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ABSTRACT

This work brings the promise of MCM-41 mesoporous silica as a vehicle for red propolis for the develop-
ment of controlled release drugs and delivery to a specific target site. The synthesis of MCM-41 by the
sol-gel method with a pore size of approximately 3.6 nm and the incorporation of red propolis extract by
the physical adsorption method in ethanolic medium were easily accomplished with around 15% encapsu-
lation. MCM-41 and MCM-41 with red propolis (MCM-41/Pr) were characterized by Fourier transform infra-
red spectroscopy, X-ray diffraction, thermal analysis, N, adsorption-desorption, scanning electron
microscopy, and an ultra-high-performance liquid chromatography-diode array detection (UPLC-DAD). In
vitro release of encapsulated red propolis was analyzed in phosphate buffer at pH 7.2, 7.4, and 7.6. An
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in vitro test for MCM-41/Pr antioxidant activity was performed using 2,2-diphenyl-1-picrylhydrazyl as well
as analysis of antibacterial activity against Staphylococcus aureus by the well diffusion method. UPLC-DAD
analysis showed that the integrity of the red propolis constituents was maintained after the embed pro-
cess, and the antioxidant and antibacterial activities were preserved.

Introduction

Medical interest in nanotechnology has expanded in recent dec-
ades. Mesoporous silica nanoparticles (MSNs) have attracted a
lot of attention since the introduction of M41S class materials
by the scientists of Mobil Corporation [1]. MCM-41, one of the
members of this class, has a uniform hexagonal array of one-
dimensional mesoporous channels with a pore diameter in the
range of 2-50nm in accordance with IUPAC recommendations
[2,3]. Furthermore, the literature reports several advantages with
the use of silica nanoparticles, such as high surface area [3], facile
functionalization [4-6], adjustable pore size, which can be loaded
with bioactive molecules imparting additional stability by safe-
guarding them against degradation [7], and excellent monodis-
persity [8,9].

In the last decades, many researchers have synthesized MSNs
with various morphologies, dimensions, and pore sizes for use
in countless applications [10]. Mesoporous silica can be easily
obtained using the sol-gel method in the presence of assembled
cationic surfactant micelle templates [11-13], which serve as
structure-directing agents for polymerizing the silica component
by electrostatic interaction [14]. The synthesis of MSNs can be
achieved by various adjustments to the synthesis parameters,
including the pH of the reaction mixture, reaction time, stirring
rate, characteristics of the surfactants, concentration and the
source of silica [15].

Integration between materials science, nanotechnology, and
medicine has favored the manufacture of a variety of multifunc-
tional nanomaterials for numerous applications; for example, the
encapsulation of propolis in polymeric nanosystems for the pur-
pose of treating leishmaniasis [16]. Other studies report the use of
mesoporous silica in several biology-relevant fields/nanomedicine,
including cell imaging [17], diagnosis [18,19], bio-analysis [20],
antimicrobial and antifungal activity [21] and drug delivery with
low solubility and bioavailability to minimize adverse effects and
increase the efficacy of the drug [22]. Moreover, these materials
are highly desirable due to chemical [23] and thermal stability and
great biocompatibility. Thus, the use of these mesoporous nano-
particles can improve the bioavailability of lipophilic substances,
as is the case with most natural products [24-27].

The use of medicinal plants, phytotherapy products, and opo-
therapy products has been attracting interest from the scientific
community as a result of recent scientific evidence of their benefi-
cial pharmacologic properties as anti-inflammatory, anticancer,
antioxidant, antibacterial, antiviral, antiparasitic, and antifungal
agents [16,28-33]. Propolis is a complex resinous substance col-
lected by bees (Apis mellifera) [34-37] from different parts of
plants. This product is used by bees as a natural barrier against
insects, invading microorganisms, and in beehive repair [38,39].

Red propolis is classified as a group 13 propolis and has been
shown to have several biological properties such as antibacterial
[40], antiparasitic [16], antioxidant [31], and anticancer [37]. In
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Brazil, red propolis can be found in different Brazilian states and,
as a result of factors such as climate, environmental conditions,
and biodiversity, different chemical compounds are found in its
structure [41-43]. More than 300 components have been reported
in red propolis samples analyzed by diverse techniques [44]. The
most important classes of pharmacologically active compounds in
red propolis are flavonoids, isoflavonoids, phenolic acid, terpenes,
xanthones, propolones, and guttiferones [40,45-48]. With this
composition rich in resins and waxes, propolis has low solubility
and bioavailability and this disadvantage can be overcoming with
a nanosystem loader.

The present study aims to establish the antioxidant and anti-
microbial activities of red propolis after undergoing the adsorption
process on MCM-41 MSNs. The purpose of encapsulation is to
overcome the disadvantages of propolis related to its low avail-
ability and solubility.

Materials and methods
Materials

Red propolis material (90 mL, 11% w/v) was purchased from the O
Cortigo apiary (Maceid, Brazil). Tetraethyl orthosilicate (TEOS) 99% and
n-cetyl-n,n,n-trimethyl ammonium bromide (CTAB) were purchased
from Sigma-Aldrich (St. Louis, MO). Ammonium hydroxide (NH,OH,
25-28wt%) was purchased from Laboratory of Nanosystems
Technology Active Substance Carriers (TecNano, UFAL, Porto
Alegre, Brazil). HPLC grade acetonitrile and methanol were pur-
chased from J.T. Baker Mallinckrodt-Avantor (Phillipsburg, NJ).

Methods

Synthesis of MCM-41

MCM-41 samples were prepared according to the procedure of
Gan et al. [15] by the co-condensation method using TEOS as the
silica source and CTAB as a template, with minor modification.
First, 500 mL of deionized water was heated to 50°C until stability
was reached. Then, 26.4mL of NH;OH (28.7 wt%) was added to
adjust the pH to approximately 11; 0.56 g of CTAB was added. The
solution was stirred for 15min for complete homogenization.
Then, 2.9 mL of TEOS was added dropwise under magnetic stirring
for 2h at 50°C. The resulting solution was centrifuged at 8000 rpm
for 5min and washed twice with ultrapure water and ethanol until
the pH was neutral and then dried at 80°C overnight. To remove
the CTAB template, the solution was calcined under atmospheric air
at 550°C for 4h at a heating rate of 5°C min~' to obtain MCM-41.

Red propolis loading on mesoporous silica nanoparticles (MCM-
41/Pr)

Red propolis (250 mg) was dispersed in 2.5mL of absolute etha-
nol, and 100 mg of MCM-41 was added to this solution. The sus-
pension was maintained under ultrasonic stirring for 30 min at
40°C and kept at rest for 24 h at 40 °C. The solution was then cen-
trifuged under the same conditions as previously, and the nano-
particles were collected and dried at room temperature.

Characterization

Fourier transform infrared spectroscopy analysis

Fourier transform infrared (FTIR) spectroscopy of the red propolis,
MCM-41, and MCM-41/Pr were measured using an FTIR Analysis
Instrument (Model IRPretige-21, Shimadzu, Kyoto, Japan) with KBr

pellets in the 400-4000cm ™" region, with a resolution of 4cm™',

by accumulating 120 scans, and the band intensities were
expressed as transmittance (%), a technique used to identify the
structural characteristics of organic and inorganic samples from
the absorption bands in the infrared region [49].

X-ray diffraction analysis

Small-angle X-ray diffraction (XRD) was used to obtain information
on the pore architecture of mesoporous structures and to deter-
mine the crystallographic arrangements, symmetry, and phase
purity. The analysis was performed using XRD analysis instruments
(Model Diffractometer XRD-6000, Shimadzu, Kyoto, Japan). The
sample was mounted on holders and then introduced for analysis,
scanned within the 20 range of 1-70; the source consisted of
CuKo, radiation (A=1.79 A), monochromator on secondary optics,
30kV power, and 30 mA current at a scan speed of 2° min~' and
a step size of 0.02°.

Thermogravimetry

Thermogravimetry (TG) of the red propolis, MCM-41, and MCM-
41/Pr was performed using a differential scanning calorimeter
(Model TGA 50, Shimadzu, Tokyo, Japan), with a mass of 5.0 mg
+ 10% in a hermetically sealed platinum pan. The heating rate
was 10°C min~' in the range from 30°C to 900°C under an

atmosphere of nitrogen and a flow rate of 50 mL min~".

Brunauer-Emmett-Teller/Barrett-Joyner-Halenda analyses

The surface areas were calculated by Brunauer-Emmett-Teller (BET)
analysis in the P/P, relative range of 0.01-1.0 for the pore size distribu-
tions. Pore volume was obtained by the Barrett-Joyner-Halenda (BJH)
method and the nitrogen adsorption-desorption isotherms of the
MCM-41 and MCM-41/Pr samples were obtained using a NOVA 2200e
surface area and pore size analyzer (Quantachrome Instruments,
Boynton Beach, FL) at —196°C. Before the analysis, 0.1 g of the
samples was heat treated at 70 °C under vacuum for 5 h.

Scanning electron microscopy

The morphological structure and size particles of MCM-41 and
MCM-41/Pr were identified by scanning electron microscopy (SEM;
Model Superscan SSX-550, Shimadzu, Kyoto, Japan), operating in
backscatter mode at an acceleration voltage of 10.0kV. Before
observation, the samples were prepared in hydroalcoholic solution
(80%), placed in the sample port, and dried; however, they were
coated with a thin layer of gold.

Ultra-high-performance liquid chromatography-diode array
detection

The identification and quantification of flavonoids in red propolis
extract and MCM-41/Pr in solid state were performed using ultra-
high-performance liquid chromatography-diode array detection
(UPLC-DAD; Shimadzu, Kyoto, Japan) with a high-pressure pump
module (Model LC-20ADXR), degasser (Model DGU-20A3R), module
auto-injector (Model SIL-20AXR), module oven chromatograph col-
umn, photodiode array detectors (Model EPDM-20A), module fluor-
escence detector (Model RF-20A), and controller (Model CBM-20A).
The separation of flavonoids was performed using a reversed-
phase column (Cig, 150 x 4.6 mm; 5um). For the mobile phase,
MilliQ water was used as solvent A and acetonitrile as solvent B,



pumped at a flow rate of 0.3mL min~' flow rate. The analytical
methodology was followed according to Azevedo et al. [16].

The identification and quantification of red propolis in the
MCM-41 was measured by the retention time of six markers
(liquiritigenin, isoliquiritigenin, formononetin, biochanin A, pino-
cembrin, and pinobanksin) present in the red propolis extract and
related to the calibration curve of these patterns traced in previ-
ous studies [16]. Then, 100 mg of ethanol red propolis extract was
solubilized in 10mL of absolute ethanol in an ultrasonic bath for
10min to obtain a concentration of 10 mg mL~". From this, a
stock solution was prepared to a concentration of 1mg mL™". The
solution was filtered using 0.22-um syringe filter (K18-230) papers,
and 2uL of solution at a concentration of 310pg mL™' was
injected into the UPLC system. The same procedure was repeated
for MCM-41/Pr.

In vitro red propolis release

MCM-41/Pr (17 mg) was dispersed in 50 mL of phosphate-buffered
saline (PBS) solution with different pH values (5.5, 7.2, 7.4, and
7.6) and used to evaluate the in vitro release of MCM-41/Pr. The
assay was performed for 24h under stirring at 100 rpm, keeping
the temperature constant at 37°C+1°C. Samples were taken at
time intervals of 15 min, 30 min, 45min, 1h, 1.5h, 2h, 3h, 4h, 8h,
12h, and 24 h. After collecting 1 mL of PBS solution at the men-
tioned times, the nanoparticles were separated from the solution
by centrifugation for 5 min at 10,000 rpm. The release of red prop-
olis from the pores of MCM-41 to PBS was monitored by UV-vis
spectrophotometry (Model UV-1280, Shimadzu, Kyoto, Japan) at a
wavelength of 280 nm. The trials were performed in rejoinder.

Before the in vitro release assay, a calibration curve for the red
propolis extract was made. This allowed the absorbance value to
be related to the concentration of the analyte in the solution
through a linear equation. The calibration curve was prepared with
triplex red propolis extract at concentrations of 70, 60, 50, 40, 30,
20, 10, and 5 pg mL™" (*=0.9991). Absorbance values were meas-
ured in a UV-vis spectrophotometer at 280 nm wavelength.

Two models were used to adjust the experimental kinetic
data and try to explain the mechanism of drug release: Pseudo-
first order model, proposed by Lagergren and Pseudo-second
order model, projected by Ho and McKay. The determination
coefficient (R%) and the average relative error (ARE) were used
to measure the reliability of the models. The pseudo-first order
equation is [50]:

g = qe(1 —e ™ ) %)

where k; is the pseudo-first order red propolis release rate con-
stant (h™"); g. (ug/mL) and g, (ug/mL) are the amounts of red
propolis released per mL of the equilibrated buffer solution and in
a specific time, respectively; and t is the process time. The
pseudo-second order equation is [50]:

kzqgt

— 2
14 kaget @

q:
where k, is the pseudo-second order red propolis release rate
constant (mL/ug.h).

The first model suggests that the rate of solute release is pro-
portional to the number of active sites present in the structure of
the silica nanoparticle, indicating that such interaction is reversible.
The second model proposes that the bioactive liberation capacity
is directly proportional to the number of active sites occupied in
the mesoporous silica nanostructure. In addition, they also suggest
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the presence of chemical interactions, indicating some difficulty in
reversibility [50].

In vitro biological activity

Antioxidant activity of the red propolis and MCM-41/Pr using the
DPPH method

Quantitative assessment of the antioxidant activity of red propolis
and MCM-41/Pr was performed according to the methods described
in the literature [51] with some modifications. The antioxidant activ-
ity was measured by the inhibition of free radical 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH) and monitored by obtaining the absorbance
values of solutions of the samples at different concentrations. The
equation used to calculate the antioxidant activity is

ABSsampIe _ABSO

Antioxidant activity (%) = 100 —
y ABSControl

x 100 (3)
where ABSg,mple is the absorbance of the sample solution with
DPPH, ABS, is the absorbance of the sample without DPPH, and
ABScontrol is the absorbance of the DPPH solution.

The DPPH solution (3 mM) was prepared using 0.005 g of DPPH
reagent and was solubilized in a 100-mL volumetric flask with
absolute ethanol. The red propolis and MCM-41/Pr were prepared
at an initial concentration of 1.0mg mL™" red propolis in ethanol
as solvent. Aliquots of 500, 375, 250, 125, 50, 25, 5, and 2.5uL
were transferred to 5-mL volumetric flasks, and then 2.0mL of
DPPH solution (3mM) was added and diluted with ethanol until
final concentrations of 100, 75, 50, 25, 10, 5, 1, and 0.5pg mL™"
were achieved, respectively. The reaction took place in a dark
room at 25°C for 30min. The absorbance readings were per-
formed with a spectrophotometer (Model UV-1280, Shimadzu,
Kyoto, Japan) at 518 nm wavelength. Absolute ethanol was used
to prepare control solutions.

Assessment of the antibacterial activity of MCM-41/Pr and red
propolis extract

The antimicrobial activity of MCM-41/Pr and red propolis extract
was determined using the well diffusion method with diameter of
~8mm. This method is similar to the disk diffusion method and is
widely used for the analysis of antibacterial activity of natural or
related products [52]. Staphylococcus aureus ATCC 25923 strain
was used to verify the sensitivity profile of the MCM-41/Pr and
the red propolis extracts at concentrations of 150, 225, 375, 500,
750, and 1050 ug mL~" in dimethyl sulfoxide. This strain of S. aureus
was previously cultured on brain heart infusion agar for 18-24h at
37°C£1°C, and a colony was removed from this culture for the
preparation of a McFarland 0.5 suspension in Mueller-Hinton
broth. About 300puL of the suspension of different concentra-
tions of MCM-41/Pr and red propolis extract was inoculated into
wells previously prepared in Mdueller-Hinton agar plates. Halo
size readings were performed after incubation of the plates for
18-24h at 37°C+1°C.

Results and discussion
Fourier transform infrared spectroscopy

The structure characteristics of the red propolis extract, MCM-41,
and MCM-41/Pr obtained by the FTIR method are shown in Figure 1.
The spectrum of red propolis shows a band of absorption at
3336cm ', characteristic of the vibration of an O-H group typical of
phenolic compounds (Figure 1, spectrum 1), which are prevalent in
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Figure 1. FTIR of the (1) red propolis extract, (2) MCM-41, and (3) MCM-41/Pr.
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Figure 2. Structure of (A) MCM-41 and (B) phenolic compounds of the red prop-
olis extract.

red propolis [16]. Bands of absorption at 2970cm™" and 2932cm™'
correspond to axial deformation of CH; groups. The bands of
absorption at 1617cm ™', 1496 cm™', and 1450cm™' are due to
stretching of C=C groups in aromatic rings. Bands at 1160cm ™' and
1200cm ™" correspond to vibration of C-O groups in phenols. The
band at 1045cm™" corresponds to vibration of a C-O ether bond,
and the band at 877cm ™" can be attributed to angular deformation
outside the plain of C-H aromatic compounds.

The FTIR spectrum of MCM-41 (Figure 1, spectrum 2) shows an
absorption band in the wavenumber region at 3450cm ™', charac-
terizing stretching of hydrogen bonds O-H present in the molecular
structure of MCM-41 (Figure 2(A)). The wavenumber region at
1625cm™ can be attributed to angular vibrations of molecules of
water. The bands in the wavenumber regions at 1240cm™' and
1076 cm ™' show asymmetrical stretching of the Si-O-Si group, and
the band at 953cm™" can be attributed to symmetrical stretching
of the Si-O-Si group. The band at 812cm ™' corresponds to stretch-
ing of the silanol group Si-OH, and the band at 450 cm™" is charac-
teristic of O-Si-O group vibrations.

Figure 1 (spectrum 3) shows the sample of MCM-41/Pr with
absorption bands characteristic of MCM-41, but with significant

600
(05
’5 400
o
Z _
£ S
z 3
Q
0 4

0 10 20 30 40 50 60
20

Figure 3. X-ray diffraction of MCM-41.

reduction in the wavenumber intensity at 3450cm ', probably
due to interaction of hydrogen bonds with hydroxyls present in
the silica (Figure 2(A)) and the hydroxyls present in the phenolic
compounds of propolis (Figure 2(B)). In addition, the presence of
absorption bands can be seen at 2970cm ™, 2932cm ™', 1627cm ™,
1508cm ™, 1450cm ™", and 1157 cm ', which are characteristics of
the molecular phenolic compounds in red propolis. The absorption
bands at 1240cm™~', 1076 cm™", 953cm™", 812cm™’, and 450cm™'
correspond to the molecular structure of MCM-41, indicating
that red propolis was incorporated in MCM-41 without damag-

ing its structure.

X-ray diffraction

XRD of MCM-41 (Figure 3) shows the absence of peaks at higher
angles, such as 15° to 50°, because the structural wall of MCM-41
is formed of amorphous silica. However, a strong diffraction Bragg
peak at a low angle (100) at 20 =2.28° and two weaker peaks at
higher angles (110) and (200) at 20 =4.15° and 20=5.77° can be
seen, representing the hexagonal structure p6mm in an ordered
manner where one pore is surrounded by another six.

Thermogravimetry

Figure 4 (curve 1) shows the thermal decomposition analysis of
MCM-41. The graph presents the mass loss at only one point
between 80°C and 100°C, corresponding to the endothermic
reaction. Loss of approximately 32.64% of adsorbed water in the
pores of the nanostructure can be observed. The thermogravimet-
ric curve of the red propolis extract (Figure 4, curve 2) shows
three mass decay points: (i) the first decay point between 100°C
and 120°C due to dehydration; (ii) a second decay point between
120°C and 135°C from the melting process of compounds of low
molecular weight such as flavonoids, isoflavonoids, and other
phenolic compounds; (iii) a third point between 220°C and 450°C
attributed to decarboxylation of the remaining organic material
can still be seen [16]. The TG curve of MCM-41/Pr (Figure 4, curve
3) shows the first decay event around 80°C, equivalent to
approximately 13.56% water loss. Then, two decay events occur
equivalent to the decomposition of red propolis observed in the
previous thermogram. Approximately, 14.56% mass loss occurs up
to 550°C. After encapsulation, the temperature at which propolis
deteriorates was higher, demonstrating better physicochemical
stability of the bioactive.



Brunauer-Emmett-Teller/Barrett-Joyner-Halenda analyses

Figure 5(A,B) shows the nitrogen adsorption-desorption isotherms
of the samples of MCM-41 and MCM-41/Pr, respectively. The iso-
thermal formats can be used to classify porosity and pore size,
according to IUPAC. Both isotherms showed characteristics typical
of mesoporous materials, type IV, with pore size between 2 and
50nm. In addition, the hysteresis curve type H1 corresponds to
homogeneous organization of the pore grid.

The results calculated from the adsorption/desorption isotherm
curves by the BET method are set out in Table 1.

MCM-41 had a high surface area (1289.97 m? g~ ). After the add-
ition of propolis, this surface area reduced by more than half (Table 1).
MCM-41 showed a pore volume of 0.450mL g~ and, in turn, the
MCM-41/Pr sample showed a pore volume of 0.320mL g ', a
reduction equivalent to approximately 28.89% of the pore volume.
These facts can be attributed to the incorporation of propolis into
the pores of the mesoporous particles. Both curves had a mean
pore diameter of 3.63 nm.

Scanning electronic microscopy

Figure 6 shows the SEM of MCM-41 (Figure 6(A)) and MCM-41/Pr
(Figure 6(B)) obtained at a magnification of 15,000x and 18,000 x
(scale bars, 1um), respectively. The photomicrographs show the
particles size between 100 and 300 nm with spherical formation.
The particles tend to come together to form an agglomerated
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Figure 4. Thermogravimetric analysis of (1) MCM-41, (2) red propolis extract, and
(3) MCM-41/Pr.
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structure affecting the uniform distribution of the final size. This
probably occurs due to the difficulty of controlling the nucleation
rate and growth of the center formed initially [53]. According to
Wu et al. [3], the morphology and particle size depend as much
on the kinetics of sol-gel chemistry as the reaction temperature,
pH, and concentrations of water, surfactant, and silica precursor.
However, the adsorption process of the propolis extract occurred
effectively. Removal of CTAB by the calcination method may also
have influenced the non-uniform distribution of the final par-
ticle size. Nevertheless, internalization of the propolis extract
occurred, reaching about 15% (p/p) incorporation, as seen in
Section ‘Thermogravimetry’ (Figure 4, curve 3).

UPLC-DAD

The chromatograms in Figure 7 show the identification of flavo-
noids and isoflavonoids present in the red propolis extract (Figure
7(A)) and MCM-41/Pr (Figure 7(B)): (1) liquiritigenin (12.29 min),
(2) daidzein (12.46 min), (3) pinobanksin (15.96 min), (4) isoliquiriti-
genin (16.97 min), (5) formononetin (17.87 min), (6) pinocembrin
(22.37 min), and (7) biochanin A (23.18 min). The red propolis
extract and MCM-41/Pr yield times were similar to the retention
times of the analytical standards used in the development of the
chromatographic method.

Table 2 shows the concentration of the seven markers present
in red propolis extract and MCM-41/Pr with intermediary preci-
sion. The red propolis extract shows 2.94, 6.51, 5.80, 9.92, 0.74,
1.59, and 0.87 ug mL™" for daidzein, liquiritigenin, isoliquiritige-
nin, formononetin, biochanin A, pinocembrin, and pinobanksin,
respectively. Following the same sequence, the seven markers
show the following concentrations for MCM-41/Pr: 3.33, 7.41,
6.12, 11.44, 0.75, 1.60, and 0.99 ug mL~". The analyses were done
at 500pg mL™' for red propolis extract and MCM-41/Pr. After
incorporation of red propolis extract into the carrier system
(MCM-41), the physicochemical properties of propolis remained
the same.

Table 1. Structural data for the MCM-41 and MCM-41/Pr samples.

Sample Sger (M2 g™ 1) Pore sizegyy (nm) Ve cm® g7
MCM-41 1289.971 3.638 0.450
MCM-41/Pr 549.228 3.606 0.320

Sger: specific surface area; V;: total pore volume.
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Figure 5. Nitrogen adsorption—-desorption isotherms of (A) MCM-41 and (B) MCM-41/Pr.
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Figure 6. SEM of (A) MCM-41 and (B) MCM-41/Pr.

In vitro red propolis release

The release of red propolis from MCM-41 in vitro can be seen in
Figure 8. Dissolution assays were conducted using slightly alkaline
and acidic conditions. At pH 5.5, approximately 5.76 ug mL~" of
the red propolis extract was released in the medium in the first
hours, reaching 7.78 ug mL™"' (15%) after 24 h. For all the alkaline
pH conditions studied, the initial percentage release of red prop-
olis extract was around 25%, equivalent to about 13ug mL "
However, at pH 7.4 and 7.6, the amount of red propolis in the
dissolution medium, approximately 20 ug mL™"' (40%) after 4h,
reaching approximately 21pg mL™' (42%) after 24h of dissol-
ution. For pH 7.2, the release was around 17 ug mL™' (35%) and
18 ug mL™" (37%), respectively, for the times 4 and 24 h.

For a better understanding of the mechanism for releasing
the propolis extract from the silica nanoparticles, the experimen-
tal data were adjusted to two mathematical models: pseudo-first
order and pseudo-second order. Considering the data in Table 3,
it is noted that the kinetic models of pseudo-first and pseudo-
second order obtained good adjustments for all the pHs studied,
since the coefficient of determination was above 0.86.

Observing the response only for the pseudo-first order model,
it is perceived that it is difficult to represent the attenuated dis-
solution rate that occurs at pHs of 5.5, 7.2, and 7.4 between 0
and 5h, establishing a trend agreement only after this period.
However, as the pH rises, the initial dissolution rate increases,
leading to better convergence in this region. However, it is at

(A) 120004 5 PDA Multi 4 281nm, 4nm
3 80004
G
2 4000-
z
2
= 0
0 5 10 15 20 25 30 35 40 45
Time (min)
(B) -
12000 - 5 PDA Multi 4 281nm, 4nm
3 8000
3 1
£ 4000/ )
S I |6
E {
0 5 10 15 20 25 30 35 40 45

Time (min)

Figure 7. Chromatographic profile of Brazilian red propolis extract using UPLC-
DAD for (A) red propolis extract and (B) MCM-41/Pr. (1) Liquiritigenin (12.29 min),
(2) daidzein (1246 min), (3) pinobanksin (15.96min), (4) isoliquiritigenin
(16.97 min), (5) formononetin (17.87 min), (6) pinocembrin (22.37 min), and (7)
biochanin A (23.18 min).

Table 2. Determination of markers present in red propolis extract and MCM-
41/Pr.

Red propolis extract MCM-41/Pr (ug mL™")

Daidzein 2.941 3.329
Liquiritigenin 6.508 7411
Isoliquiritigenin 5.798 6.117
Formononetin 9.923 11.438
Biochanin A 0.736 0.749
Pinocembrin 1.586 1.592
Pinobanksin 0.872 0.985

pH 5.5 that the best adjustment occurs, with R? of 0.9554 and
ARE = 6.45%.

According to the answers for the pseudo-second order model,
it was observed that it presented a lower mean relative error in
relation to the adjustment in all pHs of the pseudo-second order
model, even managing to better represent the attenuated dissol-
ution rate between 0 and 5 h. In addition, this model was the one
that best approximated the value of the experimental equilibrium
dissolution, with an ARE for this point of 4.38% and in all analyses,
while the pseudo-first order was 9.58%.

According to Oliveira et al. [50], the pseudo-first order model
suggests the presence of mostly physical interactions, while the
pseudo-second order would indicate a greater contribution of
chemical interactions. Thus, it can be inferred that the interac-
tions described in the dissolution process would have a higher
energy than electrical interactions, explaining the difficulty of
responding to the pseudo-first order model for the first hours of
the process.

Furthermore, noting that the most coherent adjustments con-
sidering both models, occurred for pHs of 7.6, this can confirm
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Figure 8. In vitro release of red propolis flavonoids from MCM-41 at pH of 5.5, 7.2, 7.4, and 7.6.

Table 3. In vitro released kinetics of red propolis embedded MCM-41.

Pseudo-first order g; = go(1—e %t)

_ kit
T T+koget

Pseudo-second order g;

Sample pH R? ARE (%) ge (ng mL™") ki (1h7™) R? ARE (%) g. (ng mL™) k, (mL pg™" h™"
MCM-41/Pr 55 0.9554 6.45 7.28 2.2855 0.9649 551 7.59 0.5951

7.2 0.8659 11.54 16.67 2.8657 0.9488 6.88 18.03 0.2398

74 0.8626 12.34 18.93 23284 0.9475 7.51 2049 0.1746

7.6 0.9263 8.45 19.43 2.7549 0.9806 415 20.72 0.2267

that the optimal pH of the dissolution phenomenon will revolve
around this value. Confirming that the best bioavailability of prop-
olis occurs in more alkaline media, since the flavonoids present in
greater amounts in red propolis are considered weak acids and
have better solubility at more basic pH, allowing easier dissoci-
ation of the silica surface.

Diseased cells need a more alkaline medium than healthy
cells (pH 7.2) for their metabolism to function properly. Thus,
the bioavailability of propolis for these cells tends to be greater
than for healthy cells. Since, under these conditions, the prop-
olis flavonoids that are considered weak acids have better solu-
bility at more basic pH, allowing easier dissociation of the
silica surface.

Antioxidant activity of the red propolis and MCM-41/Pr

Table 4 shows that red propolis extract and MCM-41/Pr at low
concentrations (10, 5, 1, and 0.5pg mL™") presented similar
antioxidant activity with significant differences at a p value
<.05. For concentrations greater than or equal to 25ug mL™’,
significant differences can be observed at a p value <.001. In
addition, MCM-41/Pr presented a lower antioxidant activity than
red propolis extract, nevertheless showing a satisfactory result

Table 4. Antioxidant activity (%) of red propolis extract and MCM-41/Pr.
Antioxidant activity (%)

Concentration (g mL™") Red propolis extract MCM-41/Pr
100 93.26 +£2.17** 91.82 +£0.95%*
75 92.68 +0.18%* 87.53+0.17%*
50 92.00 +£0.15%* 85.38 £0.23**
25 81.92+£0.93** 71.37 £1.74%*
10 48.26+1.38* 38.60 + 1.48*
5 28.97 +1.54* 23.18+£091*
1 8.66 +0.58* 6.27 £2.00*
0,5 3.35+2.58% 330+ 0.45*

Significant difference between red propolis extract and MCM-41/Pr at concentra-
tions (100, 75, 50, 25, 10, 5, 1, and 0.5 ug mL™") with **p< .05 and *p< .001
using the Bonferroni post-test from the two-way ANOVA test.

against free radicals. The ECsq (effective concentration at which
the DPPH radicals were scavenged by 50%) of the scavenging
effect of free radicals was 11.60 ug mL~" for red propolis extract
and 14.59ug mL~' for MCM-41/Pr. The results showed that
MCM-41 has potential as a carrier of flavonoids, isoflavonoids,
and other compounds present in red propolis extract, because
the physicochemical integrity of the pharmacological properties
is retained.
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Figure 9. Antimicrobial activity of MCM-41/Pr (A, B) and red propolis extract (C, D) against S. aureus (ATCC 25923) well diffusion method. In the following concentra-
tions: (@) 150 ug mL™", (») 225 ug mL™", (®) 375 ug mL™", (®) 500 ug mL™", (®) 750 ug mL™", and (A) 1050 ug mL™".

3 MCM-41/Pr

Inibition Zone

& A2 D
AN
Concentration (ug/mL)

\ N\ N\

Figure 10. Graphic antimicrobial activity of MCM-41/Pr and red propolis extract
against S. aureus (ATCC 25923) well diffusion method.

Assessment of antibacterial activity of MCM-41/Pr and red
propolis extract

The results of the well diffusion method showed that the inhib-
ition zones obtained with MCM-41/Pr (Figure 9(A,B)) and red prop-
olis extract (Figure 9(C,D)) against the S. aureus bacterial strain
ATCC 25923 showed significant differences between the two dif-
ferent types of treatment with a p value of .0002 (Figure 10).
MCM-41/Pr tested at concentrations of 1050, 750, 500, 375, 225,
and 150 ug mL~" revealed an inhibition zone of, approximately,
19, 20, 21, 17, 16, and 17mm in diameter, respectively (Figure
9(A,B)). Red propolis extract at the same concentrations had an
inhibition zone of, approximately, 18, 16, 17, 18, 17, and 20 mm,
respectively (Figure 9(C,D)). Observing the statistical data, it can
be concluded that the antimicrobial activity between the different

concentrations shows significant differences presenting a p value
less than .0001 (Figure 10) . At concentrations greater than
500 g mL™', the MCM-41/Pr showed better performances com-
pared to the free extract. Probably due to the preservation of the
physicochemical properties of propolis when reversed by nano-
particles, combined with the gradual release of the nanostructure.

Conclusions

The present study reports the antioxidant and antimicrobial activ-
ities of red propolis extract embedded in MCM-41 type nanopar-
ticles, which showed better performances. The synthesis by the
sol-gel method was easily reproduced, and a hexagonal p6mm
nanostructure was obtained with a pore size of 3.63nm and par-
ticle size between 100 and 300nm. In addition, the surface area
reached was satisfactory, reducing by approximately half after
incorporation of the red propolis extract. It was possible to
observe the presence of approximately 15% red propolis
extract in the MCM-41 through TG analysis and pore volume
reduction (BJH). FTIR analysis showed that the MCM-41 structure
was maintained after incorporation of red propolis extract as well
as adsorptive interaction between MCM-41 and red propolis.
UPLC-DAD analysis showed that the stability and physicochemical
properties of red propolis extract were maintained. In conclusion,
MSNs are a potential structure for carrying propolis extract
because the active biological properties of red propolis are main-
tained. These results may prove useful in developing oral, inject-
able, or tablet medicines. There is still the possibility of
investment in directional studies in the area of cosmetics.
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