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Abstract—We developed a drug-in-cyclodextrin-in-elastic liposomes (DCEL) system to enhance transdermal deliv-
ery of caffeic acid (CA). Hydroxypropyl-/-cyclodextrin (HP--CD) was used as a hydrophilic CD. Elastic liposomes
(EL) contained polyethylene glycol-free Tego®™ care 450 as an edge activator. Properties of the CA-HP-A-CD inclusion
complex loaded in EL (CD-EL) as DCEL system were compared to characteristics of conventional liposomes (CL), EL,
and CD-CL. Particle size, deformability, entrapment efficiency (EE%), stability, and vesicle morphology were character-
ized in liposome preparations. In addition, in vitro release and skin permeation were analyzed. We found that includ-
ing Tego" care 450 reduced vesicle size and increased membrane deformability. The addition of HP-#CD enhanced
CA EE% of liposomes almost 1.6-fold that of liposomes without HP-/CD. Moreover, CD-EL complex showed better
controlled release profiles and higher skin permeability than CL and EL. We propose that the DCEL system can be a
promising drug delivery vehicle for transdermal delivery of CA.

Keywords: Caffeic Acid, Hydroxypropyl-/+cyclodextrin, Elastic Liposome, Drug-in-cyclodextrin-in-elastic Liposome,

Skin Permeation

INTRODUCTION

Stratum corneum (SC), the outermost layer of the skin, serves
as a protective barrier to potentially harmful environmental agents.
However, it simultaneously acts as a penetration barrier by block-
ing the delivery of pharmacologically active compounds via the
transdermal route [1]. Therefore, transdermal drug delivery sys-
tems (TDDS) have been developed to make this barrier more per-
meable and to enhance transdermal delivery of various bioactive
substances [2]. Liposomes are spherical vesicles composed of phos-
pholipid bilayers similar to the cell membrane. Due to their bio-
compatibility, biodegradability, and low toxicity, liposomes are fre-
quently used in cosmetic and pharmaceutical preparations as TDDS
[3]. However, conventional liposomes (CL) are not efficient carrier
systems for transdermal drug delivery because they do not pene-
trate deeply into the skin, but rather remain confined to the upper
SC layer [4]. Thus, novel elastic vesicles have been developed to
complement the low skin penetration ability of CL [5].

Elastic liposomes (EL), which were first introduced in 1992 by
Cevc and Blume [5], typically consist of phospholipids and an edge
activator. The edge activator is often a single chain surfactant with
a high radius of curvature that destabilizes lipid bilayers of the ves-
icles and increases deformability of the bilayers. Due to these struc-
tural features, EL provides easier penetration through SC and more
efficient delivery of bioactive compounds into the skin compared
to possibilities offered by CL [6]. Polyethylene glycol (PEG) is a
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non-toxic and water-soluble polymer widely used in cosmetic for-
mulations as a surfactant and humectant. However, it has been
reported that PEG may be a source of impurities, such as 1,4-
dioxane and ethylene, in cosmetic manufacturing processes. PEG
can also cause systemic toxicity and skin sensitization [7]. For this
reason, the use of PEG-free surfactants has been steadily increas-
ing recently. For example, elastic liposomes with Tego® care 450
(polyglyceryl-3 methylglucose distearate) as a PEG-free surfactant
have been described in previous reports [8,9].

Liposome can encapsulate both hydrophilic and hydrophobic
drugs into the internal core and lipid membranes of liposomes,
respectively [3]. However, the entrapment of some hydrophobic drugs
in the lipid bilayer can be problematic as drugs decrease liposome
stability by destabilizing the structural integrity of bilayers. More-
over, drugs incorporated in the membrane bilayer, rather than in
the aqueous liposome core, are prone to a more rapid release [10].
Several researchers have proposed dissolving hydrophobic drugs
in an ethanol [11], conjugating the surface with PEG, or complex-
ation with cyclodextrin [12] to circumvent these problems. Entrap-
ment of water-soluble drug-cyclodextrin (CD) inclusion complexes
in the aqueous core of liposomes, ie., construction of a drug-in-CD-
in-liposome (DCL) system, was proposed as an interesting strategy
in 1994 [13]. Recently, drug-in-cyclodextrin-in-elastic liposomes
(DCEL), a new delivery system for cutaneous administration, which
combined the advantages of drug-CD inclusion complexes and
those of elastic liposomes, was described by Jain et al. [14]. The
DCEL system increased drug solubility and permeation through
the skin, thus enhancing drug bioavailability via the transdermal
route [15]. CDs are cydlic (1,4)-linked oligosaccharides of D-glu-
copyranose containing a relatively hydrophobic central cavity and a
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hydrophilic outer surface. Complexation of drugs with CD in-
creases drug solubility, improves its stability, and sustains drug
release [16]. Hydroxypropyl--cyclodextrin (HP-4CD), a hydro-
philic derivative of #-CD, is the most frequently used CD for topi-
cal/transdermal delivery of drugs [17]. In addition, it has been used
as a solubilizing agent and penetration enhancer in transdermal
delivery [18].

Caffeic acid (3,4-dihydroxycinnamic acid, CA) is a well-known
phenolic phytochemical found in fruit, vegetables, coffee beans,
and Glycyrrhiza glabra root [19,20]. The pK, of the carboxylic group
of the CA is 4.44, while that of the phenolic groups of CA is 7.6
and 11.85. Thus, the carboxylic group should be completely ion-
ized at pH 7.4 [21]. There have been many reports of the benefi-
cial effects of CA, including antiviral, anti-inflammatory; antioxidant,
and antidepressant activity. Furthermore, antimicrobial properties
of CA against Escherichia coli, Bacillus cereus, Staphylococcus aureus,
Listeria monocytogenes, and some yeast have been described. How-
ever, its poor aqueous solubility and low stability in presence of UV
and oxygen complicates its utility for transdermal delivery [22,23].
These drawbacks can be partially overcome, as it has been reported
previously that CA solubility can be increased by the use of water-
soluble HP-/CD inclusion complexes [24].

We prepared a DCEL system that combined the advantages of
CD and EL to enhance skin permeation of CA. We examined sev-
eral physico-chemical characteristics of our DCEL system, such as
particle size, deformability; entrapment efficiency; stability; and ves-
icle morphology. In addition, in vitro release and skin permeation
were evaluated. The objective of our study was to investigate the
potential of this DCEL system for transdermal drug delivery.

MATERIAL AND METHODS

1. Material

L- o-phosphatidylcholine (from egg yolk, >60%; egg PC), choles-
terol (299%), and caffeic acid were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Hydroxypropyl-f-cyclodextrin (MW 1541.54,
HP-/4CD) was purchased from TCI (Tokyo, Japan). Tego" care 450
(polyglyceryl-3 methylglucose distearate) having HLB 11.5 was sup-
plied by from Saimdang Cosmetics Co., Ltd. (Seoul, Korea). Sol-
vents, such as 1,3-butylene glycol (1,3-BG), methanol, ethanol, chloro-
form, acetic acid, and acetonitrile, were of analytical grade.
2. Methods
2-1. Preparation of the CA-HP--CD Complex

The complex of CA and HP-4CD was prepared by the freeze-
drying method [25]. A previous study showed that the optimal

stoichiometric molar CA : HP--CD ratio was 1:1 [24]. Therefore,
to prepare the complex of CA and CD, 0.09 g (5 millimoles) CA and
0.77 g (5 millimoles) HP--CD were dissolved in 100 mL of dis-
tilled water. The solution was mixed by a magnetic stirrer at 300
rpm for 48 h. After that, the resulting solution was filtered through
a 045-pum pore size filter (Minisart; CA, 26 mm) to remove the
unencapsulated drug. The solution was frozen at —60 °C for 24 h
and lyophilized in a freeze-dryer (Ilshin biobase, Seoul, Korea) for
48 h to obtain the complex powder. The amount of CA entrapped
in the complex was determined by HPLC analysis.

2-2. Characterization of CA-HP--CD Complex

2-2-1. Scanning Electron Microscopy (SEM)

Morphological evaluation of CA, HP-3-CD, the CA-HP-#-CD
inclusion complex, and a physical mixture of CA and HP-4CD
was performed by SEM (TESCAN VEGA3, Cranberry TWP PA,
USA). The dried samples were evenly distributed on SEM speci-
men stubs with double adhesive tape. Prior to examination, the
samples were sputtered with gold, then the micrographs were ob-
tained with an accelerating potential of 20 Kv under low vacuum.
2-2-2. X-ray Diffractometry (XRD)

The X-ray powder diffraction patterns were obtained with a D8
Advance XRD diffractometer (Bruker, Germany). The samples were
irradiated with a Cu-K(@) radiation, at a voltage of 40kV and a
current of 40 mA. The scanning rate was employed for 2°/min
over a diffraction angle of 2 ranging from 5° to 90°.

2-3. Preparation of Liposomes

Compositions of CL and EL containing CA and the CA-HP-/
CD complex are presented in Table 1. Briefly, lipids (5% w/v) and
CA (0.15% w/v) were dissolved in required amounts in a chloro-
form-methanol mixture (13:2, v/v) in a round-bottom flask. The
solvent was removed by a rotary evaporator (Buchi, Switzerland),
leaving a lipid film. The film was hydrated using 8 mL of the phos-
phate buffer solution (PB, pH 7.4), and the resulting suspension
was homogenized using a probe sonicator (Branson, Paramount,
CA, USA) at 30% power for 10 min to obtain liposomes in the
nanometer-sized range. Non-encapsulated CA was separated by
centrifugation immediately after liposome preparation at 17,000 rpm
(2236R, Gyrozen Co., Ltd., Korea) to obtain the CA loaded lipo-
somes. The CA remaining in the supernatant was removed and
the liposome pellet was resuspended in the PB buffer.

Liposomes containing the CA-HP-4CD complex, which com-
prised 0.15% CA, were prepared by the same method except for
the hydration step. They were hydrated using 8 mL of the phos-
phate buffer solution (PB, pH 7.4) containing the CA-HP-4#CD
complex (0.15% CA, w/v).

Table 1. Composition of different types of liposomes containing CA and the CA-HP-4-CD complex

Formulations Egg PC (w/v %) Cholesterol (w/v %) Tego® care 450 (W/v %) CA" (W/v %) CA—HP—ﬂCDb (W/v %)
CL 85 15 - 0.15 -

EL 85 - 15 0.15 -

CD-CL 85 15 - - 0.15

CD-EL 85 - 15 - 0.15

CL: Conventional liposomes, EL: Elastic liposomes, CD-CL: Conventional liposomes with HP--CD, CD-EL: Elastic liposomes with HP-/
CD, CA": Caffeic acid, CA-HP--CD": Complex of amount equivalent to 0.15% CA
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2-4. Characterization of Liposomes
2-4-1. Particle Size and Zeta Potential Measurement

The particle size and distribution of liposomes were determined
by DLS (Otsuka ELS-Z2, Otsuka Electronics, Chiba, Japan) at 25 °C,
with a scattering angle of 165, with an Argon laser. The average
particle size is indicated by cumulative analysis, and distribution is
resolved using the Contin method. The zeta potentials of the lipo-
somes were measured based on electrophoretic mobility under an
electric field (Zetasizer, Malvern Instruments, UK).
2-4-2. Deformability Measurement

The deformability of the prepared liposomes was measured with
a mini extruder (Avanti polar lipids) and syringe pump (KDS330
Revodix, Korea) as reported [26]. The liposomal suspension (1 mL)
was extruded through 0.08 um size polycarbonate membrane fil-
ter for 1 min under pressure of 0.2 MPa. The deformability of the
liposomes was calculated as the following equation:

Deformability index=]j,,x (rv/rp)2 (1)

where Deformability index represents the deformability value of
the vesicles; ]y, is the amount of liposomes passed in 3 min; r, is
liposomes size after extrusion; and r, is pore size of membrane.
2-4-3. Liposome Entrapment Efficiency

Drug entrapment efficiency (EE%) inside the liposomes was deter-
mined by the centrifugation technique, which works in principle
by determining the amount of non-entrapped drug from the lipo-
somes [27]. The liposomal suspension was centrifuged at 17,000
rpm to obtain the liposome pellet. The supernatant was analyzed
by HPLC to determine the amount of non-entrapped CA.

Liposome EE% was calculated according to the following for-
mula:

EE%=(CAs— CA)/CA;x100 )

CAy: initially added amount of CA

CApg amount of free CA detected in the supernatant after cen-
trifugation
2-4-4. Surface Morphology of Liposomes

Transmission electron microscopy (TEM) analysis was performed
for the morphological observation of liposomes using a JEOL-
JEM1010 instrument (JEOL Ltd., Tokyo, Japan). Samples were
dropped into a carbon-coated copper grid and dried for 2 min.
Excess sample was removed using filter paper. Then, the samples
were instantly stained with 1% (w/v) phosphotungstic acid allowed
to stand for 1 min, and drained. The analysis was performed at an
accelerating voltage of 80 kV.
2-4-5. Stability of Liposomes

The prepared liposomes were stored at 4 °C for one month pro-
tected from light and macroscopically observed to ensure their
integrity. The physical stability of liposomes was evaluated by mea-
suring their particle size and polydispersity index (PDI) at one day
and one month after the preparation.
2-5. In Vitro Drug Release Studies

The in vitro release study was performed using the dialysis
membrane method. Prior to use, the dialysis membrane (molecu-
lar weight cut-off approximately 12,000-14,000, Sigma, USA) was
pretreated by washing the tubing in running water for 4h to re-
move the glycerol. Then, sulfur was removed by treatment with a
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0.3% (w/v) solution of sodium sulfide at 80 °C for 1 min, followed
by acidification with a 0.2% (w/v) sulfuric acid solution. Finally, it
was rinsed with water to remove the excess acid. Then, 3ml of
different formulations was placed in the dialysis bag and incu-
bated in 100 mL of release media (phosphate buffer (pH 7.4) with
30% EtOH) at 100 rpm. Then, 1 mL of the release media was col-
lected at appropriate intervals and replaced with equal amount of
fresh media. The released CA was quantified by HPLC at 325 nm.
2-6. In Vitro Skin Permeation Studies

The in vitro skin permeation study with different formulations
was carried out using Franz diffusion cells (Permegear, USA). Full-
thickness skin was removed from the dorsal side of hairless mice
(7 weeks, female). Subcutaneous fat and excess tissue were carefully
removed using scalpel and surgical scissors. 5mL of the receptor
phase (EtOH : PBS=3:7 (v/v%)) was filled in the receptor cham-
ber and stirred at 150 rpm for 24 h. The skin samples were fixed
between the donor and the receptor phase, with the SC layer side
facing the donor compartment. The samples (0.4 mL) were applied
to the skin in the donor compartment. The skin area contacting
the receptor phase was 0.6362 cm’, and the receptor medium was
adjusted at 37 °C to keep temperature of the skin surface at 32 °C.
Receptor phase solution (0.4 mL) from each cell was withdrawn
through the sampling port at 2, 4, 8, 12, 16, 20 and 24 h. The re-
ceptor phase was immediately replaced by equal volume of fresh
receptor phase. The withdrawn sample was analyzed by HPLC.
The amount of CA retained in skin was determined at the end of
the in vitro permeation experiment (24 h). The skin surface was
washed with PBS solution on each side to remove the rest of sam-
ples. The SC was then subsequently removed using the tape-strip-
ping method three times with 3M scotch tape (Korea 3M), and
stripped skin was determined by cutting skin into small pieces.
The tape and stripped skin were dissolved in 100% ethanol using
a sonicator. The concentrations of extracted CA were determined
by HPLC.
2-7. HPLC Analysis

The amount of CA was determined using a reversed-phase
HPLC system (Shimadzu model, Kyoto, Japan) equipped with an
auto-sampler (SIL-20A, Shimadzu), photodiode array detector (SPD-
20A, Shimadzu), binary pump (LC-20AT, Shimadzu), column oven
(CTO-20A, Shimadzu), and vacuum degasser (DGU-20A, Shi-
madzu). Chromatographic separation was performed using a Shim-
pack VP-ODS Cy; column (4.6x250 mm, 5 pm; Shimadzu, Kyoto,
Japan). For HPLC analysis, we used two different linear solvent gradi-
ents with a binary mobile phase consisting of 2 v/v% acetic acid in
distilled water (solvent A) and 100% acetonitrile (solvent B). The
flow rate was set at 1.0 ml/min and the sample injection volume
was 20 ul. The column oven temperature was set to 40 °CC and
the absorbance was monitored by a UV detector at 325 nm. The
amount of CA in formulations was determined with a standard
calibration curve for CA obtained in the chromatographic condi-
tions described above.
2-8. Statistical Analysis

All reported data are presented as mean valueststandard devia-
tion (SD) of at least three experiments. Statistical significance was
determined by one-way analysis of variance (ANOVA) at the level
of significance of (p<0.05).



Elastic liposomes loaded with caffeic acid-hydroxypropyl-f-cyclodextrin 2741

RESULTS AND DISCUSSION

1. Characterization of the CA-HP-4CD Complex

The CA-HP-ACD complex was prepared by using the freeze-
drying method [25]. The CA-HP-£CD complex appeared as white,
amorphous powder, unlike original yellow CA powder. Zhang et
al. investigated structural features of the CA-HP-3CD complex
formation by NMR analysis and confirmed that the phenyl ring of
the CA is included in the HP-#CD cavity, while the more polar
carboxyl group is exposed outside the HP-3-CD cavity [24]. There-
fore, in this study, we did SEM and XRD analyses to confirm the
formation of the complex.

SEM micrographs of CA, HP-CD, a physical mixture of CA
and HP-4CD, and the CA-HP-3-CD complex are shown in Fig.
1. CA formed irregular shaped crystals (Fig. 1(a)), while HP-4CD
appeared as amorphous spherical particles with cavities (Fig. 1(b)).
In a physical mixture of CA and HP-$-CD, both the characteristic
crystals of CA and amorphous spheres of HP-3-CD were found
(Fig. 1(c)). In contrast, the CA-HP-4-CD inclusion complex appeared
as irregular particles with dendrite-like shapes at their ends and the
morphology of both original components disappeared (Fig. 1(d)).
We concluded that drastic changes in the particle shape indicated
that the inclusion complex had been formed by an apparent inter-
action between CA and HP--CD [28].

SEM HV: 20.0 kV WD: 7.93 mm
SEM MAG: 1.00 kx Det: SE
SEOULTECH

7

SEMH 0.0 kV WD: 40.79 mm
SEM MAG: 1.00 kx Det: SE
SEQULTECH

VEGA3 TESCAN SEM HV: 20.0 kV
SEM MAG: 1.00 kx Det: SE

VEGA3 TESCAN SEM HV: 20.0 kV
SEM MAG: 1.00 kx Det: SE

XRD is a useful method to confirm CD complexation in pow-
der or microcrystalline states. We expected that formation of the
inclusion complex between CA and HP-£CD would lead to the
loss of CA crystalline characteristics. In addition, the diffraction
pattern of the complex had to be qualitatively different from a
mere superposition of the original components [29]. XRD pat-
terns of CA, HP-CD, a physical mixture of CA and HP-3-CD,
and the CA-HP-/-CD complex are shown in Fig. 2. CA XRD pat-
tern showed intense, sharp peaks in the crystalline form (Fig. 2(a)),
while HP-#CD manifested an amorphous structure that lacked
crystalline peaks (Fig. 2(b)). The XRD pattern of the physical mix-
ture of CA and HP--CD represented a superposition of the crys-
talline CA pattern and amorphous HP-4CD pattern, confirming
that no inclusion was formed (Fig. 2(c)). In contrast, the inclusion
complex was characterized by an amorphous pattern, similar to
that of HP-#CD, while the characteristic diffraction peaks of CA
were completely absent (Fig. 2(d)). These results confirmed that
CA had been incorporated within the HP-4-CD matrix with the
formation of the CA-HP-4-CD inclusion complex.

2. Characterization of Liposomes
2-1. Particle Size and Zeta Potential of Liposomes

We prepared liposomes that contained CA and the CA-HP-4
CD complex and compared their physicochemical characteristics.
The particle size, PDI, and zeta potential of these liposomes are

_#

WD: 10.04 mm VEGA3 TESCAN

SEOULTECH

WD: 7.84 mm VEGA3 TESCAN

SEOULTECH

Fig. 1. SEM micrographs of CA (a), HP-5CD (b), a physical mixture of CA and HP-4-CD (c), and the CA-HP--CD complex (d).
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Fig. 2. Powder X-ray diffraction patterns of CA (a), HP-4CD (b), a physical mixture of CA and HP-4-CD (c), and the CA-HP-#-CD com-

plex (d).

Table 2. Mean particle size, polydispersity index, zeta potential, and
deformability index of liposome preparations containing
CA and the CA-HP-$-CD complex (mean+SD, n=3)

Codes ?article PDI Zeta potential Def(?rmability
size (nm) (mv) index

CL 198.8+0.8 0.17+£0.02  —-27.8+2.2 8.88+0.32

EL 147.6+£0.9 0.22+0.01 -359+1.6 13.79+0.64

CD-CL 191.2+19 0.160.01 -37.9+3.2 10.10+£0.38

CD-EL 138.8t4.1 0.24+0.01 —37.0+2.2 14.61+0.69

listed in Table 2. As controls, the particle size values were 190.3,
135.9, 181.0 and 130.7 nm for CL, EL, CD-CL and CD-EL without
CA, respectively (data not shown). The particle size of elastic lipo-
somes (EL and CD-EL) was lower than that of conventional lipo-
somes (CL and CD-CL). This could be due to increased flexibility
and decreased surface tension of elastic vesicles caused by the use
of Tego” care 450 as an edge activator [30]. Moreover, liposomes
containing the CA-HP-CD complex (CD-CL and CD-EL) tended
to have a smaller size than liposomes without HP-4#CD (CL and
EL). This phenomenon could also be caused by a decrease of sur-
face tension due to the addition of HP-4-CD. In addition, a reduc-
tion of entropy of liposomes by CDs may have stabilized the small
vesicles, as observed by Alomrani et al. [31]. PDI values were in
the range of 0-0.3, which indicated a homogeneous dispersion.
Zeta potential is the electrostatic potential on the liposome sur-
face, which affects vesicular properties, physical stability; and skin-
vesicle interactions. High liposome zeta potential prevented aggre-
gation of liposomes and increased their stability [32]. All liposomes
that included CA had a negative electric charge of approximately
—30 mV. This was because the carboxylic group of CA and OH
groups of the sugar moiety in Tego” care 450 are negatively charged
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in the buffer solution at pH 7.4 [24,33]. Such a high absolute value
of the zeta potential stabilized liposomes because particle aggrega-
tion was prevented by a high level of mutual repulsion.
2-2. Deformability of Liposomes

Membrane deformability is an important property that differen-
tiates EL from CL. Deformable membranes help vesicles to deliver
active compounds deeply into the skin by facilitating penetration
through the skin pores that are much smaller than the vesicle diam-
eter [34]. Deformability of prepared liposomes was investigated by
the extrusion method (Table 2). Deformability indices of CL and
CD-CL were 8.88 and 10.10, respectively. Higher deformability
indices were determined for EL and CD-EL, which contained an
edge activator (13.79 and 14.61, respectively). We concluded that
presence of an edge activator in liposomes disrupted packing char-
acteristics of phospholipids in the liposome bilayer, which led to
increased membrane deformability [35].
2-3. CA Entrapment Efficiency

We measured CA EE% in liposomes containing CA and the
CA-HP-4-CD complex (Fig. 3). EE% values in CL and EL com-
prised 42.58% and 47.04%, respectively. Higher EE% values, 68.17%
and 73.25%, were observed in CD-CL and CD-EL with HP--CD,
respectively, which was approximately 1.6-fold higher than EE% in
CL and EL. In the latter case, enhanced EE% could be attributed
to a well-known solubilizing ability of HP--CD. It was reported
that CD complexation enhances drug solubilization and entrap-
ment in the aqueous liposome core [36]. In this way, larger quanti-
ties of CA in the form of CA-HP-£CD complexes could be en-
capsulated into the aqueous liposomal core within a volume rela-
tively larger than that of lipid bilayers [37].
2-4. Morphology of Liposomes

Fig. 4 shows TEM images of structural morphology of different
liposome preparations. All liposomes maintained their spherical
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Fig. 3. Entrapment efficiency of different liposomal preparations
that contained CA and the CA-HP-4CD complex (meanz+
SD, n=4).

Fig. 4. Transmission electron microscopy images of different lipo-
somes containing CA and the CA-HP-#-CD complex; (a)
CL, (b) EL, (c) CD-CL and (d) CD-EL.

shape and vesicular structure and appeared to be homogenously
small. Fig. 4(b), (d) demonstrates that liposome morphology was
retained after the incorporation into the CD complex. This indi-
cates that entrapment of the drug-CD inclusion complex within
the liposome did not affect bilayer structure and lamellar integrity
[38].
2-5. Stability of Liposomes

Changes of particle size and PDI value are important indicators
of the physical stability of the liposome membrane. To investigate

(a) 250 -
200 ~
150 -

« After 1day
100 - u After 1 month

Particle size (nm)

CL EL CD-CL CD-EL

035 1~

G

030 -+
0.25 -+

020 4
« After 1day

015 A = After 1 month
010 -~

005 A

Polydispersity index (PDI)

0.00 -
CL EL CD-CL CD-EL

Fig. 5. Storage stability of liposomes containing CA and the CA-
HP-4CD complex: (a) change of particle size distribution,
(b) change of polydispersity index (PDI) over 1 month. Val-
ues are presented as mean+SD (n=3).

liposome stability, we visually inspected liposome preparations and
measured the change in their particle size and PDI at 4 °C after 1
month of storage at 4 °C (Fig. 5). Particle sizes of different popula-
tions of liposomes were stable and did not differ significantly from
their initial values after one month of storage. PDI values remained
under 0.3. In addition, phase separation and flocculation were not
observed; therefore, we confirmed that prepared liposomes were
stable for at least one month.
3. In Vitro Drug Release Studies

The diffusion of an entrapped molecule from a vesicular system
is governed by its transfer from the delivery system into the exter-
nal aqueous phase and diffusion through the dialysis membrane
into the external compartment. Only the molecules present in the
external aqueous phase are able to permeate through the mem-
brane [39]. In vitro drug release profiles of different formulations
are shown in Fig. 6. The release profiles of CL, EL, CD-CL, and
CD-EL were compared to those of the CA solution and CA-HP-
CD complex solution dissolved in PB buffer as control formula-
tion. To facilitate dissolution of CA, we added 20% 1,3-BG to the
CA solution. 1,3-BG is widely used as an ingredient for dissolving
active components in cosmetics and has skin moisturizing proper-
ties. The release rate of different formulations increased in the fol-
lowing order: CA solution>CA-HP-$-CD complex solution>EL>
CL>CD-EL>CD-CL. As shown in Fig. 6, the CA solution, as a
control formulation, exhibited a rapid drug release behavior with
97.8% of CA being released after 4 h. This mode of release sug-
gested that there was no interaction of the drug with the dialysis
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Fig. 6. In vitro drug release profiles of different formulations con-
taining CA and the CA-HP-S-CD complex. Values are ex-
pressed as the mean+SD (n=3).

membrane under our experimental conditions [40]. The release of
CA from the CA-HP-£#CD complex solution was slower with
79.6% and 93.6% being released after 4 and 24 h, respectively. The
slower release of the drug from the CA-CD complex solution in
comparison to the release rate from the CA solution could be due
to the formation of the complex. On the other hand, entrapment
of CA into liposomal vesicles allowed a better control over the
drug release rate compared to its rapid liberation from solutions.
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Fig.7. (a) In vitro skin permeation profiles, (b) total permeation
amount of CA from the different formulations into the skin
of hairless mice after 24h (Tape: stratum corneum, Skin:
epidermis and dermis without stratum corneum, Transder-
mal: receptor phase). *p<0.05.
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This difference was probably due to the well-known reservoir
effect of liposomes [27]. After 24 h, 41.5% and 57.1% of CA was
released from CL and EL, whereas only 18.5% and 26.5% CA was
released from CD-CL and CD-EL, respectively. Liposomes with
HP--CD showed relatively slow and sustained release profiles. This
behavior can be explained by the formation of an additional bar-
rier to the release of the drug from the vesicle membranes because
of complexation. In addition, slower release could occur due to the
stabilization of the vesicle membrane by CD [41,42]. Thus, our study
confirmed the utility of CD for controlled and sustained drug release.
4. In Vitro Skin Permeation Studies

In vitro skin permeation profiles of different CA-loaded formu-
lations were obtained using Franz diffusion cells (Fig. 7). We used
0.15% CA solution with 20% 1,3-BG and CA-HP-£#CD complex
solution as control groups. All formulations were applied to the
skin surface under occlusive conditions for 24 h. The amount of
CA in the receptor phase that had permeated through the skin in
a constant area (0.6362 cm”) during 24 h is shown in Fig. 7(a). Trans-
dermal CA penetration across the skin showed a time-dependent
increase for all formulations. After 24 h, liposomal vesicles medi-
ated relatively higher levels of cumulative CA permeation than did
the CA solution and CA-CD complex solution. Among liposomal
vesicles, CD-EL (16.52 pig/cm’) allowed for the highest permeation
levels, followed by EL (11.46 pg/cm’). Although conventional lipo-
somes, such as CL and CD-CL, provided lower permeation levels
(6.05 ug/cm’ and 8.82 pg/cn’, respectively) than elastic liposomes,
there were still significantly more effective than the CA solution
(234 pg/cm®) and CA-CD complex solution (3.49 pg/cm?). Thus,
transdermal skin permeation studies indicated that our DCEL sys-
tem, which combined CDs and elastic liposomes, enhanced trans-
dermal delivery of CA. We believe that the small size of the ob-
tained particles and high deformability of EL positively affected CA
permeation. Furthermore, it was reported that CDs enhance per-
cutaneous absorption of drugs due to their solubilizing action, which
increases drug availability at the absorption site [43]. CDs also facil-
itate interactions with free lipids present in the SC layer and thereby
potentiate transdermal permeation of drugs [44]. Fig. 7(b) shows
the total permeation amount of CA present in the stratum corneum
(Tape), in the epidermis and dermis except for stratum corneum
(Skin) and in receptor phase passing through skin (Transdermal)
by quantitative analysis. The total skin permeation of CA-HP-£
CD loaded liposomes was significantly higher than that obtained
for CA alone. Thus, the total skin permeation amount of CD-CL
(42.76 pg/cm’) was 1.4-fold higher than that of CL (30.09 pg/cm?).
The same parameter in CD-EL (69.40 ug/cm”) was 1.2-fold higher
than that of EL (57.54 ug/cm’). Of all preparations, CD-EL pro-
vided the highest total skin permeation amount, which was 6.7-
fold higher than the amount determined in the experiment with
the control CA solution (10.30 pg/cm?). The relatively higher level
of skin permeation observed when using CD-EL could be attributed
to the synergistic effect of CD complexation and elastic liposomes.
Elastic liposomes are able to increase skin permeation due to the
high degree of their deformability, which modifies the intercellular
lipid lamellae and facilitates fusion of vesicles with the skin [45].
CDs have been reported previously to act as skin penetration en-
hancers. In an SEM study; Singh et al. demonstrated that CD in-
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creases permeation of drugs by inducing intercellular lipid pertur-
bations with pore formation on the skin surface [41]. Furthermore,
the increase in solubility, higher entrapment efficiency, and sus-
tained drug release of HP-#CD could have contributed to enhanced
permeation of CA through the skin [17]. Therefore, this study sug-
gests that our DCEL system that combined CDs and elastic lipo-
somes can considerably enhance skin permeation of drugs.

CONCLUSION

We prepared a DCEL system that combines advantages of drug-
CD complexes and elastic liposomes to enhance skin permeation
of CA. The prepared DCEL system was compared and evaluated
with different liposomal preparations (CL, EL, and CD-CL). The
presence of Tego” care 450 reduced the vesicle size and increased
membrane deformability of elastic liposomes. The entrapment effi-
ciency of liposomes was enhanced by the addition of HP-£CD. In
vitro release studies demonstrated that CD-EL provided more sus-
tained CA release profiles than those obtained with the free CA solu-
tion. Similarly, the permeation ability of CD-EL was greater than
that of other liposomal preparations. Such enhancement could be
due to the small particle size, high deformability, and increased
entrapment efficiency of CD-EL. Therefore, the results of this study
suggest that elastic liposomes containing the HP-4CD complex
(DCEL system) have a potential to become a promising transder-
mal delivery system for the delivery of pharmacologically active
compounds including CA.
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