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In this study, hierarchically mesoporous silica (HMS) with properties such as high specific surface area, high
photostability, and no cellular toxicity was synthesized. The synthesized silica can be considered as an
excellent carrier candidate material. Through the use of nitrogen adsorption and desorption analysis, the
shape of the hysteresis loop implied the presence of mesoporous structures in the HMS powder. In
addition, the encapsulation efficiency was more than 90%. These results showed that avobenzone could

be encapsulated into the HMS powder because of its high specific surface area and pore volume.
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Introduction

Solar ultraviolet (UV) radiation is known to harm human skin
and cause issues such as melanoma, inflammation, photo-
aging, and cancer."* In addition, immunosuppression and DNA
damage can occur from UV radiation exposure.>® UV light is
divided into three types: UVA, UVB, and UVC. UVA (320-400 nm)
can penetrate the epidermis layer to the dermis layer, leading to
a photosensitive reaction via free radicals.” Thus, according to
several previous studies, exposure to UV radiation can be
limited by using sunscreen products, thereby reducing the risk
of skin cancers such as basal-cell carcinoma (BCC) and
squamous-cell carcinoma (SCC).5*

Avobenzone is one of the few organic UVA filters that is
widely used in broad-spectrum sunscreen products.'* The
absorption spectra of avobenzone ranges from 320 to 400 nm
with peak absorption at around 355 nm."” However, the
photochemical reactions of avobenzone have already been
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synthetic sunscreen kept its excellent UVA absorption properties after being encapsulated.

thoroughly researched. Aryl glyoxal and benzoic acid are the
main products from photo-degraded avobenzone.*® The photo-
degradation products cause a reduction in UV protection
ability and destabilize the sunscreen product. Avobenzone
under UV light has a very poor light-stability. Avobenzone has
a strong absorption in the UVA range at 360 nm but is rapidly
destroyed after irradiation. Due to avobenzone isomerized
when submitted to UV light.** Furthermore, these harmful
photo-degradation products from avobenzone penetrate into
the skin. A high concentration of these products can cause skin
irritation, biological accumulation, photosensitive dermatitis,
and contact dermatitis.***®

To reduce these shortcomings, there are and increasing
number of studies associated with UV filters that have focused
on methods related to encapsulation and incorporation to
diminish the damage to human skin."”** There have been many
reports that different materials can be used as photoprotective
agents to prevent human skin from UV filter damage.">* Wu
et al. demonstrated that using polymethyl methacrylate (PMMA)
to encapsulate organic UV filters improved their safety, photo-
protectivity, and photostability.” Cabrera et al. found that
lipospheres are highly loaded and under a narrow particle
distribution obtained from carnauba wax. Avobenzone was
encapsulated into lipospheres to enhance its photostability
after the encapsulation process.?” Scalia et al. indicated that the
encapsulation of avobenzone within hydroxypropyl-p-cyclodex-
trin provided better protection of UV radiation and decreased
the skin penetrability of avobenzone.” The disadvantages of
those carrier materials, including thermal instability, pH
instability, and potential reduced complexation efficacy, was
also studied.”™>*

This journal is © The Royal Society of Chemistry 2020
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Hierarchically mesoporous silica (HMS) with ordered pore
structures ranging from 2 nm to 50 nm at multiple length scales
is one potential carrier material and is derived from the
evaporation-induced self-assembly (EISA) method.?* In addi-
tion, it is an inorganic oxide, having a high encapsulated
volume, great temperature and pH resistance, and no photo-
catalysis. An extremely low degradation rate and the controlled
release effect are the distinguishing features of this mate-
rial.>*® Moreover, HMS has high photostability and UV
protective effects. Many studies indicated that hierarchically
mesoporous silica could be utilized as a great carrier and
improve the shortage of the origin materials.**-?

Compared with the above, the contribution and novelty of
this study are list in the following three points:

(1) To provide a preparing method for mesoporous silica to
effectively encapsulate with avobenzone.

(2) The test samples formed by the above preparing method
used Fourier transform infrared (FTIR) spectroscopy and X-ray
diffractometer (XRD) for qualitative analysis, and Brunauer-
Emmett-Teller (BET) method and thermogravimetric analyzer
(TGA) for quantitative analysis to verify the encapsulation effi-
ciency was more than 90%.

(3) The resulting avobenzone encapsulated powder kept its
excellent UVA absorption abilities.

Materials and methods

Sources of raw materials

Tetraethyl orthosilicate (TEOS) (ACROS, 98%) was used as
a silica precursor. Pluronic F-127 (BASF) was used as a non-ionic
surfactant. 2 M nitric acid (SHOWA, 98%) was used as catalyst
for the hydrolysis reaction. Ethanol (J. T. Baker, 99.9%) was
used as a solvent to mix all ingredients of the HMS. Poly-
urethane foam (PUF) was used as a scaffold for the HMS.
Acetone (Seedchem, 98.5%) was used as a solvent to dissolve the
avobenzone. Avobenzone (Essence Plus) was used as the
encapsulated material in the HMS. All chemicals were of
analytical reagent grade and were used without any further
purification.

Material preparation

Following the EISA method,*® the experimental materials for
HMS were prepared using polyurethane foam (PUF) and the
non-ionic surfactant F127 as the pore-forming agents.

TEOS, 2 M nitric acid, and non-ionic surfactant F127 were
dissolved and mixed together in anhydrous ethanol. Then, the
mixture was stirred at room temperature for 24 h to form
a solution. Next, the PUFs were soaked in the mixture and dried
in an oven at 100 °C for 1 d. After the PUFs were fully dried, they
were heated in a tube furnace from room temperature to the
calcination temperature of 550 °C at a constant heating rate of
2 °C min " and were held at the calcination temperature for 4 h
to remove the forming agents and impurities. The powders were
ground after cooling and sieved through #325 meshes.
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Avobenzone encapsulation

The avobenzone encapsulated powder was prepared according
to the physical adsorption principle.** In the experiment,
acetone was the solvent used to dissolve the avobenzone. Next,
the HMS was mixed with the solution that also contained the
acetone and avobenzone. Afterwards, the mixture was stirred at
room temperature for 24 h. Finally, the acetone was removed
using a rotary evaporator. The resulting avobenzone encapsu-
lated powder is referred to as MSAB. MSAB was a combination
of HMS powders per unit area with different weights of avo-
benzone respectively 0.98 mg m™?, 1.95 mg m™? and 2.93 mg
m?, which were named MSAB-0.98 mg m™ >, MSAB-1.95 mg
m~?, and MSAB-2.93 mg m™>. This notation was to highlight
that the specific surface area was an important factor in evalu-
ating the loading capacity. 0.98 mg m 2, 1.95 mg m > and
2.93 mg m > were obtained by 0.5 g, 1 g, and 1.5 g of the
encapsulated avobenzone weight dividing by the specific
surface area (511.6 m?) of mesoporous silica, respectively.

Textural characterization of MSAB

The Quantachrome Autosorb 1 sorption analyzer measured the
isotherms of nitrogen adsorption and desorption at 77 K. MSAB-
0.98 mg m~ > underwent a pretreatment where it was degassed
at 150 °C under a high vacuum for 12 h by the degas port of the
adsorption analyzer to test the sample before and after avo-
benzone encapsulation. The instrument (ASAP 2010, Micro-
meritics, USA) used in this experiment calculated the specific
surface areas with the Brunauer-Emmett-Teller (BET) method
and the Barret-Joyner-Halenda (BJH) equation. Nitrogen gas
was used as the adsorbent.

Characterization

The FTIR absorption spectra were analyzed using a spectrom-
eter (Nicolet 6700, Thermo, USA). Before and after avobenzone
encapsulation, the MSAB powder samples were mixed with
particles of potassium bromide (KBr) (the mass ratio of the
sample to KBr was 1 : 10) and pressed into 200 mg pellets each
with a diameter of 12 mm. The infrared absorption spectra were
procured in the frequency range of 400-4000 cm ' for the
spectrum. The composite spectrum for all samples took an
average of 32 scans. Otherwise, each sample in this experiment
was normalized to the spectrum of a blank KBr pellet.

The X-ray diffraction (XRD) patterns characterized the phase
composition of different ratios of MSAB before and after avo-
benzone encapsulation. XRD was performed using an X-ray
diffractometer (XRD-6000, Shimadzu, Japan). The diffracted
intensity of Cu Ka radiation (1 = 1.5418 A) was measured in a 26
range between 10° and 80° with a step size of 4° min~'. The
scans were recorded at 30 kV and 20 mA.

In addition, transmission electron microscopy (TEM) images
were recorded using the microscopy (JEM-2100, JEOL, Japan).
The MSAB powder samples were dispersed in distilled-
deionized water using an ultrasonicator, which shocked the
samples. Then, the samples were dropped onto a copper grid,
evaporating the solvent.

RSC Adv, 2020, 10, 15846-15852 | 15847
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Before and after avobenzone encapsulation, the thermal
decomposition of HMS, MSAB-0.98 mg m™ >, and avobenzone
were obtained using an analyzer (TA-Thermogravimetry &
Differential Thermal Analysis 300, Mettler-Toledo, USA). Ther-
mogravimetric analyses (TGA) were recorded while raising the
temperature from 30 °C to 800 °C under a heating rate of
10 °C min " in air.

UV-vis absorption spectra were examined using a spectrom-
eter (DU 730, Beckman Coulter, USA). In addition, the UV-vis
spectrophotometer was used to record absorption spectra at
room temperature in the wavelength range of 200-800 nm.

Result and discussion
Texture of MSAB powders

The nitrogen adsorption-desorption analysis characterized
MSAB powders before and after the avobenzone encapsulation.
As shown in Fig. 1(a), the MSAB adsorption-desorption curves
were determined. The formation of the hysteresis curves for the
HMS were compared with H1 patterns of type IV at high relative
pressure between 0.8 and 1.0, and pore size distribution
shown in Fig. 1(b). For the HMS powder, the shape of this
hysteresis loop implies the presence of mesoporous struc-
tures.*® Additionally, the hysteresis curves after avobenzone
encapsulation, which are shown in Fig. 2, indicate that the
texture was not destroyed by the encapsulated avobenzone. In
Table 1, the specific surface areas and the mesoporous volume
properties of the HMS and MSAB samples were presented. The
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Fig.1 (a) Nitrogen adsorption and desorption isotherms of MS powder
and (b) pore size distribution.
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Fig. 2 Nitrogen adsorption and desorption isotherms of MSAB
powders.

specific surface areas of the HMS have an average of 511.6 m>
¢!, and the pore volume of mesopores are around 0.63 cm> g~ .
The formation of the HMS signified that the material has a high
specific surface area and porous structure. In previous reports,
the specific surface areas range of mesoporous silica are about
535-787 m” g, the pore size range of mesopores are about 2.1~
15 nm, and the pore volume of mesopores are about 0.68-1.17
em?® g~ 1.37%% In addition to the difference in the manufacturing
process, the type of template surfactant (e.g. F-127 or P123)
selected will also cause the mesopore size to be different. Using
a PUF template different from the conventional method and
a higher heat treatment temperature of 600 °C in this study, so
the specific surface areas and the pore volume of mesoporous
silica are smaller slightly compared with the previous reports.

Evaluation of avobenzone encapsulation

Li et al. demonstrated how to analyze mesoporous silica aerogel
after UV filter encapsulation results from a FTIR spectra.*® The
analysis of the FTIR was used to identify the coupled surface
vibrations of the prepared MSAB in the powder samples. The
FT-IR spectra patterns, shown in Fig. 3, for the HMS powders
discovered organic bond vibrations at 725-800 cm ™" and 1000~
1200 cm™! for Si-O-Si, 400-470 cm ™' for Si-O, and 3000-
3600 cm ' for O-H.

In addition to the bonding of the HMS powders after avo-
benzone encapsulation, there were C-H framework vibrations
in the FTIR spectra patterns of the avobenzone absorption
bands at 2900-3000 cm . The absorption bands that represent
the stretching vibration of the benzene ring and C-H in-plane
bending vibration, as shown in Fig. 3, and assignment of
characteristic bands shown in Table 2, are at 1430-1650 cm ™
and 950-1225 cm %, respectively.*® Additionally, characteristic
bands of avobenzone in MSAB did not shift, implying that
avobenzone was encapsulated into the HMS without chemical
bonding. This result signified that the HMS samples with
encapsulated avobenzone were successfully bonded.

The XRD patterns of HMS, MSAB-0.98 mg m >, MSAB-
1.95 mg m™ 2, and MSAB-2.93 mg m~ > were shown in Fig. 4. The
HMS used in the experiments did not demonstrate any obvious
characteristic peaks. This showed that the HMS was in the

This journal is © The Royal Society of Chemistry 2020
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Table 1 The BET surface area and pore volume of HMS powders before and after avobenzone encapsulation

Sger before Sger after The percentages of V, before V,, after The percentages of
encapsulating encapsulating decrease encapsulating encapsulating decrease
(m*g ) (mg ") Sper (%) (em® g ) (em®g ) v, (%)

HMS powders 511.6 24.97 95.12 0.63 0.055 91.27
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Fig. 3 FTIR spectra of avobenzone, MSAB powders, and HMS
powders.

Table 2 Assignment of characteristic bands observed in FTIR spectra
of avobenzone, MSAB and HMS samples

Band position

Assignment (em™)
Si-O 400-470
Si-O-Si 725-800
Si-O-Si 950-1225
Ph 1430-1650
C-H 2900-3000
O-H 3000-3600

amorphous phase and exhibited the same properties as other
mesoporous materials.

In contrast, being encapsulated by carriers declined the
degree of crystallinity of the MSAB. We speculate that the
mesopores of the MSAB did not form the ordered structure of
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Fig. 4 XRD patterns of HMS powders and different ratios of MSAB
powders.
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crystalline states, which caused the decrease in degree of crys-
tallinity after avobenzone was encapsulation, based on the XRD
analysis. The driving forces of the interactions were ascribed
that heterogeneous nucleation and growth by thermodynamics
could reduce the surface energy between avobenzone and the
HMS. In addition, different amounts of avobenzone were
encapsulated into per unit area (m?) of HMS (0.98 mg, 1.95 mg,
and 2.93 mg).

The resulting of XRD avobenzone patterns showed apparent
characteristic peaks.*™** The results for MSAB in Fig. 4 showed
characteristic bands that were similar to prior research.*” The
adsorption between HMS and avobenzone did not affect the
XRD patterns of the other powders. In addition, there were no
new crystals and only a weak reduction in the relative intensity.
The patterns of the XRD analysis also indicated the increase in
the degree of crystallinity based on the entrapment yield of the
powders. This is because that avobenzone was immobilized on
the surface of HMS to suppress the spontaneous crystallization
of avobenzone.** This evidences that there was a crystallo-
graphic plane, and we estimated that the maximum amount of
encapsulated avobenzone was approximately 0.98 mg m~2. Only
when avobenzone encapsulating in mesopores completely, the
situation of MSAB was in the amorphous phase without
producing any crystalline. Furthermore, while the quantity of
avobenzone exceeded 0.98 mg m ™2, some of the avobenzone did
not become encapsulated but was mixed with the HMS carrier
in the second mixture phase.

To sum up the above results, it indicated that only the
mesopores was filled up with avobenzone. There did not show
any degree of crystallinity. In addition, we did the cross-
comparison with the result of BET. It revealed that the mate-
rial with high specific surface area could adsorb more avo-
benzone particles. Simultaneously, the percentages of decrease

Fig. 5 TEM images of HMS powder after avobenzone encapsulation.
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pore volume became much smaller. As a result, we could
speculate that the avobenzone powders were encapsulated in
the HMS carrier.

Fig. 5 shows that the TEM image of the HMS was regular,
interconnected, and had ordered mesopores. In addition, the
diameter range of mesopores was approximately 3-5 nm, and
average diameter was approximately 4.1 nm (N = 50). Further-
more, the TEM image for the MSAB confirmed that one part
showed mesopores partially loaded with avobenzone.

By observing the HMS powders before and after avobenzone
encapsulation, we can confirm that the specific surface area,
pore volume, and pore size of the mesopores decreased after
avobenzone encapsulation. It is therefore apparent that avo-
benzone was encapsulated into the HMS powders successfully.
For HMS powders encapsulated into avobenzone, the specific
surface area and pore volume declined by 95.12% and 91.27%,
respectively, as shown in Table 1. The influence of nitrogen
adsorption-desorption measurements could be explained by
the avobenzone being absorbed into the mesopores of the HMS
powders, and this could also be the reason of why the avo-
benzone was encapsulated into the mesoporous structures. As
previously mentioned, a successful avobenzone encapsulation
would result in a reduction in specific surface area and pore
volume.

The HMS powders after avobenzone encapsulation were
evaluated using TGA. The TGA curve shows the HMS before and
after avobenzone encapsulation in Fig. 6. The weight loss of the
HMS powders was 3% between 30 °C and 100 °C. This loss could
be due to the evaporation of water and ethanol from the HMS
powders. The amount of weight loss of avobenzone increased at
250 °C, and avobenzone was completely burned out at 750 °C.
HMS, a kind of multi-pore structure material, did not show any
obvious change at 800 °C. Based on these results, it is judged
that the residual weight of MSAB, of which the ratio between
HMS and avobenzone is two to one, is equal to the weight of
HMS at 800 °C. The avobenzone encapsulation capacities of
HMS were calculated to be 66.31%. This demonstrates that the
encapsulation efficiency is extremely high.

In addition, we chose the MSAB avobenzone encapsulated
ratio, which is 0.98 mg m™>, to be analyzed, and the results
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)
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Fig.6 TGA curves of avobenzone, MSAB powders, and HMS powders.
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Fig. 7 UV-vis spectra of avobenzone, MSAB powders, and HMS
powders.

remained unchanged as compared to the original ratio of HMS
to avobenzone.

The UV-protection ability results of the MSAB, the absor-
bance of HMS, MSAB, and avobenzone, as shown in Fig. 7, were
analyzed using the UV-vis absorption spectrophotometer. HMS
did not present any characteristic peaks between 200 nm to
800 nm of absorbance. The absorption bands of MSAB are
located in the 320-400 nm range, which are the characteristic
bands of UVA radiation. In addition, the characteristic peak
presented at around 350 nm, which matched the results from
previous research.' This outcome is identical to the absorbance
of avobenzone. As the result, the HMS powders after avo-
benzone encapsulation still maintained great UV protection
abilities.

Conclusions

In this study, three variations of MSAB were prepared by
isothermal loading and were applied to an HMS material.
Acetone was used as the medium for encapsulating avobenzone
into thee HMS through the simple adsorption method. The
results of this research are summarized as follows:

(1) The results of nitrogen adsorption-desorption measure-
ments were calculated to characterize HMS before and after
avobenzone encapsulation. Mesoporous structures resulted
from the high specific surface area. The rate of decreasing
specific surface area was 95.12%, and the rate of decreasing
pore volume was 91.27%.

(2) According to the XRD patterns of MSAB, the maximum
amount of encapsulated avobenzone is 0.98 mg m™ 2. The avo-
benzone that exceeded 0.98 mg m™ > was not encapsulated into
MSAB, but was mixed into the second phase mixture with the
HMS carrier.

(3) From the FTIR analysis, it can be confirmed that the HMS
powders contained both characteristic peaks of HMS and avo-
benzone after avobenzone encapsulation. Additionally, the
characteristic bands of avobenzone in MSAB did not shift,
demonstrating that there was no chemical bond formation
between HMS and avobenzone.

This journal is © The Royal Society of Chemistry 2020
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(4) Based on the TGA curves, the ratio of HMS and avo-
benzone is two to one in MSAB. The result is the same as the
original ratio of HMS to avobenzone. In addition, the avo-
benzone encapsulation capacity of MSAB was calculated to be
66.31%.

(5) The TEM images directly indicated that the avobenzone
encapsulated into HMS was prepared properly. The diameter
range of the mesopores was approximately 3-5 nm.

(6) Based on the results from the UV absorption spectra,
MSAB showed the characteristic bands at 320-400 nm with the
characteristic peak at around 350 nm, which coincides with the
bands of UVA protection. This showed that the HMS powders
after avobenzone encapsulation still maintained great UV
protection abilities.
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