silica which enabled to release the highest amount of both analytes. Thus, this silica could be considered a suitable carrier of these flavonoids and an alter- native to other mesostructured materials frequently used as encapsulating supports, such as SBA-15. The release process was also performed under controlled conditions to simulate the digestive process. quercetin was released faster and more efficiently at pH 2.0, whereas no differences were observed for naringin at both pHs tested. Despite the encapsulation efficiency of the analytes was higher with the silica/analyte ratio 1:5, the release process was more suitable with silica/

[bookmark: _bookmark15][image: ]Fig. 7 Antioxidant activity obtained for the quercetin and naringin encapsulated into HMS mesostructured silica and released under optimized condi- tions and non-encapsulated (control) samples (the analyte is directly added into the release medium) at different silica/ana- lyte ratios and pHs conditions. Increasing % of antioxidant activity: (Antioxidant activity
encapsulated samples – Antioxi- dant activity control samples)/ Antioxidant activity encapsu- lated samples × 100






analyte ratio 1:1 for both analytes, as a higher amount of them was released with this ratio under gastrointestinal conditions. The antioxidant activity of the resulting encapsulated was also determined, confirming that the encapsulation procedure helps to maintain the antioxidant activity of the analytes better than being directly administrated in their free form. Therefore, this preliminary work shows that wormhole-like pore mesostruc- tured silicas, such as HMS, could be considered as carriers to protect the stability and antioxidant properties of these com- pounds until their absorption and enhance their bioavailability, so they can potentially be used in future food and biomedical applications. Nevertheless, future works should also further explore the cytotoxicity and stability of this material.
Supplementary Information The online version contains supplemen- tary material available at https://doi.org/10.1007/s10934-021-01144-7.
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