Open Access Article. Published on 29 March 2018. Downloaded on 6/15/2026 4:46:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2018, 8, 12315

Received 22nd January 2018
Accepted 19th March 2018

DOI: 10.1039/c8ra00632f

Microencapsulated sunblock nanoparticles based
on zeolitic imidazole frameworks for safe and
effective UV protection
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Sunscreen is believed to protect human skin from photo damage due to UV exposure. However, substantial
concerns remain associated with skin contact with UV filters and the subsequent reactive oxygen species
from photoactivation of UV filters. Herein, we show that the microencapsulation of octyl p-
methoxycinnamate (OMC), a typical UV filter, into the nanoporous structure of zeolitic imidazole
frameworks (ZIF-8) prevents the skin exposure to UV filters while improving UV protection performance.
Meanwhile, the UV filter photostability has been obviously improved due to the nanoconfinement effect.
Microencapsulated OMC in ZIF-8 adhered to the stratum corneum could not only reduce OMC
transdermal penetration, but also prevent skin exposure to the deleterious reactive oxygen species (ROS)
from photoactivation of OMC. Therefore, this microencapsulated UV filter system based on a metal

organic frameworks microporous polymer would find important applications in skin care products

rsc.li/rsc-advances

Introduction

Sunlight is very important to all living organisms on earth
because it can provide sufficient energy for life activities. For
human health, harmful ultraviolet (UV) radiation from sunlight
could induce a series of deleterious effects on skin such as
erythema formation, immunosuppression, oxidative stress,
photoaging, DNA and RNA damage and skin cancers.'” In order
to avoid UV radiation damage, UV filters have been developed as
effective materials and have been widely employed in personal
care products such as lotions, sunscreens and cosmetic prod-
ucts.*® These UV filters, including inorganic and organic
components, could protect human skin from sunburn, photo-
aging and skin cancer through reducing UV absorption of
human skin through different mechanisms. Inorganic
sunscreens reduce UV damage through reflection, scattering
and diffraction of the UV radiation, whereas organic sunscreens
reduce UV damage through absorption.

Inorganic UV filters, such as TiO,, are insoluble mineral-
based nanoparticles, which would not penetrate into the skin
and reduce the irritation risk to sensitive skin. However, the
anatase-type TiO, is a kind of photocatalytic material. In the
presence of oxygen, water and light, the photoexcited TiO, could
produce hydroxyl and peroxide radicals, and successively
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through providing safe and effective UV protection.

produce reactive oxygen species (ROS) in the skin, which could
induce cyto- and genotoxicity through deactivating enzymes
and decomposing biomolecules such as RNA and membrane
proteins.””® Therefore, many researches have been devoted to
improve the safety of inorganic UV filter. For instance, ZnO and
TiO, has been encapsulated by biologically inert SiO, (ref. 10) or
cellulose nanocrystals," and the core/shell structure has low-
ered the risk of DNA damage without changing their optoelec-
tronic properties.

In comparison, organic UV filters could absorb UV spectrum
as molecule state, and many synthetic organic matter and
natural product extract could be ascribed into this category.
trans-Octyl methoxycinnamate (OMC) is the most commonly
used UVB filter and is approved for use in many personal care
products such as sunscreens, lip balms and other protection
products.’> However, many researches have demonstrated that
OMC could penetrate into the skin, and could be detected in
urine, human blood plasma and breast milk of women after
topical application.”*® Moreover, many researches'’® have
demonstrated that OMC could be an endocrine disruptor,
which showed estrogenic activity both in vivo (rats) and in vitro
(MCF-7 breast cancer cells) and caused a marked decrease in
murine thyroxine levels. In addition, the topical application of
OMC has produced some side effects such as skin irritation and
allergic dermatitis. Moreover, OMC could be subject to photo-
degradation, and produce many potentially hazardous photo-
products such as reactive oxygen species (ROS), which have
been demonstrated to be more toxic to mammalian cells than
OMC itself.*® In order to minimize skin contact with organic
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filters and the systemic absorption of UV filters penetrating the
skin, many organic UV filters encapsulation technologies*>
have been developed. Saltzman et al?' reported that the
encapsulation of the organic UV filters in polymer nano-
particles, which could adhere to the skin well, do not penetrate
into the skin and blood stream, and reactive oxygen species do
not generate in cellular structure. Comparing with these bio-
adhesive nanoparticles, metal-organic frameworks (MOFs)
could provide more versatile application due to their unique
structural characteristics.>®

Zeolitic imidazole frameworks (ZIFs) are a kind of metal-
organic frameworks (MOFs) synthesized from metal ions and
imidazole liners.””*® The synthesis of ZIF-8 or MAF-4 has been
reported*>*® and recently has been used to encapsulate pyrene
for optical sensing of molecular oxygen.* Recently, ZIF-8 or
MAF-4 has been used to prepare optical ceramics, which would
find applications related with adsorption, separation, sensing,
etc.*> The typical characteristics of ZIFs including structural
diversity, high surface area, tunable pore sizes, biocompatibility
and functionalities, have made them promising candidates for
biomedical applications.***” For example, modification of the
imidazole liner in ZIFs has been used for nucleic acid detec-
tion* and intracellular imaging of hydrogen sulfide.*® Mean-
while, the higher aqueous stability and large pore volume of
ZIFs have made them nanocarrier for drug delivery.***”

Herein, we report for the first time that nanoscale ZIF-8, self-
assembled from Zn>* and 2-methylimidazole (Fig. 1), could
encapsulate OMC to minimize UV filters contact with skin. The
structure and UV protective performance of OMC/ZIF-8 hybrid
nanoparticles have been characterized by a series of physico-
chemical protocols including XRD, SEM, FT-IR, UV-Vis, and N,
sorption. The UV protective performance and photostability of
OMC/ZIF-8 have been studied through UV-Vis spectrometer.
Reactive oxygen species (ROS) from OMC photo activation has
been characterized by fluorescence method with dihydrorhod-
amine (DHR) as probe molecules. The transdermal penetration
of free OMC and microencapsulated OMC/ZIF-8 has been
compared through Franz diffusion cell. The results showed that
the microencapsulated OMC/ZIF-8 hybrid nanoparticles had
improved UV protective performance and photostability, low-
ered release ratio, and avoided skin exposure to UV filter and the
subsequent reactive oxygen species.

Experimental
Materials

2-Methylimidazole, zinc nitrate hexahydrate, sodium chloride,
lactic acid, urea, ammonia and ¢rans-octyl methoxycinnamate
were purchased from Aladdin reagents (shanghai) co., Itd.
Dihydrorhodamine (DHR) was purchased from Sigma-Aldrich
Co. Other reagents are all of analytical grade. All chemicals
were used as received without further purification.

Synthesis procedure

Synthesis of ZIF-8 nanocrystal materials. Blank ZIF-8 and
microencapsulated OMC/ZIF-8 materials have been prepared

12316 | RSC Adv., 2018, 8, 12315-12321

View Article Online

Paper

OMC microencapsulated in ZIF-8

In-situ
encapsulation

Stratum [~ s e OMC
Corneum == * ROS
Epidermis [

PR

R
Dermis [ b ZIF-8

PR

Fig. 1 Microencapsulated OMC in zeolitic imidazole frameworks for
safe sunblock agent. (A) In situ micro-encapsulation diagram of OMC
in ZIF-8 materials. Since the OMC molecular size is larger than the pore
size of ZIF-8, the encapsulation could only be realized through the in
situ process. (B) After sunlight exposure, free OMC produces delete-
rious ROS that could penetrate into skin tissue, and damages adjacent
tissue. Microencapsulated OMC in ZIF-8 could confine these delete-
rious ROS species within the pore structure, and prevent ROS-medi-
ated toxicity.

according to the method reported by Michael Wiebcke et al.’®
with minor modification. Typically, 200 mL of methanol solu-
tion of zinc nitrate hexahydrate (50 mmol L™, 2.97 g, 200 mL) is
rapidly poured into 200 mL of methanol solution of 2-methyl-
imidazole (400 mmol L7, 6.57 g, 200 mL) under vigorously
stirring with magnetic bar. The mixed solution is stirred for 8 h
at room temperature, and the transparent solution turns slowly
turbid. After reaction, the nanocrystals are separated from the
milky dispersion by centrifugation, and the solid section was
washed with fresh methanol. And the as-synthesized ZIF-8
products are dried for 8 h at 40 °C.

Microencapsulated OMC/ZIF-8 hybrid materials. OMC/ZIF-8
hybrid materials were prepared through in situ microencapsu-
lation protocol. In a typical process, the 200 mL methanol
solution of 2-methylimidazole of 400 mmol L™ is prepared, and
0.58 g OMC (2 mmol) is added to the above solution and mixed
to acquire homogeneous solution. Then under stirred vigor-
ously, 200 mL of methanol solution of zinc nitrate hexahydrate
(50 mmol L™, 2.97 g, 200 mL) was rapidly poured into the above
mixed solution. The acquired mixed solution was stirred for 8 h
at room temperature. After reaction, the hybrid OMC/ZIF-8
nanoparticles were separated from the milky dispersion by
centrifugation, and the solid products were washed with fresh
methanol. And the acquired OMC/ZIF-8 solid products are dried
for 8 h at 40 °C. The actual productivity of yield was about

This journal is © The Royal Society of Chemistry 2018
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74.3%. In order to calculate the encapsulation efficiency of
OMC, the OMC/ZIF-8 samples were dissolved in hydrochloric
acid, and the OMC concentration was determined by HPLC
method. The encapsulation efficiency is about 86%, and the
actual content of OMC in OMC/ZIF-8 is about 0.108 g g .

Methods

Structure characterization. The morphology evaluations of
blank ZIF-8 and OMC/ZIF-8 samples were recorded using
scanning electron microscopy (SEM) (SU8010, Hitachi, Japan).
Before experiments, the sample was adhered to the substrate
and an ultrathin coating of electrically-conducting material was
deposited on the sample surface.

X-ray diffraction analysis was performed on a Philips X'Pro X-
ray diffractometer using Cu Ka radiation. The Kol wavelength
was 1.5406 A. The X-ray source was operated at 40 kV and 40 mA.
The diffraction data were collected at 25 °C in a 26 range 5-60°
with a scanning speed of 5° min~".

N, sorption measurements were carried out on an ASAP 2020
instrument from Micromeritics, USA. Before sorption
measurements, the samples were degassed at 423 K in a vacuum
for 4 h. The specific surface area and micropore volume were
calculated by Brunauer-Emmet-Teller (BET) method and ¢-plot
method, respectively. The pore width distribution were ob-
tained through BJK methods.

Fourier transform infrared spectroscopy (FT-IR) was per-
formed on an Avatar 360 FT-IR spectrometer from Nicolet using
DTGS KBr as detector. The sample was mixed with KBr powder
and tableted into a thin round piece. The absorption spectra
were recorded from 4000-400 cm ™.

The OMC release from microencapsulated OMC/ZIF-8
materials was performed according to the modified method
reported by Saltzman et al.>* In the typical experiments, 10 mg
OMC/ZIF-8 was placed in a dialysis tube (8000 M.W. cutoff) and
dialysed against 50 mL of artificial sweat at 32 °C and 37 °C. The
artificial sweat was formulated according to EN 1811 (0.5%
NaCl, 0.1% urea, 0.1% lactic acid and the pH adjusted to 6.6
with NH,OH). At each time point, 200 pL solution was extracted
and 200 pL of fresh solution was added. The amount of OMC
released was determined by UV absorption at 310 nm with a UV-
Vis spectrometer.

The UV absorption efficiency of OMC/ZIF-8 was scanned
through the UV absorption spectra from 250-400 nm with a UV-
Vis spectrometer. The OMC/ZIF-8 samples were dispersed in
ddH,0 with OMC concentration at 0.01 mg mL~". Meanwhile,
free OMC dissolved in water, free OMC dissolved in ethanol,
OMC dissolved in oil (OMC concentration at 0.01 mg mL ).
Blank ZIF-8, ethanol, water and oil was used as the background
controls.

For quantifying the ROS amounts of free OMC and micro-
encapsulated OMC/ZIF-8, a fluorescence method was selected
with DHR as probe molecules. Free OMC and OMC/ZIF-8 at an
OMC concentration of 0.1 mg mL ™" were incubated with DHR
in PBS buffer in quartz cuvette. Meanwhile, blank ZIF-8 and PBS
control were also compared. After exposing to UVB (280-320
nm), the fluorescence intensity was read using a Fluoromax-3

This journal is © The Royal Society of Chemistry 2018
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fluorometer (HORIBA Jobin Yvon) at excitation/emission 500/
536 nm.

The photostability of free OMC and microencapsulated
OMC/ZIF-8 was measured by the UV-Vis spectrometer. The
samples were placed into a quartz cuvette sealed with a Teflon
stopper, then were subjected to irradiation by a 75 W xenon
lamp at a distance of 20 cm (a flux of 3 mW cm ™2 between 300
and 400 nm). The absorption spectra were recorded hourly for
four hours. The total UV dose was thus 432 k] m 2, equivalent to
2.5 hours of summer sunlight at noon.

Transdermal penetration test. Samples of adult human skin
(mean age 36 + 8 years) were obtained from plastic surgery
patients with written informed consent at the First Affiliated
Hospital of Nanjing Medical University, which were used as in
vitro model for this study. This study was approved by the Ethics
Committee of the First Affiliated Hospital of Nanjing Medical
University, Nanjing, China. The human skin was cut with scis-
sors and washed by ddH,O. Fats from skin tissue were removed
carefully and the acquired skin was then punched into a diam-
eter of 1.0 cm. The treated skin sample was stored in a phos-
phate buffered saline (PBS) at 4 °C. Before experiments, the skin
was pre-equilibrated in PBS at 25 °C. Then the skin specimens
were placed between the two halves of the Franz diffusion cell
(Huanghai, model RY]J-6A, China), and the stratum corneum
side was placed facing the donor compartment.

The receiver compartment (10 mL) was filled with 50%
ethanol in PBS solution, and 100 pL receptor solution was
withdrawn and the fresh solution was supplemented at the
given intervals. The whole transdermal penetration test was
performed under constant stirring at 35 + 1 °C. The OMC
concentration was determined by a high-performance liquid
chromatography (Diamond, Ultimate 3000, USA) method with
a C18 reverse phase column (Biorad) and the UV detector at
310 nm. The mobile phase was composed of acetonitrile and
water (95:5, v/v) at a flow rate of 1 mL min~'. The OMC
quantification was performed according to internal standard
method based on the calibration curves. The model of in vitro
transdermal diffusion is based on the Fick's first law of diffu-
sion and is showed as the following equation.

de
J= —Da
where J is the mass flux; D is the diffusion coefficient; dc is the
difference of concentration; dx is the distance of flow path. The
lag time was calculated according to the x-intercept derived
from the linear regression line.

Results and discussion
Morphology

The blank ZIF-8 and microencapsulated OMC/ZIF-8 have been
characterized by scanning electron microscopy (SEM), and the
corresponding results have been shown in Fig. 2. From Fig. 2,
blank ZIF-8 and microencapsulated OMC/ZIF-8 samples show
the similar nanoparticles morphology, and the size is about 50—
60 nm, which indicates that microencapsulation of OMC in ZIF-
8 has no obvious influence on ZIF-8 morphology. From Fig. 2(A)

RSC Adv., 2018, 8, 12315-12321 | 12317
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Fig. 2 The morphology results of blank ZIF-8 and OMC/ZIF-8 dis-
closed by scanning electron microscopy techniques. (A) and (B): blank
ZIF-8; (C) and (D): microencapsulated OMC/ZIF-8.

and (B), blank ZIF-8 samples show the adhesion of nano-
particles. Different with the regular polyhedron morphology of
ZIF-8 materials reported in the literatures, the morphology of
these as-synthesized ZIF-8 and OMC/ZIF-8 samples is close to
sphere object, which could be induced by the insufficient crys-
tallization process. As shown in Fig. 2(C) and (D), micro-
encapsulated OMC/ZIF-8 materials consist of isolated
polyhedron nanoparticles, moreover, some inter-particles space
has formed as shown in Fig. 2(D), which indicated that OMC
could affect the ZIF-8 crystallization process through hydro-
phobic interactions.

Structures

Powder X-ray diffraction (PXRD) was used to study the crystal
structure of blank ZIF-8 and OMC/ZIF-8, and the diffraction
patterns have been shown in Fig. 3(A). Blank ZIF-8 materials
showed several diffraction peaks at 7.31°,10.45°,12.73°,14.70°,
16.46° and 18°, which could be attributed to (011), (002), (112),
(022), (013) and (222), respectively.*® Because OMC is a kind of
amorphous compound, which would not show the typical X-ray
diffraction peaks. Meanwhile, OMC/ZIF-8 showed the similar
diffraction patterns to the blank ZIF-8 sample, which indicates
that OMC don't influence the crystal structure of ZIF-8.

Fig. 3(B) showed the Fourier transform infrared spectra of
blank ZIF-8 and microencapsulated OMC/ZIF-8 materials. The
strong absorption between 1350 and 1500 cm ' could be
attributed to the imidazole ring stretching vibration. The
absorption peak at 1586 cm ™' could be assigned as the C=N
stretching mode. The N-Zn stretching vibration could be
observed at 421 cm™'.*® Comparing with blank ZIF-8 material,
OMC/ZIF-8 samples showed several new weak absorption peaks.
The absorption at 1254 cm ™ * could be assigned to the stretching
vibration of C-O of ester bonds, and the absorption peak at
1732 cm " could be attributed to the stretching vibration of
C=0 bonds. These new absorption peaks were induced by OMC
molecules, which indicated that OMC had been encapsulated
into the ZIF-8 porous structures.
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Fig. 3 The structure characterization of blank ZIF-8 and micro-
encapsulated OMC/ZIF-8. (A) Powder X-ray diffraction patterns; (B)
Fourier transform infrared spectra; (C) N, adsorption—desorption
isotherms at 77 K; (D) pore size distribution curves.

As shown in Fig. 3(C), both the blank ZIF-8 and OMC/ZIF-8
showed the typical type I adsorption isotherms according to
IUPAC recommendation, which indicated that the as-
synthesized blank ZIF-8 and OMC/ZIF-8 samples were a kind
of microporous materials. Meanwhile, both N, sorption
isotherms showed the typical hysteresis loop, which indicated
that the existence of mesoporous structure. The pore size
distribution shown in Fig. 3(D) also support the existence of
mesoporous structure. The microencapsulated OMC/ZIF-8
materials showed the pore size at 10-20 nm. Otherwise, blank
ZIF-8 materials showed the larger pore size at 20-30 nm.
Combining with SEM results shown in Fig. 2, the mesoporous
structure of OMC/ZIF-8 could be induced by the stack effect of
the discrete ZIF-8 crystalline nanoparticles.

Based on these N, sorption isotherms, the pore structure
parameters have been calculated and listed in Table 1. The
specific surface area of 1131.9 m” g~ * (BET method) and a pore
volume of 0.53 cm® g~' were observed for the blank ZIF-8
materials. Moreover, according to t-plot method, the micropo-
rous inner surface area was about 1087.5 m? g~ ', which
demonstrated the large inner porous surface area of ZIF-8
materials. On the other hand, OMC/ZIF-8 showed a decreased
specific surface area of 953.9 m* ¢~ ' and a smaller pore volume

Table 1 Pore parameters of blank ZIF-8 and microencapsulated
OMC/ZIF-8

Samples ZIF-8 OMC/ZIF-8
Stang (M* g1 1531.2 1289.8
Sper (M* g™ 1) 1131.9 953.9

Sext (M*> g™ 1) 44.4 19.4
Smicro (M g77) 1087.5 934.5
Pore volume (cm® g™ ") 0.53 0.44
Average pore width/nm 22.5 15.3

This journal is © The Royal Society of Chemistry 2018
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of 0.44 cm® g~ ', Moreover, the average pore width of OMC/ZIF-8
was 15.3 nm. These results indicate that zeolitic imidazole
frameworks has huge in-pore volume which could provide
sufficient space for microencapsulation of organic UV filters.

For organic UV filters, the fast photochemical decomposition
not only reduces the photo protection efficiency, but also
produce phototoxic and photoallergenic degradation species.
The photostability of free OMC and microencapsulated OMC in
ZIF-8 has been studied and the results have been shown in
Fig. 4(A) and (B). Comparing with free OMC, OMC/ZIF-8 has
a greater UV absorbance between 250-350 nm. The photo-
protection performance improvement could be induced by the
hydrophobic interaction between OMC and hydrophobic inner
space of ZIF-8. On the other hand, the photostability of micro-
encapsulated OMC/ZIF-8 has been improved comparing with
free OMC. For free OMC, the UV absorbance has only remained
41% after 4 h irradiation. In comparison, microencapsulated
OMC/ZIF-8 has retained 76% of initial UV absorbance after 4 h
irradiation. Totally, microencapsulation of OMC in ZIF-8 could
not only enhance the photoprotection performance, but also
improve the photostability of OMC UV filter.

The efficiency of UV filters could be estimated through
measuring their UV absorption efficiency. The UV absorption
efficiency of several samples of OMC in water, oil, ethanol and
ZIF-8 has been determined and the corresponding results have
been shown in Fig. 4(C). All the samples containing OMC had
the same concentration of OMC at 0.01 g L. Comparing with
OMC/water, OMC/ZIF-8 showed an 8-fold higher absorption.
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Fig. 4 UV protection effectiveness of free OMC and micro-
encapsulated OMC/ZIF-8. (A) UV absorbance variations of free OMC
under UV irradiation. (B) UV absorbance variations of micro-
encapsulated OMC in ZIF-8 under UV irradiation. (C) UV absorbance
efficiency of OMC/water, OMC/oil, OMC/ethanol and OMC/ZIF-8 at
OMC concentration of 0.01 g L™ (D) ROS formation as measured by
DHR fluorescence after UV irradiation. DHR was incubated with OMC/
ZIF-8, blank ZIF-8, free OMC and PBS control.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

With OMC/oil as the representative version of traditional
sunscreen formulation, OMC/ZIF-8 showed a 5-fold higher
absorption, which indicate that OMC/ZIF-8 could provide the
higher UV photoprotective performance. The UV absorption
efficiency of OMC/ethanol has also been determined, and the
UV absorbance of OMC/ZIF-8 is about 3 times that of OMC/
ethanol. According to Saltzman's viewpoint,* the UV absorp-
tion improvement is induced by improved solubility of organic
UV filters in formulation. Moreover, Coudert et al*® has re-
ported that ZIF-8 had hydrophobic inner space, which could
provide the more hydrophobic micro-environment for OMC.
These results demonstrate that microencapsulated OMC in ZIF-
8 could provide much higher UV absorption efficiency
comparing with traditional formulation.

Under UV irradiation, UV filter could produce toxic inter-
mediates, such as ROS, which could induce oxidative pressure
in cells, and destroy multiple cellular components, such as cell
membrane, DNA and collagen protein. It has been reported that
encapsulated UV filters in polymeric nanoparticles* and bio-
based polysaccharide nanoparticles® could improve the pho-
tostability and delay the photodegradation of UV filters.
Therefore, we hypothesize that ZIF-8 could confine any ROS
species generated from encapsulated OMC under UV irradia-
tion into the nanoporous structure, and eliminate potential
phototoxicity. In order to disclose the ROS species formation
process, dihydrorhodamine (DHR) was used as ROS probe to
detect ROS generated from OMC after UV irradiation. DHR was
mixed with PBS control, free OMC, blank ZIF-8 and encapsu-
lated OMC/ZIF-8, respectively. The fluorescence intensity was
recorded and the results have been shown in Fig. 4(D). DHR in
PBS solution could produce fluorescent emission because it
absorbs UV between 380-320 nm. In comparison, the fluores-
cence from free OMC is higher than the control, which
demonstrates that more free ROS intermediates generated from
the photoactivated OMC oxidized the DHR into fluorescent
species. Meanwhile, the fluorescence production of ZIF-8 could
be induced by the UV absorbance originated from unsaturated
C=N structure in the zeolitic imidazole frameworks structure.
In contrast, microencapsulated OMC/ZIF-8 shows lower fluo-
rescent intensity, which could be ascribed to the confined ROS
intermediates into ZIF-8 microporous structure, inhibiting the
contact and reaction with DHR probe molecules.

In order to evaluate the stability of microencapsulated OMC
in ZIF-8, the OMC release of microencapsulated OMC/ZIF-8 in
artificial human sweat has been measured, and the corre-
sponding results have been shown in Fig. 5. As we know, ZIF-8 is
a kind of microporous metal organic framework material,
which could provide high specific surface area and small pore
size. The small pore size could provide high diffusion resistance
for diffusion process. As shown in Fig. 5(A), OMC/ZIF-8 has
released a few OMC molecules with diffusion time. Meanwhile,
the release rate at 37 °C is higher than that at 32 °C, which
indicates that higher temperature could accelerate the molecule
diffusion. After 24 h, OMC/ZIF-8 released only 1.9% and 2.5% of
the total OMC load at 32 °C and 37 °C. The OMC release amount
of OMC/ZIF-8 is very low, which could be induced by confine-
ment effect of regular microporous structure. These results

RSC Adv., 2018, 8, 12315-12321 | 12319
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Fig. 5 Encapsulation stability and transdermal penetration of micro-
encapsulated OMC/ZIF-8. (A) OMC retention within OMC/ZIF-8 in
artificial human sweat at 32 °C and 37 °C; (B) transdermal penetration
of free and microencapsulated OMC in ZIF-8.

indicate that ZIF-8 could provide the high encapsulation
stability for OMC UV filter, and decrease the direct contact risk
of organic UV filter with skin.

In order to determine the transdermal diffusion of these
microencapsulated OMC in vitro, Franz diffusion cell was used
to analyze the effect of microencapsulation of OMC in ZIF-8 on
transdermal penetration test. The corresponding results have
been shown in Fig. 5(B). Free OMC could pass through human
skin tissue into the receiver solution, and the drug flux was up
to about 25 pug cm > at 8 h. The transdermal penetration of free
OMC could be induced by the hydrophobic interactions of OMC
and skin tissues. In contrast, microencapsulated OMC/ZIF-8
samples were not detected in the receiver solution at any
time. Although sweat pore is larger than the size of OMC/ZIF-8,
OMC/ZIF-8 nanoparticles couldn't penetrate the skin through
sweat pore, because the sweat gland is lined with sweat-
producing cells, not open up into the body. Therefore, we
speculate that the micro-encapsulated OMC in ZIF-8 samples
remained on the surface of skin. Moreover, the microporous
structure and small pore size could inhibit the leakage of OMC

12320 | RSC Adv., 2018, 8, 12315-12321

View Article Online

Paper

molecules, which could contribute to the zero penetration of
OMC.

Conclusions

In conclusion, the microencapsulated UV filter such as OMC
into nanoporous structure of ZIF-8 was demonstrated. The
results showed that microencapsulated OMC could produce a 5-
fold greater UV spectral absorption than traditional OMC
formulation due to nanoconfinement effect. Moreover, the
obvious photostability improvement of OMC/ZIF-8 was
demonstrated comparing with free OMC UV filter. More
importantly, microencapsulated OMC into ZIF-8 could not only
reduce the OMC release, but also confine the deleterious ROS
intermediates originated from photo decomposition of OMC
into the nanoporous structure of ZIF-8, which has prevented
skin exposure to the UV filter molecules and the subsequent
ROS intermediates. The UV filter/ZIF possess such advantages
as improved photoprotective ability, photostability, and
reduced risk of direct skin exposure, which would find broad
application in safe and efficient sunscreen for UV protection.
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