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Investigation of Controlled Release Molecular Mechanism of Oil Phase
in Spilanthol Emulsion: Development and In Vitro, In Vivo Characterization
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Abstract. The aim of the present study was to develop a spilanthol emulsion and
investigate the effect of oil and drug physicochemical properties on drug release and skin
retention at molecular level. Formulation factors including oil, emulsifier, and humectant
were investigated by in vitro skin retention/permeation study and the optimized formulation
was evaluated in vitro and in vivo. In addition, the controlled release effect of oil was
characterized using drug emulsion distribution study, drug release study, FT-IR, and
molecular modeling. The optimized emulsion (squalane as oil phase) obtained the maximum
skin retention (118.71 ± 10.30 μg/g), which significantly restored skin hydroxyproline content
(23.99 ± 2.21 μg/g), compared with the positive group (14.75 ± 1.84 μg/g) and the negative
group (15.55 ± 2.03 μg/g). It was caused by high drug release of squalene and good drug–skin
miscibility. FT-IR and molecular modeling showed that spilanthol (SPI) interacted with
squalene through Van der Waals force, which was weaker than a hydrogen bond formed with
other oils, thus exhibited good drug release properties. And the released drug was stored in
the skin due to good drug–skin miscibility, which was proved by miscibility calculation and
molecular modeling. In conclusion, an effective emulsion was developed and the controlled
release effect of oil phase was proved through drug–excipient interaction.
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INTRODUCTION

Spilanthol (SPI) is a prominent representative of the N-
alkylamides, which can be found in several plants (1). In
addition, it has various biological activities, mainly including
anti-wrinkle, analgesic, antioxidant, antimalarial, and antifun-
gal (2,3). More importantly, it was reported as an active
ingredient with the effect of relaxing muscle and smoothing
skin (4). SPI reduced dramatically crow’s feet and inhibited
evident contractions in subcutaneous muscles of the face skin
(5). The structure of SPI is illustrated in Fig. 1 and the
physicochemical properties of SPI are suitable for transder-
mal drug delivery system (TDDS), such as its molecular
weight which is 221.3 Da, log P is 3.2, and melting point is
23°C (6). Therefore, it is designed as emulsion to achieve
topical efficacy, which is suitable for administration as anti-
wrinkle preparation.

SPI was prepared through gel and emulsion according to
previous reports (7,8), but no further study was conducted.

Moreover, in the last several decades, the preparation and
clinical efficacy have dominated the main space in the
development of emulsion (9–11). However, the formulation
screening was a complicated process due to the complex
components of emulsion, which were mainly classified into oil
phase, aqueous phase, and emulsifier. The effect of oil was
considered extremely important, but little research was
conducted to illustrate the role of oil on the transdermal
drug delivery process at a molecular level. Generally, drug
release was an important step for the whole TDDS. The
factors that influence drug release from emulsion were the
droplet size, morphology, and viscosity of the emulsions
according to the previous literatures (12,13). Generally,
emulsion itself is a controlled release system, that drug is
entrapped in the internal phase then diffuse through the
external phase to the skin surface and slowly gets absorbed.
Internal phases act as a reservoir of drug (14). In the drug
delivery process, drug–matrix interaction is considered one of
the most important factors that influence the drug release
process, and stratum corneum of the skin was the main
barrier for the drug absorption into skin and systemic
circulation (15). Although emulsion contains low proportion
of oil, the effect of oil on drug release is not able to be
ignored. Moreover, molecule interaction between drug and
excipient plays the crucial role in the drug delivery process
and gains widespread concern (16,17). In conclusion, there
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are two main issues to be solved, drug–skin miscibility and
effect of molecular interaction on drug release behavior.

The objective of the present work was to develop
spilanthol emulsion and investigate the effect of oil and drug
physicochemical properties on drug release and skin retention
at the molecular level. The formula of emulsion was screened
using in vitro skin permeation and retention study, especially
the effect of oils, including squalene, lipex shea light
(LIPEX), isononyl isononanoate (ININ), and dipalmitoyl
phosphatidylglycerole (DPPG), and their structures were
showed in Fig. 1. The optimized emulsion was evaluated
using in vivo tissue distribution study, pharmacodynamic
study and safety study using animal model. Drug–skin
miscibility was characterized by the miscibility calculation
and molecular modeling to illustrate drug–skin retention
pattern. The effect of oil on the drug release process was
illustrated using physical property characterization, drug
emulsion distribution study, and drug release study. Finally,
the drug–oil molecular interaction was characterized using
FT-IR and molecular modeling to illustrate the effect of oil on
drug release at the molecular level.

MATERIALS AND METHODS

Materials and Animals

Spilanthol was purchased from Nanjing Zelang Medical
Technology Co., Ltd. (Jiangsu, China). The LIPEX, ININ,
DPPG, squalene, Delta, Simulsol 165, hyaluronic acid,
glycerinum, trehalose, and 1,3-butanediol were purchased
from Puen Biochemical Technology Co., Ltd. (Shanghai,
China). Poloxamer 188 (F68) was provided from BASF
China Co., Ltd. (Shanghai, China). MONTANOV 68 was
provided from Seppic (Paris, France). All other chemicals
and solvent were reagent grade and obtained commercially.

Wistar rats (male, No.·211002300016752) weighing 180–
2 2 0 g a n d J a p a n e s e w h i t e r a b b i t s ( m a l e ,
No.·211002600000572) weighing 1.5–2.5 kg were supplied by
the Exper imenta l Animal Center o f Shenyang

Pharmaceutical University (Shenyang, China). Kunming mice
(male, No·211,002,300,018,602) weighing 18–22 g was sup-
plied by the Experimental Animal Center of Academy of
Military Medical Sciences (Beijing, China). All the proce-
dures were performed in accordance with the NIH Guidelines
for the Care and Use of Laboratory Animals and were
approved by the Animal Ethics Committee of Shenyang
Pharmaceutical University.

Preparation of Emulsion

The emulsion was prepared using mechanical dispersion
method. LIPEX as oil phase, Simulsol 165 as emulsifier, and
water as aqueous phase were mixed and prepared into basic
emulsion as control. Emulsifier (weight fraction 5%) and oil
(weight fraction 10%) were accurately weighed and mixed.
The obtained oil phase was heated to 70°C and mixed to
obtain a homogeneous solution. Afterwards, SPI (drug
loading of 1%) and humectant (weight fraction of 5%) were
accurately weighed and mixed. Then, proper amount of water
was added and heated to 70°C. Then, oil phase and water
phase were mixed and dispersed using high-speed homoge-
nizer (FJ-200S) at 4000 r/min for 10 min.

In Vitro Drug–Skin Permeation/Retention Study

The in vitro drug–skin permeation study was performed
with a vertical diffusion cell in a multi-functional transdermal
diffusion instrument at 32°C (18). The emulsion was applied
as the donor phase, and PBS + 20% PEG400 (4 mL) was used
as the receptor fluid to ensure sink condition. Receptor fluid
(2.0 mL) was withdrawn for analysis in 8 h at a determined
time point. Sample was analyzed with Hitachi HPLC system
(pump L-2130, UV detector L-2420, autosampler L-2200,
T-2000L workstation) and Diamonsil ODS (5 μm, 200 ×
4.6 mm). The mobile phase was methanol: water = 76:24 (v/v)
with a flow rate of 1 mL/min. The column temperature was
kept at 40°C and the detection wavelength was 237 nm.

The in vitro drug–skin retention study was performed
according to the previous literature (19). At the end of the
drug–skin permeation study, the skin was taken from the cell
to collect the retention drug as follows: the residual emulsion
on the skin was wiped off by cotton swab with ethanol and
then moisture on the skin surface was wiped. The diffusion
field of skin was cut, immersed into methanol, and sonicated
for 20 min, followed by centrifugation for 5 min at
16,000 rpm. The supernatant was collected for HPLC
analysis.

Drug–Skin Miscibility Calculation

Drug–skin miscibility calculation was carried out to
illustrate drug–skin retention behavior. And solubility param-
eters (δ) of drug and ceramide-NS, instead of skin, were
calculated using group contribution method. Fedors’ method
(20) was chosen due to the parameters of large number of
different groups provided. Solubility parameters were ob-
tained as follows:Fig. 1. Chemical structures of a SPI, b DPPG, c squalene, d ININ,

and e LIPEX
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δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑i ΔEð Þi
∑i ΔVð Þi

s

ð1Þ

where δ ((cal/cm3)0.5) was the solubility parameter, ∑i(ΔE)i
(cal/mol) was the sum of cohesive , and ∑i(ΔV)i was the sum
of molar volumes (cm3/mol).

Drug–PSA miscibility was predicted using the Flory
equation based on solubility parameters δ, which was
expressed in the following equation (21):

Φ ¼ exp− 1þX1½ � ¼ exp− 1:34þ V1

RT
� δ1−δ2ð Þ2

� �

ð2Þ

where Φ was the volume fraction of solute, drug volume ≈
drug mass fraction. V1 was the molar volume of the drug
(VSPI = 246.8 cm3/mol), δ1 was the solubility parameter of the
drug, δ2 was the solubility parameter of the skin, R was the
gas constant (8.314 J × K−1 mol−1), and T was the selected
temperature (25°C (298 K)). Thus, the parameter of Φ was
used to predict the solubility of SPI in skin. High drug
fraction in the skin indicated good drug–skin miscibility.

Drug Emulsion Distribution Study

Drug emulsion distribution study was performed by a
shake-flask method. Water and oils including squalene,
LIPEX, ININ, and DPPG were weighed accurately at the
weight ratio of 5:1, which was consistent with the formulation
composition fraction. Then, the sample was shaken for 24 h at
32°C and separated by centrifugation. Finally, drug content in
both water and oil layer were analyzed by HPLC.

In Vitro Drug Release Study

In vitro drug release study was carried out to investigate
the effect of oil on drug release from emulsion. The
experiment was performed with a vertical diffusion cell in a
multi-functional transdermal diffusion instrument at 32°C.
The emulsion was added on the Cellophane® membrane, and
a mixture of PBS and 20% PEG400 was used as the receptor
fluid. The receptor fluid (2.0 mL) is sampled at the time
points 2, 4, 6, and 8 h, and equal volume of fresh medium was
added. The samples were collected for HPLC analysis.

Apparent Viscosity Determination

The apparent viscosity of emulsion containing different
oils was measured using the SNB-1 digital rotary viscometer
(Shanghai, China). The emulsion was determined with 10 rpm
using the NO. 27 rotor at 25°C. All determinations were in
triplicate.

Droplet Size Characterization

The droplet size of the emulsion containing different oils
was determined using particle size analyzer (Zetasizer Nano
ZS 90, Malvern, Worcestershire, UK). Emulsion was diluted
with distilled water to obtain appropriate concentration of
emulsion. The experiments were in triplicate.

Fourier Transform Infrared Spectroscopy

The FT-IR spectra were obtained with a Bruker Vertex
70 spectrometer (Billerica, USA) to investigate the interac-
tion between drug and oils. Pure drug, pure oil, and mixture
were dissolved in ethyl acetate and dropwise added onto the
KBr pellet and then dried at 50°C for 5 min. The spectra were
obtained through 128 scans over the spectral range of 4000–
400 cm−1. Spectra data was obtained using OPUS software
(Bruker Optics, Billerica, USA).

Molecular Modeling

Molecular modeling study was utilized to provide direct
molecular details of drug–oil interaction and drug–skin
miscibility, using the software package Materials Studio
(version 7.0, Accelrys Inc., San Diego, CA, USA). Initially,
all compound models were built and subjected to geometry
optimization employing the Forcite module using the
COMPASSII force field (22). Moreover, blend module was
used to calculate the energy of mixing (23). The modeling of
miscibility between drug and skin, drug and water were also
conducted. Ceramide (CerNS) was used as a skin molecular
model (24). Forcite module was used to calculate the energy
of system and the miscibility between them.

In Vivo Drug Tissue Distribution Study

In vivo drug tissue distribution study was conducted
using male Kunming mice (20 g ± 2 g). The mice’s abdominal
hair was removed 24 h in advance. According to
predetermined time points 1, 2, 4, 6, 8, 12, and 24 h, mice
were assigned randomly into seven groups (n = 4) according
to time points. Emulsion (100 mg) was applied to the skin
(45 mg/kg). At a predetermined time point, blood sample
(0.5 mL) was collected into a vacuum propylene tube, and
skin and muscle were removed after execution of mice.

Plasma sample extraction process was summarized as
follows: internal standard (20 μL, 200 μg/mL, cnidium
lactone/methanol solution) and methanol (280 μL) were
added into the plasma sample (1000 μL), and then mixture
was vortexed for 1 min. After that, the mixture was separated
by centrifugation at 16,000 rpm for 10 min, and the
supernatant was collected for HPLC analysis. The skin and
muscle samples were extracted as follows: the tissue sample
was taken and weighed. Internal standard (20 μL) and
methanol (380 μL) were added into the sample, and then
sonicated for 20 min. The extract was separated by centrifu-
gation at 16,000 rpm for 10 min and the supernatant was
collected.

The Pharmacodynamic Evaluation

The In Vivo Anti-aging Effect Evaluation

Male Wistar rats (200 ± 10 g) were used for pharmaco-
dynamic evaluation. The back hair was removed using an
electric clipper. The animals were maintained in a tempera-
ture and humidity controlled environment with 12:12 h light–
dark cycle. Feed and water were available freely.
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Rats were randomly divided into four groups (n = 6):
control group (without UVB exposure), positive control
group (with UVB exposure), negative control group (with
UVB exposure and blank matrix), and administration group
(with UVB exposure and emulsion). The rats were exposed
to UVB radiation (400 mJ/cm2) for five times per week lasting
4 weeks (25). Blank matrix and emulsion were respectively
applied to the back (5 cm × 5 cm) of rats every 24 h. After the
experiment, skin samples were collected and photographed
after execution for further experiments.

Skin Hydroxyproline Determination

Hydroxyproline content in the skin indicated collagen
content; thus, it was determined as an indicator of skin aging
degree quantificationally (26). Rat skin was accurately
weighed and homogenized with physiological saline in ice
water bath. The content of the hydroxyproline (C) was
calculated as follows:

C ¼ 5� ODsample−ODblank

ODstandard−ODblank
� Vmedium

msample
ð3Þ

Redistilled water (0.25 mL) and digestive juice (0.05 mL) was
set as the blank group, and standard solution (0.25 mL) and
prepared digestive juice (0.05 mL) was set as the standard group.
Then, 0.5mLprepared reagent (I), 0.5mL reagent (II), and 1.0mL
reagent (III) were added. The mixture was separated by centrifu-
gation at 3500 rpm for 10 min, and 100 μL supernatant was
collected for automatic enzyme marker analysis (Varioskan Flash,
Thermo Scientific). The wavelength was 550 nm.

Safety Evaluation

Skin irritation test was conducted using rabbits. The back
hair of the rabbit was removed before the experiment (n = 6).
Administration area was 2.5 cm × 2.5 cm. 10% sodium
dodecyl sulfate (0.5 mL) was spread on the skin surface in
the positive group. Moreover, the emulsion was applied on
the rabbit skin surface and covered with cellophane. The
residue preparation was removed after 8 h. The skin reaction
area was recorded at the time points 1, 24, 48, and 72 h after
the preparation was removed.

Statistical Data Analysis

The experiment data were presented as mean ± standard
deviation (S.D.). Significant difference between groups was
applied with the Student t-test or ANOVA. The level for
significance was set at p≤ 0.05.

RESULTS

The Oil Phase Optimization

The effect of oil on SPI skin retention and permeation
was investigated, including LIPEX (as control), squalane,
ININ, and DPPG as oil phase. The skin permeation and
retention amount of emulsions with four oils were presented
in Fig. 2. The drug permeation amount was much lower

compared with the skin retention amount. The emulsion
containing squalane contributed the highest skin retention
amount (65.23 ± 11.99 μg/g, p < 0.05). Thus, squalane was
selected as the oil phase for further studies.

The Emulsifier Optimization

Emulsifier affected the drug–skin retention and the
stability of emulsion. The effect of emulsifier was investigated
using four emulsifiers with adequate HLB value including
Simulsol 165, F68, Delta, and MONTANOV. As shown in
Fig. 3, the skin retention amount of emulsion containing
Simulsol 165, F68, and Delta was significantly higher than that
containing MONTANOV (p < 0.05). Moreover, Fig. 4 showed
that the emulsions containing Simulsol 165 and F68 were
unstable. As a result, Delta was selected as the emulsifier for
further studies.

The Humectant Optimization

To further investigate the effect of humectants, four
different humectants (HA, trehalose, glycerin, 1,3-
butanediol) were tested in the in vivo skin permeation study.
As presented in Fig. 5, the skin retention amount of HA was
highest (118.71 ± 10.30 μg/g), thereby HA was selected as the
humectant for further studies.

Fig. 2. The cumulative amount and the skin retention amount of SPI
with different oils (n = 4)

Fig. 3. The cumulative amount and the skin retention amount of SPI
with different emulsifiers (n = 4)
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Drug–Skin Miscibility Study

Drug–Skin Miscibility Calculation

Drug–skin miscibility was an important problem, which
determined that drug mainly was accumulated in the skin or
penetrated skin into blood, particularly with the increased use
of transdermal and topical drug delivery systems. The
solubility parameters of drug and CerNS were calculated as
17.85 and 18.89, respectively. According to Eq. (2), drug
fraction in skin was predicted, Φ = 89%, which indicated that
there is a good miscibility between drug and skin. The
miscibility between drug and water was not good enough,
only about 5.3 × 10−5 g/g according to the results in Table I.

Molecular Modeling

It came into conclusion in previous study that lower
system total energy resulted in better miscibility (27) Molec-
ular modeling results showed that the total energy of SPI–SPI
system was − 84.49 kcal/mol. When CerNS and water were
added, total energy of SPI-CerNS and SPI-H2O systems were
− 175.03 and − 41.73 kcal/mol, respectively, which proved that
SPI-CerNS system was more stable and indicated SPI was
inclined to dissolve in the CerNS, other than water. At the
same time, it was inferred that drug possessed a remarkable
skin retention ability.

Effect of Oil on Drug Release

Drug Emulsion Distribution Study

The results of drug emulsion distribution study were
demonstrated in Table I. It was proved that drug mainly
existed in the oil phase (Coil » Cwater). As a result, the oil was
the key matrix for emulsion. We proceed with consideration
of the role of oil in the emulsion.

In Vitro Drug Release Study

The oil was the main dispersion medium according to
drug emulsion distribution study, and the selection of oil was
pivotal for drug release behavior. In Fig. 6, the emulsion
containing squalane exhibited a significant high drug release
amount (p < 0.05).

The correlation analysis between drug release amount
and skin retention amount was performed and showed in
Fig. 7. The above result indicated that there was a good linear
relationship between drug release and skin retention, and it
indicated that the drug–skin retention was controlled by
release behavior. The results indicated that the release
behavior of SPI determined the drug retention amount in
the skin.

The Apparent Viscosity and Droplet Size of the Emulsion

The results of apparent viscosity and droplet size
characterization of the emulsions containing different oils
were shown in Table I. Clearly, there was no significant
difference about viscosity and droplet size. As a result, it also
provided the basis for studying the molecular mechanism of
the oil on the drug release behavior.

FT-IR Study

FT-IR spectroscopy was used to characterize the drug
−oil intermolecular interactions. In Fig. 8, The IR band at
3469.62 cm−1 for the drug was assigned to NH stretching
vibrations. The NH peak wavenumber of drug–squalane
shifted from 3469.62 to 3469.08 cm−1, which had no
significant difference. Moreover, the NH peak wavenumber
of drug–LIPEX (control), drug–DPPG, and drug–ININ
reduced by 1.46 cm−1, 1.82 cm−1, and 1.52 cm−1,
respectively, which were attributed to the intermolecular
hydrogen bonds.

Molecular Modeling of Drug–Oil Interaction

The intermolecular interaction of drug and oils
(squalane, ININ, and DPPG) were investigated using molec-
ular modeling (28). Hydrogen bond was found between SPI
and squalane as presented in Fig. 9a, but found in the
complexes of both ININ–SPI and DPPG–SPI in Fig. 9b and c,
and donor−acceptor distance was 3.156 Å and 2.837 Å.
Moreover, the total energy for the formation of squalane-SPI,
ININ–SPI, and DPPG–SPI were 183.49, 90.31, and 87.18 kcal/
mol, respectively. The same trends were demonstrated in the
key length, which indicated that SPI interacted with squalane
through Van der Waals force and formed hydrogen bond with

Fig. 4. The stability of emulsion with different emulsifiers

Fig. 5. The cumulative amount and the skin retention amount of
spilanthol with different humectants (n = 4)
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ININ and DPPG. The lower total energy of the mixing and
smaller key length both indicated the stronger interaction
strength (29).

In Vivo Tissue Distribution Study

As can be seen from Fig. 10, the rank order of drug
content was listed as follows: skin > muscle > plasma. The
drug retention amount was highest at 4 h in the skin, and
relatively steady in the muscle. For the blood, the drug
concentration could be detected in the first 2 h, indicating that
a small amount of drug was absorbed into the blood through
the skin. Moreover, concentration of drug in the tissues
decreased rapidly when the emulsion was removed
completely 8 h later.

Pharmacodynamics Study

Appearance of skin in photoaged rats were shown in the
Fig. 11. It was found that the back skin of rats in the positive
control group (b) had mild erythema; the skin color deepened
with emergence of serious cracks and shrinkage than blank
group (a). The negative group (c) had no obvious improve-
ment. At last, wrinkle and erythema were improved in the
emulsion group (d).

The content of hydroxyproline in photoaging skin was
determined. In the blank group, the level of hydroxyproline
was the highest (30.67 ± 2.47 μg/g). When the rats were
exposed to UV lamp, the content of hydroxyproline de-
creased significantly (p < 0.05). The hydroxyproline content
was 14.75 ± 1.84 μg/g and 15.55 ± 2.03 μg/g in the positive and

negative group, respectively. It was proved that blank matrix
had no therapeutic effect. Moreover, the hydroxyproline
content was 23.99 ± 2.21 μg/g in the emulsion group and
increased significantly (p < 0.05). It was demonstrated that
emulsion increased the content of collagen in the skin and
played an important role in the recovery of photoaged skin.

The Safety Evaluation

Skin irritation results were presented in Fig. 12. The rats
in the positive group were showing strong skin irritation,
which proved that animal skin responded to stimuli. And the
rats in the emulsion groups have no skin irritation reaction,
which demonstrated that the emulsion was safe.

DISCUSSION

According to the results of anti-aging evaluation in the
present study, the optimized SPI emulsion showed good
pharmacodynamic effects due to high drug–skin retention.
Thus, skin retention was a key parameter in the present study.

In the present study, it was indicated that drug–skin
retention was determined by two factors: drug–skin miscibil-
ity and drug release amount from the emulsion. On the one
hand, transdermal drug absorption behavior was mainly
dependent on drug–skin miscibility. The fraction that SPI
dissolved in skin was much higher than that in water
according to the result of drug–skin miscibility study; thus, it
was indicated that drug was mainly distributed in the skin,
rather than crossed the skin into the blood. The results of

Table I. Parameters of the emulsion containing different oils

Emulsion Coil (ug/ml) Cwater (ug/ml) Average size (nm) Apparent viscosity (mpa.s)

Squalene 3658.46 ± 58.43 52.67 ± 10.56 1140 1271 ± 52
LIPEX 3649.03 ± 46.71 56.30 ± 12.92 1042 1244 ± 64
ININ 3227.72 ± 48.54 43.74 ± 8.02 1595 1120 ± 45
DPPG 3389.41 ± 50.89 36.10 ± 9.24 1398 1211 ± 48

Coil, the drug concentration in the oil layer, Cwater, the drug concentration in the water layer

Fig. 6. The effect of oils on in vitro drug release (n = 4)
Fig. 7. The correlation analysis between drug release amount and
skin retention amount
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molecular modeling demonstrated that the system of SPI-
CerNS was more stable than SPI–water, indicating SPI had an
excellent miscibility with CerNS and was mainly maintained

Fig. 8. IR spectra of SPI–oils system

Fig. 9. Molecular modeling of SPI in three oils: a squalane; b ININ, and c
DPPG

Fig. 10. The in vivo distribution of SPI in different tissues (n = 4)
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in the stratum corneum. Thus, drug–skin permeation amount
maintained a low level in all preparations, and the released
drug was able to store in the skin lipid layer.

Drug release was the rate limiting step for SPI emulsion.
A revised equation was applied to skin topical action
according to the equation proposed by Guy and Hadgraft
(30):

F ¼ R
M

ð4Þ

where M was the cumulative amount of drug released and R
was skin retention amount. If F = 1 or close to 1, it was
implied that the drug was entirely controlled by the drug
release from emulsion; when F < 1, the skin was also
responsible for the control process. In the present study, the
rate limiting step of SPI transdermal drug delivery was
determined as follows: FR/M = 0.81. Thus, drug release was
the rate limiting step in the transdermal drug delivery process.
Besides, drug distribution study (Table I) demonstrated that
most drugs existed in the oil phase. Thus, it was concluded
that oil phase controlled the drug release process thus
demonstrated a significant effect on the drug delivery process
of SPI in emulsion.

Therefore, the present study was focused on the effect of
oil on the release behavior at the molecular level. As shown
in Table I, the emulsions prepared using four oils were
controlled and similar droplet size and apparent viscosity
were obtained. Thus, molecular interaction became the
prominent factor that affected the drug release process.
Furthermore, as depicted in Fig. 8, significant wavenumber
variations were observed in the FT-IR spectra after the
mixture of drug and oil: (1) there was no significant NH peak

(SPI) shift when squalene was added. An explanation for the
shift was that squalene was the structure of alkenes and was
not a hydrogen-bond donor or acceptor. Thus, there was no
hydrogen bond, and Van der Waals force might exist between
the drug and squalene, which was much weaker than the
hydrogen bond. (2) Blue shift indicated that the hydrogen
bonds were formed in the mixtures of drug–LIPEX (control),
drug–DPPG, and drug–ININ. And the biggest blue shift value
and the strongest interaction strength between drug and
DPPG was obtained, which contained several hydrogen-bond
acceptors and hydrogen-bond donors. LIPEX and ININ both
contained an ester group, which was only a medium
hydrogen-bond acceptor. The results of drug–oil interaction
were consistent with the drug release results. Moreover, this
was further substantiated by the results of molecular model-
ing. The molecular modeling results (Fig. 9) demonstrated the
presence of Van der Waals force between SPI and squalane.
In addition, Van der Waals was significantly weaker than the
hydrogen bond formed between ININ and DPPG, which
proved that weaker interaction strength caused the higher
drug release behavior (31). Moreover, bond length and total

Fig. 11. The pictures of the appearance of skin in photoaged rats: a
the blank group, b the positive control group, c the negative group,
and d the emulsion group

Fig. 12. The images depicting the skin irritation area recorded after 1
(a), 24 (b), 48 (c), and 72 h (d)
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energy of the complex showed a significant difference
(p < 0.05). The results mentioned above showed that the
drug–oil interaction strength influenced the release behavior.
The mechanism investigation of the drug release provided
reference for the research of formulation optimization.

Tissue distribution study showed that concentration of
SPI in the skin was significantly higher than muscles and
plasma (p < 0.05), which indicated that SPI was a local action
and may avoid systemic side effects. Afterwards, photoaging
rats were chosen as the model in the pharmacodynamic
evaluation, and their effectiveness was investigated by
measuring the content of hydroxyproline, which provided a
basis for the wide application of emulsion. Hydroxyproline
accounted for 13.14% of collagen and was extremely small in
other proteins (32). As a result, the content of hydroxyproline
could be converted into collagen to reflect the degree of skin
aging. The results of pharmacodynamics study (Fig. 11)
demonstrated that the skin of photoaged rats administrated
with optimized emulsion was much better than the blank
group and the amount of collagen increased significantly,
which fully proved that emulsion was effective and played a
role in the repair of photoaging skin. Moreover, skin irritation
experiments both proved that the prepared emulsion was safe
and nonirritating. Nowadays, the design of emulsion formu-
lation was in blindness under the circumstance of lack of basic
theory. Especially for local efficacy, the issues about the
release and skin retention properties of the drug need to be
solved urgently. To figure out such issues, the study investi-
gated the drug–skin miscibility and effect of interaction
strength between drug and oils on drug release, which
provided scientific method and primary theory for the design
of emulsion.

CONCLUSION

In the present study, a safe and effective emulsion containing
SPI was developed successfully and evaluated systematically. And
effects of oil and drug physicochemical properties on drug release
and skin retention at molecular level were investigated. The results
demonstrated that oil acted as a drug reservoir in the emulsion and
oil–drug interaction played a dominant role in the drug-controlled
release process. And released drug was stored in the skin due to
good drug–skin miscibility, which obtained the maximum skin
retention and excellent anti-aging efficacy. Thus, this study
provided a good understanding of drug–excipient interaction and
drug physicochemical properties on drug release and skin retention
of emulsion at a molecular level and provided references for the
formulation design of emulsion.
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