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ABSTRACT KEYWORDS
A new nanocarrier encapsulation technology that combined the advan- nanostructured lipid carriers;
tages of liquid crystal (LC) and nanostructured lipid carriers was devel- liquid crystal; Phenylethyl

resorcinol; in vitro drug

oped to overcome the problems related to the presence of phenylethyl oL .
release; in vitro penetration

resorcinol (PR) in cosmetic products. This paper described the charac-
terization and in vitro evaluation of nanostructured lipid carriers (NLC)
with an LC structure encapsulating PR (PR-LC-NLC). It demonstrated a
spherical morphology, high drug entrapment efficiency, and excellent
long-term stability. A prolonged release profile of PR from PR-LC-NLC
was obtained. And it increased the PR’s skin retention in the in vitro pen-
etration study.

1. Introduction

Skin whitening has a long tradition in Asia because a clear and even complexion has been
considered an ideal beauty in this continent for centuries. However, many common skin light-
ening ingredients are reported to be unsafe, cytotoxic, unstable, or ineffective at low con-
centrations. Phenylethyl resorcinol (PR), also known as 4-(1-phenylethyl)-1,3-benzenediol,
is a relatively new and highly efficient skin-lightening agent [1, 2]. PR is a synthetic com-
pound that is inspired from pinosylvin, a natural skin brightening compound that is found in
pine. This antioxidant effectively influences pigmentation, thereby producing skin-lightening
effects that do not result from cytotoxicity. A clinical study showed that 0.5% PR is more effec-
tive in skin lightening than 1.0% kojic acid [3]. However, the application of PR in cosmetic
products remains limited by its instability and poor water solubility.

To overcome these limitations, the use of colloidal delivery system is proposed. Solid lipid
nanoparticles (SLN) were developed at the beginning of the 1990s as an alternative colloidal
lipidic system for controlled drug delivery [4]. The liquid lipid (oil) phase from regular O/W
emulsion is replaced by a lipid mixture that remains solid at both room and body temper-
atures. The physical state of lipid particles plays a major role in increasing the stability of
active compounds after their incorporation into lipid nanoparticles, especially solid state
lipids. The liquid state of colloidal system allows the active ingredients to partition between
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the dispersed and continuous phases, thereby leading to the instability of the active ingre-
dients in the continuous phase during storage [5]. Nanostructured lipid carriers (NLC) are
new-generation SLNs whose oil phase is composed of solid and liquid lipids. In this case, the
particles have more internal defects than those in SLN, and it favors accommodation of more
guest molecules within the core region [6], thus facilitating the incorporation of an increased
amount of drug, while preserving the physical stability of the nanocarriers [7]. NLC also
remains in its solid state by controlling the liquid lipid content that is added to the formu-
lation, therefore, the controlled drug release properties for NLC can be achieved. Widely and
constantly studied, NLC is no longer an unfamiliar term for researchers. Although NLC load-
ing with PR has been previously investigated [8], a delivery vehicle that combines NLC with
liquid crystal (LC) structure for PR has yet to be explored.

LC shares the properties of conventional liquid and solid crystals [9]. In specific, LC may
flow similar to liquid, but its molecules may be oriented in a crystal-like way. LC structure can
be classified according to the conditions for the formation of molecular order. The lyotropic
LC, which is used in this study, includes lamellar, hexagonal, and cubic structure and is an
important part of the organized assemblies. These lyotropic liquid crystals exist not only in cell
membranes but also in body organs, and most of all, the skin structure. This structural simi-
larity can contribute to the skin compatibility of NLC and allow the PR which is loaded in the
carriers to have an increased function on the skin. LC has already been applied in nanocarrier
encapsulation technology in biology, pharmaceutics, and therapeutics, and has been proven
propitious to drug loading and release [10-14]. Therefore, NLC with LC structure applying
in cosmetics have an increased compatibility with the skin, can improve moisture retention,
and may have effect on controlled drug release and penetration [15-20].

Combining the advantages of LC structure and NLC, we provide a new delivery vehicle for
PR. Given its structural similarity to the intercellular lipids of the stratum corneum, which
nature designed for the most effective control of the water retention and to maintain the
healthiness of skin, large PR amounts are retained in the skin aside from water when the
LC structure encapsulates PR. NLC can form a membrane structure on the skin to enhance
this performance. Prolonged release and excellent stability can also be brought by NLC, which
may improve the PR’s effect even more.

2. Materials and methods

2.1. Materials

PR was provided by Symrise Co., Ltd. (Holzminden, Germany); triglyceride of caprylic-
capricacid (GTCC) was received from Lubrizol (USA); behenyl alcohol was obtained from
BASF Co., Ltd. (Ludwigshafen, Germany); cetearylglucoside was purchased from EVONIK-
DEGUSSA Co., Ltd. (Essen, Germany). The water used throughout the experiments was
deionized.

2.2. Preparation of NLC

NLC was prepared by melt and ultrasonication method [21]. Briefly, the lipid mixture (5.6%)
was constituted of 1.0g behenyl alcohol, 0.5g GTCC and 0.5g PR, and melted at 85°C. Mean-
while, 0.8g cetearylglucoside and 47.2g water, forming the aqueous phase, were heated at
85°C as well. Then, pour the lipid mixture to the aqueous phase. The mixture was emulsified
at 16,000 rpm for 3min, using an Ultra-Turrax® T-25 homogenizer (IKA®-Werke, Staufen,
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Germany). Then, the coarse emulsion was ultra-sonicated by an ultrasonic processor (Cole-
Parmer Instruments; Vernon Hills, Illinois, USA). The resulting suspensions were cooled
down to room temperature under stirring condition.

2.3. Morphology analysis

The morphology of the samples was examined by transmission electron microscopy (TEM)
(Tecnai G2 F30, FEIL, USA) and scanning electron microscope (SEM), (Quanta 200 FEG, FEI,
USA). Carbon filmed grid coating with the PR-NLC suspension was fixed with 1% osmic acid
for 4 hours. After rinsing the grid with pure acetone for 3 times and 10 min each time, it was
dried at 60°C in the oven for 48-72 hours. Then the samples were viewed under TEM and
SEM and photographs were taken at suitable magnification.

2.4. Particle size and zeta potential analysis

Particle size (nm), polydispersity index (PDI), and zeta-potential (ZP, mV) of NLC were deter-
mined at 25°C by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instru-
ments, Malvern, UK) equipped with a He-Ne laser operated at a wavelength of 633 nm. Mea-
surements were performed at a fixed scattering angle of 90°. 1 mL of nanolipid carriers was
placed into cuvettes of Beckman coulter after diluted 50 times with deionized water, and
measurements were recorded. Analysis of particle size, PDI, and ZP was performed using
manufacturer-supplied software that employed cumulant analysis. After performing mea-
surements at least three times, we calculated means for each variable.

2.5. Storage stability

Stability of NLC was evaluated by measuring the average particle size and PDI. All samples
were stored at room temperature for 9 weeks. The samples were dispersed in deionized water
and characterized in terms of mean size and PDI. The average particle size was determined
by cumulative analysis, and distribution was resolved using the Contin method [22].

2.6. High performance liquid chromatography (HPLC) measurement

The content of PR was analyzed by a high performance liquid chromatography (PE200, Perkin
Elmer, USA). The HPLC system was equipped with an Inertsil ODS-2 column, coupled with
a PESciex AP13000 MS-MS apparatus operating in the multiple reaction monitor mode. The
mobile phase was a mixture of acetonitrile and water (50:50 v/v). The column was a C18 col-
umn (250 mm x 4.6 mm, 5 um) (Aligent, USA).The flow rate was 1.0 mL/min, the detection
wavelength was 290 nm (G1314A, JP11615541, UV detector, USA), and the column temper-
ature was maintained at 35°C. Injected volume of the sample was 10 uL (Hu et al. 2006).

2.7. Drug encapsulation efficiency

Percent drug entrapment was determined and expressed as the ratio of experimentally mea-
sured amount of drug in dispersion and initial amount used for entrapment. First, a cer-
tain volume of NLC suspension was accurately taken, dissolved and diluted with anhydrous
ethanol. Then, drug content in the resultant solution was determined by HPLC method
described in item before, and the calculated drug amount was designated as W . To deter-
mine the unencapsulated drug the ultrafiltration centrifugal filter tubes with a molecular
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weight cut-off of 30 kDa (Millipore, USA) [23] were used. Equal volume of PR-LC-NLC sus-
pension was added into ultrafiltration centrifugal filter tubes and centrifuged at 12,000 rpm
for 2 h at 4°C. The ultra-filtrate was diluted with anhydrous ethanol and drug content in the
resultant solution was analyzed under the same HPLC condition. The amount of free drug
was designated as Wiee.

The drug encapsulation efficiency (E.E.) was calculated by the following equation:

_ Wiotal — Wfree
Wiotal

E.E. x 100%

2.8. Lyophilization of PR-LC-NLC

Ideally, a freeze-dried nanoparticle should preserve the stability of nanoparticles while main-
taining unaltered the initial nanoparticle parameters, such as hanging an adequate appear-
ance, presenting a short reconstitution time, as long as being easily resuspended in water,
and inducing no changes on particle size distribution of nanoparticles, while maintaining the
encapsulated drug activity. Lyophilization of PR-LC-NLC was performed using sucrose (15%
(w/v)) as cryoprotectant. The dispersion was pre-frozen for 12 h at —45°C and subsequently
lyophilized at a temperature of —80°C for 24 h. The sample was put in a dryer and stored at
room temperature afterwards.

2.9. Fourier transform infrared spectroscopy (FTIR) analysis

FTIR was performed using a Perkin Elmer system 2000 spectrophotometer to detectthe inter-
action between the drug and the lipid molecules. FTIR spectra of the samples were measured
by a Fourier transform infrared spectrometer (AVATAR 360, Nicolet Instrument Corporation,
USA). The spectra were employed at 400-4,000 cm ™ and a total of 32 scans were used.

2.10. Differential scanning calorimetry

Differential scanning calorimetry (DSC) analysis was performed using a DSC-Q200 differ-
ential scanning calorimeter (TA Instruments, USA). All formulation ingredients and freeze
dried PR-LC-NLC were placed in aluminum pans, and the temperature was increased from
0°C to 150°C at a rate of 5°C/min under a dynamic nitrogen atmosphere with a flow rate of
50 mL/min. An empty pan was used as a reference.

2.11. Small angle X-ray scattering

Small Angle X-ray Scattering (SAXS) measurements were performed to study the LC structure
of PR-LC-NLC by using a HMBG-SAX X-ray small angle system (Austria) with Ni-filtered Cu
Ko radiation (0.154 nm) operating at 50 kV and 40 mA. All the measurements were made with
2 kW power, vacuum less than 107>MPa and a temperature of 25°C. The relative position of
SAXS peaks on the scattering vector (q) axis was used to determine the structure of the liquid
crystal phase.

2.12. Karl Fischer titration

A Karl Fischer Titration (ZSD-2, Anting Electronics, Shanghai, China) was used to determine
micro amount of water content which presence in lamellar liquid crystalline. Lyophilized sus-
pensions were measured. K-F reagent was calibrated by using the redistilled water. In this
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measurement, water reacts with iodine and sulfur dioxide 10 uL (W’) of redistilled water was
taken by using syringe and then injected into the titration cell where iodine and water react for
coulometric titration, the number exhibited at the screen was A’, which represents the amount
of Karl Fischer reagent that the titration consumed. And the water content was calculated by
following equation:

W/
A
F
Water content% = A x W x 100%

F

F: the amount of water that each milliliter of KF reagent consumed.
W: the weight of the sample (mg).
A: the amount of KF reagent that the sample consumed.

2.13. Invitro drug release

In vitro release studies were performed using the dialysis method. Generally, 2 mL of the dis-
persion was placed into a dialysis bag (molecular weight cut oft 8000-14000; Viskase, USA),
then placed into 40 ml of receiving phase constituted of phosphate buffer (pH 6.0) and ethanol
(70:30, v/v). Samples of receiving phase were withdrawn at regular time intervals, and ana-
lyzed by HPLC method as described above. Fresh receiving mixture was added to maintain
constant volume.

2.14. Invitro penetration

The penetration experiment was conducted in sink conditions. The artificial skin was selected
from EMD Millipore Corporation (Billerica, U.S.A.). Vertical Franz diffusion cells (TP-6,
Tianjin Xinzhou Science and Technology Co., Ltd., China) with a diffusion area of 1 cm?
and a receptor compartment volume of 15 mL were used for permeation studies. The artifi-
cial skin was mounted on the Franz diffusion cell, with the shiny side contacting the donor
compartment. An amount of 3mL of samples was applied on the skin surface in the donor
compartment, and the receptor compartment of the cell was filled with phosphate bufter (pH
6.0) and ethanol (70:30, v/v). During the experiments, the solution in receptor side was main-
tained at 37 &£ 0.5°C in order to ensure the surface skin temperature on the surface of the
membrane and stirred at 800 rpm with Teflon-coated magnetic stirring bars. After applica-
tion of the test formulation, 1mL of sample was analyzed at pre-determined time intervals
(1,2, 4,6, 8, 10, 12, 24 h) and replaced by an equal volume of fresh receiving solution. After
that, the skin retention was measured as well, by soaking the artificial skin in 20 mL of ethanol.
The skin soaked in ethanol was then sonicated for 20 min using an Ultrasonic sonicator (KQ-
250DE, Kun Shan, China). The resulting solution was then analyzed after filtrated to remove
the macromolecule impurities.

2.15. Statistical analysis

All values were expressed as the mean value deviation. Statistical significance of differences
was examined using one-way analysis of variance followed by a least significant difference
post hoc test. The significance level was set at p < 0.05.
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Figure 1. Sample morphology: A) TEM and B) SEM images of PR-LC-NLC.
3. Results and discussion

3.1. Morphological analysis

In order to provide information on the morphology of the PR-LC-NLC, TEM and SEM was
used to take photos of the NLC formulation. As indicated in Fig. 1, the NLC particles were
spherical with a homogenous shading and that the particles were approximately 100 nm in
diameter and included some large objects that might be aggregation of particles that resulted
from the pretreatment. Particle size measurements were performed to obtain precise infor-
mation on size distribution.

3.2. Particle size and zeta potential analysis

Particle size and zeta potential are important physicochemical particle indexes that determine
the physical stability and biopharmaceutical properties of the preparation [24]. The particle
size and PDI of PR-LC-NLC were 153.9 £ 8.3 nm and 0.23 = 0.01, respectively, with a neg-
atively charged surface of —38.8 & 0.6 mV. The diameter that was determined by DLS was
larger than that observed by TEM and SEM (i.e., approximately 100 nm). Such divergence
might be attributed to the fact that DLS might produce errors. The particles might be sur-
rounded by a layer of water molecules during dynamic light scattering, which might result in
a large particle size. In general, smaller particles (less than 200 nm) have a higher skin reten-
tion. Well-formulated systems should display a narrow particle size distribution in the sub-
micron size range [25]. PDI indicates the width of the particle size distribution, which ranges
from 0 to 1, and a PDI of < 0.3 is considered narrow size distribution [26]. A narrow PDI
indicates the homogeneity of colloidal suspensions. The particles may disperse stably when
the absolute value of zeta potential is above 30 mV because of the electric repulsion between
particles [27].

3.3. Storage stability

During a nine-week storage at room temperature, the stability of the sample was detected by
monitoring the particle size and PDI. NLC should improve the physical stability of the active
ingredient loaded in it [28]. As shown in Fig. 2, the mean particle size did not significantly
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Figure 2. Mean particle size and PDI of PR-LC-NLC during the nine-week storage period.

change and ranged from 157.4 nm to 169.3 nm during the nine-week storage. According to
Stoke’s law, the particle radius is proportional to the flow settling velocity, which suggests that
a smaller particle size leads to the slower settlement and higher stability of the particles. The
sample had a favorable monodispersity because of the narrow size distribution indicated by
the PDI values, which were all lower than 0.3 during the entire storage period. No creaming,
flocculation, and coalescence were observed, suggesting that the prepared NLC had a favor-
able physical stability in the long-term storage. Therefore, the obtained formulation could be
an excellent vehicle for PR when applied in products.

3.4. Drug encapsulation efficiency (E.E.)

Drug encapsulation efliciency is an important aspect of nanoparticles as ideal drug delivery
carriers. The encapsulation efficiency of PR was 98.70%, as measured by HPLC. Such a high
E.E. suggested that most of the PR was encapsulated in the NLC. This phenomenon could
be explained by the liquid lipid in the lipid core of NLC, which could create a less-ordered
crystalline in the solid lipid matrix, thereby increasing the PR content in the particles.

3.5. Fourier transform infrared spectroscopy (FTIR) analysis

FTIR was conducted to verify whether any interaction occurred between the lipid and the
active ingredient, in this case, PR. Fig. 3 showed the FTIR spectra of pure PR, blank NLC,
PR and blank NLC mixture (PR-mixture), and PR-LC-NLC. The FTIR spectrum of pure PR
(Fig. 3A) revealed absorption bands at 3384.83 cm ™, which could be attributed to hydrate
O-H stretching. The intense bands at 3019.06 and 1602.26 cm™" could be attributed to aro-
matic C-H and C = C stretching, respectively. The peaks at 699.98 and 546.79 cm ™ resulted
from substituted benzene. These characteristic peaks of PR [29] were also present in the PR-
mixture and pure PR. The FTIR spectra of blank NLC and PR-LC-NLC were almost the same.
In the FTIR spectrum of PR-LC-NLC, the peaks that corresponded to PR (as indicated by the
arrows in Fig. 3) could not be found or was weakened in the spectra of blank NLC, which indi-
cated that PR was entrapped in the lipid matrix. Similar results were observed for other drugs
[30-31] as well. This phenomenon could be explained by the drug-enriched core model for the
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Figure 3. FTIR of the samples: (A) pure PR, (B) mixture of PR and blank NLC, (C) PR-LC-NLC, and (D) blank
NLC.

incorporation of active compounds into SLN [32]. Similar to SLN, PR might start precipitat-
ing because of its high melting point as the core and other components (lipid and emulsifiers)
might form a coating around the core.

3.6. Differential scanning calorimetry (DSC)

DSC is a thermo-analytical technique for studying crystallinity degree and polymorphic or
thermal transitions that involve energy changes. Fig. 4 showed the DSC traces of (A) blank
NLC, (B) PR-LC-NLC, and (C) pure behenyl alcohol. During heating, all samples showed an
endotherm around 70°C. Two small peaks and a sharp peak were found in the DSC trace of
pure behenyl alcohol (Fig. 4C), whereas blank NLC and PR-LC-NLC only had a relatively

A

e
B
\\/_ C

=

20 40 60 80
Temperature(°C)

Figure 4. DSC traces of the samples: (A) blank NLC, (B) PR-LC-NLC, and (C) behenyl alcohol.
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broad endotherm. This might be caused by the liquid crystal structure (so-called mesomor-
phic state) that the NLC possessed, instead, pure behenyl alcohol’s crystalline is more aligned.
Crystalline behenyl alcohol showed a sharp endothermic peak at 64.5°C, which corresponded
to its melting point [33]. Conversely, given the colloidal size range of the lipid particles, a
remarkably lower endothermic peak of lipid was observed in PR-LC-NLC and blank LC-
NLC compared with that of pure behenyl alcohol. The shift in the melting point of NLC might
be attributed to the interaction of solid and liquid lipids during the preparation process. A
less-ordered crystal or amorphous lipid matrix could facilitate the encapsulation of greater
amounts of drug [34].

3.7. Small angle X-ray scattering

The liquid crystalline of PR-LC-NLC was identified by SAXS. Fig. 5 showed that
Qi Q3 Qai Qs = /21 +/3:+/4:4/6: /8. According to the literature [35], the LC of PR-
LC-NLC was cubic, which was among the three structures of lyotropic LC. The cubic phase
of LC is suitable for the design of nanostructured carriers and delivery systems by facilitating
the encapsulation of active ingredients [36-37].

3.8. Karl Fischer titration

The liquid crystalline surrounding the droplets contains a multilayer structure of water[38].
Therefore, Karl Fischer titration was performed to determine the water content in the liq-
uid crystalline. Aside from PR-NLC-LC dispersion, we prepared a regular emulsion with
PR as the active ingredient (changing the solid lipid into liquid lipid — GTCC, while the total
amount of the lipid remained the same as that in the original formulation) (PR-Emulsion) and
used PR in NLC suspension without LC structure as control (changing behenyl alcohol and
cetearylglucoside into pentaerythritol distearate and PEG-20 methyl glucose sesquistearate,
respectively, while maintaining the quantity and the other parts of the formulation invariant
of PR-LC-NLC) (PR-NLC). Table 1 showed that the water content of PR-LC-NLC was much
higher than that of PR-Emulsion and PR-NLC without an LC structure. This result further
proved that LC existed in our obtained suspension.
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Table 1. Water content of PR-Emulsion, PR-NLC, and PR-LC-NLC.

PR-Emulsion PR-NLC PR-LC-NLC

Water content (%) 23973 27394 4.4552

3.9. Invitro drug release

To achieve controlled release and obtain prolonged release information, the complete in vitro
release profile was determined using dialysis. Fig. 6 showed the release of PR in the regular
emulsion, NLC, and NLC with LC structure within 24 h. The PR release from the regular
emulsion was superposable to that from the NLC. No significant differences were observed
between PR-NLC and PR-LC-NLC. This finding might indicate that the LC structure did not
influence in vitro drug release (needed further study) and that NLC could serve as an excellent
vehicle for PR. In the PR-NLC formulation, the PR molecules were incorporated into the lipid
matrix, and their diffusional mobility was decreased. In the case of PR-Emulsion, a release
pattern was observed following an initial burst release of drug, which was then followed by
a sustained release of drug at a constant rate. The PR that was encapsulated in the NLC dis-
played a release pattern that persistently increased along with a slower escalation rate but did
not remain constant. This finding indicated that the NLC structure had a controlled release
and a prolonged release effect. The initial burst release of NLC at 2 h might be attributed to
a drug-enriched shell model for the incorporation of PR into the NLC system. A significant
proportion of the active drug (80.38% and 74.89%) remained in the outer shell during super-
saturation, which led to a short diffusion path from the drug to the release media [39]. Fig. 6
showed that the PR released from the NLC within 24 h was less than that from PR-Emulsion.
This result suggested that instead of being diffused into the surrounding medium, more PR
was retained in the skin because of the NLC structure.

3.10. Invitro penetration study

The in vitroskin penetration of PR-NLC and PR-LC-NLC was investigated through artificial
skin using Franz diffusion. The PR-Emulsion was used as control. Fig. 7 showed the in vitro

D__/D_‘_H—H_""“‘—D o
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®
2 3
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Figure 6. In vitro drug release of PR-Emulsion, PR-LC-NLC, and PR-NLC.
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Figure 7. In vitro penetration of PR-Emulsion, PR-LC-NLC, and PR-NLC.

Table 2. Skin retention of PR-Emulsion, PR-NLC, and PR-LC-NLC.

PR-Emulsion PR-NLC PR-LC-NLC

Skin retention(ng/mL) 388.84766 502.19852 653.9491

penetration of PR in the regular emulsion, NLC, and NLC with LC structure within 48 h. The
PR penetration from PR-Emulsion was superposable to that from the NLCs with or without
LC structure. By contrast, the penetration of PR-NLC was slightly superposable to that from
PR-LC-NLC. Cosmetic actives should be localized in the skin without causing any systemic
effects to avoid crossing the skin. As shown in Table 2, PR-LC-NLC retained more PR in the
skin than PR-Emulsion and PR-NLC. The application of NLC to the skin led to the formation
of films, to which the LC contributed because its structure was similar to the skin surface. The
water of the suspension was evaporated, thereby leading to particle fusion and film formation.
Given that PR was localized in this film, the penetration decreased, and the skin retention
increased.

4. Conclusion

A promising delivery vehicle for PR was successfully manufactured. This vehicle combined
the advantages of NLC and LC structure, including excellent stability, excellent water solu-
bility, and high skin retention, thereby addressing the limitations of PR in its application in
cosmetic products. PR-LC-NLC demonstrated a spherical morphology, high drug entrap-
ment efficiency, and excellent long-term stability. The investigations on the drug-lipid inter-
action using FTIR spectroscopy confirmed the compatibility of PR with the carrier lipid. DSC
analysis illustrated the thermo transition of the samples. The LC structure of the carrier was
characterized using SAXS and Karl Fischer titration. A prolonged release profile of PR from
PR-LC-NLC was obtained. When the PR was encapsulated into LC-NLC, the amount of PR
that penetrated through the skin was reduced, whereas the accumulation of PR in the skin
was increased. Therefore, NLC combined with LC structure has superior cosmetic applica-
tions over traditional emulsions.
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