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Abstract: Melanin is the one of most important pigments for skin color in mammals. Excessive
biosynthesis of melanin induces various pigment disorders. Much effort has been made to
develop regulators to minimize skin pigmentation abnormalities. However, only a few of them
are used, primarily because of safety concerns and low efficiency. In this study, we aimed to
construct a novel nanosphere-gel for sequential delivery of salidroside and paeonol, to investigate
the synergistic effects of these drugs in anti-melanogenesis, and to decrease their potential for
toxicity in high dosage. Nanospheres were prepared and characterized for their particle size,
polydispersity index, zeta potential, and morphological properties. The optimized nanospheres
were incorporated in carbomer hydrogel with both paeonol and salidroside entrapped to form a
dual drug-releasing nanosphere-gel. With this nanosphere-gel, rapid release of salidroside from
the hydrogel followed by sustained release of paconol from the nanosphere was achieved. Using
a classical model of the melanogenesis response to ultraviolet exposure, it was shown that the
anti-melanogenesis effects of the dual drug-releasing system, in which the doses of the individual
drugs were decreased by half, was obviously enhanced when compared with the effects of the
single drug preparations. Mechanistically, the burst release of salidroside from the hydrogel may
enable prompt suppression of melanocyte proliferation on exposure to ultraviolet B radiation,
while the paeonol released in a sustained manner can provide continuous inhibition of tyrosinase
activity in melanocytes. Combined delivery of salidroside and paeonol was demonstrated to be a
promising strategy for enhancing the therapeutic efficacy of these agents in anti-melanogenesis
and reducing their toxicity, so may have great potential in nanomedicine.
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Introduction

Melanin is the major pigment for color in human skin. It is secreted by melanocyte
cells in the basal layer of the epidermis."* Apart from contributing to cosmetic
appearance, melanin functions as an effective biological barrier for absorbing free
radicals from the cytoplasm®* and shielding from ultraviolet (UV) light.>* How-
ever, overproduction and accumulation of melanin can cause hyperpigmentation
problems and skin disorders such as freckles, melasma, and lentigines.”'* Aside
from constitutive melanin synthesis, solar UV radiation is the main etiological
factor in melanogenesis.!""'> Many factors that increase melanogenesis are upregu-
lated in response to UV irradiation and result in hyperpigmentation.'* Failure to
eliminate ultraviolet B (UVB)-damaged cells by controlled apoptosis may result
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in pigmentation disorders induced by accumulation of
melanin, such as melasma, freckles, ephelides, and senile
lentigines.!'*!

Briefly, UVB may play a critical role in the synthesis of
melanin via two major mechanisms. First, it has a strong
ability to stimulate proliferation of melanocytes and promote
synthesis of melanin after sun exposure'® and, second, UVB
stimulates tyrosinase activity in cells to produce melanin.!”
Therefore, both inhibition of melanocyte proliferation and
activation of tyrosinase are critical for anti-melanogenesis.
In a previous study, we reported on two natural products,
ie, paeonol and salidroside, which have anti-melanogenesis
effects by inhibition of tyrosinase activity and melanocyte
proliferation, respectively.'® Given that salidroside and
paeonol can interfere with synthesis of melanin via several
mechanisms, it is widely hypothesized that combined deliv-
ery of these compounds would be very useful for enhancing
their therapeutic efficacy and would allow the drug doses to
be decreased, thereby reducing their potential toxic effects.
However, as far as we know, the evidence for a synergistic
effect of multiple drugs in anti-melanogenesis is scarce.
Therefore, the main aim of this study was to investigate the
anti-melanogenesis efficacy of the combined delivery of
paeonol and salidroside, in contrast with that of each drug
administered alone.

Paeonol is a phenolic-type compound and almost insoluble
in water,'*? while salidroside is a glucoside of tyrosol and is
highly soluble in water.?! Figure 1 shows the chemical struc-
tures of salidroside and paconol. Combined delivery of these
two compounds is not possible using simple drug solutions or
conventional preparations. Further, salidroside decreases the
proliferation of melanocytes, whereas paconol downregulates
tyrosinase activity in melanocytes, the delivery manner with
a fast release of salidroside followed by the sustained release
of paeonol can prevent the melanin synthesis from multiple
pathways. The problems of short-term effects and poor stabil-
ity, need for frequent administration, and poor penetration of
the stratum corneum have greatly hampered application of
drug solutions and conventional preparations in the clinic.?
The application frequency of salidroside and paeonol once
daily may make these agents a good choice for the treat-
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Figure | Chemical structure of salidroside and paeonol.

ment of melanogenesis. A novel carrier is required to reduce
the dosing frequency and to improve patient compliance.?
Accordingly, another aim of this study was to construct a
novel nanotechnology-based system to deliver salidroside and
paeonol sequentially, to protect the drugs from degradation,
and to reduce their potential for toxicity at high dosage.

Topical drug delivery systems are particularly useful
because systemic side effects can be reduced compared
with parenteral or oral drug administration.?* Because of
their ultrasmall and controllable size, large surface area to
mass ratio, high reactivity, and functionalizable structure,?-¢
various nanoscale technologies have been used to construct
topical drug delivery systems allowing simultaneous delivery
of multiple drugs.?”* Specifically, lipid nanoparticle-based
carriers that can attach to the skin surface and allow lipid
exchange between the outermost layers of the stratum cor-
neum and the carrier appear to be promising for improving
penetration of the stratum corneum.* Therefore, in this study,
lipid nanospheres were optimized as carriers for sustained
release of paeonol.

Another useful carrier, ie, water-based hydrogel, allows
burst release of drug from the sheeting for a rapid effect,
and the hydrogel can remain at the skin site with no need for
other material for cover and/or fixation.*! In the present study,
hydrogel was loaded with salidroside for rapid release of this
compound. The hydrogel carrier was selected to provide an
adhesive phase for the nanoparticle suspension, to increase
the chemical stability of the drugs in the formulation, and
to improve adhesion of the nanosuspension to the skin.
Therefore, the optimized nanospheres were incorporated
in a carbomer hydrogel entrapping salidroside to form a
dual drug-releasing nanosphere-gel. Using this system, the
intention was to provide burst release of salidroside from the
hydrogel, which would rapidly inhibit synthesis of melanin
in response to irritation by UVB, followed by continuous
elimination of melanin by the paeconol released in a sustained
manner from the nanospheres. The efficacy of this dual drug-
releasing nanosphere-hydrogel in decreasing and preventing
melanogenesis was investigated using the UVB-irradiated
melanogenesis skin model,’?3** with single drug-loaded
preparations serving as controls.

Materials and methods

Materials

Paeonol and salidroside (>99.5% purity) were purchased from
the Zhejiang Institute of Food and Drug Control (Zhejiang,
People’s Republic of China). Compritol® ATO 888 was pro-
vided by Gattefosse (Shanghai, People’s Republic of China),
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Dynasan® 116 was purchased from Contensio Chemicals
GmbH (Witten, Germany), and clotrimazole and Miglyol®
812 were obtained from Caelo (Hilden, Germany). Xanthan
gum was sourced from Sigma-Aldrich (St Louis, MO, USA).
Lecithin (Sigma-Aldrich) and Tween-80 (Shanghai Chemical
Co, Ltd, Shanghai, People’s Republic of China) were chosen
as surfactants. Carbopol® 934, 940, and 941 was provided
by Hangzhou Keben Chemical Co, Ltd (Zhejiang, People’s
Republic of China). Double-distilled water was used in all
experiments. All other chemicals and solvents were of analyti-
cal reagent grade. A Masson’s trichrome staining kit was pur-
chased from Nanjing Keygen Inc. (Nanjing, People’s Republic
of China). Buffered paraformaldehyde (4%) was purchased
from Boster Inc. (Wuhan, People’s Republic of China).

Optimization of nanosphere formulation
The nanospheres were prepared using the solvent evaporation
method. Briefly, the lipid phase (consisting of solid-lipid and
liquid-lipid materials) was melted with lecithin at 80°C to
obtain a clear lipid phase. Meanwhile, an aqueous surfactant
solution was prepared and heated to the same temperature.
The hot surfactant solution was then dispersed in the hot lipid
phase using a magnetic stirrer at 2,000 rpm for 30 minutes.
The coarse hot oil-in-water emulsion obtained was ultra-
sonicated using a Sonopuls ultrahomogenizer (Bandelin,
Berlin, Germany) for 20 minutes. A series of nanospheres
was prepared by varying the types and contents of lipid, drug,
and surfactant in water (Table 1), and evaluated for their size
and zeta potential.

Table | Size, polydispersity index, and zeta potential of nanospheres

Gels enriched with nanospheres

The gels were prepared using four polymers, ie, Carbopol 934
(1%), Carbopol 940 (1%), Carbopol 941 (1%), and xanthan
gum (1%). For preparation of the hydrogel, the gel-forming
polymer was dispersed in double-distilled water overnight,
and then neutralized with NaOH. After adding the nanosphere
dispersion (using the best formulation obtained by optimi-
zation), the sample was mixed using a high-speed stirrer at
approximately 500 rpm for 10 minutes. Finally, the pH of the
sample was adjusted to 7.0+0.2. The nanosphere-incorporated
hydrogel was then stored at 4°C for up to 6 weeks.

Characterization of the nanosphere

dispersion and nanosphere-gel

Particle size analysis and zeta potential

To determine the size and zeta potential of the nanospheres,
the nanosphere dispersion and nanosphere-gel were
diluted with double-distilled water and then adjusted to a
conductivity of 50 mS/cm with NaCl. The measured elec-
trophoretic mobility was converted to a zeta potential using
the Helmholtz-Smoluchowski equation. This was done using
the software included in the system.

Morphological analysis by TEM

The morphology of the nanospheres was observed by trans-
mission electron microscopy (TEM), (JEM-1200EX, JEOL
Ltd, Tokyo, Japan). The required sample was prepared by
placing a drop of formulation diluted 50-fold with double-
distilled water onto a 400-mesh copper grid coated with

Number Lipid phase Woater phase Day 0
Solid lipid/liquid lipid (w/w) Surfactant Size (nm) PDI ZP (mV)

| ATO:MIG (7:3) 1% T-80 452423 0.28610.18

2 ATO:MIG (6:4) 1% T-80 3,940+17 1+0.21

3 ATO:CCT (7:3) 1% T-80 584+44 0.325%0.09

4 ATO:CCT (6:4) 1% T-80 800+38 0.916+0.17

5 Dyna:CCT (7:3) 1% T-80 559+29 0.542+0.21

6 Dyna:CCT (6:4) 1% T-80 412455 0.432+0.06

7 Dyna:MIG (7:3) 1% T-80 305+12 0.300+0.13

8 Dyna:MIG (6:4) 1% T-80 275%15 0.208+0.25 —15+4
9 Dyna:MIG (5:5) 1% T-80 303+24 0.205+0.05

10 Dyna:MIG (4:6) 1% T-80 352421 0.227+0.36

I Dyna:MIG (3:7) 1% T-80 328+32 0.184+0.27

12 Dyna:MIG (6:4) 1% lecithin 322+19 0.168+0.03 -33+2
13 Dyna:MIG (6:4) 0.5% T-80 260+15 0.23240.04 —261£5

+0.5% lecithin

Notes: Data are expressed as the mean * standard deviation. ATO (Compritol® ATO 888; Gattefosse, Shanghai, People’s Republic of China); Dyna (Dynasan® | 16 V;
Contensio Chemicals GmbH, Witten, Germany); MIG (Miglyol® 812; Caelo, Hilden, Germany); CCT (Caprylic capric triglycerride; Hangzhou Jianghui Technology Co., Ltd,

Hangzhou, People’s Republic of China); T-80 (Tween-80, Shanghai Shize Biotechnology Co, People’s Republic of China).

Abbreviations: PDI, polydispersity index; ZP, zeta potential.

International Journal of Nanomedicine 2014:9

submit your manuscript 1899

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Peng et al

Dove

carbon film followed by negative staining with 1% phos-
photungstic acid.

Drug entrapment efficiency

The amount of drug encapsulated per unit weight of the
nanospheres was determined after separation of the free
drug and lipids from the aqueous medium. A known dilu-
tion of the nanosphere dispersion was prepared, from which
100 L was transferred to the upper chamber of a Nanosep®
centrifuge tube (Pall Life Sciences, Portsmouth, UK) fitted
with an ultrafilter (molecular weight cutoff 100 kDa). The
Nanosep tube was centrifuged at 12,000x g using a TC 4100
D research centrifuge (Eltek, Mumbai, India) for 30 minutes.
The filtrate was diluted appropriately and the amount of pae-
onol in both phases was estimated by high-pressure liquid
chromatography. The percentage entrapment efficiency was
calculated using the following equation:

W

It

YW,

initial drug

x 100%

nitial drug - Wfree drug

where W. . is the mass of the initial drug added and
initial drug

W e anyg 18 the mass of free drug detected in the filtrate of the

lower chamber of the Nanosep tube following centrifugation
of the aqueous dispersion.

In vitro drug release

A drug release study was performed using the dialysis
method. A dialysis bag retains nanospheres and nanosphere-
gel but allows transfer of dissolved/released drug molecules
into the release medium. Briefly, dialysis bags (molecular
weight cutoff 8,000—14,000 kDa) were prepared according
to the protocol recommended by Sigma-Aldrich and then
soaked in the release medium overnight prior to the study.
The release medium was 1 mM phosphate-buffered saline
(pH 7.4). The nanosphere dispersion and nanosphere-gel
were put in the dialysis bags, which were placed in centri-
fuge tubes containing 25 mL of the release medium. The
bottle was capped and placed on a shaking box at 37°C
and 75 rpm. At predetermined time points, a 2 mL sample
of the release medium was withdrawn from the bottle and
replaced with 2 mL of fresh release medium to maintain
the sink condition. The samples were analyzed by high-
pressure liquid chromatography. Paeonol was separated on
an ODS C18 column (250 mm X 4. 6 mm, 5 um) and eluted
with mobile phase of methanol-water (60:40, v/v) at a flow
rate of 1 mL per minute. Detection was done at 274 nm.
Salidroside was separated on a reversed phase C18 column

(250 mm X 4. 6 mm, 5 um) and eluted with mobile phase
of methanol-water (70:30, v/v) at a flow rate of 1 mL per
minute. Detection occurred at 274 nm.

Stability of nanosphere-hydrogel

Particle size and polydispersity index are important charac-
teristics when evaluating the stability of colloidal systems,
and were evaluated for the nanospheres during storage at
4°C for up to 28 days after their production.

UVB-induced melanogenesis

in brown guinea pigs

Brown guinea pigs (weighing approximately 500 g) were
supplied by Zhejiang University Experimental Animal Center
(Zhejiang, People’s Republic China). All animals were main-
tained under constant conditions (temperature 25°C£1°C)
and had free access to a standard diet and drinking water. All
of the experimental procedures were performed in accordance
with the Zhejiang University guidelines for the welfare of
experimental animals.

UVB-induced melanogenesis was induced on the backs
of guinea pigs weighing approximately 500 g. The animals
were anesthetized with pentobarbital, and separate areas
(1.5 cm x 1.5 cm square) on the back of each animal were
exposed to UVB radiation (Waldmann UV 800, Herbert
Waldmann GmbH & Co, KG, Villingen-Schwenningen,
Germany), with a TL/12 lamp emitting at 280-305 nm
(Philips, Eindhoven, the Netherlands). The total UVB dose
was 500 mJ/cm? per exposure.>* The animals were exposed to
UVB radiation three times a week for 2 consecutive weeks.
For the animal model experiments, the guinea pigs received
only 2 consecutive weeks of UVB irradiation without any
further handling.

For the pharmacological investigation, the animals were
divided into four groups containing six animals each, as
follows: a blank control group; a paeonol nanosphere-water
suspersion group (1 mL of paconol nanosphere dispersion,
with 0.2 mg of paeonol given every 2 days); a salidro-
side hydrogel group (1 mL of salidroside hydrogel, with
0.2 mg of salidroside given every 2 days); and a paeconol and
salidroside-coloaded nanosphere-hydrogel group (0.1 mg of
paeonol and 0.1 mg of salidroside given every 2 days). All
drug preparations were administered topically for 2 consecu-
tive weeks with simultaneous UVB exposure. Skin biopsies
were taken and processed by histological analysis using
Fontana-Masson staining. Figure 2 shows the basic design
of the animal study.
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Figure 2 Flow chart of the animal study procedures. (A) UVB irradiation of the brown area in guinea pig skin. (B) Melanin synthesis caused by melanocyte proliferation upon
UVB radiation. (C) Melanin synthesis caused by tyrosinase activation in melanocytes upon UVB radiation. (1) Blank control group: brown guinea pig skin without treatment.
(2) Brown guinea pig skin treated topically with salidroside hydrogel every 2 days with simultaneous UVB radiation. (3) Irradiated brown guinea pig skin treated topically with
paeonol nanosphere suspension every 2 days with simultaneous UVB radiation. (4) Irradiated brown guinea pig skin treated topically with salidroside and paeonol coloaded

nanosphere-gel every 2 days with simultaneous UVB radiation.
Abbreviation: UVB, ultraviolet B.

Histological analysis of guinea pig skin
Hematoxylin and eosin staining

Skin biopsy specimens were fixed in 4% paraformaldehyde
solution for 24 hours at 4°C. The tissue was then dehydrated
and embedded in paraffin according to standard procedures.
Serial 3 um thick sections were obtained. The histological
properties of the skin were analyzed using hematoxylin and
eosin staining.*

Fontana-Masson staining

Skin biopsy specimens were fixed in 4% paraformalde-
hyde solution for 24 hours at 4°C. The tissue was then
dehydrated and embedded in paraffin according to standard
procedures. Serial 3 um thick sections were obtained.
Melanocytes and melanin were visualized using Fontana-
Masson staining.*

Statistical analysis

The results are expressed as the mean (+ standard devia-
tion) values of three experiments. The means were analyzed
by Student’s f-test using Statistical Package for the Social
Sciences version 13 software (SPSS Inc., Chicago, IL,
USA). P-values <0.05 were considered to be statistically
significant.

Results

Optimization of nanosphere

formulation for paeonol

A total of 14 experiments were performed (Table 1) that
provided useful information about the main effects of the
selected variables, including the types and percentages of the
solid, liquid, and lipid materials, as well as the surfactants.
The mean particle size and polydispersity index of colloidal

carriers are important characteristics for nanospheres,
from which the stability of drug-loaded nanospheres can
be predicted. As shown in Table 1, using a combination of
Compritol ATO 888 and Miglyol 812 or CCT (LABRAFAC
CC, Shanghai Thanch Pharmaceuticals Technology Co,
People’s Republic of China) (samples 1—4), the prepared
nanospheres were large in size with a high polydispersity
index. In contrast, using Dynasan 116 as a solid lipid
element, the particle size and polydispersity index of the
nanospheres were markedly decreased (samples 5-13). The
best formulation was obtained when the Dynasan 116 and
Miglyol 812 were in a ratio of 6:4; ie, the smallest particle
size was 275 nm with a low polydispersity index of 0.208
(sample 8). The surfactant used greatly affected particle size
and polydispersity index.

It has been reported that combination of different types of
surfactants is advantageous for decreasing particle size and
increasing the stability of a nanosphere.?” In the present study,
1% lecithin and a mixture containing 0.5% of T-80 and 0.5%
of'lecithin were compared for their influence on the formation
of nanospheres. It was found that the mixture containing 0.5%
T-80 and 0.5% lecithin had an advantageous effect in terms
of decreasing the particle size and polydispersity index and
increasing the stability (sample 13).

The zeta potential is also an important parameter pre-
dicting the stability of nanospheres as well as their potential
mucoadhesive properties. Generally, a high surface charge
reflects stronger repulsive interactions between nanospheres,
and as a result, the nanospheres could be more stable in an
aqueous dispersion environment. In general, lipid nano-
spheres have a negative surface charge. Using 0.5% T-80
and 0.5% lecithin as the surfactant, the nanosphere particles
in sample 13 had an increased zeta potential (—26 mV) when
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compared with sample 8 (zeta potential —15 mV) which
contained 1% T-80 as the surfactant.

For an optimized formulation intended for application
to the skin, a small particle size, a low polydispersity index,
and a higher zeta potential should be advantageous for skin
penetration and drug loading. The sample 13 formulation
was selected as a carrier for loading paeonol, in which 60%
Dynasan 116 and 40% Miglyol 812 was used as the solid
and liquid lipid materials, respectively, and 0.5% T-80 and
0.5% lecithin was used as the surfactant.

Characterization of paeonol-loaded
nanospheres

TEM studies were carried out to gain further insight into the
morphology of the paeconol-loaded nanospheres. TEM imaging
of this formulation (Figure 3A and B) showed that the nano-
spheres had an almost spherical and homogeneous shape, with
some irregularities at the periphery of the particles. The size
of'the paconol-loaded nanospheres was also determined using
a laser particle size analyzer, which demonstrated that each
paconol-loaded nanosphere was around 211 nm in diameter
with a polydispersity index of 0.252%1.6 (Figure 3D). The
presence of paconol molecules did not significantly change
the particle size or zeta potential. The paeonol entrapment

®

Intensity (%)
S~ o

N

100

efficiency in the nanospheres was 76.9%12.1%. Release of
paeonol from the nanospheres was observed under sink condi-
tions, and dynamic dialysis was used to separate the free drug
from the paeonol-loaded nanospheres. Figure 3E shows a sus-
tained release profile for the paconol nanosphere. In contrast
with release of paconol from solution, whereby more than 90%
of the paconol is released within 8 hours (Figure 3C), release
of paeonol from the nanosphere formulation was around 15%
in the initial 3 hours, with approximately 70% of the paeonol
having been released in a sustained manner by 72 hours.
Because the paconol entrapped in a solid and liquid lipid matrix
needs time to diffuse from the lipid matrix to the surface and
undergo partitioning between the lipid and aqueous phase, the
nanospheres enabled prolonged release of paconol.

Optimization of hydrogel

carrier for salidroside

Three different types of gel-forming polymers, ie, Carbopol 940,
Carbopol 941, and xanthan gum, were prepared using an opti-
mal stabilizing combination of water, and gel-forming polymer
as a hydrating agent for encapsulation of salidroside. Car-
bopol 940 could not form a proper gel system incorporating
nanospheres. Using Carbopol 941 and xanthan gum as carriers,
the nanosphere-loaded gel samples were stable and showed
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D Characterization of the nanospheres
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Zeta potential -29+3

Encapsulation 76.92%+5.15%
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Figure 3 (A) Paeonol-loaded nanospheres observed by transmission electron microscopy. (B) Size distribution of the paeonol nanospheres. (C) Cumulative release of
paeonol from solution. (D) Characterization of the paeonol nanosphere dispersion. (E) Cumulative release profile for paeonol in the nanosphere dispersion.

Abbreviations: NLCs, nanostructured lipid carriers; PDI, polydispersity index.
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C Characterization of the nanosphere-gel

Paeonol and salidroside Parameters
co-loaded nanosphere-gel

Nanosphere size 286414 nm
Nanosphere PDI 0.39710.11
Nanosphere zeta potential -22

Paeonol encapsulation 65.33%+2.26%
Hydrogel pH 6.7£0.3
Hydrogel viscosity 16+0.2pa+S
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Figure 4 (A) Cumulative release profiles for salidroside in the hydrogel formulation. (B) Paconol nanospheres in the hydrogel system observed by transmission electron
microscopy. (C) Characterization of the paeonol and salidroside incorporated into the nanosphere gel system. (D) Cumulative release profiles for salidroside and paeonol
in the nanosphere-gel system. (E) Size and polydispersity index of the nanospheres in the gel system over 4 weeks.

Abbreviation: PDI, polydispersity index.

little sedimentation even after centrifugation. Figure 4A
shows that the sustained release profiles for salidroside from
the Carbopol hydrogel and from the xanthan gum are similar.
However, because xanthan gum has a more sticky texture, the
cumulative percent release of salidroside from the Carbopol
941 gel was greater than that from the xanthan gum. In the
first 24 hours, around 91% of the salidroside was released
from the Carbopol 941 hydrogel, with almost all the loaded
drug (95.3%) released in about 72 hours. In contrast, 83.6%
and 87.9% of the salidroside was released from the xanthan
gum at 24 hours and 72 hours. Carbopol 941 hydrogel was
also better in appearance and texture, so was selected as the
carrier for rapid release and delivery of salidroside. Further,
Carbopol 941 hydrogel is thermally stable and has optimum
rheological properties for skin application.

Characterization of the sequential
release paeonol-salidroside

nanosphere-gel system

Carbopol 941 gel loaded with the nanospheres had a smooth
appearance. As shown in Figure 4B and C, the size of the
paeonol nanospheres in the Carbopol 941 gel was 286 nm
(polydispersity index 0.397), indicating that they could main-
tain a spherical and homogeneous shape in the gel system.
The final pH of the nanosphere-gel was adjusted to around 6.7
and its viscosity was around 16 Pa-S. These results suggest

that the prepared hydrogel can supply an advantageous topical
carrier for the nanosphere application.

The cumulative percent release of paeonol from the
nanosphere-gel dispersion was investigated over a period of
72 hours. Figure 4D shows that approximately 30% of the
paconol was released in the initial 2 hours due to slow dif-
fusion of drug from the lipid. After 2 hours, the drug release
rate increased. The liquid lipid-enriched nanospheres were
soft and enabled considerably higher solubility of lipophilic
paconol, in which the drug was easily loaded to a higher
amount and paeonol could be easily released as well by the
drug diffusion or the matrix erosion manners. Compared
with the drug-release profile for the nanosphere suspension
(Figure 3E), release of paeconol from the nanosphere-gel was
sustained by the gel system. However, by 72 hours, drug
release from the nanosphere suspension and nanosphere-gel
were 54.57% and 64.31%, respectively, further indicating
that the external phase of the hydrogel is advantageous for
sustained release of paeonol by decreasing the cumulative
percent release. At the same time, the release of salidroside
from the nanospheres was only slightly affected by incorpora-
tion of paconol-nanospheres into the hydrogel.

Stability of nanosphere-hydrogel
The particle size of the nanospheres in the Carbopol-gel
system was monitored for up to 4 weeks at 4°C. After 4
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weeks of storage, the particle size remained in the range of
276—457 nm and the polydispersity index remained below
0.36 (Figure 4E), indicating that the nanospheres were stable
in hydrogel over this time.

Melanogenesis in UVB-irritated

guinea pig skin

As detailed in the Materials and methods section, the guinea
pigs were exposed to UVB light once daily for 2 consecutive
weeks. UVB light exposure was then stopped and the skin was
observed without any handling for a further 2 weeks. Figure
5 shows no apparent change in the skin, with no pigmentation
observed on day 7 post-irradiation (Figure SA). On day 14, some
melanin is apparent in the central area, and some obscure pig-
ment spots were observed in the surrounding area (Figure 5B).
On day 21, thicker pigment can be observed in both the central
and peripheral areas (Figure 5C). On day 28, darker pigment is
clearly observed and black spots are distributed throughout the
irradiated skin area. These results suggest that the pigmentation
process was more active in the 2 weeks after UVB irradiation
than during the period of irradiation itself, and that there was
a delay between UVB irradiation and peak melanin synthesis.
In a previous study, we applied topical paeonol and salidroside
solutions to UVB-irradiated skin, and found that these prepara-
tions could only decrease melanin synthesis initiated by UVB
irradiation. Because nanoparticle-based preparations form a
“film” covering the skin and may be used as an UV absorber,
in this study, all the drug-loaded preparations or hybrid systems
were applied simultaneously with UVB irradiation.

Effect of sequential release of paeonol
and salidroside from nanosphere-gel

on UVB-induced melanogenesis

Figure 6 shows the skin gloss appearance (line I), and the
microscopic appearance of the epidermal (line IT) and der-
mal (line IIT) layers. In contrast with the blank control, there
was a visible decrease in skin tanning in all groups treated
with the drug-loaded preparations. As shown in Figure 6A,

Figure 5 Photographs of skin appearance. (A) Day 7 post-irradiation. (B) Day
14 post-irradiation. (C) Day 2| post-irradiation. (D) Day 24 post-radiation. The
hyperpigmentation area is indicated with yellow dashed lines and arrows.

the pigment was disposed and obvious pigment spots were
observed in most areas of the skin after UVB irradiation
without any treatment, while pigmentation seemed to be
decreased in the other treated groups (Figure 6B-D). Further,
the skin had a lighter color after treatment with the paeonol
and salidroside dual-release nanosphere-hydrogel system
(Figure 6D) than in the groups treated with the salidroside-
gel (Figure 6B) or paconol-nanosphere (Figure 6C) systems.
The hyperpigmented skin specimens were also analyzed by
hematoxylin and eosin staining, the results of which indi-
cated significantly condensed pigment in the epidermis of
the blank control (vehicle) group when compared with the
three active treatment groups (Figure D). The skin pigments
were identified using the melanin-specific Fontana-Masson
stain. Figure 6E confirms that the melanin in all the three
drug-loaded preparation treated groups was significantly
decreased when compared with the control group. Further,
the melanin content in skin treated with the paeonol and
salidroside sequential-release nanosphere-gel was clearly
lower than that in skin treated with preparations containing
only paeonol or salidroside.

Discussion

Although melanin protects the skin from damage induced by
UV light, abnormal hyperpigmentation caused by increased
production of melanin can cause skin disorders as well as
psychosocial and cosmetic concerns.’®* The availability
of depigmenting agents is presently rather limited because
of their high toxicity, low stability, poor skin penetra-
tion, and insufficient activity.** For example, kojic acid,
a tyrosinase inhibitor, has been the subject of great interest
in the cosmetic industry because of its anti-pigmenting
effects.* However, synthetic agents often result in skin
inflammation, have insufficient penetration, or have unde-
fined clinical efficiency, so alternatives are being sought.*
As a result, much effort has been devoted to developing
preparations with plant or herbal components for the treat-
ment of pigmentation disorders and as skin-whitening cos-
metic agents.** In a previous study, we demonstrated the
potential of two natural products, ie, salidroside and paconol,
to achieve depigmentation by inhibiting the proliferation of
melanocytes in the basal epidermal layer and decreasing
tyrosinase activity. However, application of these com-
pounds is greatly hampered by their low stability, poor skin
penetration, and potential for toxicity at high dosages.***
Additionally, because stimulation of melanocyte proliferation
and tyrosinase activity are two major mechanisms for the
increased melanin synthesis caused by UVB radiation, it is
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Figure 6 Effects of the drug preparations on hyperpigmentation in guinea pig skin stimulated by 2 weeks of UVB radiation. (A) Photographs of the guinea pig skin appearance
(obvious pigment indicated by purple arrows). (B) Microscopic appearance of the pigmented epidermis (obvious pigment indicated by yellow arrows). (C) Microscopic
appearance of the pigmented dermis (obvious pigment indicated by yellow arrows). (D) Hematoxylin and eosin-stained images of pigmented skin sections (obvious pigment
indicated by yellow arrows). (E) Fontana-Masson stain images of melanin in the epidermal layer (obvious melanin indicated by blue arrows). (a) Blank control, (b) group
treated with salidroside-loaded hydrogel, (c) group treated with paeonol-loaded nanosphere dispersion, and (d) group treated with the sequential-release salidroside and

paeonol nanosphere-gel.
Abbreviation: UVB, ultraviolet B.

hypothesized that a nanosphere-gel system enabling burst
release of salidroside and sustained release of paconol may
rapidly inhibit UVB-induced melanogenesis and remove any
melanin formed in a sustained manner.

Therefore, in this study, a nanosphere-gel formulation
enabling sequential release of salidroside and paeonol was
prepared and investigated for its effects on depigmenta-
tion in vivo. First, the lipid nanospheres were optimized
according to type and ratio of lipid materials, and it was
found that Dynasan 116 and Miglyol 812 at a ratio of 6:4
was the best for the nanosphere formulation. It was also
found that a combination of 0.5% T-80 and 0.5% lecithin
as the surfactant for the nanosphere formulation had the
advantages of decreasing the particle size and polydisper-
sity index of the nanospheres and increasing their stability.
No agglomeration or change in particle size was detected
for the nanospheres in hydrogel during 4 weeks of storage
at 4°C. With this formulation, the loaded paeonol can be

entrapped by 65.7%, indicating that most of the paeonol
could be entrapped into the nanospheres. The reason for
this high entrapment efficiency may be that the mixture
of liquid and solid lipids has more positions available for
occupation by lipid-soluble paeonol.*® Therefore, the lipid
nanospheres were dispersed in a hydrogel system incorpo-
rating salidroside without inducing dissolution or aggrega-
tion of the nanospheres.’! It was shown that introduction of
nanospheres containing therapeutic molecules into hydro-
gels allowed rapid delivery of salidroside from the hydrogel
followed by sustained release of paeonol. Approximately
36.9% of the salidroside was released efficiently from the
delivery system in the first hour, with over 91% released
over 12 hours, indicating a burst effect which could help
to prevent proliferation of melanocytes and subsequent
melanogenesis. Also, 67% of the paconol loaded in the
nanospheres was released in a sustained manner over 72
hours, allowing prolonged inhibition of the pathological
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tyrosinase activity occurring in melanocytes that had not
been suppressed by salidroside.

The efficacy of this dual drug-releasing nanosphere-gel
system in preventing UVB-induced melanogenesis was inves-
tigated in the brown guinea pig. The nanosphere-hydrogel
system loaded with salidroside and paeonol was more effec-
tive for decreasing melanin levels in the UVB-stimulated
guinea pig skin than the treatments received by the other
groups. Histological analysis and specific Fontana-Masson
staining showed that hyperpigmentation treated with the
hybrid system was significantly improved compared with
that in the groups receiving the blank control or single-drug
loaded preparations.

From the hematoxylin and eosin and Fontana-Masson
staining experiments, it is clear that the most important
mechanisms for protection of skin from UV rays, ie, thick-
ening of the stratum corneum and synthesis of melanin by
melanocytes, were decreased by the dual drug-releasing
system. The sequential delivery of multiple depigmentation
molecules with different therapeutic functions was shown to
be a promising strategy enhancing the therapeutic efficacy of
the study drugs. Mechanistically, as indicated by the results
from the animal model, it was observed that after 2 weeks
of UVB radiation, the black spots with highest density were
observed at weeks 3—4 after cessation of UVB radiation.
These phenomena indicate that there is a delay between
UVB radiation and peak melanin synthesis. The pathological
melanin synthesis activated by proliferating melanocytes and
tyrosinase activity is a sustained process lasting for a long
period of time. Therefore, the enhanced anti-melanogenesis
effect expressed by the nanosphere-gel may be contributed
to that the burst release of salidroside incorporated in the
hydrogel can give a prompt inhibition for the melanocytes
proliferation, while sustained release of paeonol provides
continuous inhibition of tyrosinase activity in melanocytes.

Further, in contrast with the strategy of delivering
multiple drugs simultaneously to enhance their therapeu-
tic effect,’? the use of a hybrid system releasing drugs
sequentially may avoid delivery of excessive doses and side
effects can be reduced. In the present study, as the dosage
for each time of all the drug-treated groups is the same as
0.2 mg, which is not a sufficiently high dosage to induce
obvious side effects in a short period, the advantage of the
sequential release of salidroside and paconol in decreasing
the side effects and toxicity of drugs may be not indicated
obviously by the results presented in this study However,
the strategy of sequential drug release is thought to be a
very useful method for decreasing the doses of individual

drugs and avoiding the toxicity seen when they are used at
high doses and/or for a long period of time.

In summary, the results of this study clearly indicate that
timely delivery of multiple drugs in sequence is a promising
strategy for the treatment of melanogenesis. In addition to
use of multiple natural products to decrease melanogenesis as
demonstrated in this study, various combinations of proteins
and genes could be also loaded into this hybrid nanosphere-
gel delivery system for many therapeutic purposes. Our
approach of designing and tailoring delivery systems to
release multiple therapeutic molecules in a sequential and
sustained manner is expected to have wide application in
nanomedicine.

Conclusion

The sequential release of salidroside and paeonol by a
nanosphere-gel system was shown to significantly enhance
the anti-melanogenesis effects of these agents and may
reduce their potential for toxicity when used in high
doses. The nanosphere-hydrogel system was demonstrated
to be a promising carrier for the delivery of multiple
drugs in an orchestrated manner, with great potential in
nanomedicine.
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