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The objective of this study was to develop the liposome formulation as carrier for enhancing
skin permeation of meloxicam (MX) and to investigate the influences of formulation factors on
physicochemical characteristics (vesicle size, size distribution, zeta potential, elasticity, drug content
and entrapment efficiency (EE)), morphology, thermal properties, stability of the formulation and in
vitro skin permeability of liposomes. The vesicle formulations present of charge of surfactants (anionic,
neutral and cationic), carbon chain length of surfactants (C4, C12 and C16) and amount of surfactants
(10%, 20% and 29%) were formulated. Moreover, the possible mechanisms by which these liposomes
could improve the skin delivery of MX were also evaluated. In pre-formulation studies, the liposomes
were prepared using 10 mM egg yolk phosphatidylcholine (PC), 0-90 % surfactant (cetylpyridinium,
CPC) and 0-90% Chol with 0-20% MX. The results suggested that the 10-40% Chol, 10-40% CPC, and
10% MX were the desirable amount for MX-loaded liposomes. The optimal MX-loaded liposomes
were estimated wusing a nonlinear response-surface method incorporating thin-plate spline
interpolation (RSM-S) by fixing the amount of PC and MX, and varying the amount of Chol (10-40%)
and CPC (10-40%). The results suggested that an increase of Chol resulted in a significant increase in
vesicle size, a decrease in elasticity and a slight increase in EE. While an increase in CPC resulted in a
significant decrease in vesicle size, an increase in zeta potential, elasticity and EE. The result revealed
that the optimal formulation of PC/Chol/CPC in the molar ratios was 100:10.5:29.0. The influence of
formulation factors indicated that the liposomes composed of 10% chol, 29% CPC and 10% MX
showed the highest skin permeability. The MX-loaded liposomes vesicle sizes were 91+9 nm with
narrow size distribution (0.3+0.06) and zeta potential of 48+1 mV. The elasticity of these MX-loaded
liposomes was 89+1 mg~sec’1~cm’2. The EE and drug content were 68+1% and 526+7 ug/mL,
respectively. The mechanisms of liposomes to enhance skin permeation of MX were determined by
characterizing the shed snake skin after skin permeation study with FT-IR and DSC. The FT-IR spectra
and DSC thermogram showed that the peak was shifted, indicating that the possible mechanisms were
the penetration enhancing mechanism and the vesicle adsorption to and/or fusion with the stratum
corneum. This finding provided useful fundamental information to develop the liposome formulation

for improving skin delivery of lipophilic drugs.
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EXECUTIVE SUMMARY

Since the first paper to report the effectiveness of deformable liposomes which
can be used for skin delivery of drug into deep skin region was published and several
studies reported that elastic vesicles were more efficient in enhancing the transport of
drugs than rigid vesicles. Accordingly, new categories of liposome vesicles with high
elasticity, high fluidity or high flexibility have been developed and introduced. The ultra-
deformable or deformable liposomes mainly consist of phospholipids and various types
of penetration enhancer (e.g., surfactant, non-ionic surfactant, ethanol, terpenes) which
only a specially designed of liposome vesicles were shown to be able to allow
outstanding transdermal drug delivery carriers. Therefore, recent approaches in vesicular
modulating drug delivery through skin at the latest decade have resulted in novel
deformable liposome carriers i.e., deformable liposomes (transfersomes), niosomes,
ethosomes, invasomes, flexosomes and menthosomes. All special and attractive designed
of liposomes and analogues enhanced skin delivery of various hydrophilic and lipophilic
drugs.

Meloxicam (MX), a non-steroidal anti-inflammatory drug (NSAID), is used to treat
rheumatoid arthritis, osteoarthritis and other joint diseases. It has been reported that MX
is an effective NSAID for reducing pain and inflammatory symptoms with no convincing
evidence that the risk of the severest adverse Gl side effect (e.g., peptic ulceration,
perforation, bleeding) is lower with MX than with other NSAIDs. Although, MX
preferentially inhibits COX-2 (cyclooxygenease-2) over COX-1 (cyclooxygenease-1), MX still
has the incidence of Gl side effects (e.g., bellyache, indigestion, ulceration and bleeding)
at high doses on long term therapy. If MX could be delivered without incidence of these
limitations, MX administration would become safer and more acceptable. Transdermal
delivery of NSAIDs offers the advantage of deliver drug to target inflammatory site, in
order to maximize local effects and minimize or without systemic side effect. Therefore, it
is usefulness for MX, a drug that is often used clinically but has no available option for
transdermal delivery which modulates Gl side effect and delivers MX to the target site.
Although, MX possesses favorable characteristics for transdermal delivery such as low
molecular weight, low daily therapeutic dose, the major limitation of MX for transdermal
delivery is its very low aqueous solubility (0.012 mg/ml), and the log partition coefficient
(log P) is 0.1 in octanol/buffer pH 7.4 that also make them difficult for development as
transdermal drug delivery carriers. Numerous TDDS for MX such as microemulsion, gels,
patch, nanoemulsion-gel have been developed to improve the skin delivery of MX.
However, low drug loading capacity, poor drug controlled and sustained release capacity,

and high content of organic solvent in the formulation limited their safe to use as skin
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delivery carriers. Therefore, MX is challenging and suitable for development as a
transdermal delivery candidate in our study.

Although, recently various kind of novel liposomes and/or deformable liposomes
have been developed to enhance the skin permeation of drugs, liposome system and its
mechanism have not yet fully understood for transdermal drug delivery carriers. The
results have not been consistent; positive and negative results were observed in different
type of liposome and analogues. Numerous intensive studies suggested that the
permeability of drug in liposome and analogues depends on their intrinsic
physicochemical characteristics (i.e., vesicle size, size distribution, zeta potential, elasticity,
drug content and entrapment efficiency), and these characteristics was directly affected
by vesicle component or formulation factors. However, liposomes can be varied with
respect to vesicle component (e.g., phospholipid, cholesterol, surfactant, non-ionic
surfactant, ethanol and/or other penetration enhancers) and method of preparation.
Furthermore, whether the skin model used, human or animal (e.g., pig, rat, mice, rabbit,
snake, etc.), the factor that determines the effectiveness of drug in liposomes and
analogues remains a much debated question and must be designed and tested on a
case-by-case basis. In this context, the intensive systematic investigation of type and
amount of vesicle component are still needed to define the effect of the formulation
factors on physicochemical characteristics and skin permeability of drug-loaded liposome
formulation. The success will provide the optimal vesicle formulation for transdermal
drug delivery carrier for meloxicam and other lipophilic model drug, and also provide the
important fundamental information for development other transdermal drug delivery
system.

The objective of this study was to develop the liposome formulation as carrier
for enhancing skin permeation of meloxicam (MX) and to investigate the influences of
formulation factors on physicochemical characteristics (vesicle size, size distribution, zeta
potential, elasticity, drug content and entrapment efficiency (EE)), morphology, thermal
properties, stability of the formulation and in vitro skin permeability of liposomes. The
vesicle formulations present of charge of surfactants (anionic, neutral and cationic),
carbon chain length of surfactants (C4, C12 and C16) and amount of surfactants (10%,
20% and 29%) were formulated. Moreover, the possible mechanisms by which these
liposomes could improve the skin delivery of MX were also evaluated. In pre-formulation
studies, the liposomes were prepared using 10 mM egg yolk phosphatidylcholine (PC), O-
90 % surfactant (cetylpyridinium, CPC) and 0-90% Chol with 0-20% MX. The results
suggested that the 10-40% Chol, 10-40% CPC, and 10% MX were the desirable amount
for MX-loaded liposomes. The optimal MX-loaded liposomes were estimated using a

nonlinear response-surface method incorporating thin-plate spline interpolation (RSM-S)
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by fixing the amount of PC and MX, and varying the amount of Chol (10-40%) and CPC
(10-40%). The results suggested that an increase of Chol resulted in a significant increase
in vesicle size, a decrease in elasticity and a slight increase in EE. While an increase in CPC
resulted in a significant decrease in vesicle size, an increase in zeta potential, elasticity
and EE. The result revealed that the optimal formulation of PC/Chol/CPC in the molar
ratios was 100:10.5:29.0. The influence of formulation factors indicated that the liposomes
composed of 10% chol, 29% CPC and 10% MX showed the highest skin permeability. MX-
loaded liposomes vesicle sizes were 91+9 nm with narrow size distribution (0.3+0.06) and
zeta potential of 48+1 mV. The elasticity of these MX-loaded liposomes was 89+1 mg-sec
“em”. The EE and drug content were 68+1% and 526+7 pg/mL, respectively. The
mechanisms of liposomes to enhance skin permeation of MX were determined by
characterizing the shed snake skin after skin permeation study with FT-IR and DSC. The FT-
IR spectra and DSC thermogram showed that the peak was shifted, indicating that the
possible mechanisms were the penetration enhancing mechanism and the vesicle
adsorption to and/or fusion with the stratum corneum. This finding provided useful
fundamental information to develop the liposome formulation for improving skin delivery

of lipophilic drugs.
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uni1 (Introduction)

ﬂ'a'mé"}ﬁ'zyuazﬁuwm{]zymﬂ (Research problem and its significance)

Transdermal drug delivery systems (TDDS) have become a global priority because
the most common route of drug delivery (oral and parenteral) was associated with
numerous limitations. Oral drug delivery has poor bioavailability due to hepatic first pass
metabolism by gastrointestinal enzymetic system, variable absorption rate and serum
concentration which may be unpredictable, acid and food problem in gastrointestinal (GI)
tract. While parenteral drug delivery has advantage of avoidance of Gl tract problem and
recarded as 100% bioavailability, however patients were not typically able to self
administer, severe adverse drug reaction in case of allergy, risk of infection and especially
pain from injection and patient compliance becomes a major problem of parenteral drug
administration [27]. In order to avoid these disadvantages, the transdermal drug delivery
administration was widely used as an alternative drug administration route because TDDS
can offers many advantages over the previous limitations such as avoid hepatic first pass
metabolism and Gl irritation, convenient and painless administration, reduce frequency of
drug administration, ease of dose termination in case of severe adverse side effects.
However, the major limitation of TDDS was the permeability of the skin; it was permeable
to small molecules and suitable partition coefficient Llipophilic drugs and highly
impermeable to macromolecules and hydrophilic drugs. Furthermore, the main barrier
and rate-limiting step for diffusion of drugs across the skin was provided by the outermost
layer of the skin, the stratum corneum (SC). To overcome the skin’s barrier, several
strategies have been developed both physical and chemical methods, including the use
of ultrasound [28], iontophoresis [29], electroporation [30], microneedles [31], chemical
enhancers [32], microemulsion [33] and liposomes [34], which provide an alternative for
improved drug delivery through the skin.

Liposomes were one of the potential strategies that utilize for transdermal
delivery of hydrophilic drugs [35], lipophilic drugs [24], gene [36], protein [37] and
macromolecule [38]. Recent approaches in liposomes modulating drug delivery through
the skin have resulted in various types of liposomes carriers e.g., deformable liposomes
(transfersomes) [39], niosomes [40], ethosomes [41], invasomes [4], flexosomes [42],
transethosomes [43] and menthosomes [6]. Transfersomes were the first generation of
elastic vesicles introduced by Cerv et al. (1992) and compose of phospholipids and an
edge activator or a single-chain surfactant which having a high radius of curvature that
destabilizes and increases deformability of the lipid bilayers [7]. Niosomes were the
second generation of elastic liposomes introduced by van den Bergh et al. (1999) and the
lipid were predominantly non-ionic surfactant and cholesterol which form bilayer.

Ethosomes were another novel liposomal carriers, developed and introduced by Touitou

15
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et al. (2000) and compose of phospholipids, ethanol and water. Invasomes were
introduced by Verma (2002) and incorporate phospholipids, ethanol and a mixture of
terpenes. Flexible liposomes (Flexosomes) were one type of elastic liposomes introduced
by Song and Kim (2006) and incorporate phospholipids, non-ionic surfactant and edge
activator. Transethosomes were one of a special carrier which was a combination
between transfersomes and ethosomes. And menthosomes, a novel ultradeformable
liposomes compose of phospholipids, menthol and edge activator. These special
designed liposome carriers enhanced skin delivery of various drugs [39].

Several intensive studies suggested that the permeability of drug in liposomes and
their analogs depends on their physicochemical characteristics e.g., particle size, size
distribution, zeta potential, elasticity, drug content, entrapment efficiency, stability and
thermal properties which these characteristics were directly affected by the formulation
factors or their composition. Moreover, liposomes and their analogs can vary with respect
to type and amount of the formulation factor (e.g., phospholipid, cholesterol, edge
activator, penetration enhancer, etc.). However, the effect of different type of liposomes
on TDDS was not fully clarified as there were both positive and negative results.
Furthermore, most reports studied under different type of liposomes (conventional
liposomes, transfersomes, niosomes, ethosomes, invasomes, flexosomes, transethosomes,
menthosomes), different experiment conditions (in vitro, in vivo, ex vivo), different
composition (type, amount), different type of drug (hydrophilic, lipophilic) and different
skin model (human, animal); therefore, the obtained results cannot be compared.
Nowadays, liposomal systems for skin delivery still remains a much debated questions
and have to test on a case-by-case basis because did not fully understand the behavior.
The most potential liposome carriers for excellent transdermal drug delivery of both
hydrophilic and lipophilic drugs were still needed to define. Thus, the finding results will
provide important fundamental information for simplifying the development of novel
liposomal systems for transdermal drug delivery.

In the research and development of liposomal systems for transdermal drug
delivery carriers, it was complicated to design and investigate the optimized liposomal
formulations having appropriate skin permeation of both hydrophilic and lipophilic drugs.
For this objective, a design of experiment (DOE) processions and a statistical computer
programs was employed. For example, using a nonlinear response-surface method
incorporating thin-plate spline interpolation (RSM-S), complicated relationships between
causal factors (formulation factor) and response variables (physicochemical characteristics)
can be easily understood, and a stable and reproducible simultaneous optimal
formulation was obtained [44]. A bootstrap (BS) re-sampling method and a Kohonen self-

organizing map (SOM) were used to evaluate the reliability of the optimal formulation
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estimated by RSM-S. These statistical approaches were helpful in formulating an
appropriate transdermal drug delivery system for hydrophilic and lipophilic model drugs.
Moreover, a Bayesian network (BN) was applied to gain an understanding of the

relationships between formulation factor and physicochemical characteristics.

TUIaIAYaUIY (Objectives)

1. To optimize and find the most potential liposomal systems as a transdermal drug
delivery carrier for enhancing skin permeation of hydrophilic or lipophilic drugs by
computer programs, and investigate the novel optimal formulation by the experiment.

2. To understand the important fundamental information and the relationships between
formulation factor and physicochemical characteristics for simplifying the development of
novel liposomal systems for transdermal drug delivery.

3. To compete and overcome the the commercial products with the novel liposomal

formulation for transdermal drug delivery of both hydrophilic and lipophilic drugs.

YIULYAVBINUIVY (Scope of research)
1. The liposomal system formulations in this study were formulated and performed based
on 2 studies:

1.1 The computer program study: to optimize the optimal formulation of each
liposomal carrires, the design of experiments (DOE) were used for designing and
developing the model formulations for computer program.

1.2 The experimental study: to confirm and compare the potential use of the
optimal formulation estimated using computer programs, the optimal formulation of each
liposomal carriers were performed by the experiment.

2. The physicochemical characteristics e.g., particle size, size distribution, zeta potential,
elasticity, drug content, entrapment efficiency, stability and thermal properties and the
skin permeability parameters e.g., lag time, skin permeation at t h and flux of model
formulations were investigated.

3. The optimal formulation of each liposomal carriers estimated using computer programs
was formulated and characterized by the experiment. The comparative study was
performed to choose the most potential liposomal systems for transdermal drug delivery
carriers for hydrophilic and lipophilic drugs.

4. The most potential liposomal systems of both hydrophilic or lipophilic drugs were
incorporated in topical base formulation and compare to the commercial products.
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Uselaviifianninaglésu (Expected outcome)

1. To optimize and find the most potential liposomal systems as a transdermal drug
delivery carrier for enhancing skin permeation of hydrophilic or lipophilic drugs.

2. To understand the important fundamental information and the relationships between
formulation factor and physicochemical characteristics for simplifying the development of
novel liposomal systems for transdermal drug delivery.

3. To compete and overcome the the commercial products with the novel liposomal
formulation for transdermal drug delivery of both hydrophilic or lipophilic drugs.
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52108U75938 (Research methodology)

d15.a3 (Materials)

1.

O N o RN

10.
11.
12.
13.

All other chemicals were commercially available and analyticalgrade.

- Acetronitrile (Fisher Scientific UK, Loughborough, Leicester, UK)

—  Acetronitrile (Wako Pure Chemical Industries, Osaka, Japan)

— Cetylpyridinium chloride; CPC (Sigma Atdrich®, St. Louis, MO, USA)

— Chloroform; CHCl; (Wako Pure Chemical Industries, Osaka, Japan)

— Chloroform; CHCl; (RCI Labscan, Bangkok, Thailand)

- Cholesterol; Chol (Carlo Erba Reagenti, Strada Rivoltana, Rodano, Italy)

—  Disodium hydrogenphosphate dodecahydrate; Na,HPO4-12H,0 (Ajax
Finechem, Australia)

- Methanol; MeOH (Fisher Scientific UK, Loughborough, Leicester, UK)

—  Methanol; MeOH (Wako Pure Chemical Industries, Osaka, Japan)

— Potassium chloride; KCl (Ajax Finechem, Australia)

—  Potassium dihydrogenphosphate; KH,PO4 (Ajax Finechem, Australia)

- Sodium acetate trihydrate; C,H;0,Na-3H,0 (Ajax Finechem, Australia)

- Sodium chloride; NaCl(Ajax Finechem, Australia)

—  Triton® X-100 (Amresco®, Solon, Ohio, USA)

all-trans-retinoic acids; ATRA (Sigma, St. Louis, MO, U.S.A.)

Butylcetylpyridinium chloride; BCP (Tokyo Chemical Industry, Tokyo, Japan)

Laurylpyridinium chloride; LCP (Tokyo Chemical Industry, Tokyo, Japan)

Cetylpyridinium chloride; CPC (MP Biomedicals, Illkirch, France)

Cholesterol; Chol (Wako Pure Chemical Industries, Osaka, Japan)

Capsaicin; CAP (Hunan Huacheng Biotech, Inc., Changsha, China)

Clindamycin phosphate; CM (Bangkoklab and Cosmetics Co., Ltd., Ratchaburi,

Thailand).

Meloxicam; MX (Fluka, Buchs, Switzerland)

Methyl 4-Hydroxybenzoate (Tokyo Chemical Industry, Tokyo, Japan)

Phosphatidylcholine; PC (LIPOID GmbH, Cologne, Germany)

Sodium hexadecy! sulfate; SHS (Tokyo Chemical Industry, Tokyo, Japan)

Shed snake skin of Naja kaouthia (The Queen Saovabha Memorial Institute,

Thai Red Cross Society, Bangkok, Thailand)
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LﬂéaﬁﬁaLLazqﬂniiﬁ (Equipment needed for the project)

W oo N o RN
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Desiccator

N, gas in larminar hood

Sonicator bath

Probe sonicator (Sonics Vibra CeLlTM)
Ice bath

Centrifugation and Ultracentrifugation
Thermo-regulated water bath
Shaking incubator

Diffusion cell (sidy-by-side or franz cell)

. Micropipette (2-20 L, 20-200 UL, 100-1000 W, 1-5 ml) and micropipette tip
. Microcentrifuge tube 1.5 ml (Eppendorf © tubes)

. Filter set and filter membrane 0.45 Um

. Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)
. Transmission Electron Microscope (TEM)

. High performance liquid chromatography (HPLC)

. Confocal laser scanning microscopy (CLSM)

. Differential scanning calorimetry (DSC)

. Aluminum seal pan and cap

. Refrigerator, Freezer —ZOOC, Freezer 4°C
. Magnetic stirrer and Magnetic bar

. Analytical balance

. Aluminium foil

. Vortex mixer

. Thermometer

. pH meter

. Parafilm
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s U8U25998 (Methods)

1. Review literatures
2. Preparation of formulation

The pre-formulation containing a controlled amount of phosphatidylcholine (PC)
and various amounts of other composition e.g., surfactants (Surf), non-ionic surfactant
(Non-Surf), cholesterol (Chol), ethanol (EtOH), terpenes (Terp) and menthol (MEN) were
formulated. The composition concentration was varied from minimize to maximize
composition in liposomes, and the drugs (hydrophilic and lipophilic drugs) concentration
was varied to maximize drugs in liposomes in percentages molar ratio of PC, respectively.
The sonication method was used to prepare different model formulations. The
entrapment efficiency, loading efficiency, molar turbidity, stability and skin irritation of
pre-formulation were investicated for choosing the optimum composition ratio for
formulating each model liposomal formulation. The high entrapment efficiency, high
loading efficiency, high molar turbidity, high stability and low skin irritation model

formulations were selected.

2.1 Hydrophilic and lipophilic drugs-loaded model liposomal preparation

Each model formulations of liposomes, transfersomes, niosomes, ethosomes,
invasomes, flexosomes, transethosomes and menthosomes were prepared according to
formulations obtained from a experimental design. As shown in Table 1, the numerous
formulations of hydrophilic and lipophilic drugs-loaded model liposomal system
composed of a controlled amount of PC and model drug, and various amounts of
surfactant, cholesterol, ethanol, terpene and menthol as chemical enhancer were
prepared. The concentration of each composition was selected as causal factors (X1,X5, ...
and X,). The concentration of PC was fixed at 0.773% (w/v). The model liposomal
formulations were prepared by the sonication method. Briefly, the composition mixtures
of PC, surfactant, cholesterol, ethanol, terpene and menthol were dissolved in
chloroform/methanol (2:1 v/v ratio). The solvent was evaporated under nitrogen gas
stream. The lipid film was placed in a desiccator for 6 h to remove the remaining solvent.
The dried lipid film was hydrated with acetate buffer solution (pH 5.5). The hydrophilic
drug (Drugy) was incorporated during the hydrated process while the lipophilic drug
(Drug.) was incorporated during the lipid mix process. The model formulations were
subsequently sonicated for two cycles of 15 min using a bath-type sonicator (5510J-DTH

Branson Ultrasonics, Danbury, USA). The liposomal formulations were freshly prepared or

stored in airtight containers at 4 °C prior to use.
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Tablel 1 The composition of each liposome carriers

Liposome carriers pC Chol Surf Non-Surf EtOH Terp MEN Drugy Drug,
Liposomes 4 4 - v v
Transfersomes v v v B, B } v v
PEGylated liposomes v v - - v v - v v
Menthosomes v 4 v - - - v v v

3. Characterization of model liposomal formulations and other model
formulations

3.1 Particle size, size distribution and zeta potential

The particle size, size distribution and zeta potential of the model formulations
were determined by a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at room
temperature. One hundred pL of the liposome and transfersome suspensions were
diluted with 1400 pL deionized water. At least three independent samples were taken,
each of which was measured at least three times.

3.2 Morphology study

The morphology of the lipid assembly was observed by transmission electron
microscopy (TEM) and freeze-fractured transmission electron microscopy (FF-TEM). A
small drop of sample solution placed on a small copper block was rapidly frozen in
nitrogen slash, which was freshly prepared just before its use by decompression in a
vacuum chamber [45]. The quenched sample was fractured in a freese-fractured
apparatus JFD-9010 (JEOL, Tokyo, Japan). The fractured surface was rotary-shadowed with
platinum-carbon at an angle of 10° and the shadowed surface was coated with carbon.
The freeze-fractured replica obtained was washed with chloroform/methanol (4:1 v/v
ratio) and observed with a transmission electron microscope JEM1400 (JEOL, Tokyo,
Japan) equipped with a digital CCD camera (ES500W Erlangshen, Gatan, USA).

3.3 Elasticity evaluation

The elasticity value of the vesicle bilayer was directly proportional to equation (1)
following:

Flasticity = Jquy X (rv/rp)2 (1)

Where Jqx Was the penetration rate through a permeability membrane, r, was the vesicle
size after extrusion and r, was the membrane pore size. To measure Jq,, the liposomes
were extruded through a polycarbonate membrane with a pore size diameter of 50 nm
(rp), at a pressure of 0.5 MPa. After 5 min of extrusion, the extrudate was weighed (J), and

the average vesicle diameter after extrusion (r,) was measured by particle size analyzer.
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3.4 Drug content, entrapment efficiency (%EE) and loading efficiency (LE)
The concentration of drug in the formulation was determined by HPLC analysis
after disruption of the vesicles with Triton” X-100 (0.1% w/v) at a 1:1 volume ratio and

appropriate dilution with phosphate buffer solution pH 7.4 (PBS). The liposomaL/Triton®

X-100 solution was centrifuged at 10,000 rpm at 4°C for 10 min. The supernatant was
filtered with a 0.45 lm nylon syringe filter. The entrapment efficiencies and the loading
efficiencies of the drug-loaded formulation were calculated by equations (2) and (3),

respectively.

% entrapment efficiency = 100<(C/C;) x 100 2)
% entrapment efficiency = (C,/C;) x 100 (3)

Where C; was the concentration of drug loaded in the formulation as described in the
above methods and C; was the initial concentration of drug added into the formulation.
The equations (1) were chosen for hydrophilic drug-loaded formulation calculation and

the equations (2) were chosen for lipophilic drug-loaded formulation calculation.
Loading efficiency = Dy/L¢ (4)

Where D; was the total amount of drug in the formulation and L; was the total amount
of PC added into the formulation.
3.5 Stability evaluation

The model liposomal formulations were stored at 4+1 °C and 251 °C (room
temperature, RT) for 30 days. Both the physical and the chemical stability of the model
formulation were evaluated and the optimal formulation. The physical stability was
assessed by visual observation for sedimentation. The chemical stability was determined
by measuring the drug remaining in the formulation by HPLC on day 1 and 30 for the
model formulation evaluation and on day 1, 15, 30, 60, and 90 for the optimal
formulation, respectively.

3.6 Thermal properties measurement

Differential scanning calorimetry (DSC) measurements were performed using a
Thermo plus DSC-8230 instrument (Rigaku Co., Tokyo, Japan), heated from -20 to 80°C
with heating scan at the rate of 1°C/min. The empty vesicles and vehicle or continues
phase were separated by ultracentrifugation, the sediment was used as sample for DCS
measurement. The sample (10 mg) was weighed and placed in an aluminum pan (Rigaku
Co., Tokyo, Japan). The transition temperature was determined as the peak of the

endothermic transition peaks.
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3.7 HPLC analysis
The drug concentration was analyzed by HPLC. All samples were stored at 4 °C

until analysis.

4. In vitro skin permeation study

Human skin obtained by abdominalplasty surgeries supported by Yanhee Hospital,
Bangkok, Thailand was used as a model membrane for the skin permeation study. The
study was carried out with the approval of the committee on human rights related to
human experimentation, Silpakorn University, Thailand. The excess adipose layer was
sectioned off from the received skin by dissecting with the surgical scissors. The epidermis
was separated from the dermis using the heat separation technique. The skin was
immersed into hot water for controlling the temperature at 60°C for 1 min. Then, the
epidermal layer was carefully separated from the dermis using blunt forceps to produce
intact sheets ready for mounting on diffusion cells. The obtained epidermis were wrapped
with aluminum foil and stored at -20°C until used. The stored epidermis were allowed to
thaw, cut into 4.5 cmx4.5 cm pieces and hydrated by placing in isotonic phosphate buffer
in a refrigerator (at about 4°C) overnight before used. The skin samples were mounted
between the diffusion chambers with a 32+1 °C water jacket to control the temperature.
The dorsal surface of the skin was placed in contact with the donor chamber, which was
filled with the model liposomal formulation. The receptor chamber was filled with PBS
and stirred with a Teflon magnetic bar driven by a synchronous motor. At time intervals,
one mL aliquot of receptor was withdrawn, and the same volume of fresh medium was
added back into the chamber. The concentration of permeants in the samples was
analyzed by HPLC, and the cumulative skin permeation profile was plotted against time.
The steady-state flux was determined as the slope of linear portion of the plot. Lag time
was also obtained by extrapolating the linear portion of the penetration profile to the
abscissa. The skin permeation of model drug was analyzed using the mathematical model
based on the Fick’s law of diffusion. The permeability coefficients (K,) were calculated
from the cumulative skin permeation profile using the steady-state flux (J), and the donor

concentration (Cy) of the formulations by equations (5)
Ko = J/Cy (5)
5. Determination of optimal formulation
5.1 Optimization by RSM-S The optimization study of each liposomal carriers

formulation based on RSM-S was performed with the data set obtained for the model

liposomal formulations [46]. Details of the simultaneous optimization methods with RSM-
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S have been fully given previously [47-49]. The optimal formulation was defined as a
sufficient cumulative drug-permeated skin at 2, 4, 6, 8, 10 and 12 h, the flux and the skin
permeability coefficient. The best liposomal formulation should have the maximum value
of permeability coefficient value, flux and cumulative drug-permeated skin at 2-12 h, and
minimum lag time. Once the RSM-S-estimated optimal formulation was obtained, its
reliability was evaluated using BS resampling, which has been fully described previously
[50].

5.2 Latent structure analysis To elucidate the latent structure underlying the
menthosomes, a BN analysis was applied. BN was used to construct a probabilistic
graphical model of the latent structure and elucidate the relationships within the latent
structure by estimating conditional probability distributions that could clarify the
relationships  between formulation factors (causal factors), the physicochemical
characteristics (latent variables) and skin-permeability response variables, as a path

diagram for simplifying to understand the important foundation information.

6. The comparative study

The optimal formulation of each liposomal carriers (liposomes, transfersomes and
menthosomes) estimated using computer programs was formulated by the experiment.
Particle size, size distribution, zeta potential, elasticity, drug content, entrapment
efficiency, morphology, stability and thermal properties of each optimal liposomal
formulation were characterized and compared. The skin irritation and skin permeation
study were performed using human skin as a skin model membrane. Then, the skin
samples were observed under the light microscope and the confocal laser scanning
microscopy (CLSM), respectively. The best novel liposomal carriers formulation for
transdermal drug delivery of hydrophilic and lipophilic drugs was chosen. The most
potential liposomal systems of both hydrophilic and lipophilic drugs were incorporated in
topical formulation cream or gel base and compared to the potential commercial

products.

7. Computer programs

dataNESIA, Version 3.2 (Yamatake Corp., Fujisawa, Japan) was used for drawing the
response surfaces for each variable and predicting the latent variables and response
variables (skin permeation) for the various formulations. SOM clustering was performed
using Viscovery SOMine, (Version 5.0, Eudaptics Software GmbH, Vienna, Austria). BayoNet
(Version 5.0, Mathematical Systems Inc., Tokyo, Japan), was used to construct the
probabilistic graphical model among the formulation factors, the latent variables and the

response variables, and to estimate conditional independencies.
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8. Ethics in the animal study
This human skin study was performed at Silpakorn University and complied with
the regulations of the committee on ethics in the human rights related to human

experimentation, Silpakorn University, Thailand.

9. Data analysis

Data were expressed as the means Xt standard error (SE) of the mean and
statistical significance of differences between formulations employing the one-way

analysis of variance (ANOVA). The value of p<0.05 was considered statistically significant.
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Nan1sIgnazanusigna (Results and discussion)

1. Formulation of meloxicam-loaded liposomes
1.1 Pre-formulation study

To obtain the optimal molar ratio of the vesicle component in the vesicle
formulation with high entrapment efficiency (EE), high loading efficiency (LE) and high
molar turbidity, the pre-formulation of liposome and/or transfersome was prepared and
investigated. The concentration of MX and lipid composition (i.e., cholesterol and
surfactant) was varied from 0 to 20% w/w and 0 to 90% molar ratio of PC, respectively.
The molar turbidity was used as the major parameter to identify the vesicle formulation
such as the liposome (CLP) or transfersome (TFS) formulation in our study. The optimal
molar ratio of Chol and CPC used was in the same range between 10 and 40% molar ratio
of PC.

PC:Chol
CLP

PC:CPC
TFS

% molar ratio
Figure 1  The turbidity of different vesicle component in the formulation.

The turbidity of different vesicle component of Chol and CPC is shown in Figure 1.
In liposome formulation (PC:Chol), Chol was uneffect on the turbidity due to no
significantly difference in manner of the formular which using Chol in the range of 0-90%
molar ratio. However, in transfersome formulation (PC:CPC), the turbidity was markedly
decreased at 40% CPC, and the higher CPC (more than 60%), the transparent dispersion
was observed.

The molar turbidity of liposome and transfersome formulation detected by the
spectroscopy is shown in Figure 2. The molar turbidity of liposome and transfersome
formulation corresponded well with the results of the turbidity by visual observation
(Figure 1). The molar turbidity of liposome was unsignificantly difference in the range of
Chol from 0-90% molar ratio. It is reported that the incorporation of Chol affects

liposome interaction and bilayer stability [51] e.g., (i) the physical stability of liposome can
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be enhanced by cholesterol incorporation [52], (i) 11 mol% Chol can reduce the van der
Waals attraction force and increase the net repulsion forces between bilayers [53], (iii) the
lower fluidity and more rigidity of phosphatidylcholine vesicle are obtained after Chol
addition [54], (iv) 50 mol% is the maximum amount of Chol that can incorporate into
reconstituted bilayers, although the solubility limit for cholesterol in lipid shows a subtle
dependence on lipid molecular structure [55], and furthermore, Chol in the range of 10-
40 mol% affects membrane elasticity making the bilayer membrane more rigidity [56].

Therefore, the 10-40% molar ratio of Chol was chosen in our studies.

Liposom es

Molarturhidity

Oomolarratio

Figure 2 The molar turbidity of the different vesicle component in the liposomes
(O; PC:Chol) and transfersomes (<>; PC:CPC) formulation.

Conversely, the molar turbidity of transfersome decreased markedly at 40% of
CPC, and subsequently decreased in the range of 41-90% molar ratio. The change in
turbidity indicated that transfersomes possibly reformed to mixed micelle structure.
Transfersomes and mixed micelle structure had the different intrinsic characteristics
resulting in different effect on skin permeation as transdermal drug delivery. Therefore,
the 10-40% CPC was chosen to differentiate the pure transfersome structure to the mixed
micelle.

The EE and LE of meloxicam-loaded vesicle formulation were determined by
HPLC. The data of EE, LE and drug content in the formulation of 20% MX was not
detected (N.D.) because MX powder was not completely dissolved in
chloroform/methanol (2:1 v/v ratio), therefore 20% MX-loaded vesicle formulation could
not be prepared and determined. The maximum concentration of MX dissolved in

chloroform/methanol (2:1 v/v ratio) was up to 10% w/w of PC.
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Figure 3 The entrapment (white bar) and loading (solid circle) efficiencies of

meloxicam-loaded vesicle formulation.

Figure 3 shows the entrapment and loading efficiencies of meloxicam-loaded
vesicle formulation. The 2.5% MX-loaded vesicle formulation had the highest EE but the
lowest LE, while the 10% MX-loaded vesicle formulation had the lowest EE but the
highest LE and drug content in the formulation. The drug content in the formulation of
the 2.5, 5 and 10% MX-loaded vesicle formulation was 156.83, 309.53 and 524.21 mg/mL,
respectively. Therefore, 10% MX-loaded vesicle formulation was the optimal ratio of MX
for this investigation, as it provided high EE, high LE and high drug content in the
formulation.

Based on the turbidity studies, EE, LE and drug content in the formulation of all
investigated MX-loaded vesicle formulations, it can be suggested that the 10-40% Chol,
CPC, and the 10% MX-loaded vesicle formulation were desirable for further investigation

to formulate model liposomes and/or transfersomes for transdermal drug delivery
carriers.

1.2 Optimization of liposomes

To obtain the optimal molar ratio of model MX-loaded transfersome formulation
to improve in skin permeation of MX, 10 formulations of MX-loaded transfersomes
according to the formulations obtained from a two-factor spherical second-order
composite experimental design were prepared. The concentration of PC and MX were
fixed at 0.773 and 0.077% (w/w), respectively. The concentration of Chol and CPC
selected as causal factors was varied from 10-40% molar ratio (from the pre-formulation
study). The physicochemical characteristics (e.g., vesicle size, zeta potential, elasticity and

entrapment efficiency) selected as basic characteristics (latent variables), an in vitro skin-
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permeation study of MX-loaded transfersomes at 2-12 h, and the steady-state flux value
selected as response variables were also investicated. The optimal MX-loaded
transfersome formulation was estimated using a nonlinear response-surface method
incorporating thin-plate spline interpolation (RSM-S) and confirmed by the experiment.
Moreover, the response surfaces estimated by RSM-S show the relationship between
causal factors and latent variables, and the relationship between causal factors and

response variables.
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Figure 4  The response surface of the model formulation of (A) vesicle size, (B) zeta

potential, (C) elasticity and (D) entrapment efficiency.

Figure 4 shows the response surfaces of vesicle size, zeta potential, elasticity and
entrapment efficiency determined by RSM-S. The response surface represented the effect
of Chol and CPC in MX-loaded transfersomes on their physicochemical characteristics
(e.g., vesicle size, zeta potential, elasticity and entrapment efficiency). The results
suggested that an increasing of Chol content resulted in a significant increase in vesicle
size, a decrease in elasticity and a slightly increase in entrapment efficiency. While an
increasing of CPC resulted in a significant decrease in vesicle size, but increase in zeta

potential, elasticity and entrapment efficiency.

30



Soyyavdl BRG5680016

B
E

)

Cone. 2 h (pg/mL)

Conc. 4 h (pg/mlL)
Conc. 8 h (pg/mL)

CPC Chol  (ug/mL)

D) (E) (¥)
08 0.3

E o7s %‘ . s e
'@1 B ‘i s = ou 3
= = = s

ra =]
= = 7 3 ™
E o g_‘« %
: - T,
% ;-:; - E "ns
(8] = s = u

= P = : _—w

CPC = 5 ® Chol CPC ™ < *® Chol

(ng/mL) v

(ug/mL)

Figure 5  The response surface of the concentration of MX permeated the skin at t h of
(A) 2 h, (B) 4 h, (C)8h, (D) 10 h, (E) 12 h and (F) flux.

Figure 5 shows the response surfaces of the concentration of MX-permeated skin
at 2, 4, 8, 10 and 12 h and the steady-state flux value determined by RSM-S. The
response surface represented the effect of Chol and CPC on skin permeation of MX-
loaded transfersomes. The results suggested that the concentration of MX-permeated skin
at t h and steady-state flux value increased as the concentrations of Chol and CPC
increased. Although in the early phase of skin permeation (conc. 2 h), a slight difference in
the response surfaces was observed, for the most part of all investigated, response
surfaces also showed a similar pattern. This result suggested that RSM-S successfully
estimated the relationship between the causal factors and response variables attributed
to the MX-loaded transfersomes.

The 10 model formulations of MX-loaded transfersomes were optimized based
on the original data set using RSM-S. The search directions for the response variables were
set to produce a high permeability and also a high steady-state flux value. X; = 10.5%
and X, = 29.0% molar ratio were estimated as the optimal MX-loaded transfersome

formulation.

1.3 Meloxicam-loaded liposomes
The optimal formulation of PC/Chol/CPC; 100:10.5:29.0 molar ratios estimated
using RSM-S was chosen to be a model formulation of various liposome and transfersome

formulations in our further investigation. As shown in Table 2, various transfersome

31



Soyyavdl BRG5680016

formulations were formulated in order to investigate the influence of the formulation

factors i.e., surfactant’s charge, surfactant’s carbon chain length and surfactant’s amount.

Table 2 Classification of investigation studies

Surfactant Code Lipid component (%:wiv) Acetate
factor MX PC Chol c4 ciz Clé Al6 buffer
(mL)
Charge MN-CLP 0.07 0.77 0.04 - - - - 100
C-TFs 0.07 0.77 0.04 - - 0.10 - 100
A-TFS 0.07 0.77 0.04 - - - 0.10 100
Carbon chain length  C4 0.07 0.77 0.04 0.05 - - - 100
Cl2 0.07 0.77 0.04 - 0.08 - - 100
Clg 0.07 0.77 0.04 - - 0.10 - 100
Content 0% CPC 0.07 0.77 0.04 100
10% CPC 0.07 0.77 0.04 - - 0.04 - 100
20% CPC 0.07 0.77 0.04 - - 0.07 - 100
29% CPC 0.07 0.77 0.04 - - 0.10 - 100

MNote: The concentration of PC in the formulation was fixed at 10 mM. C4, cationic surfactant with 4 carbons; C12. cationic surfactant with |2 carbons; C16, cationic
surfactant with 16 carbens; Alé, anionic surfactant with |6 carbens.

Abbreviations: A-TFS5, anionic transfersomes; Chol, cholesteral; CPC, cetylpyridinium chloride; C-TFS, cationic transfersomes; MX, meloxicam; MN-CLF, neutral conventional
liposome; PC, phosphatidylcholine.

2. The influence of formulation factors

To investicate the influence of formulation factors i.e., surfactant’s charge,
surfactant’s carbon chain length and surfactant’s amount, on physicochemical
characteristics (e.g., vesicle size, size distribution, zeta potential, elasticity, drug content in
the formulation and entrapment efficiency), morphology, thermal properties, in vitro drug

release and in vitro skin permeation were characterized.

2.1 Physicochemical characteristics
2.1.1 Effect of surfactant charge

The physicochemical characteristics of the anionic transfersomes (A-TFS), neutral
conventional liposomes (N-CLP) and cationic transfersomes (C-TFS) outlined in Table 4
reveal that the addition of anionic surfactant, i.e. sodium hexadecyl sulfate (SHS) in A-TFS,
and cationic surfactant, i.e. cetylpyridinium chloride (CPC) in C-TFS, produced significant
differences in vesicle size (nm), zeta potential (mV), elasticity (mg~sec_1~cm_2) and EE (%)
compared with N-CLP. A-TFS displayed a large vesicle size (~164 nm) with a negative
charge (~-60.8 mV). In contrast, C-TFS exhibited a small vesicle size (~90 nm) with a
positive charge (~+48.3 mV). Moreover, the elasticity and EE of both types of TFS were
higher than that of N-CLP. The neutralization of the anionic drug (MX) and cationic
vesicles (C-TFS) may have resulted in smaller vesicle sizes due to a reduction in the
repulsive forces in the C-TFS bilayer. In contrast, the synergistic effects of the anionic drug
(MX) and anionic vesicles (A-TFS) may have resulted in large vesicle sizes due to the
induction of repulsive forces in the A-TFS bilayer [57]. The vesicle formulations were

composed of neutral material, i.e. Chol, and positively and negatively charged surfactants,
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i.e. CPC and SHS, respectively. Under the experimental condition of pH 5.5, the isoelectric
point (PI) of PC (Pl = 6) was higher than the pH. However, the Pl of MX (Pl = 2.6) was lower
than the pH. Therefore, PC and MX displayed a net positive charge and a net negative
charge, respectively. Thus, the net charges of A-TFS, N-CLP and C-TFS were negative,
neutral and positive, respectively, as a result of the intrinsic properties of their surfactants
and the total net charge of the liposome composition. SHS and CPC exhibit a high radius
of curvature, which could destabilize and increase the deformability of the vesicle bilayer,
thus increasing its fluidity or elasticity [58]. The carbon chain lengths of CPC and SHS were
the same, but C-TFS exhibited a stronger interaction with the bilayer than SHS due to its
significantly higher elasticity. This result suggests that the hydrophilic head group of the
surfactant directly affects the elasticity of the vesicle bilayer. The beneficial roles of SHS
and CPC within TFS were readily apparent, as the intrinsic properties of the surfactants
led to the increased solubility of MX in the vesicle bilayer and therefore EE values for A-
TFS and C-TFS that were significantly higher than that of N-CLP. Our results were
consistent with a previous study that demonstrated that the EE of a drug in phosphatidyl-
ethanolamine vesicles is significantly increased when sodium stearate (anionic surfactant)

is incorporated into the vesicles [59].

Table 3  Effect of the surfactant on vesicle size, zeta potential, elasticity and

entrapment efficiency of the vesicle formulation (mean + standard error)

Vesicle size Zeta potential Elasticity Entrapment efficiency
(nm) (mV) (mg-sec”'-em?) (%)

Effect of surfactant charge

A-TFS 164.3£3.2 -60.840.51 19.241.68 54.1140.33

MN-CLP 108.8+10.6 1.3£1.01 11.6£1.64 26.3610.26

C-TFS 90.6£9.2 483067 88.7£0.98 68.06+0.84
Effect of surfactant carbon chain length

c4 113.3£3.5 10.9£3.21 120.1£2.87 9.9240.41

Cl2 94.5£2.0 26.9:2.63 108.7x1.74 46.11£0.29

Clé 90.6+9.2 48.3£0.67 88.740.98 68.06+0.84
Effect of surfactant content

0% CPC 108.8+10.6 1.3z1.01 I1.6x1.64 26.36£0.26

10% CPC 78.8£9.2 36.6=1.37 23.6+2.40 29.51+0.98

20% CPC 81.6£1.0 39.7=3.98 52.6£1.32 47.25£0.67

29% CPC 90.649.2 48.3:0.67 88.710.98 68.0610.84

Abbreviations: A-TFS, anionic transfersomes; CPC, cetylpyridinium chloride; C-TFS, cationic transfersomes; N-CLP, neutral conventional liposomes.

2.1.2 Effect of surfactant carbon chain length

The physicochemical characteristics of MX-loaded vesicle formulations containing
short chain (butylpyridinium chloride; BPC (C4)), medium chain (laurylpyridinium chloride;
LPC (C12)) and long chain (cetylpyridinium chloride; CPC (C16)) carbons are shown in
Table 3. The vesicle size and elasticity decreased slightly with increasing carbon chain
length in the order of C4, C12 and C16. The vesicle size and elasticity decreased
approximately 20% and 26%, respectively, as C4 was substituted by C16. Surfactants with
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longer carbon chains may increase vesicle rigidity by inserting deeper into the bilayer;
thus, increasing the carbon chain length led to decreased vesicle size. Meanwhile, the
vesicle size and zeta potential of liposomes containing 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC, C14), 1,2-dipal- mitoyl-sn-glycero-3-phosphocholine (DPPC, C16)
and 1,2-diste -aroyl-sn-glycero- 3-phosphocholine (DSPC, C18) and loaded with
midazolam or propofol were not significantly influenced by the lipids having the same
head group [60]. The insertion of C8 (short chain carbon) resulted in decreased vesicle
sizes in the order of poly (asparagines) grafted with C8, C12, C18 and C22 [61]. These
results suggest that varying trends in vesicle size may be influenced by the hydrophilic
head group of the surfactant and the method of preparation. The zeta potential
increased significantly with increasing carbon chain length in the order of C4, C12 and C16,
with an increase of approximately 77% when C4 was substituted with C16. These results
could be due to the intrinsic properties of each surfactant. The hydrophobicity of long
chain carbons is greater than that of short chain carbons, and long chain carbons can led
to the increased solubility of the surfactant molecule in the PC bilayer. The amount of
long chain carbons in the PC bilayer was greater than the amount of short chain carbons,
and long chain carbons might therefore exhibit stronger electrostatic interactions and zeta
potentials than short chain carbons. The elasticity of the vesicle increased in the order of
Cl6, C12 and C4. These results are consistent with the findings of Park et al., in which the
elasticity was observed to increase with decreasing carbon chain length (increased in the
order of (€22, C18, Cl12 and (8).[61] Because long-chain carbons exhibit strong
hydrophobic interactions with PC, the PC bilayer of the vesicles becomes tighter. Long
chain carbons decrease the elasticity of the vesicle through their deep insertion into the
PC bilayer. Furthermore, short-chain carbons increase the elasticity of the vesicle through
their shallow insertion into the PC bilayer. Therefore, the EE significantly increased with
increasing carbon chain length in the order of C4, C12 and C16, with ~85% increase when
C4 was substituted with Cl16. These results are consistent with Ali et al, who
demonstrated that an increase in carbon chain length led to an increase in the
encapsulation of hydrophobic drugs, such as propofol and midazolam, into vesicles [60].
Increasing the carbon chain length was also found to increase the encapsulation of water-
insoluble drugs, such as ibuprofen, into vesicles in the order of dimyristoyl phosphatidyl-
choline, DMPC (C14); distearoyl phosphatidylcholine, DSPC (C18); and dilignoceroyl
phosphatidylcholine, DGPC (C24) [62]. The increase in the EE values of long-chain carbons
could be attributed to the increased hydrophobic area within the PC bilayer [62, 63].
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2.1.3 Effect of surfactant content

The physicochemical characteristics of MX-loaded vesicles composed of varying
contents of surfactant, including the control (0% CPC), low (10% CPC), medium (20% CPC)
and high (29% CPQC) surfactant contents, are shown in Table 3. The vesicle size and zeta
potential tended to increase slightly, while the elasticity and EE significantly increased in
the order of 10% CPC, 20% CPC and 29% CPC. The vesicle size, zeta potential, elasticity
and EE increased by approximately 139%, 23%, 73% and 56%, respectively, when 10% CPC
was substituted with 29% CPC. The trends in increasing vesicle size, zeta potential,
elasticity and EE were recognized as intrinsic properties of the surfactant. Liu et al.,
demonstrated that an increase in the biosurfactant produced by some Bacillus subtilis
strains from 0.05-0.24 mg/mL resulted in a decrease in the vesicle size of soy PC
liposomes [64]. However, Mohammed et al, demonstrated that an increase in
stearylamine (cationic surfactant) from 1-6 UM resulted in an increase in the vesicle size of
egg PC liposome.[62] The insertion of surfactant into the vesicle bilayer could increase its
curvature and resulted in decreased vesicle size [61]. However, the net effect on vesicle
size was influenced by other factors. In addition to the method of preparation, the drug
loading in the vesicle bilayer may result in increased vesicle size, as confirmed by the
study of Mohammed et al [62].

2.2 Morphology and thermal properties of liposomes
2.2.1 Transmission Electron Microscopy (TEM)

The morphology of the two-dimensional (2D) of liposome and analogues was
further observed using TEM, justifying the vesicular characteristics. A small size and
spherical shape of vesicle was observed from MX-loaded N-CLP, C-TFS and A-TFS as seen
in Figure 6.

2.2.2 Freeze-Fractured Transmission Electron Microscopy (FF-TEM)

The morphology of the three-dimensional optimal model formulation was further
observed using freeze-fractured transmission electron microscopy to determine the
details of the vesicular morphology. Nano-sized, smooth surfaces and spherical vesicles
were observed, as depicted in Figure 7.

2.3 Stability evaluation

The physicochemical stabilities of MX-loaded vesicle formulations from day 1 to
day 120 at 4°C and 25°C were evaluated for recommended storage conditions. After
storage at 4°C for 30 days, the MX content had slightly decreased but remained at 90% of
the initial formulation. After storage at 25°C for 30 days, the MX remaining in nearly all of
the formulations had decreased slightly but remained at 90% and 80% of the initial

formulation at day 15 and day 30, respectively. However, after storage at 4 and 25°C for
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120 days, the MX remaining in nearly all of the formulations decreased approximately 70-
80% and 80-90% from the initial formulation, respectively (Figure 8).
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Figure 6 TheTEM image of MX-loaded vesicle formulation; (A) N-CLP (10,000X), (B) N-

CLP (30,000X), (C) N-CLP (50,000X), (D) C-TFS (30,000X), (E) C-TFS (30,000X),
(FIC-TFS (50,000X), (G) A-TFS (30,000X), (H) A-TFS (30,000X), and (DA-TFS
(50,000X)

The physicochemical stabilities (i.e. vesicle size and zeta potential) of the vesicle
formulations were not significantly different between the experimental temperatures of
4°C and 25°C over a period of 30 days. The physicochemical stabilities of nearly all of the
vesicle formulations exhibited similar trends to the MX remaining results, indicating the
good physicochemical stability of our vesicle formulations at 4°C for 30 days as well as at
25°C for 15 days. In our study, the addition of Chol was essential to the vesicle
formulation, which can be attributed to its stabilizing effects.[65, 66] The physicochemical

stability of the vesicle formulation was not significantly different between the
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experimental temperatures of 4°C and 25°C over 30 days, while the physicochemical
stability of the vesicle formulation at the two experimental temperatures (i.e. 4°C and
25°C) was significantly different between day 1 and day 120 of storage. Therefore, the
storage age was the primary factor affecting the physicochemical stability of the vesicle
formulation in this study. The recommended storage conditions for the vesicle

formulation are therefore 4°C for 30 days and/or 25°C for 15 days.

60 nm
s —oa al

Figure 7 Freeze-fractured transmission electron microscopy images of the optimized
meloxicam-loaded vesicle formulation. Notes: (A) 5,000x; (B) 30,000x; (C)
100,000x%; (D) 100,000x.

2. 4 Thermal properties measurement
The differential scanning calorimetry (DSC) thermograms of the CLP and TFS in the
different basic components were shown in Figure 25. The increase in Chol and CPC in TFS

resulted in the transition temperature (T,) shifted to high T, and low T,, respectively,
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dy

however the net result indicated that the transition temperature of TFS shifted to a lower

temperature than CLP as shown in Figure 9. CLP and TFS underwent a single endothermic
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transition temperature of lipid bilayer at 2.08 and 1.72 °C, respectively. The transition
temperature of TFS system was shifted to a lower temperature than CLP, by the addition

of CPC.
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Figure 9 The DSC thermogram of vesicle formulation; () conventional liposomes
(CLP) and (M) transfersomes (TFS)

3. In vitro skin permeation study

Figure 10 shows the graphic plot of the cumulative skin permeation per unit area
and the steady-state flux of various MX-loaded vesicle formulations over an incubation
period of 2 to 12 h. The skin permeabilities (skin permeation profile and steady-state flux)
of A-TFS and C-TFS were not significantly different, while the skin permeabilities of the
charged transfersomes were significantly greater than those of the non-charged liposomes
(N-CLP). The steady state flux of A-TFS and C-TFS were significantly higher than N-CLP, at
approximately 58% and 63%, respectively. The surfactants SHS and CPC in A-TFS and C-
TFS can open the dense keratin structures in corneocytes, and both anionic and cationic
surfactants swell the SC and interact with the intercellular keratin, thus increasing the skin
permeation of various drugs (e.g. hydrocortisone, lidocaine) [67]. Surfactants can interact
with skin constituents in many ways. For example, surfactants are widely known to
interact with proteins, and thus can inactivate enzymes and bind strongly within the SC.
They can swell the SC (most likely by uncoiling the keratin fiber and altering the Ol-
helices to a B-sheet conformation) and are able to modify the binding of water to the SC.
Anionic surfactant-treated SC is somewhat brittle, possibly due to the extraction of
natural moisturizing factor (NMF). Cationic surfactants are also able to extract lipids from
the SC and can disrupt the lipid bilayer packing within the tissue [68]. Clearly, cationic
surfactants cause a greater increase in the steady-state flux of MX than anionic
surfactants, which, in turn, cause a greater increase in the flux than neutral CLP. Ashton et
al.,[69] compared the effects of dodecyltrimethylammonium bromide (DTAB), sodium
lauryl sulfate (SLS) and polyoxyethylene fatty ether (Brij 36T) on the in vitro flux of
methyl nicotinamide across excised human skin and reported that permeation

enhancement occurred in the following order: cationic, anionic and neutral. However, Brij
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36T exhibited a small charge as non-ionic surfactants but a more immediate effect on skin
permeation [67].
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Figure 10 The influence of (A) surfactant charge, (B) surfactant carbon chain length, and
(Q) surfactant content on the skin permeation profile and the steady-state flux
of the vesicle formulation (n=3). *is statistical significance (P-value > 0.05).
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This result revealed that the anionic and/or cationic surfactants significantly
affected the skin permeation of MX across the skin by swelling the SC and interacting with
intercellular keratin. However, the crossing of TFS across the skin was attributed to the
high deformability of these specialized vesicles due to the accumulation of these “single-
chain surfactants” at sites of high stress as a result of their increased propensity to form
high-curvature structures. This rearrangement was claimed to reduce the energy required
for deformation; the stress was reportedly produced upon drying of the vesicles, which,
being flexible, were able to follow the transdermal hydration gradient [70] .

In our study, the skin permeability of the transfersomes increased when the
carbon chain length of the surfactant increased. The skin permeability of the vesicle
formulation increased with increasing chain length in the order C4, C12 and C16. The_skin
permeability of C16 was significantly greater than Cd, with an approximately 17% increase
when C4 was substituted with C16. These results are consistent with a previous study [71]
demonstrating that, as the carbon chain length in the vesicle increased from C7 to C12,
the permeation of naloxone increased. Ogiso and Shintani revealed that C12-C14 were
the most effective carbon chain lengths used in increasing the permeation of propranolol
[72]. Duangjit et al., reported that C18-C24 were more effective than C32 in the
permeation of meloxicam [73]. Short-chain carbons may suffer from insufficient
lipophilicity for skin permeation, whereas longer chain fatty acids might have much higher
affinities for lipids in the SC, thereby hindering their permeation. Our studies suggest that
Cl16 possesses an optimal balance between partition coefficient and affinity to the skin.
These results revealed that skin permeability is also affected by the carbon chain length
of the surfactant.

The surfactant content affected skin permeability, with the skin permeability of
the transfersomes increasing with increasing surfactant content. The skin permeability of
the vesicle formulation increased in the order 0% CPC, 10% CPC, 20% CPC and 29% CPC.
The skin permeabilities of the 29% CPC, 20% CPC and 10% CPC formulations were
significantly higher than that of 0% CPC, by approximately 63%, 41% and 35%,
respectively. This result reveals that the surfactant content significantly affected the skin
permeability of the vesicle formulation due to the intrinsic properties of the surfactant
(CPQ), as reported above.

These skin permeability studies demonstrated that the surfactant factor (i.e.
charge, carbon chain length and content of surfactant) directly affected the skin
permeability of MX.
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4. Determination of optimal formulation
4.1 Optimization by RSM-S

Based on its maximum drug loading capacity and molar turbidity, the vesicle
formulation composed of over 40% Chol and surfactant, likely re-assembled to a mixed
micelle structure. Liposomes and mixed micelle structures display different intrinsic
characteristics, resulting in significantly different influences on skin delivery. A content of
10% MX was determined to be the maximum loading capacity in the vesicle formulation.
Thus, it was concluded that 0-40 mol% Chol and surfactant and 10 mol% MX-loaded
vesicle formulations were desirable for further optimization to develop model vesicle
formulations. The twelve model formulations obtained from the two-factor spherical
second-order composite experimental design were formulated and evaluated based on
the original data set using RSM-S. A response surface and its reliability for the flux variable
of the model formulation are illustrated in Figure 2. The search direction for the response
variables was set to produce a high flux value. Moreover, to confirm the accuracy and
reliability of the optimal formulation estimated using RSM-S, the optimal formulation was
confirmed by experiment. It was found that the skin permeation flux value predicted by
the RSM-S (predicted flux = 0.31 },lg/cmZ/h) was very close to the experimental value
(0.31%0.6 ].lg/cmz/h). This high reliability suggested that the vesicle composition ratio of
the optimal formulation (PC/Chol/surfactant/MX; 0.77: 0.04: 0.10: 0.07% w/v ratio) could
be used as the model formulation ratio in further experiments. Moreover, the
morphology of the three-dimensional (3D) optimal model formulation was further
observed using FF-TEM to determine the details of the vesicular morphology. Nano-sized,

smooth surface and spherical vesicles were observed, as depicted in Figure 11.
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To confirm the accuracy and reliability of the optimal formulation estimated
using RSM-S, the optimal formulation was confirmed by the experiment. The studies of
the physicochemical characteristics and in vitro skin permeation were also performed with
the optimal formulation experiment. The composition of the optimal formulation was
PC/Chol/CPC; 100: 10.5: 29.0 molar ratios.

Table 4  The predicted and experimental response variables of the optimal

formulation

Concentration of MX permeated the skin at t h (ug/mL) Flux

Response 2
2h 4h 8 h 10 h 12 h (ug/cm’/h)

Predicted 0.36 0.50 0.64 0.68 0.79 0.31
Experimental 0.40+0.13 0.50+0.14 0.68+0.15 0.73+0.11 0.82+0.11 0.31+0.06

Table 4 shows the predicted and experimental response variables of the optimal
formulation and Figure 12 illustrates the skin-permeation profile of MX from the optimal
formulation. It was found that the concentration of MX-permeated skin at 2-12 h and the
steady-state flux values predicted by the RSM-S were very close to the experimental
values. The sufficiently high reliability suggested that RSM-S successfully estimated the

optimal formulation of MX-loaded transfersomes.
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Figure 12 The skin-permeation profile of MX from the optimal formulation: predicted
values; (O) and experimental values; (@). Each experimental value is a

mean = S.D. (n = 3-4)
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4.2 Latent structure analysis
4.2.1 Prediction of response variables and simultaneous optimization

In this study, the formulation characteristics (e.g., vesicle size (X;), size distribution
(X5), zeta potential (X3), elasticity (Xg), drug content (X;s), entrapment efficiency (Xy),
release rate (X7)) and formulation factors (e.g., type of PE (Z;) and content of PE (Z)))
were used as the causal factors of the response variables. The selection of significant
causal factors as the original dataset for the dataNESIA analysis was key to generating an
accurate optimal formulation because the evaluation of the precise optimal formulation
depended significantly on the integrity and the correctness of the original dataset. The
result indicated that the elasticity (X,), drug content (X5) and content of PE (Z,) were
selected as effective causal factors for RSM-S by MRA, incorporating a stepwise way of
factor selection. The correlation coefficients for the skin permeability (Y;) and the stability
of formulation (Y,) were sufficiently high (0.7601 and 0.9700, respectively), suggesting that
X5 and Z, and X4, X5 and Z, were important to Y; and Y., respectively. The contribution

index of the effective causal factor for predicting Y; and Y, is shown in Figure 13.
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Figure 13 The Contribution Index of Effective Causal Factor for Predicting Response
Variables (a) Skin permeability (Y;) and (b) stability of formulation (Y,).

The liposome formulation was optimized based on the original dataset using RSM-S.

X, = 74.5 (mg~sec71~cm72), Xs = 514 (Lg/mL) and Z, = 0.0689 (%mol) were estimated as
optimal formulation characteristics and formulation factors variables. The following were
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predicted to be the optimal response variables: Y; = 0.269 (,ng/cmz/h) and Y, = 375

(Ug/mL). The results indicated that the original optimal formulation, which was
considered ideal, had a relatively high elasticity (X,), high drug content (X5) and high
content of PE (Z,). The formulation characteristics and formulation factors could directly
affect the effectiveness of liposome formulation for improving skin permeability, as
reported in a previous study [74]. The stability of liposome formulation could be modified
by altering aspects of the composition of the liposome, such as the presence of
cholesterol [62]. Thus, these effective causal factors might be factors affecting both the
efficacy and stability of liposome formulation. The approximate actual relationship
between causal factors (formulation characteristics and formulation factors) on response
variables (skin permeability and stability of formulation) is shown in Figure 14.

Figure 1da, 14b and 14c show the response surfaces of the skin permeability
estimated by RSM-S. Each response surface exhibited relationships among three effective
causal factors (X4, X5, Z,) and response variables (Y, Y,) by fixing one effective causal
factor at an optimal constant value and then generating the response surface of two
remain causal factors to one response variable. The results indicated that as the elasticity

(X4) was held constant (74.5 mg~sec71-cm72), the increase in the drug content (X;) and the

content of PE (Z5) to high values (over 350 fg/mL and 0.06 %mol, respectively) resulted
in higher skin permeability, as shown in Fig. 3a and 3c, respectively. When the drug
content (X5) was constant, as shown in Fig. 13b, the content of PE (Z,) was demonstrated
to be a major factor inducing higher skin permeability. Zucker et al. noted that the
capability to entrap sufficient drug content in the formulation was necessary in
pharmaceutical liposome formulation to achieve therapeutic efficacy [75]. These results
indicated that the skin permeability of the liposome formulation in our study was
influenced by the drug content (X5) and the content of PE (Z,); thus, these responses
were confirmed by the contribution index shown in Figure 13a.

Figure 14d, 1de and 14f show the response surfaces of the stability of formulation
predicted by RSM-S. The results revealed that as the content of PE (Z,) was kept steady,

the increase in elasticity (X;) and drug content (X5) to high values (over 60 mg~sec—1~cm_

? and 350 Js/mL, respectively) tended to increase both the drug content remaining in the
formulation and the stability of the formulation, as shown in Figure 14d. Good stability of
formulation was exhibited when the elasticity (X,) and the content of PE (Y,) was higher
than 60 mg-sec_lcm_2 and 0.06 %mol, respectively, as shown in Fig. 3e. Elsayed et al.
revealed that a single-chain surfactant (as PE) with a high radius of curvature could
destabilize or increase the deformability of the vesicle [58]. The present results suggested
that our liposome formulation still displayed good stability; The present results suggested

that our liposome formulation had high elasticity characteristics but still displayed good
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stability because all of the model liposome formulations used in this study contained an
optimal amount of cholesterol as a membrane stabilizer [62, 76]. Liposome formulations
with high elasticity values could improve the in vitro and in vivo skin permeability of
various drugs [77-79]. Moreover, the level of high drug content remaining in the
formulation after storage at 25°C for 30 days was obtained (Fig. 3f) as the content of PE
(Y,) decreased and the drug content (X5) increased. These results could be summarized
as follows: the stability of liposome formulation in our study was affected by the
elasticity (X,), the drug content (X5) and the content of PE (Z,). These responses were

also confirmed by the contribution index shown in Figure 13b.
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Figure 14 The Response Surface of Skin Permeability (Flux, Y;) (Left) and Stability of
Formulation (Drug Remaining, Y,) (Right) as Function of X, and X5 (a, d), X4
and Xg (b, ) and X5 and X, (c, f) at a Constant of Z, (0.0689%mol), X5 (514
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The approximate relationships obtained from our study were consistent with the
results of a previous study: the formulation characteristics and formulation factors directly
affected the skin permeability effectiveness of the liposome formulation. Furthermore,
the present findings could provide beneficial basic knowledge and help determine the
essential causal factor information for the further development of liposome in
transdermal drug delivery. An effective liposome formulation should contain both
acceptable skin permeability and good stability in one liposome formulation. The
elasticity (X4), drug content (X5) and content of PE (Z,) were significant factors that should
be considered in liposome optimization. Therefore, the chosen liposome composition
should extremely affect these significant factors, and this technique can be applied for
selecting the liposome composition. To date, it has been difficult to interpret all of the
influences on the confounded relationships between formulation characteristics (as latent
variables) and formulation factors [80], although several recent pharmaceutical studies
have been successful in formulation optimization. However, our study was successful in
achieving this purpose by using both formulation characteristics and formulation factors as
causal factors for RSM-S analysis, to understand the relationships of formulation
characteristics (as latent variables), formulation factors and pharmaceutical response

variables.
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Figure 15 The Leave-One-Out-Cross-Validation (LOOCV) estimated accuracy and
reliability of the response surface variables (a) skin permeability (flux) and (b)
stability of formulation (drug remaining at 25°C for 30 d) predicted by Xg4, Xs,
and Z,.

The accuracy and reliability of the response surface of original optimal formulation
were determined by LOOCV, as shown in Figure 15. The correlation coefficients of the
estimated and experimental values for the skin permeability (Y;) and the stability of

formulation (Y,) were extremely high (R oocy=0.9653 and 0.9984, respectively). These
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results suggested that RSM-S successfully predicted the relationship between the causal
factors (formulation characteristic and formulation factors) and pharmaceutical response
variables [81, 82]. These results indicated that an original optimal formulation with
acceptable characteristics (e.g., high skin permeability and good stability formulation)
could be estimated with RSM-S.
4.2.2 Evaluation of the reliability of the optimal formulation using BS resampling

In evaluating the reliability of the optimal formulation, the LOOCV method
efficiently provided a versatile assessment of the response surfaces [83]. The correlation
coefficients are values that indicate the stability of the response surface. Thus, the
reliability of the original optimal formulation cannot be quantitatively evaluated using
these values. Therefore, BS resampling was needed to evaluate the reliability of the
optimal formulation [84-86] estimated by RSM-S. The BS datasets were generated from
the original datasets through BS resampling at a frequency of 250, 500, 750 and 1000. The
BS optimal formulation and predicted responses are shown in Table 5. The BS optimal
formulations and their standard deviation were stable, regardless of altering the frequency
of resampling, indicating that a resampling frequency of more than 250 was adequate to
determine the stability of the optimal formulations. Consistent with a previous study [87],
a small frequency size of more than 50 resamplings was also sufficient to evaluate the

stability of the optimal pharmaceutical formulation.

Table 5  Bootstrap Optimal Solutions and Bootstrap Standard Deviations by Different

Frequencies of Bootstrap Resampling

BS resampling Optimized formulations Predicted responses
frequency X, (mg's em ) X4 (ug/mL) 2,7 (%mol) ¥ (ug/em®/h) ¥,® (ug/mL)
N=0* 74.5 514 0.0689 0.2692 375
N=250" T4.4 (0.194) 514 (0.202) 0.0690 (0.0001) 0.2690 (0.0000) 375 (0.266)
N=500" T4.3 (0.189) 514 (0.219) 0.0689 (0.0001) 0.2690 (0.0001) 375 (0.210)
N=T50% 74.3 (0.185) 514 (0.217) 0.0689 (0.0001) 0.2690 (0.0001) 375 (0.215)
N=100" 74.4 (0.187) 514 (0.200) 0.0689 (0.0001) 0.2690 (0.0001) 375(0.213)

a) Original optimal solution. &) BS optimal solution. ¢) Elasticity. ) Drug content, ¢) Content of penetration enhancer. /') Skin permeation flux, g) Drug remaining at 25°C,

304, ( ) bootstrap standard deviation,

The confidence intervals of the original optimal formulation are shown in Table 6.
The ranges of confidence intervals of most of the factors (X, X5 and Z,) were quite
narrow for practical studies of liposome formulations. While further study is required to
confirm the potential of the optimal formulation predicted by RSM-S compared with the
optimal formulation found in the experiment, a previous study [80] suggested that the
characteristic values predicted by RSM-S were quite similar to the experimental values.
Therefore, these results support the hypothesis that the RSM-S method can be employed
to estimate simultaneous optimal formulations. The reliability of the optimal formulation

improved with an increase in the size of the experimental original dataset, although the
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precision of the optimal formulations was ensured, even with a small size of original
dataset.

Table 6  Confidence Interval of Simultaneous Optimal Solution Estimated by RSM-S

i - 2509 s00% 7504 10004
. 5 Original optimal
Causal factor “coluti
soluton Lower Upper Lower Upper Lower Upper Lower Upper

X, (mg's™"-em™) 74.5 74.2 75.0 738 74.8 73.9 74.9 73.8 74.9
X (pg/mL) 514 513 514 513 515 513 515 513 514
Z (Yumol) 0.0689 0.0688 0.0691 0.0687 0.0691 0.0688 0.0692 0.0688 0.0691
¥, (ug/em’/h) 0.269 0.2689 0.2690 0.2688 0.2692 0.2689 0.2692 0.2689 0.2691
Y. (ug/mL) 375 374 376 374 375 374 376 374 375
a) BS resampling frequency at 250, b) BS resampling frequency at 500, ¢) BS resampling frequency at 730, o ) BS resampling frequency at 1000,

5. The comparative study
5.1 Physicochemical characteristics

The physicochemical characteristics of MTS, TFS and CLP are shown in Table 7.
The incorporation of different component (Chol, CPC and/or MEN) in the liposome
systems affected the size, zeta potential, elasticity, drug content, entrapment efficiency
and transition temperature of the vesicle formulation. The physicochemical characteristics
of the liposomes and their analogues are an important factor that differentiates the
liposomes system from the other lipid dispersed systems, especially the bilayer and their
elasticity.

Table 7 The Physicochemical Properties and Characteristics of the Different
Formulations

Zeta potential Elasticity Content drug

X - Cimg , . ; E (% .
Formulation Size (nm) PDI (mv) (mg-s~"-em™?) (ug/mL) EE (%) T (Cc"
MTS 6527 0.3+£0.02 49,7421 1502+7.3 6348+148 652+1.5 0.41
TFS 83744 04*0.02 43.8*1.6 824*23 ®e0.8=14.1 #8.5x14 1.72
CLP 98 5.1 0.3+0.02 4417 23.8%1.1 2304313 23.7x3.2 2.08

The vesicle size were in the nano-size range of 60-100 nm with the size
distribution (polydispersity index; PDI) of 0.3-0.4 suggesting that sonication method can
prepare a nano-size vesicle. While, MX-SUS were in the micro-size range of 20-30 pm.
Deformable liposomes (MTS and TFS) had smaller vesicle sizes compared to conventional
liposomes (CLP) ranked as follows: MTS<TFS<CLP. The vesicle size decreased as the
liposome component such as Chol and CPC was incorporated in the vesicles. The
previous study [88] showed that incorporation of 10-15% Chol increase the vesicle size as
Chol can increase the net repulsion force and reduce the van der Waals attraction force

between the lipid bilayer of liposomal systems. The incorporation of CPC can achieve
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higher curvature, thus deformable liposomes resulting in decrease in vesicle size
compared to conventional liposomes.

The zeta potential of MTS, TFS and CLP were in positive charge range of 4-50 mV
(Table 7). Deformable liposomes (MTS and TFS) also had higher positive zeta potential
compared to CLP ranked as follows: MTS > TFS > CLP. On the other hand, the charge of
MX-SUS was -20 mV. Under experimental condition of pH 5.5 which is lower than the
isoelectric point (PI) of PC around 6, and higher than the Pl of MX was 2.6, PC carries the
net positive charge and MX is the negatively charge form, respectively. Moreover, the
incorporation of CPC, a cationic surfactant also affected the net positive charge of the
formulation. Although, the vesicle formulation were composed of neutral charge material
e.g., Chol, positive charge material e.g., PC and CPC, and negative charge material e.g., MX,
the net charge was positive zeta potential vesicles. Therefore, the net charge of the
vesicle was affected by the total net charge of the vesicle component.

The elasticity was ranked as follows: MTS > TFS > CLP, penetration enhancers
such as MEN and CPC may a factor that affected the elasticity of vesicles by insertion into
the bilayer. The incorporation of Chol, CPC and/or MEN affected the elasticity of vesicle
bilayers. Chol can increase rigidity and packing density of PC molecules, thus to decrease
elasticity of vesicle bilayers [89, 90]. In contrast, the incorporation of edge activator e.g.,
CPC which have a high radius of curvature can increase deformability of the vesicle
bilayers. MEN can decrease the orderly lipid microstructure by insertion and thus increase
the fluidity or elasticity of vesicle bilayer [91, 92].

The content drug in the formulation and entrapment efficiency of MTS, TFS and
CLP were determined by analysis of total drugs presented in the formulation. The
entrapment efficiency of MX in the vesicles varied in the range of 20-80% with the
content drug in the formulation varied in the range of 230-860 pg/mL (Table 7). The
solubility of MX in acetate buffer solution (pH 5.5) is 8 pg/mL, indicating that MX solubility
was quite small in acetate buffer solution compared to MX in vesicle formulation. The
results indicated that the entrapment efficiencies for deformable liposomes incorporating
the mixture of CPC and/or MEN, were higher than that incorporating PC alone. The
beneficial role of edge activators within vesicle bilayers are well recognized as the intrinsic
properties of CPC led to increase solubility of MX in vesicle bilayers. Consistency with the
previous study [93], as sodium stearate (edge activator) was incorporated into the
phosphatidylethanolamine vesicles, the entrapment efficiency of the drug was
significantly increased. However, incorporating MEN decreased the entrapment efficiencies
of MX in MTS compared to TFS, as MEN may compete with MX and/or CPC to solubilize
in the vesicle bilayers. Although, some vesicle component might form micelle and MX

could be entrapped in micelle, however our pre-formulation study indicated that the
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vesicle component under this experiment was chosen to differentiate the liposome from

micelle or mixed micelle, using turbidity evaluation.

5.2 Skin permeation study

Figure 16 shows (A) skin permeation profile, (B) steady-state flux and (C) MX deposit
in the skin after skin permeation study. The cumulative amount per area of MX in each
vesicle formulation increased linearly with lag time before 2 h. This linear accumulation
was also observed for other formulations (Figure 16A).

The steady-state flux of MX through hairless mice skin from each formulation was
determined as the slope of the linear portion of the plot and could be ranked as follows:
MTS > TFS > CLP > SUS. The steady-state flux of MX in MTS, TFS and CLP was significantly
higher than in SUS (p<0.05). Moreover, the steady-state flux of MX in deformable vesicles
such as MTS and TFS was also significantly higher than in rigid vesicles such as CLP
(p<0.05) (Figure 16B).

The MX deposit in the skin was determined after skin permeation study. MX
suspension (SUS) was used as a control for MX deposit in the skin. MTS and TFS gave a
slightly higher MX deposit in the skin than SUS. On the other hand, CLP gave a
significantly higher MX deposit in the skin than control. The MX deposit in the skin was
ranked as follows: CLP > MTS > TFS > SUS (Figure 160).

The skin permeation results indicated that MX in high elasticity value vesicles (MTS
and TFS) had a significantly higher MX flux than low elasticity value vesicles (CLP). In
contrast, CLP had a significantly higsher MX deposited in the skin than MTS and TFS. These
results may be explained by the effect of intrinsic characteristics of each liposome
systems. The present study was consistent with the previous study [94] that conventional
liposomes are of little or no value as transdermal drug delivery carriers compared to
deformable liposomes because they remain confined to upper layers of the stratum
corneum. The thermodynamic activity of MX in formulation may be a factor affecting the
skin permeation. An increase in content of MX in the formulation resulted in further
increase MX permeated the skin. The content of MX in MTS and TFS were significantly
higher than CLP, indicating that the thermodynamic activity of MX in MTS and TFS
formulation was important for its promotion of MX permeation flux through the skin. The
positive charge of elastic vesicles (MTS and TFS) might affect the skin permeability and
skin deposit [95] as positive charge of vesicle interacted with negative charge of skin, thus
MTS showed higher skin deposit than TFS because MTS has a greater positive charge than
TFS. Table 7 shows the significant difference of elasticity between MTS and TFS
formulation. However, no significant difference between MTS and TFS formulation was

observed in the cumulative amount per area and skin permeation flux. Elasticity is a
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factor influencing skin permeability, however the skin permeability is still depended on
total effect of all physicochemical characteristics of vesicle formulation. The elastic
vesicles were smaller size, higher zeta potential, higher elasticity, higher entrapment
efficiencies and lower transition temperature, providing that MTS and TFS could penetrate

through the skin easier than CLP.
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Figure 16  (A) The skin permeation profile 12 h in full-thickness skin after treated with (®)

MTS, (M) TFS, (A) CLP and (‘) SUS on hair-less mice skin (Laboskin®), (B)
flux and (D) MX deposit in the full-thickness skin after skin permeation. Each
value represents the mean+S.D. (n=3), * p<0.05, ** p<0.01 compare to SUS
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6. The mechanisms of liposomes on skin permeation

Changes in the ultra-structures of the intercellular lipids occurred following the
treatment of skin with the vesicle formulation, as shown in the FT-IR spectra and DSC
thermogram (Figure 17). The FT-IR peaks from the absorption-broadened C-H (CH,)
symmetric and asymmetric stretches are near 2850 e’ and 2920 cmfl, respectively.
These peaks in the FT-IR spectra of the skin treated with the vesicle formulation shifted
from 2850 cm  to 2850.7-28513 cm  and from 2920 cm  to 2920.3-29209 cm
respectively. Meanwhile, the DSC thermogram also displayed peak shifts, from 231.72°C
for the skin sample treated with the MX suspension (control) to a lower transition
temperature for the skin sample treated with the vesicle formulations. The SC lipid of the
skin sample existed in the liquid state at the peak shifted range of 230.53-229.18°C,
depending on vesicle formulation. These results are consistent with previous studies [96-
991, which demonstrated that liposome vesicles do not penetrate into the SC but rather
that the lipid components of the vesicles can penetrate and change the enthalpy of the
SC lipid-related transitions of the skin. These results suggest that the SC lipid arrangement
of the skin sample treated with the vesicle formulation was disrupted by altering the
fluidity or flexibility of the SC lipids. The interruption of the SC lipids by vesicle
formulation or by the vesicle components caused an increase in the skin permeability of
MX; the FT-IR spectra and DSC thermograms also support the conclusions of this in vitro
skin permeation study.

The vesicles may adsorb to the SC surface with subsequent transfer of the drug
directly from the vesicles to the skin, or the vesicles may fuse and mix with the SC lipid
matrix, increasing drug partitioning into the skin. Our results indicate that the vesicles can
be taken into the skin but cannot penetrate through the intact, healthy SC; instead, they
dissolve and form a unit membrane structure with the skin sample, as evidenced by the
alteration and rearrangement of the lipid structures of the skin sample treated with the

vesicles as revealed by FT-IR and DSC characterization (Figure 17).

53



Absorbance

Absorbance
;;; m

3

Absorbance

Figure 17 The influence of (A) surfactant charge, (B) surfactant carbon chain length, and

N-CLP
A-TFS

C-TFS

3,000 2,900 2,800 cm™

c4
C12

C16

T T T
3,000 2,900 2,800 cm”!

ﬁ |
Endothermic heat flow

C

0% CPC
10% CPC
20% CPC

29% CPC

T T T
3,000 2,900 2,800 cm™’

(Q) surfactant content of the shed snake skin after skin permeation Notes: (a)
Fourier transform infrared spectra; (b) differential scanning calorimetry
thermograms. Abbreviations: a-TFs, anionic transfersomes; cPc, cetylpyridinium

chloride; c-TFs, cationic transfersomes; N-clP, neutral conventional liposomes.

Endothermic heat flow

Endothermic heat flow

C

54

Soyyavdl BRG5680016

b N-CLP

A-TFS

\_// N
160 200 240 280 °C

C4
C12

C16

160 200 240 280 °C

0% CPC
10% CPC
20% CPC
29% CPC

160 200 240 280 °C



Soyyavdl BRG5680016

dyUnan1sAliueuvadlasen1s (Conclusions)

In this study, the liposome formulations as skin delivery carrier for meloxicam (MX)
was formulated and optimized. Various formulation factors such as charge of surfactants,
carbon chain length of surfactants and amount of surfactants on physicochemical
characteristics, morphology, thermal properties, stability of the formulation and in vitro
skin permeability were evaluated. The possible mechanisms by which these liposomes
could improve the skin delivery of MX were also clarified. It can be concluded as follows,

The desirable amount for MX-loaded liposome formulations were 10-40% Chol,
10-40% CPC and 10% MX. An increase of Chol resulted in a significant increase in vesicle
size, a decrease in elasticity and a slight increase in entrapment efficiency. While an
increase in CPC resulted in a significant decrease in vesicle size, an increase in zeta
potential, elasticity and entrapment efficiency. The optimal formulation was PC/Chol/CPC
in the molar ratios of 100:10.5:29.0 with 10 % MX.

The liposome formulation composed of 10% chol, 29% CPC (cationic surfactant)
with 16 carbons chain length and 10% MX showed the highest skin permeation flux
through the skin. The vesicle sizes of these MX-loaded liposomes were nanosize (91+9
nm) with narrow size distribution (PDI; 0.3+0.06) and zeta potential of 48+1 mV. The
elasticity of these MX-loaded liposomes was 89+1 mg-sec-1.cm-2. The EE and drug
content were 68+1% and 526+7 pg/mL, respectively. The formulation factors significantly
affected the physicochemical characteristics and skin permeability of MX-loaded
liposomes.

In our study, the possible mechanisms for enhancing the skin permeation of MX
by liposomes can be explained by the penetration enhancing mechanism and the vesicle
adsorption to and/or fusion with the stratum corneum.

Our finding provided useful fundamental information for developing novel
designing of liposome formulation for enhancing skin delivery of lipophilic drugs,

especially liposomes containing surfactant systems.
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Abstrace: The objective of this study was to imvestigate the mnfluence of sudfactant charge,
murfactant carbon chain length, and surfactant content on the physicochemical characteristios
(i, wesicle size, zotn potential, elwsticity, and entrapment efficiency), morphology, stability, and
o vitro skin permeabitity of melomicam (MX)-losded lipcsome. Morecver, the mechamsm for
the liposome- enhanoed skin permeation of MX was determined by Founer trarsform nfrared
e opy and diﬂmnﬁalmm.ing d!h'.ilm‘h]l: The model formulation used in this rlud.]r
was ohnined using a resporee surface methed incorpombtng oulthvanate sphine mberpolaton
(REM-5). L:ip-ouomn formmlatonswith \m'_'.lm.g nui'uumntoii.u@u {amionio, newiral, undml'im'i.o},
surfactant carbon chain length (C4, C12, and C16), snd surfagtant combent (10%6, 2044, and 29%)
were prepared. The formm lsbon somprising 2644 cabiomo surfactmt with a C16 chamn length was
foumd to be the optimal liposcme for the tmnsdermal de bvery of MX. The skin permestion flux
of the cptimal foremulation was 2.69-fold higher than that of a gomventional liposcme formulation.
Our study revvealed that surfactants affected the physicochemical characteristios, stabality, and
skin permeability of MX-loaded liposomes. These findings provide important fundamental
Keywords: optimal liposome, optimization, tansdermal drug delivery, surfactant charge,
murfactant carbon ohain length, surfactant combent

Introduction

Ml oxicam (MX) is an effective nonsteroidal anti-inflammatory drg for reducing
pain and inflamma tory symptoms.'~ Long-termmn therapy with high doses of MX can
lead to gastrointestinal side effects such as upset stomach, indigestion, ulcemtion, and
bleading.* Moreover, the high content of or ganic solvent in the MX formulation® limits
its safirty for skin delivery. Therefome, the development of MX as a transdermal drug
delivery (TDD) candidate presents mamy challenges.

Since the first report that lipid vesicles incorporating sodium cholate as a surfactant
could penetrate deep into intact skin to deliver drugs,.” the use of surfactants in lipo-
some formulations as penetration enhancars for the TDD of various drugs has attmcted
congsiderabla interest. Mumerous formulations have incorporated various types of sur-
factants in liposome bilayers. Although theuse of cationic surfactants in liposomes has
beem reported to entance the skin delivery of sevemm] dmgs *!" anionic surfactants in
liposomes are also effective in improving skin delivery.'*-"* The influence of surfactants
on the effectiveness of liposomes for skin delivery remains a much-debated question.
Herain, liposome delivery systems must be designed and evaluated on a case-by-case
basis because surfactants exhibit a diverse vardety of hydrophilic head groups and
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Abstrace: This study aimed to determine the mechanism by which ultradeformable liposomes
(ULs) with terpenes enhance skin penetration for transdermal drug delivery of Bucrescein
sodium, using transmission electron microscopy (TEM) and confocal leser scanning microscopy
(CLEM). Skin treated with TLs mtuining d-limorene, obtained from in vite l]ﬂnponﬁ:mﬂcn
studies, was examined via TEM to investigate the effect of ULs on ulrastracharal changes of
thee skin, and to evaluate the mechanism by which ULs enhance skin penetration. The meceiver
medium collected wes anabyzed by TEM and CLEM to evaluate the mechanism of the drug
carrier system. Our findings revealed that ULs could enhance penetration by denaturing intra-
cellular keratin, Jngubugmmndamm and d.'im:lpting'ﬂ:a :iu.‘bsmd}u]ur]i.yi.d ArTAnge-
ment in the strntum comeum. As inferred from the presence of intact vesicles in the receiver
medium, ULs are also able to act as a drug carvier system. CLEM images showed that intact
vesicles of ULs might penetrate the skin via a transappendageal pathway, potentially a major
route of skin penetration.

Keywords: ultrad eforma ble liposormes. mechanism of enhanced skin pemetration, transmission
electron microscopy, confocal laser scanning microscopy

Introduction

A transdermal drug delivery system utilizes skin to daliver drug into the circulation
gystem. The main obstacle in this system is poor percutaneous absorption, because
the uppermost layer of the skin (the stratum comeum) acts 8z a bamier. To improve
percutanecus absorption of dng, many techniques have beean applied, such as iontop
horesis,' sonophoresis.” microneadles,” and lipid vesicla carters** Among the group
of lipid vesicle carrers, ultradeformable liposomes (UL 8) have received considerable
attention in transdermal drug delivery ressarch. Introduced by Ceve and Blume * ULs
are & type of elastic liposome, created by incorporating edge activators into liposomes.
ULz have been shown to be effective for ransdermal delivery of macromolecules,
which are difficult to permeate through the skin.™"

Two posgible mechanisms proposed for the enhancement of skin penstration by
ULz ame a penetration-enhancing effect and a drug carrer system. The first mecha-
nism suggests that ULa increase drug penetration into the akin by acting as a penetra-
tion enharcer.’>" The second mechanism proposss that ULs act as a drug camrier
system. " To investigate the penstration-enhancing e ffect, various techmiques have
been used, such as infrared spectroscopy, differential scarming calorimetry, and skin
penetration study. Although these techniques proved to be convenient and simple, they
could not reveal the ultrastructural changes in skin caused by penetration enhancers.
To assess the drug camrier systermn mechaniam, drug-loaded vesicles musat be able to
pass through the skin into systemic circulation as intact vesicles. Cave at al"* reported
the presence of dmg-loaded vesicles in the blood of mice after flnorescently-labaled
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A monlinear response surface method incorporafing multivariate spline interpolation (RSM-5) is a
nseful techwique for the optimization of pharmacentical alihongh the direct reliability of the
optimal formulation must be evaluated. In this study, we demonstrated the feasibility of wsing the bootstrap
(BS) resampling technique to evaluate the direct reliability of the optimal lipesome formulation predicted
by R5M-5. The formmlation characteristics (X)), including vesicle size (X)), size distribuwtion (X,), zeta poten-
tial (X)), elasticity (X)), drug comfent (X.), entrapment effichency (X}, release rate (X}, and the pemefration
enhancer (PE) factors lsfurmllhulf:dmtz'},m{lhtjpenfl’l! (Z,) and content of PE (Z;) were nsed

(Bux

of the optimal solation. Concarrently, similar BS optimal selutions were estimated from the BS dataset that
was gemerated from the original dataset throngh BS resampling at frequencies of 250, 500, 750, and 1000.
The analysis and simulation indicated that X, X, and Z, were the prime factors affecting ¥, and F,. These
findings sugpest that this appreach could also be wseful for evalwating the reliability of an optimal hpesome
formulation predicted by RSAM-5 and would be beneficial for the pharmacentical development of liposomes

for transdermal drog delivery.

Optimizztion techmiques using computer-based ranonales
to research and dewvelop pharmacewtical fornmlations have
recenily become atractive and interesting A noo-lnear re-
sponse surface method incorporsting mmlfivariate spline in-
terpolation (FSM-5) is a powerful method for pharmacentical
optimization.” RSM-5 has shown that the complex relation-
ships between causal factors and respomse varisbles could
be simply comprehended and that the simmltaneous optimal
solutions obtained would be stable and reproducible ¥ Several
fornmlstons wsing FSM-5 (eg. water-in-oil-water omluple
enmilsion of insulin for intestinal delivery,® mstzsined reloase
of diltiazem tablers for oral delivery” snd ultra-deformable
lpusmofnnlmumﬁxumﬁdu:nnltﬂmﬁ REM-5

(L) method was alse employed. The LOOCY method
can evaluate the zeneralization error of a given respomse
surface ¥ Moreover, the relishility of optimal formulation es-
mmated by certzin response surface can be directly evaluated
nsing bootstrap (BS) resampling methods. The BS method is a
simmalation technique based on the empirical distribution of the
experimental dats that introduced by Efron® BS ressmpling
is penerally used to estimate confidence intervals and the bias
and variance of an estimator. The basic idea of BS resampling
is randomly sampling from original dataset (experimental

The sothors declars no conict of mssust.
*To whom correspondence should be sddrassed.  s-meadl: tmasaib@enac.th

data). A BS samples (X*=A7, 15, X?) is randomly samapled

affecting the skin permeshility of a liposome formulation
The development of liposomes has previously been based
primarily on trisl and error to obisin an appropriste formmala-
Desipning and testing on a case-by-case basis (or by trial and
errar technigues) was considered 3 wasteful method for de-
forpmlation for one characteristic was offen not satisfactory
for other characteristics. Thus, these resrictions inourred dif-
ﬁnﬂnesmﬂm&mgnand&zﬂummofhpnsmﬁlmh
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Terpene Composited Lipid Nanoparticles for Enhanced Dermal Delivery

of All-frans-Retinoic Acids
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In the present study,

lipid namaparticles and lipid namoparticles were developed amd

evaluated for dermal delivery of all-frans-retinoic acids (ATRA). Terpene composited lipid nanoparticles and

lipid namoparticles were

investizated for size, size distribution, zeta potential, emtrapment efficiency, phote-
stability, and cyiotoxicity. I virre skin permeation of ATRA lipid formulations

were also evalmated. To ex-

plore the ability of lipid namocarriers to target the slin, the distribution of rhodamine B base in the skin was
investigated nsing confocal laser scanning microscopy (CLSM). The results indicated that the physicochemi-

cal characteristics of terpene composited lipid namoparticles influenced slin permeability. All lipid namocar-
riers significantly protected ATRA from photodegradation amd were non-tozric to normal bumam foreskin
fibroblast cells in vifro. Solid lipid manoparticles containing 10% limonene (10% L-5LN) had the highest
ATEA skin permeability. Terpene composited SLN and nanostructured Lipid carriers (NLC) showed higher
epidermal permeation of rhodamine B acress the skin based em CLSM imape analysis. Our study suzgests
that terpene composited SLN and NLC can be potentially nsed as dermal drog delivery carriers for ATRA.

Eey words  lipid nanoparticle; terpene; dermal delivery, all-rrans-retinoic acid

Transdermal drug delivery has been chosen as a feasible
alternative route of drug delivery due to its various advantages
ower comventional oral and imravenous routes such as reduc-
non of droz metsbolism g first pass effect, minimizanon
of pain, snd possible controlled drug releass * However, the
effectivensss of transdermal dmg delivery depends on the
capability of dmgs to penetrate across the skin in sufficent
amounts to reach therapentic kevels.® The stramm corneum is
an important barrier of the skin for drug shsorption ** To fa-
which ideally cause a3 temporary reversible reduction n the
‘barrnier function of the strahum comeum. are extensively nsed
to incresse percutaneous abscoption™

Terpenes are a seres of namrally ocowring compounds
consisting of isoprene (CiHg) umits. They have been used in
ransdermal research simce 19605 as skin permeation enhanc-
ers. They are reported fo be a very safe and are an effective
class of penetration enhancers that has been classified by the
Food and Drug Adminisration (FDAY) as generally regarded
a5 safe (GRAS)” Limonene is a hydrocarbon lipophilic ter-
pene ohtained from the lemon pesl of citus lemon ® Previens
smudies have demonstrated that permeshility enhancement by
lmonene can oconr through ominple possible mechanisms,
which may have coniributed to the enbancred permeability
of ketoprofen ® 18-Cineole, 3 terpene. has also been used to
promote percutanecns shsorption of several lipophilic dmgs
mrmlghhmksmmseskmm"”mdmmceﬂyrepnﬂedtn

drugs in skin lipids, distuption of lipidprotein organizaton,
and‘or extraction of skin micro-constiments that are respon-

sﬂeﬁrmnmmufbnnﬂm}hte,mmgn
to offer zreat promdse for nse in transdermal formolations

Solid lipid nsmoparticles (SLN) and nanostructured lipid

Ths sathors declars no coniict of mmsrest.

*To whom correspondence should be sddrassed.  s-meadl: tmasaib@enac.th

of lipid nanoparticles, respectively, are improved compared
to nancenmlsions (WE) Lipid nanoparticles (SLM, NLC and
ME) were chosen as the transdermal dosape form because of
their promising novel dosage form and suitability for efficient
delivery of active mgmﬂ]eﬂ:s through the skin The larze
surface area of these Lipid mmgnchsyma]l:msm;nd
penetration of active maolecules '™ The lipid marrices of SLN
are composed of solid lipids only, whereas NLC are composed
of both solid and lquid lipids. In contrast with ME, both MNLC
and SLM are m the solid state st room and body tempera-
tures. Moreover, the degradation of ascorbyl palmitate loaded
in SLI apd MLC showed lower depradation than NE'™ A
mmuker of drzgs can be used as 3 model dmg for ransder-
mal drug delivery; however, liphophilic drugs typically pose
drugs, which represent poor water solubility snd'or photo in-
stable drugs.

When applied topically, all-frans-retinoic acids (ATRA)
have demonstrated efficacy in keratinizaton disorders and
in the treasment of other cutsmeous lesions™ Meverthelass,
ATFR.A is sensitive to decomposition by light or high tempera-
ture and possesses poor aqueous sclubility.'® Accordinety, a
degirable drug delivery system, such as lipid nsmoparticles
(SLM, WLC and WE), should be used to solve these problems.
Moreover, little knowledsze is asvailable regarding the incor-
poration of terpenes in various lipid namoparticles and the
comparison for their effectiveness to other lipid nanoparticles
a5 skin delivery carriers.

The ohjective of this study was to enhsnce the skin per-
meahility of ATFA using lipid nanoparticles incorporated
with terpenes 35 a permeation enhancer and to compare their
effectiveness with other lipid nanoparticles as skin delivery
carriers. Particle size, size distribution, zeta potential, entrap-

ment efficiency, photo-stahility, cytotoxicity, and in vitre skin
permeshility of these fornmlations were evalnated.
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Terpene-Containing PEGylated Liposomes as Transdermal Carriers of a
Hydrophilic Compound
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We investigated the effect of PEGylated liposomes (FLs) contaiming 3 terpeme om the pemetration of
a hydrophilic compownd through porcne skin FLs composed of N-{carbonyl-methoxypalyethylemeglycol-
200001, 2-distearoyl-sn-glycero-3-phosphoethanclamine (FEG,,,,~DSFE), the sodium salt of PEG,,,~DSFE,
phosphatidyicholine (FC), cholesterol (Chol), Tween 20, and #-limonene were prepared as carriers for fue-
rescein sodinm (NaFT). The physicochemical characteristics of PLs and their effects on in vifre skin penstra-
tion were evaluated. Tape siripping was used to evalwate NaFT deposition in skin layers, and confocal laser
scanning microscopy (CLSM) was uwsed to imvestipate the depth of skin penetration and the pathways wsed
by NaFl-loaded wvesicles. FL: comfzining d-limonene were smaller amd conferred higher entrapment ef-
ficiency and skin pemetration om NaFI than did PLs and conventional liposemes (CLs). The deposition of
NaFI from FL: with d-limonene was greater in epidermis and dermis (§.10+1 74 pg) than stratum cornenm
(2.06+0.47 ). CL5M images revealed that NaFI penetrated into the deepest skin Layer with mazimum fue-
rescence intensity. NaFI penetrated deeper (130ym) in follicular than nonfollicular regions (145 um), snggest-
ing a transfollicular pathway predominates in skin pesetration by NaFI-loaded PLs. In conclusion, grafting
PEG onto ulira-deformable lipesemes may enhance transdermal NaFI delivery and may be used as a carrier

to prolong lipesome circolation time.

Eey words polyethylene ghycol (PEG)ylated liposome: hydrophilic compound: skin permeation: comfocal

laser sCADmIng micToscopy

Liposomes have been used for dermal and fransdermal drog
delivery. Llplds m]lylinsymh;uds arranged in one ar

s!]hemlapnynhc apents can mtercalate imbo
ﬁE]J]ﬂhlaj‘E’ However, traditions] liposomes are of little
or oo value for ransdermasl dmg delivery because they do not
deeply penetrate skin remaining confined to the wpper layers
of the stramm cormeum ® Ceve @f af. have reported deform-
shie liposomes (Transfersomes™), the first peneration of elastic
vesicles that can increase skin permeability, but only when
applied under non-occhided conditions * Thev comsist of phos-
pholipids and an edze activator. An edge actvator is offen a
MMMME'&MMGEM
vesicles and incresses deformshility.

Terpenes have been widely used as skin penetration en-
hancers for both bydrophilic and hydrophobic dmugs. Mono-
terpenes such as d-lmonene (CH,,) were generslly maore
efficacions due to their small molecular sizes. §-Limonene
finidizes or pernubs the integrity of the barrer fumction of
sramm cormenm for enhanced the transport of drugs through
skin ® Ultra-deformable liposomes containing Tween?) as
an edge activator and terpenes as skin penetration enhamcers
have been reported to enhance skin penetrston of MaFI by
a sypergistic effect of penstration enhancer, using mainly a
ransfollicnlar pathoway, with smaller contributions from inter-
celhalar and transcellular pathways ®

A stealth liposome stratezy can be achieved by modifying
the surface of lippsomal membranes with hydrophilic polymer
comjugaes, such &= poly(tinvlene ghycol) (PFEG). PEG is the
most widaly nsed polymer comjugate snd reduces systemic

The sothors declars no conict of mssust.
*To whom correspondence should be sddrassed.  s-meadl: tmasaib@enac.th

uptike of monomclear phagocytes. PEGylated liposomes
(FLsz) were developed to Improve the blood circulation time
of liposomes after nfravenous administration. PEG has been
‘widely nsed as a polymeric stabilizer that can be incorporated
into the liposome surface in difference ways. The most widsely
nsed method st present is to anchor the polymer in the lipo-
some membrane 17g 3 cross-linked lipid (e, PEG—distearo-
viphosphatidylathanolsmine (PEG-DSPE)).” In addition, it
is possible to improve the colloidal stbility of liposomes by
changing the physicochemical properties of the particles via
the polymer coating. Shielding the lipusmwitah}ﬂm—
ﬂm’d:zmﬁﬂ:emmbetmmlq)wmm
ﬂ:edlsperﬂm
Few reports are available on dermal spplication of PLs. Jain
@r al. reported the topical application of PEGylated surfactant-
containing  lLippsomes: PEGylanon of swictant-contaming
liposommes can increase the skin permeation of the low malec-
nlar weight dmg, Zidevndine, by binding to water molecules,
which could increase the hydranon of the stranom corneum
resulting in enhanced permeation of the stratum comeam bar-
nEl:’]InalitIJmn, calcipotriol-loaded liposomes with 1mol%

The size of the hiposomes aﬁujedthpumnmofl:alu
potriol info the sratum comenm: small unilamellsr vesicles
enhamced calcipotriol penetration more than large ones™ The
mse of PLs as carriers for transdermasl drug delivery requites
further study. Liposmmes with long ciroulation imes contain-
ing skin penetration enhancers may vield a transdermal drug
delivery system thet can affect the blood ciroulation time of

liposommes.
Fhaorescein sodiom (MaFI) is a low molecolar hydrophilic
& 2014 The Prarmacentical Secisty of Japan
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Development and Evaluation of Tamarind Seed Xyloglucan for
Transdermal Patch of Clindamycin
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Abstract. The object of this study was to develop the clindamyein transdermal patch nsing extracts
of tamannd seeds as novel gelling agent for transdermal delivery. The patch was composed of
tamaringd seed extracts having xyloglocan as a main composition, 1% clindamycin, and varions
ratios of glycenin and propylene glycol ie. 10:0, 8:2, 6:4, 5:5, 4:6, 2:8 and 0:10, as plasticizer and
penetration enhancer, respectively. The clindamyein patch was prepared by casting method. The
content of chindamycin in the patch, the tensile strength and the dmg release from the patch were
evaluated. Moreover, the cup and plate method was used to determine the antimicrobial activity of
clindamyein patch compared with conmmercial avalable clindamyein gel in the market, and
Staphyllococcus aurens was used as test organism in this study. The results showed that the good
physical stability of clindamycin patches were successfully prepared. The ratio of compesition in
the formmlation affected the tensile strength and the drug release. As the ratio of propylene glyeol to
glycerin in the formmlation was increased, the tensile strength and the drug release mereased. The
formmlation composed of the ratio of glycern and propylene glycol (4:6) showed the highest drg
release and the best efficiency m antibiotic test. Our results mdicated that the extracts of tamarind
seeds could be a potential biopolymer and also applied as controlled release m transdermal delivery
Fystem

Introduction

Watural polymers have been extensively used as biopolymers in pharmaceutics because of their
naturalpess and non-toxicity materals. Xyloglucan (XG) 15 a natural glucosaminoglycan
poelysacchanide derived from the tamannd seed (Tamarindus indica). Thus, tamarind seed XG was
used as binder, stabilizer, plasticizers, thickening agent and gelling agent in various drogs delivery
system such as oral [1], buccal [2] or rectal [3] drug delivery, because of its biodegradability and
biocompatibility properties. Acne vulgans 15 2 common chromic inflammatory disease of the
pilosebaceous umnits. Standard therapies were available for acne wvulgans eg. oral and topical
antibiotics. Clindanrycin phosphate is the most commen topical antibiotic used in the treatment of
acne vulgans for over 20 years [4]. However, poor patient compliance was a major cause of
treatment failure becaunse of low efficacy, slow cnset of action, adwerse effects [3]. The new
formmlation of topical acne treatment to improve patient adherence with medication, which is ease
of use, prolong release, reduce lesion counts and conceal redness is extremely nterested. In this
study, novel transdermal pateh of clndamyem was developed using extracts from tamannd seed to
overcome acne treatment faihures. Moreover, the content of clindamyein in the patch, the tensile
strength, the drug release from the patch and the antinicrobial activity were evaluated.

All ights resensad. Nio part of contents of this paper may be reproduced of transmibed in any form or by any means. aihout the witen pemission of TTP,
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Abstrace: The effect of low frequency sonophoresis (5M, 20 kHz) on the skin transport of
sodiurn flucrescein (MaFI-loaded liposomes was investigated. An in vitro skin penetration
study in open and blocked hair follicles was performed, and confocal laser scanning micros-
copy and scanning electron microscopy were used to visualize the penetration pathways. The
results showed that W significantly increased the fux of MaFl solution, whereas it signifi-
canthy decrensed the flux of MaFl-loaded polyethylene ghycol-coated (PEGylated) liposomes
with D-limonene (PL-LI). 5N did not significantly affect the flux of MaFl-loaded comventiomal
liprsomees and PEGylated liposomes. In the blocked follicles, the flux of MaFl-loaded PL-LI
both with and without SM decresed, indicating that MaFl-loaded PL-LI penetrated the skin
via the transfollicular pathway. A confocal laser scanning microscopy image showed that in
the skin without SM, the Huorescence intensity of MaFI-loaded PL-LI was observed in the skin
mnd along the lemgth of hair inside the skin, wheress in the skin with applied SM, te fluores-
cence intersity wos detected only on the top of hair outside the skin. From scanning electron
milcroscopy images, SN dislocated the comeccytes and reduced the deposition of PL-LT around
hair follicles. These resulis revealed that N may partially plug hair follicle orifices and reduce
percutareous ahsorption through the follicular pattwy.

Keywords: sonophoresis, PEGylated liposomes, hydrophilic compound. follicular pathway

Introduction
Sonopharesis (SM) is a non-invasive technique for increasing the skin permeability of
a8 caffeine,’* hydrocortisone,” calcein, and FITC-labeled dexirans. The transdermal
delivery of hydrophilic solutes with low-frequency ulirasound is likely to cccur as
non-specific transport across the stratum corneum (e, both the intracellular lipid
regions and the comeocytes).! Several posaible mechanisms for 8W as a transport
pathoway have been suggested. such as thermal effects by absorption of ultrasound
energy and cavitation effects cansed by collapse and cecillation of cavitation bubbles
in the ultrasound field. ** Cavitation has been found to be the main factor in creating
aquecus pathways across the stratum comeumn by distorting the lipid bilayer, which
can lead to enhancing the transpart of hydrophilic drugs across the skin.”
Low-frequency SN typically enhances the transport ofhydrophilic melecules in
solution acrosa the skin. It can easily be coupled with other tranadermal drug delivery
techniques such as tape stripping.® microneedle,® electroporation.’® iontophorasis, 't
and chemical enhancement to produce a synergistic effect on transdermal
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Abstrace: The purpose of this study w as to investigate the effect of ultradeformable liposome
comporents, Tween 20 and terpenes, on vesicle fuidity. The fuidity was evaluated by electron
spin rescmance speotroscopy using Sdoxy] stearic acid and 16-dooy| ste aric acid as spin labels
for phospholipid bilayer Auidity at the C5 atom of the acyl chain near the polar head group
{hydrophilic region) and the C16 atom of the acyl chain (lipophilic region), respectively. The
electron spin resonance study revealed that Tween 200 increased the fuidity at the C5 atom of
the acyl chain, where s terpenes increased the fuidity at the C16 atom of the acy] chain of the
phospholipid bilarer. The increase in liposomal fuidity resulted in the increased skin penetra-
tion of sodium Anorescein. Confocal laser scanning micrescopy showed that ultradeformable
Hpmwﬂmmime the l]dnpem.ah:nﬂ:n of sodium ﬂunmainh(mhucj.ngh.‘ir
follicle penetration.

Keywords: ul radeforma ble liposomes, terperes, fuidity, electron spin rescmance spectroscopy.
confocal laser scanning microscopy

Introduction
Transdermal drag delivery systems utilize skin as a transportation route and offer
many advantages, including avoidance of first-pass hepatic metabolism, sustained
and controlled drug releass, and improved patient compliance. However, the strabum
corneum, the outermost skin layer, ecthibits a rate-limiting step in regulating drug
absorption into the skin. Warous strategies have been used to increase drug absorption
across the skin, such as micronesdles,' iontophoresis.* sonophoresis.* electroporation,®
microdermabrasion,? microenmlzion,® niosomes,” and liposomes. ' Ultradeformable
liposormes (LTLs), also called transfersomes, are a type of alastic vesicle, introduced
by Ceve and Blume." ULs generally consist of phospholipids and surfactant as a
membrane softening agent. Due to their Aexibility, ULs fit through namow pares
approximately one-tenth of their diameter. ULs also penetrate as intact vegicles through
the skin into the blood circulation without permanent disintegration.'? ULs effectively
increase the skin penetration of druge both in vitro and in vivo, -9

Terpenes, a class of penetration enhancers obtained from natural sources, have
successfully been used as skin penetration enhancers for percutanecus absorption
enhancement in various types of liposomes, specifically invasomes,"*'” and ULa. "%
Electron spin resonance (ESR), also kmown as electron paramagnetic resonance, is
A spectroscopy technique used to study molecular mobility by chamcterizing the
unpaired electron of free mdicals, also called spin probes, in an extrems applisd
magnetic fiald. This technique has been used to study membrane fuidity, ' the skin
penetration enhancement mechanism of penetration enhancers and nanocarriers, =+
and anticotidant properties.™
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Application of Design Expert for the investigation of capsaicin-loaded

microemulsions for transdermal delivery
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Albstract

Durplnlul.u study mpored tat the Design Expert™ Safhaare showed 2 be nefidal mie n he

e t af micr i ME) for wansdesmal drug defivery. To fully confiem e
WMmdhrMyn[m“smﬂhmhhm:humME
formatations prediced by the Design Expert™ Softaare wem experimentally formatated and
werified for thedr sidn permesahility. T enary phase diagrams were wsed to predic the aptimal ME
ares, and the ME formulation: selected from outside this ares were considered 25 candidate ME
syiems Our ME systems wene fated aith il state PM) as the of phase,
comide diethanalamine [DEA) as the surfactant, ﬂiunnlu 2 mo-surfactant and watker as the
aqueous phase. The dmplet size, size distrilbution, elecrical conducvity, pH, drug content and
shin p iillity of the andidat ME:i)-s'I:rru mmn‘bﬂﬂl.&nhﬁgﬁ indicated that he
shin permeabiity of the optimal ME and all of the candidate ME formalations was significantly
greater than that of the commescial cape aicin (CAP) product. Our study suoossdsd in predicting
and develaping the ME syst fior e trans dermal delivery of CAP. The simplex lattios design
used inthis study is e sperimentally useful for the development of pharmaceutical farmalations.

Keywaords

Capsaicin, cocamide diethanolamdne,
Design Expert, microemalsions,
simplex lattice design
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Intreductian

In the development of pharmacemtical frmulstions, 2 ocompli-
cated relstionship exists between the brmulation factors and the
pharmaceutica] responses. Theselire, design of exper iment (Dol
wat wed b0 clanly the relsionshp betwesn the lrmulstion
factors or cansal factors (X,) and the pharmacentical responses o
regpnse varables (1,). Comently, Dol is an acceptable and well-
orgamized lechnique fbr detesmining the critical aitrdbutes that
may alfee pharmacsutical products and processes’. Dol snalyss
utilioes & response surface method (RSM) w resolve optimization
imoubles, and several pharmsceutical ressarch studiss have
successfully wilized RSM™. Our previous study has alio
suggested that a smplex lamice design is beneficial fiw the
develogment of microemulsions (ME) used in wansdermal dmg
delivesy”.

Microemubions (ME) are iransparent colloidal sysiems
compossd of two mmiscible phases thal are stabilized by a
surfactant sysiem ME have long been used in several dmg
delrvery syslems, meloding oral parentesal, nasal and topdeal
applications® ", ME have aslso been extensively smdied for
transdermal delivery because they offer several advamages, sach
2 high-loading capacities for hydmphdlic and Hpophilic dmgs,

Address  dor  comespondence: Tmssad Npawhberorps, Facdlty of
Pharmacy, Silpakeorn Universty Ssamchan Palace Camgos, Nalbom
Padom TI00), Thadamd Tel +65-34-255800. Fax: +5634-255801
E-mal: ppawhoronpat_t@swacth

ease of preparation and hermodynamic sisbhdin'' 'S However,
the ME that provides relstively high-skin permeability also
conlains high concenirations of suwrfctant sysems ™. Theselore,
skin irmitstion and the safety of the surfaciant syslem used may
resirict the utlisiion of thess ME. In the develogment of suitahls
ME ki transdesmal delivery, #l is imgrtant o prepane optimal
ME formulstions that have the proper skin permeshiliy without
inducing skdn irritstion. M ex, ME ¢ amng &l least hres
compnents (odl, water and 2 swrlhctant) oould simultaneously
alliect the physicochemncal characteristics and the skin perme-
shility af the ME. Therefire, il was agprogriste 1o apply Dol in
clarifying the relstionships between the causal laciors and e
response varishles (o optimize the ME fosmualstion.

Caparicin (CAP) 5 a polenl, pungent tasile compoand from
chili peppers that is applied for reducing pain associated with
various ciseasss, such a3 lumbago, scdatica, rhoumatism, post-
hepatic neuralgia or musculoskeletal inflammation. The hel,
pungent lasie of CAP relishly relieves pain due (o i ability (o
cause & buming sensstion in mammabian s, Howeves, high
concentrations of CAP (L75% wiw) may cause local skin
iritstion ™. The chemiesl Airaetane of CAP i3 shown in Figoe 1.

The sims of this sudy were o develop ME systems hassd on
compuler design and o opimize thess ME sysems lir the
transdermal delrvery of CAP The challenge in achieving oo aimis
was W discover a poontial ME that incorporated 2 low dose of
CAP (0L15% wiw) and 2 bw concentration of the surfactant
system. The modsl ME lormulaton: were oblained from
2 peeudo-lemary phase disgram A CAP-loaded ME compossd
of isogropyl myrissie (M) a3 the od phase, cocamids
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Development, Characterization and Skin Interaction of Capsaicin-
Loaded Microemulsion-Based Nonionic Surfactant
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The aim of fhis study was to develop novel microemulsions (MEs) for fhe transdermal delivery of cap-
saicin. Microemulsion-based nomionic serfactants consisting of isopropyl myristate as the oil phase, varioms
nemiomic surfactants a5 the surfactant (5), various glycols or alcebol as the co-surfactant (Co5), and reverse
comosis water as the aqueons phase were formulated. Based on fhe optimal ME obtained from Desizn Ex-

. MEs containing a fired concentration of oil, water or surfactant were prepared while varying the
mammmﬁmmmmmmﬂummmﬂmm:cmm
(015% (wiw)) was significantly higher for the selecied ME than the commercial product and capsaicin in
ethamol (control) by approzimately two- and fonr-fold, respectively. We successfully demonsirated the feasi-
bility of the tramsdermal delivery of capsaicin-loaded ME using a low concenfration of nonionic surfactant
and ethanol. Moreover, the optimization wsing computer program helped to :implify the development of a
pharmacentical product.

Key words capsaicinc mioeenmision-based pomicmic surfactant, decyl glucoside polyethylene ghycol
(PEG)-T glyceryl cocoate: cocamide disthannlamine; Diesizn Bxpert

&0l

Microemnlsions (MWEs) are fransparent systems consisting
of two immiscible phases that are stabilized by a surfactant ar
surfactant systems (3 mixnure of surfactant (5) and co-surfac-
fant (CoS)). MEs are widely wsed in transdermsl drug delivery
‘because they offer several advantages, inchiding simple prepa-
ration, & high loading capacity for ydrophilic and lpophilic
drugzs, thermodynamic stsbility and a high potential for en-
hanced skin permeation.” Mumerous studies have shown that
a5 solufions, suspensioms, gels, creams, hydrogels, micelles,
hqndtq’sﬂ]lmeandhpnsm“ﬁem:lmchﬂnmshm
‘been proposed to explain how MEs enhance dmgz penstration
into the skin'®" In recent vears, MEs have contimed to be
designed and developed as tramsdermal delivery carriers for
various poorly soluble drgs because they can improve the
vide a large region per concentration ratio for mass tfransfer.
A high rato of onic surfactants (which serve as the 5 phase)
o ethanol (which serves as the CoS phase) is menerally nsed
o improve the potential for skin delivery by MEs. However,
the high 5/CoS ratio n the surfactant system used to menerate
MEs to ensure high skin permesbility may alse concurrently
canse severe skin irritation Consequently, ME-based nomonic
qurfactants with low 5/CoS ratios need to be developed to
avoid safety concerns related to the skin irritstion. Software
(Desizn Expert™ is a powerful tool to simplify the complex
relationship between the concentration of surfactant systems
and ME characteristics (both skin permeahbility and skin ir-

ritatipm). !

Capsaicin (B-metry]l Nvanillyl-6-nonensrmide) is & natural
alkzloid (capssicinoid) and the major active spicy ingredi-
ent extracted from chili peppers. Capsaicin is 3 fat-solubls,

d.  smedl:

odorless, spicy, off-white solid with 3 melting point berween
§2-65°C and a molecnlar weight of 305.4kDa. Capszicin is
notable becanse of its spicimess and ability to canse a buro-
ing sensaton in memmalian tssues. Becinse capssicin is not
sohible in water, alcobol and other organic solvemnts are used to
solubilize capssicin in comventional topical preparations and
sprays. Capszicin is topically applied to treat various disesses,
including mosculoskeletal inflsmmation, rheumatism post-
hepatic neuralgia, lumbage and sciatica ' The mechanisms
of action of capsaicin have been extensively studied over the
past several decades. Capsaicin can release substance P from
the sfferent nociceptive neurons, snd the resnlting depletion
of substance P desensitizes small afferent sensory neurons. ™
However, orally administered capsaicin undergoes sigmificant
first-pass metabolism in rats and mice'” and the spiciness
of capszicin limidts #s climical spplicstions. Several curment
mmmummmmd

mﬂn@?ﬂﬁwﬂmﬂm“mnfh@hehﬁm
ar benzyl alcobol. Therefore, MEs featuring improved co-
surfactant systems may be nseful for the transdermal delivery
of low-dose capsaicin (0.15% {w'w)) using a low concentration
of surfactants.

The zim of the present study was to develop ME systems
consisting of novel surfactant systems for the transdermal de-
livery of capsaicin. Varions surfactant systems were screened
to be incorporated with capsaicin. The ME systems consisted
of isopropyl noyristate (IPM) 35 the oil phase; decyl glocoside

drethanolamine
ETH as the surfactant; propylens zhycol (PG), ethanol, PEG

*To whom corruspondence should be add : ngrargimnpat_tEws acth
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Skin Transport of Hydrophilic Compound-Loaded PEGylated Lipid
Nanocarriers: Comparative Study of Liposomes, Niosomes, and Solid
Lipid Nanoparticles

Worranan Rangsimawong ® Praneet Opanasopit,® Theerasak Fojanarata® Sureewan Duangjit* and
Tanasart Ngawhirunpat®
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The effect of surface grafting with A-{carbonyl-methexypolyetiylene ghycel-2000)-1,2-distearoyl-sn-
glycers-3-phosphoethanolamine (FEG2000-DSPE) onto three types of lipid mamocarriers, lipesomes, mio-
somes and solid lipid naneparticles (SLN=) on the skin penetration of sodimm fuorescein (MaFI) was imvesti-
gated. Confocal laser scanming microscepy (CLSAL) was nsed to vismalize the penetration pathways. Foarier
tramsform infrared spectroscopy (FT-IE) was used to defermine the skin hydration. The results showed that
the physicochemical properties of each nanocarrier were modified after PEG grafting. In the skin penstra-
tion study, FEG grafting increased the fox of NaFI-loaded FEGylated liposomes and significantly decreased
the fux of NaFI-loaded FEGylated nicsomes and NaFI-loaded FEGylated SLNs. The skin deposifion study
and CL5SM images shewed that the intact liposome vesicles permeated into the slin. The miosomes and SLNs
had little or no vesicles in the skim, suggesting that NaFI may have been released from these nanocarriers
befare permeation. Additionally, the fworescent CLSAM images of the SLNs showed that NaFI depasited along
the length of hair follicles imside the skin, indicating that the skin pemefration rowie may be throogh the
tramsfollicular pathway. For the FEGylated namocarriers, the FEGylated liposomes had higher Sworescence
infensities than the non-FEGylated liposomes, indicating higher NaFI comcentrations. The PEGylated mio-
somes and SLNs had lower fucrescence intensities than those of the non-FEG modified niesomes
and SLNs. For FI-IR resmlis, PEGylated liposomes increased fhe skin hydration, while the grafting FEG
omto miosomes and SLN surfaces decreased the skin hydration. This study showed that the surface grafting of

PEG onto variouws namocarriers affected the skin transpert of NaFL

peneiration

Transdermal rowtes provide a controlled and non-imvasive
method of drug delivery. The outermost laver of skin, the
sOatum cDeuwm, s 8 major protective barmer agsinst the
ingress of xenobiotics and conrols the rate of water loss from
mnable to achieve therspewtic dmp concenfrations. Mamy
strategies for enhancing skin penetration have been developed,
such as chemical penetranon, supersanurated systems, vesicles
or pirysical mechanisms. A few examples of these stratemies
include the use of prodmgs, iomtophoresis, electroporston,
and ultrasoumd "

Lipid-based namocarriers are the most sought afier de-
wgmmﬂmmm@pmm

lpdmmsﬂﬂ.ﬂs]hmbeenaﬂmsmelysmdmdﬁlm
ransdermal delivery of drogs. Lippsomes have the potential
o be dmg-carmber systems for transdermal delivery. They
contain amphipathic phospholipids arranged in one or more
concenmic bilzyers enclosing an equal moober of agueons
comparmments. Hydrophilic agents can be entrapped within
for transdermal applications doe to their similarity o biologi-
cal membranes, ability to interact with similar Lipids in skin,
and decreased systemir shsorption *

*To whom corruspondence should be add d.  smeil: ng

properties 35 liposomes, such as the bilayer strocthure. How-
ever, nivsomes differ from liposomes in their chemical strac-
ture. MNiosomes are made of cholesterol and hydrated non-jonic
surfactants and as such, hawe greater stability and lack mamy
of the disadvantapes associated with hiposomes, ie., high cost,
low svailability, and various purity issues commomly associ-
ated with phospholipids. Vesicular nanocarters have been
msed as potential trapsdermal dmig delivery systems due to
sustained drug relesse, and rate-limiting membranes for the
mhhnmufsysmmxat&upumufﬁugwndmskm“‘

improved physical stability, luwmslsml.mmmlpusm
and easy scale-up and mannfacharing potentisl **! 51 Ms are
colloidal nanocarriers system consisting of surfactant-coated,
hghmetungpmthpdnmm.dsﬁnchdmghghmﬂt

ing point ghycerides or waxes)™ The small particle sizes of
SLNsmaﬂgﬂﬂrdmmuuﬂhdmmmmmmd
thereby enhances the amount of encapsulated agent penetrat-
ing inte the skin ™ Moreover, SLMs form occlusive films and
have enhanced drug permeation ®

himpet_t@es acth
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Influence of sonophoresis on transdermal drug delivery of hydrophilic

compound-loaded lipid nanocarriers

Womanan Rangsimawong, Praneet Opanasopit, Theerasak Rojanarata, Suwannee Panomsuk and

Tanasait Ngawhirunpat
Faculty of Phasmacy, Sipaiom Usivessity, Bangiok, Thaland

ABSTRALT

The effect of sonophoress on the tansdermal drug delivery of sodium Buorescein (NaFl)-loaded Epid
nangcaniers sudh &s Eposomes (LI, niosomes (NI and solid Bpid nanopartiches [SLN) was investigated by
confocal lacer scanning micmscopy (CLSM], Fourier tansform infared spectoscopy (FTIR) and saaming
elactmn microscopy (SEM) The resulls showed that SN decressed the din penetration of NaFl-loaded SLN
(632 fald) and NI (1. 79-faid), while it increased the penstraton of NaFldoaded LI (536-Goid] CLSM images
showed the red fluorescence of the Ll and NI bilayer on the supeficial layer of the statum ¢

Heoehned & May 2008
Hevtyed 26 Jure X006
Actepted 23 Jume 2096
Fruislished ordre ] | 1

However, the red fluosseent probe of the SLN was not visualired in the ddin. FTR results of the Ul and NI
with SN showed no effect on Bpid strstum comeum ordering, suggesting that the fagment of biayer
wesiches might repair the damaged skin. For SLN, the strengthening of stratum comeum by covering the
dissupted skin with sold Bpids was shown. SEM images show dismupted carriers of ol the formulstions
sdsarbed onto the damsged din In conclusion, the SH changed the pepertie: of both the skin surlace

Lipx i mild
ipiel nqul.lﬂi:l-.i

Pycreanile
Terepmenedl; Jhin
pereTaten

and Eped nanocanie, demonstrating that disrupted skin might be repaiced by & dissupted nanodarser.

Intreductian

Sonophoresis (SN] has been proposed 85 & noninvasve tedhnigue
for increacing the din permeakbi Bty to various drugs by using sev-
eral mechanisms, such & thermal efects by absorption of ubtm-
sound energy and cavitstion effects caused by the collapse and
oscillation of cavitaion bubbles in an uhmsound fisld ~. The mein
effect of covitation has been found to cresbe saueous pathw iys
acmss the stratum comeun by distorting e Bpid bilayér, which
can bead to enhancement of skin tangpont of hydrophilic
robscubss®

A simultanecus application of uiasound to the skin is per-
formed by spoplying ulrmsound enengy through & coupling
madium containing the drug onto the dn surfaes, which causes
enhancement of drug transpon in two ways: (i) by changing the
shin structures, beading 1o ncrease in skin permeshdity and (§)
through convedison-mlsted medanisme that ooour only when an
ultrasound is applied. However, the action of ultrasound on drugs
or ofer sclive ingredients can cause modscular degradation or
other chemical mactions, which can result in a loss of activity ar
effactivensss of the therapeutic compound and may also @ause
undesined reacBans 7

Lipi-based nanocaniers, inchuding Bposomes (L), niosomes
(NI, ethosomes wansferasomes, solid Epad nanoparticles (SLN)
and nanostacture Bpad candens (NLC), were extensively studied for
transdermal defivery of drug by using seversl permestion mechs-
nisrms, such & intaet drug-loading vesde penetafon into the dif-
ferent layers of the skin; Bpid vesiche: acting a3 pensiration
enhancers wia their skin Bpadfluidizing property; the diug
released from carer and intercalsted in the Bpid biayer of the
stratum comeurr; of Epid vesicle-medised enhanced transder-
mal drug delivery via sppendegesl patwiey: leg hei falides

and swesl ducts)® A few studies have imestigeted & combin-
stion of SN and & Epid nanocarrier system. Vyas et ol showed
that the spplcation of ultmsound and ointrment containing U
enhanced dicialenac-entapped Ul pesmestion doos the dan’,
while Dablan et 8l repoded that U spphation to soniaied dn
prior 10 the application of bovine serum albumin (BSA) solubon
reduced BSA penetration and ransepidermal water loss due to
the repsir of sonitalion-inducsd don disruption”. Morsowsr, ng
mechanistic study for the skin penetation of NI and SN com-
bined with SN has been reported.

Therefore, the sim of this study was 1o investigate the sfifset of
low freguency SN [20kH:) on the permestion pathway for the
trangport of sodium fluomscein (NaFiHoaded Epid nanocanien
nto poncine sdn. Lipid nanocarriecs, such & LL NI and 31N, have
been used a3 carriers to enhance the transdermal delvary of NaFl
U and NI formulations wese prepaned using & sonication method
SN was prepared wing & de nove emulification method. Partichs
size, suface chargs, entraprment efficiency, loading efficiency and
in witrg ddn penetration were investigated. Confocal laser scanning
microscopy (CLSM) wis used 1o visuslize the sin penstration
pathways of the vesdes Fourier trandform infrared spectroscopy
(FTR) was used to evaluaie the stratum @meum change after
applying & Epid nanocanier and SN. Stanning elsciron microscopy
(SEM) was also used to observe the sdn surface after applying
ultrasound enengy.

Materials and methads
Maoteriol

Egng phosphatidyicholine (PC) was & gift from Lipoid GmbH,
Ludwigshafen, Germany. Cholestersl (Chell was dbtained from

CONTACT Tara it Mga visinmpat 'rquﬂnrwl_leuur.haﬂqum of Frarracestica Tedraegy, Sipaeer Urivesty, Sargoei 73000 Thalard
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Cape=sicin (CAF) is 2 major pungent component that has been
widely studied in medical and pharmaceutical fields. CAP was
u=ed both orally and topically for pain mlief. However, the
extreme pungency and the water insclubility of CAP lead to
It= mstriction in the development of CAP &= drug delivery system
[1]. our previous study suggested that the computer software
exhibited a beneficial role in the development of menthosomes
for transdermal dnag de bvery [2]. To confirm the ehability and
reproducibility of simultanscus optimal formulations, the
optimal ultraflexible liposomes (invasomes) estimated by the
compater software (Design Expert®) were experimentally for-
mulated and imvestigated. To achisve this purpose, immsomes
with Comperlan® D and d-limonene as potential penetra-
ton enhancer were developed. Using a two-factor factorial
design with centroid ephication as a model experimental design,

* E-mail address: surzewan déubu ac.th.

the invasomes were demonstrated. The model invasome for-
mulations containing a constant composition of 10 mM
phosphatidylcholine, 1 md cholesterol and 0.15% capesicin, and
various percentages of d-limonens and Comperlan® KD were
prepared. The physicochemical characteristics e.g,, vesicle gize,
size distribution, zeta potential, entrapment effiriency and skin
permeability of the model immasome formulatons were evalu-
ated. The compostbions and the physicochemical characteristics
of invasomes were defined as formulation factor (M) and re-
sponse variables (1), eepectively. The relationship bebween
formulation factor and responss variables was predicted, and
the optimal imvasome formulation was also optimized wsing
Design Expert®. The response surfaces estimated by Design
Expert® illustrated obvious relationship betwesn formmulation
factor and response vardables. The formulation factor directly

Peet revims under respomsibility of Shermyang Pharmaceutical University.
http:/fdx deod. org? 10 1015 ajps 200E 10,020
151808768 2011S The Authors. Production and hosting by Elsevier B.V. on behalf of Shenyang Pharmmaceutical University. This is an
open wocess article under the CC BY-MC-HD Licerse (httpy/creativecommons. orglicensesby-no-nd 4.0
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Abstract: The objective of this study was to investigate the influence of surfactant charge,
surfactant carbon chain length, and surfactant content on the physicochemical characteristics
(ie, vesicle size, zeta potential, elasticity, and entrapment efficiency), morphology, stability, and
in vitro skin permeability of meloxicam (MX)-loaded liposome. Moreover, the mechanism for
the liposome-enhanced skin permeation of MX was determined by Fourier transform infrared
spectroscopy and differential scanning calorimetry. The model formulation used in this study
was obtained using a response surface method incorporating multivariate spline interpolation
(RSM-S). Liposome formulations with varying surfactant charge (anionic, neutral, and cationic),
surfactant carbon chain length (C4, C12, and C16), and surfactant content (10%, 20%, and 29%)
were prepared. The formulation comprising 29% cationic surfactant with a C16 chain length was
found to be the optimal liposome for the transdermal delivery of MX. The skin permeation flux
of the optimal formulation was 2.69-fold higher than that of a conventional liposome formulation.
Our study revealed that surfactants affected the physicochemical characteristics, stability, and
skin permeability of MX-loaded liposomes. These findings provide important fundamental
information for the development of liposomes as transdermal drug delivery systems.
Keywords: optimal liposome, optimization, transdermal drug delivery, surfactant charge,
surfactant carbon chain length, surfactant content

Introduction

Meloxicam (MX) is an effective nonsteroidal anti-inflammatory drug for reducing
pain and inflammatory symptoms.'* Long-term therapy with high doses of MX can
lead to gastrointestinal side effects such as upset stomach, indigestion, ulceration, and
bleeding.* Moreover, the high content of organic solvent in the MX formulation>® limits
its safety for skin delivery. Therefore, the development of MX as a transdermal drug
delivery (TDD) candidate presents many challenges.

Since the first report that lipid vesicles incorporating sodium cholate as a surfactant
could penetrate deep into intact skin to deliver drugs,’ the use of surfactants in lipo-
some formulations as penetration enhancers for the TDD of various drugs has attracted
considerable interest. Numerous formulations have incorporated various types of sur-
factants in liposome bilayers. Although the use of cationic surfactants in liposomes has
been reported to enhance the skin delivery of several drugs,®!! anionic surfactants in
liposomes are also effective in improving skin delivery.'>* The influence of surfactants
on the effectiveness of liposomes for skin delivery remains a much-debated question.
Herein, liposome delivery systems must be designed and evaluated on a case-by-case
basis because surfactants exhibit a diverse variety of hydrophilic head groups and
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lipophilic carbon chain lengths. Thus, comparisons of previ-
ous research on liposome formulations composed of various
surfactant types are difficult to make. Furthermore, the skin
models and conditions used to evaluate the surfactants also
vary widely. To date, no proper method for estimating the
effects of individual surfactant factor (eg, charge, carbon chain
length, and content) on the intrinsic properties of liposomes
has yet been established. As a result, a rational approach for
designing liposome formulations containing surfactants for
skin delivery has not yet been fully described.

In this study, three types of liposome carriers neutral con-
ventional liposomes (N-CLP), anionic transfersomes (A-TFS),
and cationic transfersomes (C-TFS) were prepared as skin
delivery carriers of MX. The vesicle composition ratio was
obtained from a two-factor spherical second-order composite
experimental design. The influences of the charge, carbon chain
length, and content of surfactant on the physicochemical char-
acteristics (ie, vesicle size, zeta potential, elasticity, and entrap-
ment efficiency [EE]), morphology, in vitro skin permeation,
and stability of the liposome formulation were evaluated. The
possible mechanisms for the surfactant-enhanced skin perme-
ability of MX-loaded liposomes were also investigated.

Materials and methods

Materials

Phosphatidylcholine (PC) from soybean (90%) was
generously supplied by Lipoid GmbH (Ludwigshafen,
Germany). Cholesterol (Chol) was purchased from Wako
Pure Chemical Industries (Osaka, Japan). Butylpyridinium
chloride, laurylpyridinium chloride, and cetylpyridinium
chloride (CPC) were purchased from MP Biomedicals
(Santa Ana, California, USA). Sodium hexadecyl sulfate
(SHS) was purchased from Tokyo Chemical Industry Co.,
Ltd (Tokyo, Japan). MX was supplied by Sigma-Aldrich
Production GmbH, (Buchs, Switzerland). All other
chemicals used were of reagent grade and were purchased
from Wako Pure Chemical Industries.

Optimization of liposome formulation

The liposome formulation was composed of a constant con-
centration of PC (10 mM) as the vesicle-forming bilayer, and
varying concentrations of Chol and surfactant as a membrane
stabilizer and penetration enhancer, respectively. The concen-
trations of Chol and surfactant varied from 0%-90% molar
ratios of PC to determine the optimal Chol and surfactant con-
centrations in the liposome formulation. Moreover, the MX
concentration varied from 0%—-20% weight/weight (w/w) of
PC to maximize the drug loading in the liposome formulation.

The maximum drug-loading capacity and molar turbidity
of the liposome formulations were the selection criteria
used to determine the optimal vesicle composition of the
liposome formulation. Liposomes and transfersomes were
prepared according to formulations obtained from a two-
factor spherical-order composite experimental design.'” The
optimal formulation was defined as the maximum flux value
of MX permeating the skin for 12 hours. The dataNESIA
program (v 3.2; Azbil Corporation, Tokyo, Japan) was used
to draw the response surfaces for each variable and predict
the response variables (skin permeation flux) of the optimal
formulations. Once the optimal formulation estimated with
response surface method incorporating multivariate spline
interpolation (RSM-S) was obtained, its reliability was
evaluated using bootstrap resampling, which has been fully
described previously.'®!” The vesicle composition ratio of
the optimal formulation was used as the model composition
ratio for further formulations.

Preparation of MX-loaded liposomes

and MX suspensions

Three types of liposome carriers (N-CLP, A-TFS, and C-TFS)
were prepared according to the vesicle composition ratio
obtained from our optimization study. The chemical struc-
tures of the vesicle compositions are displayed in Figure 1.
As shown in Table 1, vesicle formulations were prepared by
the sonication method.'® Briefly, lipid mixtures of PC, Chol,
surfactant, and MX were dissolved in chloroform/methanol
(2:1 volume/volume [v/v] ratio), and the solvent was evapo-
rated under a nitrogen gas stream. The lipid film was dried
in a desiccator for 6 hours to remove the remaining solvent.
The dried lipid film was hydrated with acetate buffer solution
(pH 5.5). Vesicles were subsequently sonicated for 30 minutes
using a bath-type sonicator (5510J-DTH; Branson Ultrason-
ics, Danbury, CT, USA), then sonicated a second time in an
ice bath using a probe sonicator (Vibra-Cell™; Sonics and
Materials, Inc., Newtown, CT, USA) for 30 minutes. The
excess lipid composition was removed by centrifugation at
4°C and 15,000 rpm for 15 minutes, and the supernatant was
collected. All formulations were freshly prepared or stored in
air-tight containers at 4°C prior to further studies.

The MX suspension was prepared by adding MX to acetate
buffer solution (pH 5.5) at a concentration ten times higher
than the solubility of MX and stirring for 48 hours to ensure
constant thermodynamic activity throughout the course of
the permeation experiment. The concentration of MX in the
suspension was determined, and the MX suspension was used
as a control in the skin permeation experiment.
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Figure | The chemical structures of the vesicle compositions.

Notes: (A) Meloxicam; (B) phosphatidylcholine; (C) cholesterol; (D) sodium hexadecyl sulfate; (E) cetylpyridinium chloride; (F) laurylpyridinium chloride; (G) butylpyridinium

chloride.

Vesicle size and zeta potential
investigation

The average vesicle size (nm) and zeta potential (mV) of the
vesicle formulations were measured by photon correlation
spectroscopy (PCS) (Zetasizer Nano series; Malvern

Instruments, Malvern, UK). Twenty microliters of each vesicle
formulation were diluted with 1,480 UL of deionized water.
All measurements were performed at room temperature, at
least three independent samples were collected, and the vesicle
size and zeta potential were measured in triplicate.
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Table | Liposome and transfersome formulation

Surfactant Code Lipid component (%w/v) Acetate
factor MX PC Chol c4 ci2 clé Al6 buffer
(mL)
Charge N-CLP 0.07 0.77 0.04 - - - - 100
C-TFS 0.07 0.77 0.04 - - 0.10 - 100
A-TFS 0.07 0.77 0.04 - - - 0.10 100
Carbon chain length C4 0.07 0.77 0.04 0.05 - - - 100
Cl2 0.07 0.77 0.04 - 0.08 - - 100
Clé 0.07 0.77 0.04 - - 0.10 - 100
Content 0% CPC 0.07 0.77 0.04 - - - - 100
10% CPC 0.07 0.77 0.04 - - 0.04 - 100
20% CPC 0.07 0.77 0.04 - - 0.07 - 100
29% CPC 0.07 0.77 0.04 - - 0.10 - 100

Note: The concentration of PC in the formulation was fixed at |0 mM. C4, cationic surfactant with 4 carbons; C12, cationic surfactant with

surfactant with 16 carbons; Al6, anionic surfactant with 16 carbons.

12 carbons; C16, cationic

Abbreviations: A-TFS, anionic transfersomes; Chol, cholesterol; CPC, cetylpyridinium chloride; C-TFS, cationic transfersomes; MX, meloxicam; N-CLP, neutral conventional

liposome; PC, phosphatidylcholine.

The morphology of the liposomes was characterized using
freeze-fractured transmission electron microscopy. A drop of
sample solution placed on a small copper block was rapidly
frozen in nitrogen slush, which was freshly prepared imme-
diately prior to use by decompression in a vacuum chamber."
The quenched sample was fractured in a freeze-fracture appa-
ratus (JFD-9010; JEOL, Tokyo, Japan). The fractured surface
was rotary-shadowed with platinum-carbon at an angle of
10°, and the shadowed surface was coated with carbon. The
freeze-fractured replica obtained was washed with chloro-
form/methanol (4:1 v/v ratio) and observed with a JEM-1400
transmission electron microscope (JEOL) equipped with a
digital charge-coupled device camera (ES500W Erlangshen;
Gatan, Inc., Pleasanton, CA, USA).

Elasticity evaluation
The elasticity value of the lipid bilayer of the vesicles was

X (rv/rp)zz
r_v 2
SRR

where J, is the rate of penetration through a permeable

directly proportional to J,

Elasticity value (mg-sec™ -cm™2) = g X [

barrier (mg-sec™'-cm™); r_ is the size of the vesicles after
extrusion (nm); and r is the pore size of the barrier (nm).* To
measure J, ,

ux:

bonate membrane (Nuclepore; GE Healthcare Life Sciences,

the vesicles were extruded through a polycar-

Buckinghamshire, UK) with a pore diameter of 50 nm (r,)
at a pressure of 0.5 MPa. Five minutes after extrusion, the
extrudate was weighed (J, ) and the average vesicle diameter
(r,) was measured by PCS.

Drug EE (%EE)

The excess lipid composition was removed from the
MX-loaded liposome formulation by centrifugation.
The concentration of MX in the formulation was deter-
mined by high-performance liquid chromatography (HPLC)
analysis after disruption of the vesicles with Triton® X-100
(Amresco; Solon, Ohio, USA) (0.1% w/v) at a 1:1 volume
ratio and diluted with phosphate-buffered saline (pH 7.4).
The vesicle/Triton® X-100 solution was centrifuged at 10,000
rpm at 4°C for 10 minutes. The supernatant was filtered with
a 0.45 um nylon syringe filter. The EEs of the MX loaded in
the formulations were calculated according to the following
equation:

%EE = (%] x100, (2)

1

where C| is the concentration of MX loaded in the formula-
tion, as described above, and C., is the initial concentration
of MX added to the formulation.

In vitro skin permeation studies

The shed skin of Naja kaouthia was used as a permeation
model membrane because a previous study reported that
it exhibits similar permeability to human skin.?' It was
donated by the Queen Saovabha Memorial Institute, Thai
Red Cross Society, Bangkok, Thailand. Whole snake skins
were obtained immediately after shedding from five to
seven different snakes. Each snake skin was divided into
10-12 pieces. The thickness of the shed snake skins was
approximately 0.02—0.03 mm. They were stored at —10°C
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prior to use. After thawing, the skin was cut and then
immediately placed on a side-by-side diffusion cell with an
available diffusion area of 0.95 ¢cm?. The shed snake skin
was mounted between the diffusion cells connected with a
32°C £1°C control temperature jacket. The stratum corneum
(SC) side of the skin faced the donor chamber, which was
filled with 3 mL of MX-loaded vesicle formulation and/or
MX suspension. The receiving chamber was also filled with
3 mL of 0.1 M phosphate-buffered solution (pH 7.4) and
stirred with a star-head magnetic stir bar driven by a syn-
chronous motor. The sink condition in the receiving medium
was determined in this study. At appropriate intervals of 2,
4, 6, 8, 10, and 12 hours, 0.5 mL aliquots of the receiving
medium were withdrawn and immediately replaced with an
equal volume of fresh buffer solution. The concentration
of drug in the receiving medium was analyzed by HPLC,
and the cumulative amount (Lg/cm?) was plotted against time.
The steady-state flux value was determined as the slope of
the linear portion of the plot.

Stability evaluation

The MX-loaded vesicle formulations were prepared (at least
400 samples) and kept in the glass bottles at 4°C for 200
bottles and 25°C for 200 bottles. The physicochemical stabil-
ity of the MX-loaded vesicle formulations, such as vesicle
size and zeta potential, were evaluated by PCS. The MX
remaining in the formulation was determined by HPLC at
days 1,7, 15, 30, and 120. The results of the physicochemical
characterization immediately after preparation (at day 1) were
used as a control, and the MX entrapped in the formulation
at day 1 was also normalized to 100%.

HPLC analysis

The MX concentration was analyzed by HPLC. All sam-
ples were stored at 4°C until analysis. The HPLC system
comprised a SIL-20A autosampler, an LC-20AT liquid
chromatograph, and an SPD-20AUV detector (Shimadzu
Corporation, Kyoto, Japan). The analytical column was
a YMC-Pack ODS-A (150x4.6 mm inner diameter, S-5;
YMC Co., Ltd, Kyoto, Japan), and the mobile phase was
composed of acetate buffer solution (pH 4.6)/methanol
(50:50, v/v). The flow rate was set at 0.8 mL/minute, and
the wavelength used was 272 nm. The calibration curve for
MX was in the range of 1-50 pwg/mL with a correlation
coefficient of 0.999. The percent recovery ranged from
99.85%—-100.30%, and the relative standard deviations
for both the intraday and inter-day measurements were
less than 2%.

The mechanisms of liposomes

on skin permeation

Following the skin permeation experiment, the shed snake
skin was washed with water, blotted dry, and stored in a
desiccator. The spectrum of the skin sample was recorded in
the range of 500—4,000 cm™" using Fourier transform infra-
red spectroscopy (FTIR) (Nicolet 4700 spectrophotometer;
Thermo Fisher Scientific, Waltham, MA, USA). The FTIR
spectra of the skin treated with the MX suspension was also
recorded and used as a control. Thermal analysis of the shed
snake skin following the permeation experiment, prepared
using the same method used for the FTIR analysis, was
performed with differential scanning calorimetry ([DSC]
Pyris Sapphire DSC; PerkinElmer, Waltham, MA, USA).
The skin sample (2 mg) was weighed into an aluminum seal
pan and was heated from 0°C to 300°C at a heating rate of
10°C/minute. All DSC measurements were collected under
anitrogen atmosphere with a flow rate of 30 mL/minute. The
DSC thermograms of the skin treated with the MX suspension
was also recorded and used as a control.

The existence of intact vesicles in the release medium
after the in vitro skin permeation study was characterized by
PCS. Moreover, the release medium following the in vitro
skin permeation study was also characterized for PC using
a Phosphatidylcholine Assay Kit (Cat No.83377; Abcam®,
Cambridge, UK), and the compositions of the intact lipo-
somes or non-intact vesicles in the release medium were
determined.

Data analysis

The data are reported as the means + standard error (n=3-6),
and statistical analysis of the data was carried out using one-
way analysis of variance followed by the Student’s z-test.
A P-value of less than 0.05 was considered to be statistically
significant.

Results and discussion

Optimal liposome formulation

Based on its maximum drug-loading capacity and molar tur-
bidity, the vesicle formulation composed of over 40% Chol
and surfactant likely reassembled to a mixed micelle structure.
Liposomes and mixed micelle structures display different
intrinsic characteristics, resulting in significantly different
influences on skin delivery. A concentration of 10% MX was
determined to be the maximum loading capacity in the vesicle
formulation. Thus, it was concluded that 0-40%mol Chol and
surfactant and 10%mol MX-loaded vesicle formulations were
desirable for further optimization to develop model vesicle
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Figure 2 The response surface for the skin permeation flux (A) and the reliability (B) of the model formulation.

Abbreviations: Chol, cholesterol; CPC, cetylpyridinium chloride; h, hour.

formulations. The 12 model formulations obtained from the
two-factor spherical second-order composite experimental
design were formulated and evaluated based on the original
data set using RSM-S. A response surface and its reliability
for the flux variable of the model formulation are illustrated in
Figure 2. The search direction for the response variables was
set to produce a high flux value. Moreover, to confirm the accu-
racy and reliability of the optimal formulation estimated using
RSM-S, the optimal formulation was confirmed by experiment.
It was found that the skin permeation flux value predicted
by the RSM-S (predicted flux =0.31 pg/cm?hour) was very
close to the experimental value (0.31£0.6 pg/cm?/hour).
This high reliability suggested that the vesicle composition

Figure 3 Freeze-fractured transmission electron microscopy images of the opti-
mized meloxicam-loaded vesicle formulation.
Notes: (A) 5,000x; (B) 30,000x; (C) 100,000x; (D) 100,000x.

ratio of the optimal formulation (PC/Chol/surfactant/MX
0.77%:0.04%:0.10%:0.07% w/v ratio) could be used as the
model formulation ratio in further experiments. Moreover, the
morphology of the three-dimensional optimal model formula-
tion was further observed using freeze-fractured transmission
electron microscopy to determine the details of the vesicular
morphology. Nano-sized, smooth surfaces and spherical
vesicles were observed, as depicted in Figure 3.

Effect of surfactant charge

The physicochemical characteristics of the A-TFS, N-CLP,
and C-TFS outlined in Table 2 reveal that the addition of
anionic surfactant, ie, SHS in A-TFS, and cationic surfactant,
ie, CPC in C-TFS, produced significant differences in vesicle
size (nm), zeta potential (mV), elasticity (mg-sec™-cm™)
and EE (%) compared with N-CLP. A-TFS displayed a
large vesicle size (~164 nm) with a negative charge (~—60.8
mV). In contrast, C-TFS exhibited a small vesicle size (~90
nm) with a positive charge (~+48.3 mV). Moreover, the
elasticity and EE of both types of transfersome (A-TFS and
C-TFS) were higher than that of N-CLP. The neutralization
of the anionic drug (MX) and cationic vesicles (C-TFS) may
have resulted in smaller vesicle sizes due to a reduction in
the repulsive forces in the C-TFS bilayer. In contrast, the
synergistic effects of the anionic drug (MX) and anionic
vesicles (A-TFS) may have resulted in large vesicle sizes due
to the induction of repulsive forces in the A-TFS bilayer."* The
vesicle formulations were composed of neutral material, ie,
Chol, and positively and negatively charged surfactants, ie,
CPC and SHS, respectively. Under the experimental condi-
tion of pH 5.5, the isoelectric point (PI) of PC (PI =6) was
higher than the pH. However, the PI of MX (PI =2.6) was
lower than the pH. Therefore, PC and MX displayed a net
positive charge and a net negative charge, respectively. Thus,
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Table 2 Effect of the surfactant on vesicle size, zeta potential, elasticity and entrapment efficiency of the vesicle formulation (mean *

standard error)

Vesicle size Zeta potential

Elasticity Entrapment efficiency

(nm) (mV) (mg-sec'-ecm?) (%)

Effect of surfactant charge

A-TFS 164.3£3.2 —60.8+0.51 19.2+1.68 54.11+0.33

N-CLP 108.8£10.6 1.3£1.01 I1.6x1.64 26.36+0.26

C-TFS 90.6+9.2 48.310.67 88.7+0.98 68.06+0.84
Effect of surfactant carbon chain length

Cc4 113.3£3.5 10.9+3.21 120.1+2.87 9.92+0.41

Cl2 94.5+2.0 26.9+2.63 108.7+1.74 46.11+0.29

Clé 90.6+9.2 48.3+0.67 88.7+0.98 68.06+0.84
Effect of surfactant content

0% CPC 108.8£10.6 1.3£1.01 I1.6£1.64 26.3610.26

10% CPC 78.8+9.2 36.6+1.37 23.6+2.40 29.51+0.98

20% CPC 81.6£1.0 39.7£3.98 52.6£1.32 47.25+0.67

29% CPC 90.6£9.2 48.3+0.67 88.7+0.98 68.06+0.84

Abbreviations: A-TFS, anionic transfersomes; CPC, cetylpyridinium chloride; C-TFS, cationic transfersomes; N-CLP, neutral conventional liposomes.

the net charges of A-TFS, N-CLP, and C-TFS were negative,
neutral, and positive, respectively, as a result of the intrinsic
properties of their surfactants and the total net charge of the
liposome composition. SHS and CPC exhibit a high radius
of curvature, which can destabilize and increase the deform-
ability of the vesicle bilayer, thus increasing its fluidity or
elasticity.?? The carbon chain lengths of CPC and SHS were
the same, but C-TFS exhibited a stronger interaction with the
bilayer than SHS due to its significantly higher elasticity. This
result suggests that the hydrophilic head group of the surfac-
tant directly affects the elasticity of the vesicle bilayer. The
beneficial roles of SHS and CPC within transfersomes were
readily apparent, as the intrinsic properties of the surfactants
led to the increased solubility of MX in the vesicle bilayer
and therefore EE values for A-TFS and C-TFS that were
significantly higher than that of N-CLP. Our results were
consistent with a previous study that demonstrated that the
EE of a drug in phosphatidylethanolamine vesicles is signifi-
cantly increased when sodium stearate (anionic surfactant)
is incorporated into the vesicles.?

Effect of surfactant carbon chain length

The physicochemical characteristics of MX-loaded vesicle
formulations containing short-chain (butylpyridinium
chloride [C4]), medium-chain (laurylpyridinium chloride
[C12]) and long-chain (cetylpyridinium chloride [C16])
carbons are shown in Table 2. The vesicle size and elas-
ticity decreased slightly with increasing carbon chain
length in the order of C4, C12, and C16. The vesicle size
and elasticity decreased approximately 20% and 26%,
respectively, as C4 was substituted by C16. Surfactants
with longer carbon chains may increase vesicle rigidity by

inserting deeper into the bilayer; thus, increasing the car-
bon chain length led to decreased vesicle size. Meanwhile,
the vesicle size and zeta potential of liposomes containing
1,2-dimyristoyl-sn-glycero-3-phosphocholine ([DMPC]
C14), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (C16),
and 1,2-disteroyl-sn-glycero-3-phosphocholine ([DSPC]
C18) and loaded with midazolam or propofol were not
significantly influenced by the lipids having the same head
group.? The insertion of C8 (short-chain carbon) resulted
in decreased vesicle sizes in the order of poly(asparagines)
grafted with C8, C12, C18, and C22. These results suggest
that varying trends in vesicle size may be influenced by the
hydrophilic head group of the surfactant and the method of
preparation. The zeta potential increased significantly with
increasing carbon chain length in the order of C4, C12,
and C16, with an increase of approximately 77% when C4
was substituted with C16. These results could be due to the
intrinsic properties of each surfactant. The hydrophobicity of
long-chain carbons is greater than that of short-chain carbons,
and long-chain carbons could have led to increased solubil-
ity of the surfactant molecule in the PC bilayer. The amount
of long-chain carbons in the PC bilayer was greater than
the amount of short-chain carbons, and long-chain carbons
might therefore exhibit stronger electrostatic interactions
and zeta potentials than short-chain carbons. The elasticity
of the vesicle increased in the order of C16, C12, and C4.
These results are consistent with the findings of Park et al, in
which the elasticity was observed to increase with decreas-
ing carbon chain length (increased in the order of C22, C18,
C12, and C8).% Because long-chain carbons exhibit strong
hydrophobic interactions with PC, the PC bilayer of the
vesicles becomes tighter. Long-chain carbons decrease the
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elasticity of the vesicle through their deep insertion into
the PC bilayer. Furthermore, short-chain carbons increase
the elasticity of the vesicle through their shallow insertion
into the PC bilayer. Therefore, the EE significantly increased
with increasing carbon chain length in the order of C4, C12,
and C16, with an ~85% increase when C4 was substituted
with C16. These results are consistent with Ali et al, who
demonstrated that an increase in carbon chain length led
to an increase in the encapsulation of hydrophobic drugs,
such as propofol and midazolam, into vesicles.?* Increas-
ing the carbon chain length was also found to increase the
encapsulation of water-insoluble drugs, such as ibuprofen,
into vesicles in the order of DMPC (C14); DSPC (C18);
and dilignoceroyl PC (C24).!° The increase in the EE values
of long-chain carbons could be attributed to the increased
hydrophobic area within the PC bilayer.'*

Effect of surfactant content

The physicochemical characteristics of MX-loaded vesicles
composed of varying contents of surfactant, including the
control (0% CPC) and low (10% CPC), medium (20% CPC),
and high (29% CPC) surfactant contents, are shown in
Table 2. The vesicle size and zeta potential tended to
increase slightly, while the elasticity and EE significantly
increased in the order of 10% CPC, 20% CPC, and 29%
CPC. The vesicle size, zeta potential, elasticity, and EE
increased by approximately 13%, 23%, 73%, and 56%,
respectively, when 10% CPC was substituted with 29%
CPC. The trends in increasing vesicle size, zeta potential,
elasticity, and EE were recognized as intrinsic properties
of the surfactant. Liu et al demonstrated that an increase
in the biosurfactant produced by some Bacillus subtilis
strains from 0.05-0.24 mg/mL resulted in a decrease in the
vesicle size of soy PC liposomes.?”’” However, Mohammed
et al demonstrated that an increase in stearylamine (cationic
surfactant) from 1-6 UM resulted in an increase in the vesicle
size of egg PC liposome.'® The insertion of surfactant into
the vesicle bilayer can increase its curvature and result in
decreased vesicle size.” However, the net effect on vesicle
size in the present study was influenced by other factors. In
addition to the method of preparation, the drug loading in
the vesicle bilayer may result in increased vesicle size, as
confirmed by the study of Mohammed et al.'

In vitro skin permeation

Figure 4 shows the graphic plot of the cumulative skin per-
meation per unit area and the steady-state flux of various
MX-loaded vesicle formulations over an incubation period
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Figure 4 The influence of (A) surfactant charge, (B) surfactant carbon chain length,
and (C) surfactant content on the skin permeation profile and the steady-state flux
of the vesicle formulation (n=3). *is statistical significance (P-value <0.05).
Abbreviations: A-TFS, anionic transfersomes; CPC, cetylpyridinium chloride;
C-TFS, cationic transfersomes; h, hour; N-CLP, neutral conventional liposomes.

of 2—12 hours. The skin permeabilities (skin permeation
profile and steady-state flux) of A-TFS and C-TFS were not
significantly different, while the skin permeabilities of the
charged transfersomes were significantly greater than those
of the non-charged liposomes (N-CLP). The steady state flux
of A-TFS and C-TFS were significantly higher than N-CLP,
at approximately 58% and 63%, respectively. The surfactants
SHS and CPC in A-TFS and C-TFS can open the dense kera-
tin structures in corneocytes, and both anionic and cationic
surfactants swell the SC and interact with the intercellular
keratin, thus increasing the skin permeation of various drugs
(eg, hydrocortisone, lidocaine).?® Surfactants can interact with

submit your manuscript

2012

Dove

International Journal of Nanomedicine 2014:9


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

Dove

Role of surfactant on skin permeation of meloxicam-loaded liposomes

skin constituents in many ways. For example, surfactants
are widely known to interact with proteins, and thus can
inactivate enzymes and bind strongly within the SC. They
can swell the SC (most likely by uncoiling the keratin fiber
and altering the o-helices to a B-sheet conformation) and
are able to modify the binding of water to the SC. Anionic
surfactant-treated SC is somewhat brittle, possibly due to the
extraction of natural moisturizing factor. Cationic surfactants
are also able to extract lipids from the SC and can disrupt
the lipid bilayer packing within the tissue.” Clearly, cationic
surfactants cause a greater increase in the steady-state flux of
MX than anionic surfactants, which, in turn, cause a greater
increase in the flux than N-CLP. Ashton et al*® compared the
effects of dodecyltrimethylammonium bromide (as cationic
surfactant), sodium lauryl sulfate (as anionic surfactant), and
dodecoxyethanol (Brij 36T) (as non-ionic surfactant) on the
in vitro flux of methylnicotinamide across excised human
skin and reported that permeation enhancement occurred in
the following order: cationic, anionic, neutral. However, Brij
36T was shown to exert a small effect on the permeability
but a more immediate effect on skin permeation.? This result
revealed that the anionic and/or cationic surfactants signifi-
cantly affected the skin permeation of MX across the skin
by swelling the SC and interacting with intercellular keratin.
However, the crossing of transfersomes across the skin was
attributed to the high deformability of these specialized vesi-
cles due to the accumulation of these single-chain surfactants
at sites of high stress as a result of their increased propensity
to form high-curvature structures. This rearrangement was
claimed to reduce the energy required for deformation; the
stress was reportedly produced upon drying of the vesicles,
which, being flexible, were able to follow the transdermal
hydration gradient.’

In our study, the skin permeability of the transfer-
somes increased when the carbon chain length of the
surfactant increased. The skin permeability of the vesicle
formulation increased with increasing chain length in
the order C4, C12, and C16. The skin permeability of C16
was significantly greater than C4, with an approximately 17%
increase when C4 was substituted with C16. These results
are consistent with a previous study,’' which demonstrated
that, as the carbon chain length in the vesicle increased from
C7 to C12, the permeation of naloxone increased. Ogiso
and Shintani revealed that C12—-C14 were the most effective
carbon chain lengths used in increasing the permeation of
propranolol.*? Duangjit et al reported that C18—C24 were
more effective than C32 in the permeation of MX.'® Short-
chain carbons may suffer from insufficient lipophilicity for

skin permeation, whereas longer-chain fatty acids might have
much higher affinities for lipids in the SC, thereby hindering
their permeation. Our study suggests that C16 possesses an
optimal balance between partition coefficient and affinity to
the skin. The results revealed that skin permeability is also
affected by the carbon chain length of the surfactant.

The surfactant content affected skin permeability, with
the skin permeability of the transfersomes increasing with
increasing surfactant content. The skin permeability of
the vesicle formulation increased in the order 0% CPC,
10% CPC, 20% CPC, and 29% CPC. The skin permeabilities
of the 29% CPC, 20% CPC, and 10% CPC formulations were
significantly higher than that of 0% CPC, by approximately
63%, 41%, and 35%, respectively. This result reveals that the
surfactant content significantly affected the skin permeability
of the vesicle formulation due to the intrinsic properties of
the surfactant (CPC), as reported above.

The present studies demonstrated that the surfactant fac-
tor (ie, charge, carbon chain length, and content of surfactant)
directly affected the skin permeability of MX.

Stability evaluation

The physicochemical stabilities of MX-loaded vesicle formula-
tions from day 1 to day 120 at 4°C and 25°C were evaluated
for recommended storage conditions. After storage at 4°C for
30 days, the MX content had slightly decreased but remained
at 90% of the initial formulation. After storage at 25°C for
30 days, the MX remaining in nearly all of the formulations had
decreased slightly but remained at 90% and 80% of the initial
formulation at day 15 and day 30, respectively. However, after
storage at 4°C and 25°C for 120 days, the MX remaining in
nearly all of the formulations had decreased by approximately
70%—-80% and 80%—-90% from the initial formulation, respec-
tively (Figure 5). The physicochemical stabilities (ie, vesicle
size and zeta potential) of the vesicle formulations were not
significantly different between the experimental temperatures
0of4°C and 25°C over a period of 30 days. The physicochemical
stabilities of nearly all of the vesicle formulations exhibited
similar trends to the MX-remaining results, indicating the good
physicochemical stability of our vesicle formulations at 4°C for
30 days as well as at 25°C for 15 days. In our study, the addition
of Chol was essential to the vesicle formulation, which can be
attributed to Chol’s stabilizing effects.**** The physicochemi-
cal stability of the vesicle formulation was not significantly
different between the experimental temperatures of 4°C and
25°C over 30 days, while the physicochemical stability of the
vesicle formulation at the two experimental temperatures (ie,
4°C and 25°C) was significantly different between day 1 and
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day 120 of storage. Therefore, the storage duration was the
primary factor affecting the physicochemical stability of the
vesicle formulation in this study. The recommended storage
conditions for the vesicle formulation are therefore 4°C for
30 days and/or 25°C for 15 days.

The mechanisms of liposomes

on skin permeation

Changes in the ultra-structures of the intercellular lipids
occurred following the treatment of skin with the vesicle
formulation, as shown in the FTIR spectra and DSC ther-
mograms (Figure 6). The FTIR peaks from the absorption-
broadened C-H (CH,) symmetric and asymmetric stretches
are near 2,850 cm™! and 2,920 cm™!, respectively. These

peaks in the FTIR spectra of the skin treated with the vesicle
formulation shifted from 2,850 cm™ t0 2,850.7-2851.3 cm™
and from 2,920 cm™ to 2,920.3-2,920.9 cm™, respectively.
Meanwhile, the DSC thermograms also displayed peak
shifts, from 231.72°C for the skin sample treated with the
MX suspension (control) to a lower transition temperature
for the skin sample treated with the vesicle formulations.
The SC lipid of the skin sample existed in the liquid state.
The shifted peak of the skin samples were in range 0f 229.18
°C-230.53°C, depending on vesicle formulation. These
results are consistent with previous studies,>* which dem-
onstrated that liposome vesicles do not penetrate into the
SC but rather that the lipid components of the vesicles can
penetrate and change the enthalpy of the SC lipid-related
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transitions of the skin. The present study suggested that the
SC lipid arrangement of the skin sample treated with the
vesicle formulation was disrupted by altering the fluidity or
flexibility of the SC lipids. The interruption of the SC lipids
by vesicle formulation or by the vesicle components caused
an increase in the skin permeability of MX; the FTIR spectra
and DSC thermograms also support the conclusions of this
in vitro skin permeation study.

The vesicles may adsorb to the SC surface with subse-
quent transfer of the drug directly from the vesicles to the
skin, or the vesicles may fuse and mix with the SC lipid
matrix, increasing drug partitioning into the skin. Our results
indicate that the vesicles can be taken into the skin but cannot
penetrate through the intact, healthy SC; instead, they dissolve
and form a unit membrane structure with the skin sample, as
evidenced by the alteration and rearrangement of the lipid
structures of the skin sample treated with the vesicles, as
revealed by FTIR and DSC characterization (Figure 6).

Conclusion

In this study, surfactant charge, surfactant carbon chain length,
and surfactant content directly affected the physicochemical
characteristics of vesicles and their skin permeability. The
incorporation of a high content (29%) of cationic surfac-
tant (CPC) with a long-chain carbon (C16) into the vesicle
formulation improved the skin permeability of MX. The
optimal formulation comprised PC/Chol/CPC/MX in a
0.77%:0.04%:0.10%:0.07% w/v ratio and is recommended
as the optimal liposome for the skin delivery of MX. The
possible mechanisms by which these liposomes improved the
skin delivery of MX encompassed the penetration-enhancing
mechanism and the vesicle adsorption to and/or fusion with
the SC. Our findings provide useful fundamental information
for the development and design of novel liposome formula-
tions for enhancing the TDD of lipophilic drugs.
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Abstract: This study aimed to determine the mechanism by which ultradeformable liposomes
(ULs) with terpenes enhance skin penetration for transdermal drug delivery of fluorescein
sodium, using transmission electron microscopy (TEM) and confocal laser scanning microscopy
(CLSM). Skin treated with ULs containing d-limonene, obtained from in vitro skin penetration
studies, was examined via TEM to investigate the effect of ULs on ultrastructural changes of
the skin, and to evaluate the mechanism by which ULs enhance skin penetration. The receiver
medium collected was analyzed by TEM and CLSM to evaluate the mechanism of the drug
carrier system. Our findings revealed that ULs could enhance penetration by denaturing intra-
cellular keratin, degrading corneodesmosomes, and disrupting the intercellular lipid arrange-
ment in the stratum corneum. As inferred from the presence of intact vesicles in the receiver
medium, ULs are also able to act as a drug carrier system. CLSM images showed that intact
vesicles of ULs might penetrate the skin via a transappendageal pathway, potentially a major
route of skin penetration.

Keywords: ultradeformable liposomes, mechanism of enhanced skin penetration, transmission

electron microscopy, confocal laser scanning microscopy

Introduction

A transdermal drug delivery system utilizes skin to deliver drug into the circulation
system. The main obstacle in this system is poor percutaneous absorption, because
the uppermost layer of the skin (the stratum corneum) acts as a barrier. To improve
percutaneous absorption of drug, many techniques have been applied, such as iontop
horesis,' sonophoresis,> microneedles,’ and lipid vesicle carriers.*> Among the group
of lipid vesicle carriers, ultradeformable liposomes (ULs) have received considerable
attention in transdermal drug delivery research. Introduced by Cevc and Blume,® ULs
are a type of elastic liposome, created by incorporating edge activators into liposomes.
ULs have been shown to be effective for transdermal delivery of macromolecules,
which are difficult to permeate through the skin.’!!

Two possible mechanisms proposed for the enhancement of skin penetration by
ULs are a penetration-enhancing effect and a drug carrier system. The first mecha-
nism suggests that ULs increase drug penetration into the skin by acting as a penetra-
tion enhancer.'>!* The second mechanism proposes that ULs act as a drug carrier
system.*!* 18 To investigate the penetration-enhancing effect, various techniques have
been used, such as infrared spectroscopy, differential scanning calorimetry, and skin
penetration study. Although these techniques proved to be convenient and simple, they
could not reveal the ultrastructural changes in skin caused by penetration enhancers.
To assess the drug carrier system mechanism, drug-loaded vesicles must be able to
pass through the skin into systemic circulation as intact vesicles. Cevc et al'® reported
the presence of drug-loaded vesicles in the blood of mice after fluorescently-labeled
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transfersomes were applied to the skin. This finding was
evidence that ULs penetrated the skin and entered the sys-
temic circulation as intact vesicles. Regarding in vivo and in
vitro experiments of human skin treated with elastic vesicles,
Honeywell-Nguyen et al'® suggested that penetration of intact
vesicles into viable epidermis is unlikely to happen, because
little vesicle material was found in the deepest layers of
stratum corneum.

Understanding the mechanism of action of vesicle—skin
interaction is a prerequisite for transdermal drug delivery
development and optimization. However, the mechanism
of action of vesicle—skin interaction has not been clearly
investigated. Therefore, we performed an in vitro skin
penetration study, using porcine skin treated with ULs to
evaluate the penetration enhancement mechanism, focusing
on changes in the ultrastructure of skin affected by vesicle
interaction. A UL with d-limonene was selected as a candi-
date to examine both proposed mechanisms.?° Transmission
electron microscopy (TEM) was used to visualize changes
in cellular components caused by UL interaction, inside
both stratum corneum and viable tissues, in order to assess
the penetration-enhancing mechanism. TEM and confo-
cal laser scanning microscopy (CLSM) were also used to
investigate vesicle penetration and drug entrapment in tissue
cross-sections and in receiver medium. Vesicles were probed
with 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
triethylammonium salt (Rh-PE) and fluorescein sodium
(NaFl) — which fluoresce red and green, respectively —to deter-
mine the penetration of ULs into tissue and receiver medium.

Materials and methods

Materials

Non-hydrogenated egg phosphatidylcholine (PC), Coatsome®
NC-50, (with =95% purity) was obtained from NOF Corp
(Tokyo, Japan). NaFl and d-limonene were purchased from
Sigma-Aldrich Corp (St Louis, MO, USA). Tween® 20 was
obtained from Ajax Finechem Pty Ltd (Auckland, New
Zealand). Lissamine™ rhodamine B (Rh-PE) and 4’,6-diamino-
2-phenylindole dihydrochloride (DAPI) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Cholesterol
(Chol) was obtained from Carlo Erba Reagents (Cornaredo,
Italy). All other reagents were of analytical grade.

Preparation of liposomes

The UL formulation (consisting of PC, d-limonene, Chol,
Tween 20, and NaFl) was prepared using a sonication
method, as described in our previous study.? Briefly, PC and

Chol were dissolved in a mixture of methanol and chloroform
(1:2, by volume). The mixture of PC and Chol was dried,
using nitrogen stream, until a thin, homogeneous film was
created. The thin film obtained in a test tube was then stored
for 6 hours in a desiccator connected to a vacuum pump.
Afterwards, the dried thin lipid film was hydrated with
phosphate buffered saline (PBS) and NaFI solution. Then,
the hydrated lipid film was dispersed, using a sonicator bath,
for 30 minutes. Tween 20 and d-limonene were added to the
dispersion before sonication with a probe sonicator, for size
reduction of the liposomes.

Size and shape of the liposomes

Particle size and surface charge

Distilled water was used to dilute the ULs. Then, the particle
size, size distribution, and zeta potential were measured using
a photon correlation spectroscopy particle size analyzer
(Zetasizer Nano ZS, Malvern Instruments Ltd, Malvern,
UK) with a 4 mW helium—neon laser at a scattering angle
of 173 degrees. All measurements were performed under
ambient conditions, in triplicate.

Transmission electron microscopy

The ULs were observed using TEM for particle size and
shape assessment. The sample was diluted with distilled
water, then placed in sonicator bath for 10 minutes. The
sample was then dropped onto a formvar-coated copper
grid. The excess liposome sample on the copper grid was
gently removed using filter paper. Afterwards, the sample
was observed using an 80 kV microscope (JEM 1230, JEOL
Ltd, Tokyo, Japan).

In vitro skin penetration study

for TEM investigation

Skin preparation

Abdominal porcine skin (obtained from intrapartum stillbirth
animals provided by a farm in Nakhon Pathom) was used
as a barrier membrane in this study. Subcutaneous fat was
removed using surgical blades and scissors. The thickness
of the abdominal skin was about 0.6-0.7 mm. The prepared
porcine skin was then stored in a refrigerator at —20°C until
use. Prior to the experiments, the skin was thawed using PBS
at room temperature.

Skin penetration study
The skin penetration study was conducted using a
2.31 cm?penetration area of Franz diffusion cells, connected
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to a circulating water bath. The temperature of the water
bath was maintained at 32°C. The porcine skin was
mounted between the donor and receptor compartments of
the diffusion chamber, with the stratum corneum facing the
donor compartment. PBS was used as the receiver medium,
filling the receiver compartment with 6.5 mL. The receiver
medium was stirred with a magnetic bar at a rate of 500 rpm.
Two milliliters of ULs were placed into the donor compart-
ment. The experiment was performed under occlusive condi-
tions. At predetermined times of 30 minutes, 1 hour, 2 hours,
and 4 hours, 0.5 mL of receiver medium was withdrawn
for vesicle visualization, and the same volume of PBS was
added to the receiver compartment, to maintain a constant
volume. At the end of the skin penetration experiment, the
skin samples were taken from the diffusion cells and washed
with PBS. The skin samples were stored at —20°C prior to
TEM investigation.

Skin preparation for TEM

The treated skin samples were investigated for ultrastruc-
tural changes using TEM visualization. Intact skin was used
as a control. The skin samples were cut into small pieces
and fixed overnight (at 4°C) with 2.5% glutaraldehyde (by
volume), and 1% osmium tetroxide (weight to volume) in
0.1 M PBS for 2 hours. After fixation, the samples were
dehydrated in a range of ethanol solutions (35%, 50%,
70%, 95%, and 100%) and infiltrated with Spurr’s resin.
The resin-embedded samples were incubated at 70°C for
8 hours. Ultrathin sections were cut using an ultramicro-
tome (2088 Ultrotome V; LKB-Produkter AB, Bromma,
Sweden) using a diamond knife (Ultra 45°, Diatome AG,
Biel, Switzerland), collected on copper grids, and intensified
with uranium acetate and lead citrate. The samples were
visualized using TEM (JEM 1230). Ultrathick sections were
cut by an ultramicrotome, stained with toluidine blue, and
observed by light microscope.

Receiver medium visualization by TEM

The receiver medium was visualized to assess the penetra-
tion of vesicles through the skin — as intact or disintegrated
vesicles. The receiver medium was filtered through a nylon
membrane (0.45 pm pore size) to remove contaminants. The
filtrate was placed in a sonicator bath for 10 minutes before
being dropped onto a formvar-coated copper grid. After dry-
ing, the sample was visualized under the microscope (JEM
1230) at 100 K magnification. Microscopy was performed
at 80 kV.

Confocal laser scanning microscopy study

Liposome preparation

The fluorescent probe, Rh-PE, was dissolved in a mixture
of methanol and chloroform (1:2, by volume) before being
added to a test tube containing a mixture of PC and Chol.
The ratio of PC to Rh-PE was 100:1 M. The mixture of
Rh-PE, PC, and Chol was then prepared for thin film forma-
tion, according to the process described above.

Separation of non-entrapped NaFl from ULs

A filtration technique using Amicon® Ultra-0.5 centrifugal
devices (Millipore Corporation, Billerica, MA, USA)
was utilized to separate non-entrapped drug from UL-
labeled Rh-PE. The UL-labeled Rh-PE (0.5 mL) was
added into an ultrafiltration tube, with a cut-off molecular
weight of 3,000 Da, and then the mixture was centrifuged
at 14,000x g, at 4°C, for 30 minutes. The filtrate was
removed, and then the retentate tube was inverted in a new
collection tube, to collect the entrapped NaFl-loaded, UL-
labeled Rh-PE via centrifugation at 1,000x g, at 4°C, for
2 minutes. The entrapped NaFl-loaded, UL-labeled Rh-PE
obtained was immediately used in the skin penetration
experiments.

Skin penetration study

The skin penetration of NaFl-loaded, UL-labeled Rh-PE
was studied using the method described above. The donor
compartment was filled with 150 UL of the entrapped NaF1-
loaded, UL-labeled Rh-PE. The receiver medium and the
treated skin samples were collected for analysis.

Skin histology preparation

The cross-sectional tissue samples of skin treated with
NaFl-loaded, UL-labeled Rh-PE were prepared using a cryo-
microtome (CM1850, Leica Microsystems GmbH, Wetzlar,
Germany). Each treated skin sample was embedded in cryo-
section embedding medium (Neg 50™, Microm International
GmbH, Waldorf, Germany) onto a metal sample holder
inside a cryomicrotome, at —30°C. The embedded skin was
sectioned into 10 wm slices by microtome blades (High-
profile Disposable Blade 818, Leica Microsystems GmbH,
Wetzlar, Germany) before being placed onto adhesion slides
(SuperFrost® Plus, Menzel-Gléser, Braunschweig, Germany).
These sectioned tissues were stained with 3 uM DAPI for
2 minutes (to stain the living cell layer of the skin), washed
with PBS, mounted with mounting medium, and covered
with a cover slip.
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Receiver medium preparation

The receiver medium was filtered through a nylon membrane
(0.45 um pore size) to remove any contaminants. The filtrate
was dropped onto a glass slide and dried at room tempera-
ture. After drying, the sample was mounted with mounting
medium and covered with a cover slip, prior to investigation
with CLSM.

CLSM imaging

CLSM, using a colocalization technique, was employed to
analyze the presence of NaFl-loaded, UL-labeled Rh-PE in
the receiver medium, to elucidate the skin penetration route
of ULs in tissue cross-sections. Different fluorescence colors
of compounds among rhodamine-probed liposomes (red),
NaF1 as entrapped drug (green), and from living cells (blue)
were applied to visualize the vesicle and drug distribution
in the treated skin sample. The 10x objective lens of an
inverted Zeiss LSM 510 Meta confocal microscope (Carl
Zeiss Microscopy GmbH, Jena, Germany) equipped with
a helium—neon laser (excitation wavelength: 543 nm) for
Rh-PE, an argon laser (excitation wavelength: 488 nm)
for NaF1l, and a diode laser (excitation wavelength: 358 nm)
for DAPI was used for receiver medium and cross-sectional
tissue visualization. To investigate the possible skin pen-
etration pathways of ULs, the mean fluorescence intensities
from follicular and nonfollicular regions were compared.
The fluorescence intensities obtained from the middle verti-
cal line of each image were calculated using Zeiss LSM
5 operating software.

Data analysis and statistics

Statistical significance of differences was examined using
the Student’s #-test. The significance level was set at
P<0.05.

Results and discussion

Size and shape of ULs

The size, shape, and surface charge of ULs were measured
using a particle size analyzer. The average size of ULs
was 37.23+0.2 nm, with a narrow size distribution (poly-
dispersity index: 0.22). The zeta potential was negative
(—10.620.65 mV). The zeta potential of liposomes composed
of PC and Chol only was —3.78+0.11 mV (data not shown).
NaFI is an anionic compound. PC is a zwitterionic com-
pound, with an isoelectric point (pl) between 6-6.7.2! The
pH in our experimental conditions (pH: 7.4) was higher
than the pl. Therefore, the PC vesicles had negative charge;
therefore, NaFI-loaded ULs exhibited a negative charge.

A TEM image of the ULs (Figure 1) shows that UL vesicles
were nanospheres. The average size of ULs, as determined by
TEM, was 34.08+2.96 nm. The average size of ULs obtained
from dynamic light scattering and TEM techniques was not
significantly different. A small UL particle size is desired
for vesicle penetration of skin.?

Mechanism of enhanced skin penetration
TEM study of treated skin

The prepared skin samples were observed via TEM, to
evaluate the mechanism of enhanced penetration by ULs.
The ultrathick sections of intact skin and skin treated with
ULs, observed via light microscopy, are shown in Figure 2.
Figure 2A shows intact skin; Figures 2B and 2C show regions
of follicular and nonfollicular skin, respectively, treated
with ULs, at 4 hours. The stratum corneum of intact skin
(Figure 2A) was normal. In the treated skin, it was detached
(Figures 2B and 2C).

Figure 3 shows TEM images of intact skin. Figures 3A
and 3B show an overview of the stratum corneum and stra-
tum granulosum in the epidermis. In Figure 3C, intercellular
lipid lamellae were observed in the intercellular space as
electron lucent bands. Corneocytes were visualized by their
characteristic flattened shape, absence of organelles, and
presence of electron-dense keratin filaments. Moreover,
corneodesmosomes were observed, connecting corneocytes
between layers of the stratum corneum. Figure 3D shows
corneodesmosomes connecting cornified cells in the stratum
corneum to one another, as well as to keratinocyte cells in
the stratum granulosum.

Figure 4 shows TEM images of ultrathick sections
of porcine skin treated with ULs (from Figure 2B).

S
oAy w. R g
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¥

Figure | Transmission electron microscopy images of ultradeformable liposomes.
Notes: Magnification: 200 K. Scale bar represents 50 nm.
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Figure 2 Ultrathick sections observed by light microscopy.

Notes: (A) Intact pig skin, (B) and (C) pig skin treated with ultradeformable liposomes at 4 hours, from follicular and nonfollicular regions, respectively. Each scale bar
represents 20 um.

Abbreviations: SC, stratum corneum; VE, viable epidermis; PD, papillary dermis; RD, reticular dermis.

Figures 4A and 4B show the upper and lower stratum  Figure 4C shows that porcine skin treated with ULs had
corneum, respectively, at the same magnification. The  obviously less electron-dense keratin filaments, compared
upper stratum corneum (Figure 4A) had broader-shaped  against intact skin (Figure 3C). The broad shape and the
corneocytes than in the lower stratum corneum (Figure 4B).  fewer electron-dense keratin filaments of the corneocytes in

Figure 3 Transmission electron microscopy images of intact pig skin.

Notes: (A) Overview of SC and SG; scale bar represents 2 um. (B) Overview of SC and SG; scale bar represents | um. (C) Magnification of marked area in (A); scale bar
represents 0.2 um. (D) Magnification of marked area in (B); scale bar represents 0.5 um.

Abbreviations: SC, stratum corneum; SG, stratum granulosum; C, corneocyte; ILL, intercellular lipid lamellae; CD, corneodesmosome.
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Figure 4 Transmission electron microscopy images of pig skin treated with ultradeformable liposomes obtained from ultrathick section of pig skin treated with ultradeformable

liposomes at 4 hours.

Notes: (A) Corneocytes in SC; scale bar represents 2 um. (B) SC and SG; scale bar represents 2 um. (C) Magnification of area in (A) marked with black rectangle; scale
bar represents 0.5 um. (D) Magnification of area in (A) marked with white rectangle; black arrow indicates degraded corneodesmosome; white arrow indicates degrading
corneodesmosome in SC; scale bar represents 0.2 um. (E) Vesicle penetration into corneocyte; scale bar represents 0.5 um. (F) Magnification of (E); scale bar represents
0.2 um. (G) Vesicle fragmentation in SC; scale bar represents 0.2 um. (H) Magnification of (G); scale bar represents 0.1 um.

Abbreviations: SC, stratum corneum; SG, stratum granulosum; C, corneocyte; CD, corneodesmosome; ILS, intercellular space.

the stratum corneum resulted from denaturation of keratin
inside the corneocytes. At the same magnification, the inter-
cellular spaces of porcine skin treated with ULs (Figure 4D)
were wider than those of intact skin (Figure 3C), because the
corneodesmosomes that connected the corneocytes between
each stratum corneum layer were degraded. As a result of
the degradation of corneodesmosomes, the stratum corneum
layers of treated skin were detached, as seen in ultrathick
sections (Figures 2B and 2C). Since the hydration effect of
PBS resulted in corneocyte swelling and intercellular lipid
lamellae disruption,”?* the detachment of the stratum cor-
neum layers in Figures 2B and 2C might result from both
liposome-induced corneodesmosome degradation and the
hydration effect. Some corneodesmosomes are present in
the upper part of Figure 4D, whereas the lower part shows
degrading (white arrow) and degraded (black arrow) cor-
neodesmosomes. These images indicate that the degradation
of corneodesmosomes depends on the rate at which ULs
penetrate the skin.

Figure 4E shows a UL particle and denatured keratin
inside a corneocyte. When observed at higher magnification
(Figure 4F), it was obvious that the particle was disintegrating
into smaller pieces. Figures 4G and 4H show many disin-
tegrated particles inside corneocytes and in the intercellular
space of the stratum corneum. Keratin inside corneocytes
was denatured, and no corncodesmosomes were observed.
Figures 4E and 4F reveal that when particles penetrated the
corneocyte, they gradually disintegrated into smaller pieces
of phospholipid bilayer, denatured keratin, and disrupted

corneodesmosomes — thereby enhancing the penetration
of entrapped drugs. Figures 4G and 4H also show particle
fragmentation to be mostly confined to the inner cellular
membrane and intercellular lipid of corneocytes. Because
the inside of corneocytes contains keratin, while inner and
outer cellular membranes of corneocytes are lipid and protein,
respectively, most of the lipid vesicles were confined to the
inner cellular envelope and extracellular lipid matrix.
Figure 5 shows TEM images of ultrathick sections of por-
cine skin treated with ULs (from Figure 2C). Figures 5A and
5B show the degraded corneodesmosomes at the interface of
the stratum corneum and stratum granulosum (black arrow).
In Figure 5B, disintegrated particles were observed near the
desmosomes. In viable epidermis (Figure 5C), desmosomes
and hemidesmosomes, which connect stratum basale and
papillary dermis (Figure 5SD), were normal. From Figures SA
through 5D, it is apparent that only corneodesmosomes were
degraded, whereas the desmosomes in viable epidermis and
hemidesmosomes in the epidermis—dermis interface were
normal. Desmosomes are intercellular junctions that maintain
tissue integrity of the epidermis. The main components of
desmosomes are cadherins, armadillo proteins, and plakins.
Corneodesmosomes are cellular junctions, derived from
desmosomes, that provide strong intercorneocyte cohesion
within the stratum corneum. The extracellular proteins of
corneodesmosomes, which mediate corneocyte cohesion,
are desmoglein 1, desmocollin 1, and corneodesmosin — a
secreted glycoprotein that is incorporated into desmosomes
prior to their conversion to corneodesmosomes in the
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Figure 5 Transmission electron microscopy images of pig skin treated with ultradeformable liposomes, obtained from ultrathick section of pig skin treated with ultradeformable
liposomes at 4 hours.

Notes: (A) Corneodesmosome degradation (black arrow) between SC and SG; scale bar represents 0.5 um. (B) Corneodesmosome degradation (black arrow) and
disintegrated particle (white arrow) between SC and SG; scale bar represents 0.2 im. (C) Desmosome in viable epidermis; scale bar represents 0.2 um. (D) Hemidesmosome
at stratum basale and papillary dermis; scale bar represents 0.2 pum. (E) Ultradeformable liposome penetration into the skin (black arrow); scale bar represents 5 um.
(F) Magnification of marked area in (E); scale bar represents 0.2 um. (G) Disrupted cell membrane (black arrow) from penetration of intact vesicles into SG; scale bar
represents 0.5 pm. (H) Magnification of (G); scale bar represents 0.2 um.

Abbreviations: SC, stratum corneum; SG, stratum granulosum; SB, stratum basale; PD, papillary dermis; D, desmosome; CD, corneodesmosome; HD, hemidesmosome;

VE, viable epidermis.

stratum corneum.??* We suggest that corneodesmosomes
are degraded by their interaction with UL vesicles. Other
desmosomes and hemidesmosomes are unaffected, which
may be due to the difference in desmosomal protein struc-
tures between the stratum corneum and viable epidermis, as
mentioned above.

Figure 5E shows the penetration of ULs through the stra-
tum corneum into viable epidermis. The area of penetration
shows obvious detachment of the stratum corneum, which
resulted from corneodesmosome degradation. In the upper
portion of the penetrated area, intact vesicles were observed,
as shown in Figure SF. Several upper stratum corneum layers
were loosened, due to a desquamation process. As a result,
intact vesicles were found in the intercellular region.

The presence of intact vesicles in the stratum granulosum
(Figures 5G and 5H) indicates that ULs can penetrate viable
epidermis as intact vesicles. The uppermost keratinocyte
membrane in the stratum granulosum was disrupted by the
penetration of ULs (Figures 5G and 5H). The presence of
intact vesicles found in viable epidermis may be caused by the
denaturing of keratin inside corneocytes and the degradation
of corneodesmosomes by interactions with UL vesicles.

From our TEM images (Figures 4 and 5), it is apparent
that ULs increase drug penetration by acting as a penetration
enhancer and drug carrier system. The ULs enhanced skin
penetration by entering corneocytes before disintegrating
into small fragments and interacting with the protein and
lipid barrier structure of the stratum corneum. The vesicles

denatured keratin filaments inside corneocytes and degraded
corneodesmosomes, resulting in vesicle and drug penetra-
tion into viable epidermis and dermis. Intracellular proteins
and protein structures may become denatured as a result of
their interactions with the surfactants in vesicles (Tween
20 and phospholipid).?’?* d-limonene is a monoterpene skin
penetration enhancer, incorporated in ULs, that could break
interlamellar hydrogen bonding within the lipid bilayer.
This interaction leads to widening of the aqueous region
near polar head groups, and results in increased diffusion
of polar molecules.?” Our findings also support the lipid
protein partitioning theory, which proposes that penetration
enhancers act by disrupting intercellular lipid organization,
modifying intracellular proteins, resulting in increased drug
penetration into viable epidermis.>

A distinct difference between follicular and nonfollicular
regions of skin interacting with vesicles was that there were
more vesicle fragments found in the stratum corneum of the
follicular region, as shown in Figures 4G and 4H. The pres-
ence of more vesicle fragments in the follicular region, as
observed by TEM, confirmed our previous suggestion that
the follicular pathway was the main permeation pathway
of ULs.”!

Receiver medium observation and CLSM study

The collected receiver medium was investigated using TEM
and CLSM, to determine the mechanism of the drug carrier
system.
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TEM was used to investigate the receiver medium from
TEM visualization, at time points of 30 minutes, 1 hour,
2 hours, and 4 hours; those images are shown in Figures 6A
through 6D, respectively. The receiver medium showed the
spherical shape and nanoscale of vesicles, indicating that
ULs could penetrate through skin to the receiver medium
as intact vesicles.

Figures 7A through 7D show CLSM images of receiver
medium at time points of 30 minutes, 1 hour, 2 hours, and
4 hours. The presence of red fluorescence and green fluores-
cence in the receiver medium indicated that both ULs and
NaFl could penetrate through skin. The ULs found in the
receiver medium could be both intact vesicles and phospho-
lipid bilayer. Regarding the presence of intact vesicles in the
receiver medium, as observed by TEM (Figures 6A—6D), NaF1
found in the receiver medium could be both entrapped drug
and free drug. The presence of both colors of fluorescence at
the same point could also be used to investigate the release
behavior of ULSs. It is assumed that red fluorescence in receiver
medium is intact vesicle. If the green fluorescence intensity
is less than the red fluorescence intensity, the entrapped drug
was released. Inside the white circles of Figures 7A-1, 7A-3,

and 7A-4, the green fluorescence intensity was markedly
less than the red fluorescence intensity, indicating that the
vesicles had released some part of the entrapped drug into
the skin. If both the green fluorescence and red fluorescence
appeared equal, the entrapped drug was not released, or a
significant amount was not released. In Figures 7B-1, 7B-3,
7B-4,7C-1,7C-3, and 7C-4, both green fluorescence and red
fluorescence were equal, indicating that the entrapped drug
was not released, or a significant amount was not released. If
green fluorescence appears while red fluorescence does not,
there is free drug. Inside the white circles of Figures 7D-1,
7D-3, and 7D-4, green fluorescence appeared, whereas red
fluorescence did not appear, indicating there was free drug
in the receiver medium. Supported by the presence of intact
vesicles in the receiver medium (Figures 6 and 7), we suggest
that ULs might penetrate through skin to the systemic blood
circulation as intact vesicles. Pegylated or stealth liposomes
should be applied for transdermal drug delivery, instead of
conventional liposomes, to reduce reticuloendothelial system
uptake and to prolong circulation time in blood.

Using CLSM and size exclusion chromatography, Cevc
et al'> compared the vesicle size of phospholipid ULs from

Figure 6 Transmission electron microscopy images of the receiver medium after skin penetration study of the NaFl-loaded, Rh-PE-labeled ultradeformable liposomes at

different time points.

Notes: (A) 30 minutes; scale bar represents 50 nm. (B) | hour; scale bar represents 50 nm. (C) 2 hours; scale bar represents 100 nm. (D) 4 hours; scale bar represents 100 nm.
Abbreviations: NaFl, fluorescein sodium; Rh-PE, rhodamine B |,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium salt.
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Figure 7 Confocal laser scanning microscopy images of receiver medium from the skin penetration study of NaFl-loaded, Rh-PE-labeled ultradeformable liposomes at

different time points.

Notes: (A) 30 minutes; (B) | hour; (C) 2 hours; (D) 4 hours. Each image is divided into four parts: -1, green fluorescence of NaFl; -2, bright field image; -3, red fluorescence

of Rh-PE; -4, overlay of -1 and -3. Scale bars represent 100 um.

Abbreviations: NaFl, fluorescein sodium; Rh-PE, rhodamine B |,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium salt.

their original preparation with those collected from the serum
of mice who had the ULs applied to their skin. The size of
vesicles from the original preparation did not differ from
those obtained from the mouse serum. The authors concluded
that ULs penetrated through the skin to the circulation system
as intact vesicles, without permanent disintegration. There-
fore, based on our TEM images of intact vesicles found in
viable epidermis (Figures 5G and 5H) and receiver medium
(Figures 6A through 6D), as well as CLSM images of receiver
medium (Figures 7A through 7D), we agreed with Cevc
et al’— that ULs could penetrate the skin and enter the blood

circulation system as intact vesicles. Honeywell-Nguyen
et al'®!” studied in vivo and in vitro interactions between
nonionic elastic vesicles and human skin, using tape stripping
techniques. TEM images revealed that little vesicle material
was found in the deepest layers of the stratum corneum. Thus,
the authors suggested that penetration of intact vesicles into
viable epidermis might not be possible. Because the speci-
men used for TEM preparation was a very small piece, the
probability of finding intact vesicles in viable epidermis was
also very small. To confirm the penetration of intact vesicles
into viable epidermis or into the blood circulation system,
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Figure 8 Confocal laser scanning microscopy cross-sectional images of porcine skin treated with NaFl-loaded, Rh-PE-labeled ultradeformable liposomes, at 2 hours.
Notes: (A) Scale bars represent 50 um. (B) Magnification of marked area in (A); scale bars represent 20 um. Each image is divided into four parts: -1, blue fluorescence of
DAPI, -2, green fluorescence of NaFl; -3, red fluorescence of Rh-PE; -4, overlay of -1, -2, and -3.

Abbreviations: NaFl, fluorescein sodium; Rh-PE, rhodamine B |,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium salt; DAPI, 4’,6-diamidino-2-

phenylindole.

the receiver medium (or collected serum) also should be
investigated.

Figures 8A and 8B show cross-sections of skin treated
with NaFl-loaded, Rh-PE-labeled ULs at 2 hours. Both green
fluorescence and red fluorescence were seen throughout the
tissue cross-section, with high-intensity deposits in the fol-
licular region, indicating that NaFl and ULs could permeate
from the stratum corneum to the dermis and accumulate in
the hair follicles, more than in other regions, as shown in

Figures 8A-2, 8A-3, and 8A-4. Figures 8B-2, 8§B-3, and
8B-4 show the hair follicle at higher magnification. The
orange fluorescence inside the hair follicle, seen in the
merged image (Figure 8B-4), occurred due to green fluo-
rescence and red fluorescence at the same region, which
indicated that NaFI was still entrapped in ULs when it had
penetrated via the hair follicles.

Sequential cross-sectional images of follicular and non-
follicular regions of porcine skin treated with NaFl-loaded,

—
50 um

Figure 9 Confocal laser scanning microscopy cross-sectional images of porcine skin treated with NaFl-loaded Rh-PE-labeled ULs and stained with DAPI, at 4 hours.
Notes: (A) Follicular region; (B) nonfollicular region. Each image is divided into four parts: -1, blue fluorescence of DAPI; -2, green fluorescence of NaFl; -3, red fluorescence

of Rh-PE; -4, overlay of -1, -2, and -3. Scale bar represents 50 um.

Abbreviations: ULs, ultradeformable liposomes; NaFl, fluorescein sodium; Rh-PE, rhodamine B |,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium

salt; DAPI, 4’,6—diamidino-2—phenylindole.
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Table | Fluorescence intensities of NaFl and Rh-PE at follicular
and nonfollicular regions

Region NaFI Rh-PE
Follicular region 425.60+210.07* 103.12+57.78*
Nonfollicular region 255.01+61.43 80.41+29.37

Notes: *P<<0.05, compared against nonfollicular region. Each value represents the
mean + standard deviation.

Abbreviations: NaFl, fluorescein sodium; Rh-PE, rhodamine B |,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine triethylammonium salt.

Rh-PE-labeled ULs (at 4 hours) are shown in Figures 9A
and 9B. Both green fluorescence and red fluorescence inten-
sities at follicular regions (Figures 9A-2 and 9A-3) were
significantly higher than at nonfollicular regions (Figures
9B-2 and 9B-3) (Table 1), indicating that NaFl and ULs
penetrated via the follicular region more than via the non-
follicular region.

Theoretically, molecules permeate the skin through
intercellular, intracellular (transcellular), and follicular (transap-
pendageal) pathways.>! Follicular channels offer a large space
for drug and vesicle transportation, bypassing the barrier func-
tion of the stratum corneum. The interaction of vesicle and intra-
cellular protein in the transcellular pathway resulted in vesicle
fragmentation, as shown in Figures 4E through 4H. Regarding
our TEM and CLSM investigation, we suggest that the intact
vesicles found in receiver medium might penetrate skin using a
transappendageal pathway as the main transportation route.

Conclusion

Our TEM investigation revealed that ULs employed both
a penetration-enhancing effect and a drug carrier system
mechanism for enhancement of skin penetration. ULs act
as penetration enhancers by denaturing intracellular protein
and corneodesmosomes, and disrupting intercellular lipid
organization, which results in enhancement of penetration
via intracellular and intercellular pathways, respectively. ULs
also act as a drug carrier system, by penetrating through skin
into receiver medium as intact vesicles, as observed by TEM
and CLSM. We suggest that a transappendageal pathway is
the major penetration route of intact vesicles.
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A nonlinear response surface method incorporating multivariate spline interpolation (RSM-S) is a
useful technique for the optimization of pharmaceutical formulations, although the direct reliability of the
optimal formulation must be evaluated. In this study, we demonstrated the feasibility of using the bootstrap
(BS) resampling technique to evaluate the direct reliability of the optimal liposome formulation predicted
by RSM-S. The formulation characteristics (X,), including vesicle size (X,), size distribution (X,), zeta poten-
tial (X;), elasticity (X,), drug content (X;), entrapment efficiency (X;), release rate (X,), and the penetration
enhancer (PE) factors as formulation factors (Z,), with the type of PE (Z)) and content of PE (Z,) were used
as causal factors of the response surface analysis. The intended responses were high skin permeability (flux,
Y)) and high stability formulation (drug remaining, Y,). Based on the dataset obtained, the simultaneous
optimal solutions were estimated using RSM-S. Leave-one-out-cross-validation showed satisfying reliability
of the optimal solution. Concurrently, similar BS optimal solutions were estimated from the BS dataset that
was generated from the original dataset through BS resampling at frequencies of 250, 500, 750, and 1000.
The analysis and simulation indicated that X,, X, and Z, were the prime factors affecting ¥, and Y,. These
findings suggest that this approach could also be useful for evaluating the reliability of an optimal liposome
formulation predicted by RSM-S and would be beneficial for the pharmaceutical development of liposomes

for transdermal drug delivery.

Key words

Optimization techniques using computer-based rationales
to research and develop pharmaceutical formulations have
recently become attractive and interesting. A non-linear re-
sponse surface method incorporating multivariate spline in-
terpolation (RSM-S) is a powerful method for pharmaceutical
optimization.” RSM-S has shown that the complex relation-
ships between causal factors and response variables could
be simply comprehended and that the simultaneous optimal
solutions obtained would be stable and reproducible.? Several
intensive studies successfully developed novel pharmaceutical
formulations using RSM-S (e.g., water-in-oil-water multiple
emulsion of insulin for intestinal delivery,” sustained release
of diltiazem tablets for oral delivery” and ultra-deformable
liposome of meloxicam for transdermal delivery”). RSM-S
was determined to be a promising technique for formulation
optimization.>” Simultaneously, it is considerable to evalu-
ate the accuracy and reliability of each optimal formulation
estimated by RSM-S. The leave-one-out-cross-validation
(LOOCV) method was also employed. The LOOCV method
can evaluate the generalization error of a given response
surface.Y Moreover, the reliability of optimal formulation es-
timated by certain response surface can be directly evaluated
using bootstrap (BS) resampling methods. The BS method is a
simulation technique based on the empirical distribution of the
experimental data that introduced by Efron.” BS resampling
is generally used to estimate confidence intervals and the bias
and variance of an estimator. The basic idea of BS resampling
is randomly sampling from original dataset (experimental
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data). A BS samples (X*=X}, X7, ---, X¥) is randomly sampled
that replacement from the original data (X=X, X,,---,X,) by
reproducing the BS resampling procedure.

When designing and developing liposome for transdermal
drug delivery, the safety, stability and efficacy of formulation
must be simultaneously optimized. Generally, the liposome
formulation is composed of various formulation characteristics
and several formulation factors. The formulation characteris-
tics and formulation factors are the major parameters directly
affecting the skin permeability of a liposome formulation.'”
The development of liposomes has previously been based
primarily on trial and error to obtain an appropriate formula-
tion for satisfying multiple characteristics of the formulation.
Designing and testing on a case-by-case basis (or by trial and
error techniques) was considered a wasteful method for de-
signing each liposome formulation. The acceptable liposome
formulation for one characteristic was often not satisfactory
for other characteristics. Thus, these restrictions incurred dif-
ficulties in the design and development of liposome formula-
tions. The optimal liposome formulation is generally influ-
enced by a mixture of acceptable formulation characteristics
and formulation factors. Therefore, an understanding of the
actual relationships between causal factors (e.g., formulation
characteristics and formulation factors) and pharmaceutical
responses (e.g., skin permeability and stability of formulation)
is required to develop satisfying liposome for transdermal
drug delivery.

In this study, the original dataset used was obtained from
the experiment. The formulation characteristics (X,) and
formulation factors (Z,) of 30 model liposome formulations

© 2014 The Pharmaceutical Society of Japan
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were selected as causal factors of response variables (V).
Using multivariate statistical techniques, the significant causal
factors were chosen as effective causal factors for certain
response analyses. When developing an optimal liposome
formulation for transdermal drug delivery, having a proper
mixture of high skin permeability and good stability formula-
tion should be considered. For this objective, RSM-S was ap-
plied in our study. The LOOCV and BS resampling methods
were also used to evaluate the reliability of the simultaneous
optimal solutions predicted by RSM-S.

MATERIALS AND METHODS

Materials Phosphatidylcholine (PC) was obtained from
LIPOID GmbH (Ludwigshafen, Germany). Sodium hexadecyl
sulfate (SHS) was purchased from Tokyo Chemical Indus-
try (Tokyo, Japan). Hexadecylpyridinium chloride (HPC),
dodecylpyridinium chloride (DPC), and butylpyridinium
chloride (BPC) were purchased from MP Biomedicals (Santa
Ana, CA, U.S.A)). Meloxicam (MX) was supplied by Sigma-
Aldrich Production GmbH (Buchs, Switzerland). Cholesterol
(Chol) was obtained from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). All other chemicals used were of reagent
grade.

Preparation of Model Liposome Formulation Thirty
model formulations were prepared according to the optimal
liposome formulation obtained in our previous study.'” As
shown in Table 1, model formulations that were composed of
a controlled amount of PC, Chol, MX, and various types and
content of penetration enhancers (PE) (e.g., SHS, HPC, DPC,
BPC) were prepared using a sonication method. A previous
study reported that alkyl pyridinium surfactants exhibit the
ability for saturation and solubilization of the bilayer,'? which
could enhance the transdermal delivery of anti-inflammatory
drugs."® Briefly, all ingredients were dissolved and mixed in
methanol—chloroform (1:2, v/v), and the solvent was evapo-
rated under a nitrogen gas stream. The lipid thin film was
dried in a desiccator for 6h to remove the remaining solvent.
The dried lipid film was hydrated with an acetate buffer solu-
tion (pH 5.5). Model vesicle formulations were subsequently
sonicated for 30 min using a sonicator bath (5510J-DTH; Bran-
son Ultrasonics, Danbury, CT, U.S.A.). All model liposome
formulations were freshly prepared or preserved in airtight
containers at 4°C prior to further studies.

Determination of Vesicle Size, Size Distribution and
Zeta Potential of Liposomes The vesicle size, size distribu-
tion and zeta potential of model formulation were measured
by photon correlation spectroscopy (Zetasizer Nano series,
Malvern Instrument, U.K.). Twenty microliters of liposomes

Table 1. Formulation of Model Liposome Formulation for Simultaneous
Optimization

Formula mm
Phosphatidylcholine® 10.00
Cholesterol” 1.05
Meloxicam 2.20
Penetration enhancers®™’ 0.00-2.90

a) Bilayer forming liposome. b) Membrane stabilizer. ¢) Sodium hexadecyl sulfate.
d) Hexadecylpyridinium chloride. e) Dodecylpyridinium chloride. ) Butylpyridinium
chloride.

Vol. 37, No. 9

was diluted with 1480 uL of deionized water. All determina-
tions were performed at room temperature, at least three
independent samples were collected and the vesicle size, size
distribution and zeta potential were measured in triplicate.

Determination of Elasticity of Liposomes The elasticity
value of the model liposomes formulation was directly propor-
tional to J X(rv/rp)z, which was obtained from the previous
study. '+

Tux

2
Elasticity value = Jpg, X (:V] )
P
where Jg,,, is the rate of penetration through a permeable bar-
rier (mg-s~!-cm™?), r, is the average liposome size after extru-
sion (nm) and r, is the pore size of the membrane (nm). To
measure Jg,,,, the liposomes were extruded through a polycar-
bonate membrane (Nuclepore, GE Healthcare Life Sciences,
Buckinghamshire, U.K.) with a pore diameter of S0nm (r,) at
a pressure of 0.5MPa. Five minutes after extrusion, the extru-
date was weighed (Jp,,), and the average liposome diameter
(r,) was measured by photon correlation spectroscopy.
Determination of Drug Content in Liposome Formula-
tions and Entrapment Efficiency The MX content in the
liposome formulations and entrapment efficiency were deter-
mined by HPLC. The liposome vesicles were broken down
with Triton® X-100 (0.1%w/v) at a 1:1 v/v ratio and appro-
priately diluted with phosphate buffer solution (PBS, pH 7.4).
The liposome/Triton® X-100 was centrifuged at 10000Xg at
4°C for 10min. The supernatant was filtered with a 0.45um
nylon syringe filter. The entrapment efficiency of the MX
loaded in the liposome formulations was calculated according
to the following Eq. 2:

1

% Entrapment efficiency = ( 21. jX 100 )
where C; is the concentration of MX loaded in the liposome
formulations, as described in the above methods, and C; is the
initial concentration of MX added to the liposome formula-
tions.

Evaluation of the Release Profile of Liposomes The re-
lease profile of MX from the MX loaded liposome formulation
was determined using a dialysis bag with a molecular weight
cut off; MWCO 6000-8000. Fifty milliliters of PBS at a con-
trol temperature of 32+1°C was used as the receiving medium
and was constantly stirred at 150rpm. This condition was
chosen to obtain sink condition in the receiving medium. Five
hundred microliters of MX loaded liposome formulation was
filled in a dialysis bag and immersed in the receiving medium.
The samples were withdrawn and filtered at intervals of 5, 10,
15, 20, 30, 45, and 60min and 2, 4, 6, 8, 10, and 12h. The
concentration of MX was determined by HPLC.

Determination of the Response Variables The skin
permeability (flux, Y}) and stability of the formulation (drug
remaining, Y,) were selected as the response variables to be
evaluated in the resulting liposome formulation.

a) Skin Permeability of Liposomes: The excised skins of
hairless mice (Laboskin®, HOS: HR-1 Male, 7 weeks, San-
kyo Labo Service Corporation, Inc., Tokyo, Japan) were used
as skin models for the in vitro skin permeation study. This
animal study was performed at Hoshi University and complied
with the regulations of the committee on Ethics in the Care
and Use of Laboratory Animals. Side-by-side diffusion cells
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with an available diffusion area of 0.95cm’ were employed.
The receiving chambers were filled with 3mL of PBS (pH 7.4
at 32°C), and the donor chambers were filled with 3mL of the
MX loaded liposome formulation. At the appropriate times,
the receiving medium was withdrawn, and the same volume
of fresh buffer solution was replaced in the receiving cham-
bers. The concentration of MX in the aliquot was analyzed
using HPLC. The cumulative amount of MX per area was
plotted against time, and the flux value (¥}) was determined as
the slope of linear portion of the plot.

b) Stability of Liposomes: The MX loaded liposome for-
mulations were kept in glass bottles with plastic plugs and
stored at 25*=1°C for 30d. The drug remaining in the MX
loaded liposome formulations (Y,) was determined by HPLC.
The concentration of MX in the liposome formulation after
preparation at day 0 was normalized to 100%.

HPLC Analysis The HPLC system consisted of a
SIL-20A autosampler, an LC-20AT liquid chromatogra-
phy and an SPD-20AUV detector (Shimadzu Corporation,
Kyoto, Japan). The analytical column was YMC-Pack ODS-A
(150mmX4.6 mm i.d., S-5, YMC Co., Ltd., Kyoto, Japan). The
mobile phase was composed of methanol-acetate buffer solu-
tion (pH 4.6) (50:50, v/v). The flow rate was set at 0.8 mL/
min, and the wavelength used was UV-detected at 272nm. All
samples were freshly prepared or stored at 4°C until analysis.
The calibration curve for MX was in the range of 1-100 ug/
mL, with a correlation coefficient of 0.9997. The percent re-
covery ranged from 99.9-100.3%, and the relative standard
deviations for both the intra- and inter-day measurements
were less than 2%.

Simultaneous Optimization and Reliability Evaluation
of the Optimal Solution Using DataNESIA and BS Re-
sampling The formulation characteristics (X)) (e.g., vesicle
size (X)), size distribution (X,), zeta potential (X;), elasticity
(X,), drug content (X;), entrapment efficiency (X;), release rate
(X7)) and penetration enhancers (PE) used in the model for-
mulations as formulation factors (Z,) (e.g., type of PE (Z)) and
content of PE (Z,)) were used as causal factors of the response
variables. The model formulation of sufficient skin perme-
ability (Y;) and good stability formulation (Y,) was defined as
the optimal liposome formulation. High skin permeability and

Simultaneous optimal solution estimated from bootstrap dataset

The Process of Bootstrap Resampling Technique to Evaluate the Reliability of Simultaneous Optimal Solutions

high stability formulation were considered ideal for seeking
simultaneous optimal solution. The significant causal fac-
tors were selected as effective causal factors for dataNESIA
analysis using the multiple regression analysis (MRA) incor-
porating the stepwise way of factor selection. The software
JMP (Version 8, SAS Institute Inc., Cary, NC, U.S.A.) was
employed for MRA. The simultaneous optimal solution was
estimated using the dataNESIA software (Version 3.2, Azbil
Corp., Fujisawa, Japan), which was based on a RSM-S, using
the original dataset obtained from 30 model formulations. As
shown in Fig. 1, the simultaneous optimal solution from the
original dataset was called “the original optimal solution.”
The accuracy and reliability of the original optimal solution
were also determined by LOOCV. The statistical significance
of accuracy and reliability was tested based on Pearson’s
R test. Finally, the BS resampling method was employed to
estimate confidence ranges of the original optimal solution.
An enormous number of BS samples was generated from
the original dataset through BS resampling at a frequency of
250, 500, 750, and 1000. The simultaneous optimal solutions
for all BS samples were also estimated using RSM-S. The
simultaneous optimal solutions from the BS samples dataset
are hereafter called “the BS optimal solution.” The details of
the reliability assessment of the original optimal solution and
the BS optimal solutions have been fully described in previous
studies."'®

RESULTS AND DISCUSSION

Prediction of Response Variables and Simultaneous Op-
timization In this study, the formulation characteristics (e.g.,
vesicle size (X)), size distribution (X,), zeta potential (X;),
elasticity (X,), drug content (X;), entrapment efficiency (X;),
release rate (X;)) and formulation factors (e.g., type of PE (Z))
and content of PE (Z,)) were used as the causal factors of the
response variables. The selection of significant causal factors
as the original dataset for the dataNESIA analysis was key to
generating an accurate optimal solution because the evaluation
of the precise optimal solution depended significantly on the
integrity and the correctness of the original dataset. The result
indicated that the elasticity (X;), drug content (X;), and content
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Fig. 2. The Contribution Index of Effective Causal Factor for Predict-
ing Response Variables

(a) Skin permeability (¥;) and (b) stability of formulation (Y,).

of PE (Z,) were selected as effective causal factors for RSM-S
by MRA, incorporating a stepwise way of factor selection.
The correlation coefficients for the skin permeability (¥;) and
the stability of formulation (Y,) were sufficiently high (0.7601
and 0.9700, respectively), suggesting that X5 and Z, and X,
X, and Z, were important to Y, and Y,, respectively. The con-
tribution index of the effective causal factor for predicting Y,
and Y, is shown in Fig. 2.

The liposome formulation was optimized based on the
original dataset using RSM-S. X,=74.5 (mg-s'-ecm ™), X,=514
(ug/mL), and Z,=0.0689 (%mol) were estimated as optimal
formulation characteristics and formulation factors variables.
The following were predicted to be the optimal response vari-
ables: ¥,=0.269 (ug/cm?*/h) and Y,=375 (ug/mL). The results
indicated that the original optimal solution, which was con-
sidered ideal, had a relatively high elasticity (X,), high drug
content (X5), and high content of PE (Z,). The formulation
characteristics and formulation factors could directly affect
the effectiveness of liposome formulation for improving skin
permeability, as reported in a previous study.'” The stability
of liposome formulation could be modified by altering aspects
of the composition of the liposome, such as the presence of
cholesterol.'® Thus, these effective causal factors might be
factors affecting both the efficacy and stability of liposome
formulation. The approximate actual relationship between
causal factors (formulation characteristics and formulation
factors) on response variables (skin permeability and stability
of formulation) is shown in Fig. 3.

Figures 3a, b and ¢ show the response surfaces of the skin
permeability estimated by RSM-S. Each response surface

Vol. 37, No. 9

exhibited relationships among three effective causal factors
(X4, X5, Z,) and response variables (Y},Y,) by fixing one effec-
tive causal factor at an optimal constant value and then gener-
ating the response surface of two remain causal factors to one
response variable. The results indicated that as the elasticity
(X,) was held constant (74.5mg-s '-cm™?), the increase in the
drug content (X;) and the content of PE (Z,) to high values
(over 350 ug/mL and 0.06%mol, respectively) resulted in high-
er skin permeability, as shown in Figs. 3a and c, respectively.
When the drug content (X;) was constant, as shown in Fig. 3b,
the content of PE (Z,) was demonstrated to be a major factor
inducing higher skin permeability. Zucker et al. noted that the
capability to entrap sufficient drug content in the formula-
tion was necessary in pharmaceutical liposome formulation
to achieve therapeutic efficacy.'” These results indicated that
the skin permeability of the liposome formulation in our study
was influenced by the drug content (X;) and the content of PE
(Z,); thus, these responses were confirmed by the contribution
index shown in Fig. 2a.

Figures 3d, e and f show the response surfaces of the stabil-
ity of formulation predicted by RSM-S. The results revealed
that as the content of PE (Z,) was kept steady, the increase
in elasticity (X;) and drug content (X;) to high values (over
60mg-s '-cm? and 350ug/mL, respectively) tended to in-
crease both the drug content remaining in the formulation and
the stability of the formulation, as shown in Fig. 3d. Good
stability of formulation was exhibited when the elasticity (X,)
and the content of PE (¥,) was higher than 60mg-s'-cm™2 and
0.06%mol, respectively, as shown in Fig. 3e. Elsayed et al. re-
vealed that a single-chain surfactant (as PE) with a high radius
of curvature could destabilize or increase the deformability of
the vesicle.”” The present results suggested that our liposome
formulation still displayed good stability; The present results
suggested that our liposome formulation had high elasticity
characteristics but still displayed good stability because all of
the model liposome formulations used in this study contained
an optimal amount of cholesterol as a membrane stabilizer.'®"
Liposome formulations with high elasticity values could im-
prove the in vitro and in vivo skin permeability of various
drugs.”** Moreover, the level of high drug content remaining
in the formulation after storage at 25°C for 30d was obtained
(Fig. 3f) as the content of PE (Y,) decreased and the drug
content (X;) increased. These results could be summarized as
follows: the stability of liposome formulation in our study was
affected by the elasticity (X,), the drug content (X;) and the
content of PE (Z,). These responses were also confirmed by
the contribution index shown in Fig. 2b.

The approximate relationships obtained from our study
were consistent with the results of a previous study: the
formulation characteristics and formulation factors directly
affected the skin permeability effectiveness of the liposome
formulation. Furthermore, the present findings could provide
beneficial basic knowledge and help determine the essential
causal factor information for the further development of li-
posome in transdermal drug delivery. An effective liposome
formulation should contain both acceptable skin permeability
and good stability in one liposome formulation. The elasticity
(X,), drug content (X5), and content of PE (Z,) were significant
factors that should be considered in liposome optimization.
Therefore, the chosen liposome composition should extremely
affect these significant factors, and this technique can be ap-
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X; (a,d), X, and X; (b,e) and X5 and X, (c,f) at a Constant of Z, (0.0689%mol), X; (514 ug/mL) and X, (74.5mg-s"'-cm™2), Respectively

plied for selecting the liposome composition. To date, it has
been difficult to interpret all of the influences on the con-
founded relationships between formulation characteristics (as
latent variables) and formulation factors,” although several
recent pharmaceutical studies have been successful in for-
mulation optimization. However, our study was successful
in achieving this purpose by using both formulation charac-

teristics and formulation factors as causal factors for RSM-S
analysis, to understand the relationships of formulation char-
acteristics (as latent variables), formulation factors and phar-
maceutical response variables.

The accuracy and reliability of the response surface of orig-
inal optimal solution were determined by LOOCYV, as shown
in Fig. 4. The correlation coefficients of the estimated and
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experimental values for the skin permeability (¥;) and the sta-
bility of formulation (Y,) were extremely high (R oocy=0.9653
and 0.9984, respectively). These results suggested that RSM-S
successfully predicted the relationship between the causal fac-
tors (formulation characteristic and formulation factors) and

0.5 1
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Fig. 4. The Leave-One-Out-Cross-Validation (LOOCV) Estimated Ac-

curacy and Reliability of the Response Surface Variables

(a) Skin permeability (flux) and (b) stability of formulation (drug remaining at
25°C for 30d) predicted by X,, X5, and Z,.

Table 2.

Vol. 37, No. 9

pharmaceutical response variables.>” These results indicated
that an original optimal solution with acceptable characteris-
tics (e.g., high skin permeability and good stability formula-
tion) could be estimated with RSM-S.

Evaluation of the Reliability of the Optimal Solution
Using BS Resampling In evaluating the reliability of the
optimal solution, the LOOCV method efficiently provided a
versatile assessment of the response surfaces.”> The correla-
tion coefficients are values that indicate the stability of the re-
sponse surface. Thus, the reliability of the original optimal so-
lution cannot be quantitatively evaluated using these values."®
Therefore, BS resampling was needed to evaluate the reliabil-
ity of the optimal solution®***”) estimated by RSM-S. The BS
datasets were generated from the original datasets through BS
resampling at a frequency of 250, 500, 750, and 1000. The BS
optimal solution and predicted responses are shown in Table
2. The BS optimal solutions and their standard deviation were
stable, regardless of altering the frequency of resampling,
indicating that a resampling frequency of more than 250 was
adequate to determine the stability of the optimal solutions.
Consistent with a previous study,'® a small frequency size of
more than 50 resamplings was also sufficient to evaluate the
stability of the optimal pharmaceutical formulation.

The confidence intervals of the original optimal solution are
shown in Table 3. The ranges of confidence intervals of most
of the factors (X,, X;, and Z,) were quite narrow for practi-
cal studies of liposome formulations. While further study
is required to confirm the potential of the optimal solution
predicted by RSM-S compared with the optimal formulation
found in the experiment, a previous study® suggested that the
characteristic values predicted by RSM-S were quite similar
to the experimental values. Therefore, these results support
the hypothesis that the RSM-S method can be employed to
estimate simultaneous optimal solutions. The reliability of
the optimal solution improved with an increase in the size of
the experimental original dataset, although the precision of

Bootstrap Optimal Solutions and Bootstrap Standard Deviations by Different Frequencies of Bootstrap Resampling

BS resampling Optimized formulations

Predicted responses

frequency X9 (mg-s~'-em™?) X (ug/mL) 7, (%mol) Y/ (ug/em?/h) Y, (ug/mL)
N=0? 74.5 514 0.0689 0.2692 375

N=250" 74.4 (0.194) 514 (0.202) 0.0690 (0.0001) 0.2690 (0.0000) 375 (0.266)
N=500" 74.3 (0.189) 514 (0.219) 0.0689 (0.0001) 0.2690 (0.0001) 375 (0.210)
N=750" 74.3 (0.185) 514 (0.217) 0.0689 (0.0001) 0.2690 (0.0001) 375 (0.215)
N=100" 74.4 (0.187) 514 (0.200) 0.0689 (0.0001) 0.2690 (0.0001) 375 (0.213)

a) Original optimal solution. b) BS optimal solution. ¢) Elasticity. d) Drug content. ¢) Content of penetration enhancer. /) Skin permeation flux. g) Drug remaining at 25°C,

30d. () bootstrap standard deviation.

Table 3. Confidence Interval of Simultaneous Optimal Solution Estimated by RSM-S
a) ) c) <)
Original optimal 250 500 750 1000
Causal factor luti

solution Lower Upper Lower Upper Lower Upper Lower Upper
X, (mg-s~'-ecm™?) 74.5 74.2 75.0 73.8 74.8 73.9 74.9 73.8 74.9
X; (ug/mL) 514 513 514 513 515 513 515 513 514
Z, (%mol) 0.0689 0.0688 0.0691 0.0687 0.0691 0.0688 0.0692 0.0688 0.0691
Y, (ug/cm?/h) 0.269 0.2689 0.2690 0.2688 0.2692 0.2689 0.2692 0.2689 0.2691
Y, (ug/mL) 375 374 376 374 375 374 376 374 375

a) BS resampling frequency at 250. b) BS resampling frequency at 500. ¢) BS resampling frequency at 750. d) BS resampling frequency at 1000.
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the optimal solutions was ensured, even with a small size of
original dataset.

CONCLUSION

The multivariate statistical technique based on the BS
resampling method was useful to evaluate the accuracy and
reliability of the optimal solution determined by RSM-S. In
our study, the elasticity (X,), drug content (X;), and content of
PE (Z,) were primary causal factors that should be intensively
considered in the development of a liposome formulation for
transdermal drug delivery because these were the most im-
portant factors that significantly correlated with efficient and
effective simultaneous optimal liposome formulation.
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Abstract. The object of this study was to develop the clindamycin transdermal patch using extracts
of tamarind seeds as novel gelling agent for transdermal delivery. The patch was composed of
tamarind seed extracts having xyloglucan as a main composition, 1% clindamycin, and various
ratios of glycerin and propylene glycol i.e. 10:0, 8:2, 6:4, 5:5, 4:6, 2:8 and 0:10, as plasticizer and
penetration enhancer, respectively. The clindamycin patch was prepared by casting method. The
content of clindamycin in the patch, the tensile strength and the drug release from the patch were
evaluated. Moreover, the cup and plate method was used to determine the antimicrobial activity of
clindamycin patch compared with commercial available clindamycin gel in the market, and
Staphyllococcus aureus was used as test organism in this study. The results showed that the good
physical stability of clindamycin patches were successfully prepared. The ratio of composition in
the formulation affected the tensile strength and the drug release. As the ratio of propylene glycol to
glycerin in the formulation was increased, the tensile strength and the drug release increased. The
formulation composed of the ratio of glycerin and propylene glycol (4:6) showed the highest drug
release and the best efficiency in antibiotic test. Our results indicated that the extracts of tamarind
seeds could be a potential biopolymer and also applied as controlled release in transdermal delivery
system.

Introduction

Natural polymers have been extensively used as biopolymers in pharmaceutics because of their
naturalness and non-toxicity materials. Xyloglucan (XG) is a natural glucosaminoglycan
polysaccharide derived from the tamarind seed (Tamarindus indica). Thus, tamarind seed XG was
used as binder, stabilizer, plasticizers, thickening agent and gelling agent in various drugs delivery
system such as oral [1], buccal [2] or rectal [3] drug delivery, because of its biodegradability and
biocompatibility properties. Acne vulgaris is a common chronic inflammatory disease of the
pilosebaceous units. Standard therapies were available for acne vulgaris e.g. oral and topical
antibiotics. Clindamycin phosphate is the most common topical antibiotic used in the treatment of
acne vulgaris for over 20 years [4]. However, poor patient compliance was a major cause of
treatment failure because of low efficacy, slow onset of action, adverse effects [5]. The new
formulation of topical acne treatment to improve patient adherence with medication, which is ease
of use, prolong release, reduce lesion counts and conceal redness is extremely interested. In this
study, novel transdermal patch of clindamycin was developed using extracts from tamarind seed to
overcome acne treatment failures. Moreover, the content of clindamycin in the patch, the tensile
strength, the drug release from the patch and the antimicrobial activity were evaluated.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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Materials Tamarind seed xylogluxan (XG) was gifted by Faculty of Science, Silpakorn University,
Thailand. Clindamycin phosphate (CM) was obtained as a gift sample from Bangkoklab and
Cosmetics Co., Ltd. (Ratchaburi, Thailand). All other chemicals and solvents were of analytical
grade.

Methods

Preparation of CM transdermal patch. CM patches using XG as gelling agent were prepared by
casting method. The dispersion of 1% XG and 1% CM in purified water were mixed with the
various ratios of glycerin (Gly) and propylene glycol (PG) at 10:0, 8:2, 6:4, 5:5, 4:6, 2:8 and 0:10.
The polymer mixture of XG and CM were stirred for 12 h at room temperature (25 °C), then they
were poured and dried on the petri-dish at 60 °C for 12 h.

Evaluation of transdermal patch.

Drug content. The content of CM was extracted from the transdermal patches to potassium
phosphate solution (PS, pH 2.5). Two mg of CM in the patch samples were immersed in 15 mL of
PS and stirred for 2 h. The solution was centrifuged at 10,000 rpm at 25 °C for 30 min. The
supernatant was filtered with 0.45 pum nylon syringe filter. Then, CM in each sample was
determined by HPLC.

Tensile strength. The tensile strength of the patches was evaluated by Texture Analyzer (TA.XT
plus, stable Micro Systems, Inc., NY, USA) with a 5 kg load cell equipped with tensile grip holder.
The patches were cut into rectangular shape (5 x 25; mm). The thickness of each patches ranged
from 0.2-0.4 mm. The tensile strength at break value was calculated.

In vitro release of CM from transdermal patch. The Franz’s diffusion cell with an available
release area of 1.85 cm” was employed. The membrane with MWCO 6,000-8,000 (Nuclepore;
Whatman Inc., MA, USA) was used as a membrane for in vitro release study. The receiver chamber
was filled with 6.5 mL of phosphate buffer saline (PBS; pH 7.4, 37 °C) and the donor chamber was
mounted with the round patch sample (7.07 cm?). At appropriate times (0-8 h), 1 mL of the release
medium was withdrawn, and the same volume of fresh buffer solution was replaced in the receiver
chamber. The concentration of CM in the aliquot was analyzed using HPLC (Agilent 1100 series,
Agilent Technologies, USA). The analytical column was VertiSep® C8 column (250 mm x 4.6 mm,
5 um particle size), and the mobile phase consisted of PS (pH 2.5)/acetronitrile (77.5:22.5, v/v). The
flow rate was set at 1 mL/min, and the wavelength used in this determination was 210 nm.

Antimicrobial test. The antimicrobial activity of the transdermal patch was tested against
Staphyllococus aureus (S. aureus) using the cup and plate method. The cylinder cups were placed
onto the top of the TSB plates. The release medium after 8 h of each sample (CM patch, CM gel,
blank-patch, standard CM solution (as positive control) and PBS (as negative control)) was poured
into the cups and then incubated at 37 °C for 24 h. The inhibition zone were observed and
evaluated.

Results and discussion.

Physical properties of CM transdermal patch. The physical appearance of the CM patch with
various ratios of Gly and PG are shown in Fig. 1. The Gly in the patch formulation affected the
appearance of the patch e.g. softness, smoothness, moistness, toughness and beauty patch as its
plasticizer and humectant property. The Gly and PG patch of 4:6 showed the optimal ratio and had
good appearance, while the patches of 0:10 and 2:8 were the most roughness, brittleness and
moistureless patch, respectively.

' ‘ . I(E) (F) b

Fig. 1. The physical appearance of the CM patch with differenct ration of Gly and PG: (A) 10:0,
(B) 8:2, (C) 6:4, (D) 5:5, (E) 4:6, (F) 2:8 and (G) 0:10.
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Drug content, tensile strength and drug release study. The ratio of Gly and PG in the
formulation also affected the drug content, tensile strength and drug release of the CM patches. As
shown in Fig. 2, Gly and PG not only affected the tensile strength, but also the in vitro drug release.
The patch with Gly and PG at the ratio of 4:6 showed the optimal tensile strength and maximum
drug release when compared to other formulations, whereas, the patch with Gly and PG at the ratio
of 2:8 became very brittle. Our results corresponded well with the study of Song and Zheng [6].
This could be explained by the poor plasticity effect of Gly at low concentration and the plenty
nanopores existed in the patch formulation. Moreover, the CM release from the patch increased
when the PG ratio was increased. Shingade G. reported that the nabumetone release from the gels
increased with increase the concentration of PG in the formulation [7].
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Fig. 2. Effect of glycerin and propylene glycol on the CM transdermal patch: (A) the drug content,
(B) the tensile strength and (C) the in vitro drug release.

The influence of Gly and PG on the release kinetic CM from the transdermal patch using
tamarind seed XG as gelling agent is illustrated in Table 1. The results suggested that the linear
relationship was obtained, when the percentage of CM release was plotted against the square root of
time, indicating that the release of CM from the transdermal patches was described by the Higuchi
model. The CM release from the patch formulation could be controlled by the XG transdermal
patch. The rate limiting step was the process of diffusion through the XG transdermal patch matrix;
thus this system was observed in the delivery system that the drug is freely soluble in the
formulation, and the membrane does not significantly affect the release of the drug [7].

Table 1. The release kinetics of CM from different formulations

Model of release Formulation (Gly : PG)

Kinetics (R2) 10:0 8:2 6:4 5:5 4:6
Zero-order O=k[8]" 09387 0.9707 0.8934 0.8344 0.8899
First-order O =[8]%™ 0.8738 0.9076 0.8274 0.7733 0.8188
Higuchi-model 0 = k"> 0.9853 0.9910 0.9593 0.9117 0.9573

Antimicrobial activities of CM transdermal patch. 1% CM is a topical antibiotic approved for
the commercial product for treatment of acne vulgaris. Fig. 3 shows the inhibition zone of bacteria
growth by the CM patch of Gly and PG (4:6) compared with CM gel, blank-patch, PBS and
standard CM solution after 24 h incubation with S. aureus. The CM patch inhibited S. aureus
growth as well as the CM gel. Because, CM inhibits bacteria protein synthesis at the ribosomal level
by binding to the 50s ribosomal subunit, and proceeds the peptide chain initiation. This result
indicated that the CM transdermal patch using tamarind seed XG as gelling agent showed a good
efficiency in antimicrobial test, and its antimicrobial activity was not significantly different from the
commercial product of CM.
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Fig. 3. The antimicrobial activity of CM transdermal patch (4:6): (A) the position of each sample (a)
standard CM solution, (b) CM patch, (c) CM commercial gel, (d) blank-patch and (e) phosphate
solution, and (B) the inhibition zone observed after incubated at 37 °C for 24 h.

Summary

The 1% clindamycin transdermal patches composed of tamarind seed extracts, glycerin and
propylene glycol was successfully prepared. The incorporation Gly and PG in the tamarind seed XG
patch affected the physical properties of CM transdermal patch. The patch composed of Gly and PG
(4:6) provided the highest drug release and the best efficiency in antibiotic test. Our results
indicated that the extracts of tamarind seeds could act as a potential biopolymer and could also be
applied as controlled release in transdermal delivery system.
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Abstract: The effect of low frequency sonophoresis (SN, 20 kHz) on the skin transport of
sodium fluorescein (NaFI)-loaded liposomes was investigated. An in vitro skin penetration
study in open and blocked hair follicles was performed, and confocal laser scanning micros-
copy and scanning electron microscopy were used to visualize the penetration pathways. The
results showed that SN significantly increased the flux of NaFI solution, whereas it signifi-
cantly decreased the flux of NaFI-loaded polyethylene glycol-coated (PEGylated) liposomes
with D-limonene (PL-LI). SN did not significantly affect the flux of NaFI-loaded conventional
liposomes and PEGylated liposomes. In the blocked follicles, the flux of NaFI-loaded PL-LI
both with and without SN decreased, indicating that NaFI-loaded PL-LI penetrated the skin
via the transfollicular pathway. A confocal laser scanning microscopy image showed that in
the skin without SN, the fluorescence intensity of NaFI-loaded PL-LI was observed in the skin
and along the length of hair inside the skin, whereas in the skin with applied SN, the fluores-
cence intensity was detected only on the top of hair outside the skin. From scanning electron
microscopy images, SN dislocated the corneocytes and reduced the deposition of PL-LI around
hair follicles. These results revealed that SN may partially plug hair follicle orifices and reduce
percutaneous absorption through the follicular pathway.
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Introduction
Sonophoresis (SN) is a non-invasive technique for increasing the skin permeability of
various medications, including hydrophilic and large molecular weight compounds such
as caffeine,'? hydrocortisone,® calcein, and FITC-labeled dextrans. The transdermal
delivery of hydrophilic solutes with low-frequency ultrasound is likely to occur as
non-specific transport across the stratum corneum (ie, both the intracellular lipid
regions and the corneocytes).* Several possible mechanisms for SN as a transport
pathway have been suggested, such as thermal effects by absorption of ultrasound
energy and cavitation effects caused by collapse and oscillation of cavitation bubbles
in the ultrasound field.>¢ Cavitation has been found to be the main factor in creating
aqueous pathways across the stratum corneum by distorting the lipid bilayer, which
can lead to enhancing the transport of hydrophilic drugs across the skin.’
Low-frequency SN typically enhances the transport of hydrophilic molecules in
solution across the skin. It can easily be coupled with other transdermal drug delivery
techniques such as tape stripping,® microneedle,’ electroporation,'® iontophoresis, !
and chemical enhancement to produce a synergistic effect on transdermal

submit your manuscript
Dove

http:

International Journal of Nanomedicine 2015:10 7413-7423 7413
© 2015 Rangsimawong et al. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution — Non Commercial (unported, v3.0)
Al License. The full terms of the License are available at http://creati fl /by-nc/3.0/. Non- ial uses of the work are permitted without any further

permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on
how to request permission may be found at: http://www.dovepress.com/permissions.php



http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S96831
mailto:ngawhirunpat_t@su.ac.th

Rangsimawong et al

Dove

drug delivery through an intracellular pathway.'? The
combination of SN and liposomes in skin permeation has
rarely been studied, and whether these methods have a syn-
ergistic effect is still controversial. Vyas et al showed that
the application of ultrasound and an ointment containing
liposomes enhanced diclofenac-entrapped liposome per-
meation across the skin.'* However, Dahlan et al reported
that the liposome application to sonicated skin prior to
application of bovine serum albumin solution reduced
bovine serum albumin penetration and transepidermal
water loss due to the repair of sonication-induced skin
disruption.'* Moreover, no mechanistic study for liposome
penetration into skin combined with SN has yet been
reported in term of skin penetration pathway, particularly
for the utilization of liposomes as a transfollicular drug
delivery system.

D-limonene (C, H,,) is one of the most common terpenes
in nature that has been widely used as skin penetration
enhancers. It can be remained in the lipid portion of the
stratum corneum, and can fluidize or perturb the integrity
of the barrier function of the stratum corneum for enhanced
transport of both hydrophilic and hydrophobic drugs through
the skin.” Polyethylene glycol (PEG), a hydrophilic poly-
mer, grafted onto the surface of the liposomes (PEGylated
liposomes, PL), was reported to enhance skin penetration
of zidovudine by binding to water molecules, increasing the
hydration of the stratum corneum.'® In addition, our previ-
ous work reported that D-limonene containing PL provided
a synergistic effect to enhance penetration of hydrophilic
compounds into and through the skin.'”

Therefore, the aim of this study was to investigate the
effect of low frequency SN (20 kHz) on the follicular pathway
for transport of sodium fluorescein (NaFI)-loaded PL into
porcine skin. PL containing D-limonene has been used as a
carrier to enhance transdermal delivery of hydrophilic NaFI,
with the transfollicular pathway as the major penetration
pathway.'” NaFI was used as a hydrophilic fluorescent com-
pound entrapped in vesicles. Liposomal formulations were
prepared by the sonication method. The particle size, shape,

blocked hair follicles were prepared to compare with open
hair follicles. Confocal laser scanning microscopy (CLSM)
and scanning electron microscopy were used to visualize the
skin penetration pathways of the vesicles.

Methods

Materials

Egg phosphatidylcholine (PC) and Na-salt N-(carbonyl-
methoxypolyethylen glycol-2000)-1,2-distearoyl-sn-
Ho0e-DSPE) were
purchased from Lipoid GmbH, Ludwigshafen, Germany.

glycero-3-phosphoethanolamine (PEG

Cholesterol (Chol) was purchased from Carlo Erba
Reagent, Ronado, Italy. Tween 20 was purchased from
Ajax Finechem, Auckland, New Zealand. NaFI and
D-limonene were purchased from Sigma-Aldrich, St Louis,
MO, USA. Lissamine™ rhodamine B 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine triethylammonium
salt (Rh-PE) was purchased from Invitrogen, Carlsbad,
CA, USA.

Liposome preparation

The formulations of the liposomes containing PC, Chol,
PEG,,,,-DSPE, Rh-PE, NaFl, and D-limonene are shown in
Table 1. The liposomes were prepared using the sonication
method. Briefly, a mixture of PC, Chol, PEG,,-DSPE, and
Rh-PE (as fluorescence probe) dissolved in chloroform/
methanol (2:1, v/v) was evaporated using the flow of N,
gas in tubes and placed in a desiccator at 6 hours. The
lipid film was hydrated with NaFI solution and mixed with
D-limonene in 2% (w/v) Tween 20 solution. PL and conven-
tional liposomes (CL) were prepared using the same process
described earlier. The particle size of all formulations was
reduced following probe-sonication for 30 minutes. The
particle size of all formulations was reduced following
probe-sonication (Vibracell™, VCX 130 PB, Sonics and
Materials, Inc., Newtown, CT, USA) with a frequency of
40 kHz at 40% amplitude for one cycle of 30 minutes under
ice bath. An excess lipid composition was separated from
vesicle formulation by centrifugation at 15,000 g at 4°C for

and in vitro skin penetration were investigated. Selectively 15 minutes.

Table | The composition of the different liposomal formulations

Formulations NaFI (mM) PC:Chol:PEG, -DSPE (mM) PC:Rh-PE (mM) D-limonene (mM)
CL 5.59 10:2 100:1 -

PL 5.59 10:2:0.12 100:1 -

PL-LI 5.59 10:2:0.12 100:1 7341

Abbreviations: CL, conventional liposome; Chol, cholesterol; NaFl, sodium fluorescein; PC, phosphatidylcholine; PEG

-DSPE, Na-salt N-(carbonyl-methoxypolyethylen

2000

glycol-2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine; PL, PEGylated liposome; PL-LI, PEGylated liposome with D-limonene; Rh-PE, Lissamine™ rhodamine B 1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolaminetriethylammonium salt.
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Characterization of liposomal
formulations

Particle size and surface charge

Each liposome formulation was diluted with an appropriate
amount of water and measured for particle size, size distri-
bution, and zeta potential, using a dynamic light scattering
particle size analyzer (Zetasizer Nano-ZS, Malvern Instru-
ment, Malvern, UK) with a4 mW He—Ne laser at a scattering
angle of 173°.

Particle size and shape by transmission

electron microscopy

Each liposome formulation was diluted with an appropriate
amount of distilled water and placed in a sonicator bath for
10 minutes and then dropped onto a formvar-coated copper
grid. The sample was observed using transmission electron
microscopy (JEM 1230, JEOL Ltd, Tokyo, Japan) at 80 kV
for particle size and shape measurements. The image analy-
sis software (JMicroVision V.1.2.7, University of Geneva,
Geneva, Switzerland) was used to determine the diameter
of the particle.

Drug entrapment efficiency

The NaFI entrapped liposomes was established by using
an ultrafiltration tube with a molecular weight cutoff of
3,000 Da (Microcon YM-3; Millipore, Billerica, MA,
USA). Briefly, liposomes in ultrafiltration tube were
centrifuged at 4°C at 10,000x g for 60 minutes. 0.25 mL
of phosphate-buffered saline (PBS) was added to the reten-
tate and centrifuged at 4°C at 10,000x g for 40 minutes.
The retentate was disrupted with 0.2 mL of 0.1% (w/v)
Triton X-100 and centrifuged at 4°C at 10,000x g for
10 minutes. The NaFI content of the supernatant was
determined by fluorescence analysis and calculated with
the following:

% EE = (CL/Ci) x100 (1)

where % EE is the entrapment efficiency, CL is the concen-
tration of NaFI in the liposomal formulation, and Ci is the
initial concentration of NaFI added.

In vitro skin permeation study
Preparation of the porcine skin

Abdominal porcine skin was taken from intrapartum stillbirth
animals provided by a farm in Nakhon Pathom. Subcutane-
ous fat was carefully removed using medical scissors and
surgical blades (thickness ~0.6—0.7 mm). The skin samples

were frozen at —20°C until use. The skin samples were
thawed at room temperature using PBS (pH 7.4) prior to the
experiments.

Selectively blocked hair follicle

All hair follicles in the skin sample were blocked by
using the follicular closing technique.'> Each skin sample
had a hair follicle density on average between 30 and 40
follicles per application area (1.96 cm?). One microdrop
of nail varnish using a blunt 27-gauge needle was care-
fully placed beside each hair follicle orifice and dried for
5 minutes to completely block the follicular shunt. Then,
the skin samples were washed with PBS and mounted on
Franz cells.

Skin permeation study
In vitro permeation studies of NaFI through porcine skin
were performed using Franz diffusion cells. Briefly, ~2 mL
of NaFI-loaded liposomes was added to the skin surface
in the donor compartment (an average diffusion area of
2.022 c¢m?), and the receptor compartment of the cell was
filled with 6 mL of PBS. The skin samples, which were
mounted on the Franz cells, were treated with ultrasound.
The diffusion studies were performed for 24 hours. The
0.5 mL of receiver medium was withdrawn at predetermined
time points of 1, 2, 4, 6, 8, and 24 hours for analysis by the
fluorescence-detection method, and an identical volume of
PBS was added into the receiver compartment to maintain
a constant volume. The cumulative amount profile was plot-
ted against time. The steady-state flux was determined as
the slope of the linear portion of the plot. Each sample was
analyzed in triplicate.

For passive delivery studies, a similar procedure to the
SN-treated skin studies was followed, except that the skin
samples were not subjected to ultrasound treatment.

Sonophoresis-treated skin

Low frequency SN at 20 kHz was generated by using an
ultrasonic transducer (Vibra-cell™, VCX130 PB, Sonics and
Materials, Inc.), which has a transducer probe with a radiat-
ing diameter of 6 mm. The ultrasound transducer probe was
placed inside the donor compartment with its active horn face
located 3 mm above the skin surface. NaFI-loaded liposomes
(as a coupling medium) were placed in the donor chamber.
The skin was then continuously sonicated for 2 minutes
(100% duty cycle, 25% amplitude). The acoustic intensity
applied was 1.90 W/cm?, which was calculated from the
following equation:
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Intensity ~ Power (Watts)
(Watts/cm?)  Areaof skin (cm?)

Sound energy (joules)

B Areaof skin (cm?) x Applicationtime (second)

2

Fluorescence analysis

The NaFI concentration was analyzed using a fluorescence
spectrophotometer (Fusion™ Universal Microplate Analyzer,
Packard Instrument Company, Inc., Downers Grove, IL,
USA). The excitation wavelength was 485 nm, and the emis-
sion wavelength was 535 nm. One hundred puL of the sample
was pipetted into a black 96-well plate, and fluorescence was
detected for three replicates of each sample.

Confocal laser scanning microscopy
After 4 hours of in vitro skin penetration study, the whole
skins were cross-sectioned using a cryostat (Leica 1850, Leica
Instrument). Each skin sample was mounted on a metal sample
holder using a frozen section medium (Neg50, Microm Inter-
national, Waldorf, Germany). The frozen skin was sectioned
into 10 um slices and placed on glass microscope slides. The
skin tissues were mounted with mounting medium and cov-
ered with a cover slip. Confocal images were obtained using
the 10X objective lens system of an inverted Zeiss LSM 510
META microscope (Carl Zeiss AG, Jena, Germany) with
a He—Ne laser (excitation wavelength 543 nm; emission
wavelength 580 nm), Ar laser (excitation wavelength 488
nm; emission wavelength 514 nm), and diode laser (excitation
wavelength 358 nm; emission wavelength 461 nm).

Scanning electron microscopy
After 4 hours in vitro skin penetration study, porcine skin was
visualized to study the effect of liposomal formulations and

100 nm

ROV Y

Figure | Transmission electron microscopy images of NaFl-loaded liposomes.
Notes: (A) CL, (B) PL, and (C) PL-LI.

SN on epidermal structure. Each skin sample was cut into
pieces (1x2 mm) from the central area. The samples were
rapidly frozen in liquid nitrogen and dried using a Freeze-Dry
System (FreeZone 2.5; Labconco, Kansas City, MO, USA)
for 24 hours. The dried specimens were gold coated using
a sputtering device. Specimens were then observed with a
scanning electron microscope (Camscan Mx2000; Obducat
Camscan Ltd, Cambridge, UK).

Statistical analysis

One-way analysis of variance followed by a least significant
difference post hoc test was used to analyze the statistical
significance of observed differences. The significance level
was set at P<<0.05.

Results and discussion
Physicochemical characterization of

liposomal formulations

The average size of CL, PL, and PEGylated liposomes with
D-limonene (PL-LI) was 105.40+4.50, 71.30£1.22, and
43.59+1.37 nm, respectively, with a narrow size distribution
(polydispersity index below 0.3). Similar to the observed
particle size from transmission electron microscopy tech-
nique, the average particle size of CL, PL, and PL-LI was
112.95+£14.01, 58.6246.93, and 44.81+6.55 nm, respectively,
with a spherical shape (Figure 1). In a previous study, the
particle sizes of PL and PL-LI were significantly lower than
CL because PEG molecules at the surface of the liposome
provided a significant reduction in attractive force (van der
Waals) and an increase in the repulsive forces (steric, elec-
trostatic, and hydration) for formation. In addition, Tween
20 added into PL-LI formulations can decrease the size of
the liposome vesicle. All liposomes formulations showed a
negative surface charge (—8.74 to —12.65 mV). As the pH of

100 nm q 100 nm

Abbreviations: CL, conventional liposome; NaFl, sodium fluorescein; PL, PEGylated liposome; PL-LI, PEGylated liposome with D-limonene.
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study condition (pH 7.4) was higher than the isoelectric point
of PC (isoelectric point between 6 and 6.7), the PC vesicle
exhibited a negative charge.!’

The drug entrapment efficiency of CL, PL, and PL-LI
was 17.33%+1.13%, 21.76%+1.56%, and 29.60%+2.35%,
respectively. According to the presence of PEG-lipids in the
liposome formulation, the membrane bilayer became more
polar and the efficiency of incorporation of the hydrophilic
drug increased.'® In addition, edge activator and terpenes
may lead to formation of pores in the bilayer, destabilize
the lipid bilayers of vesicles, and increase the flexibility of
the membrane.'$2*

In vitro skin penetration study
Figure 2 A presents the cumulative amount of NaFI permeated
into the skin at different time points, in which the amount
of NaFI through the skin was in the following order: PL-LI
without SN>NaFTI solution with SN>PL-LI with SN>PL
without SN>PL with SN>CL with SN>CL without
SN>NaFI solution without SN. For skin without SN, PL-LI
showed the highest cumulative amount of NaFI, followed by
PL, CL, and NaFTI solution. In our previous study, liposomes
containing Tween 20 (as an edge activator) increased deform-
ability of vesicle bilayer, thus resulting in increased skin
permeability of NaFI. As D-limonene (as skin penetration
enhancers) was incorporated into liposomes containing an
edge activator a synergistic enhancement of skin penetration
of NaFI was observed.?’ In SN-treated skin, the NaFI solution
showed higher cumulative penetration than other formula-
tions. However, there was no significant difference in skin
permeation of NaFI-loaded CL or PL with or without SN.
From these results, the steady-state flux of NaFI was
used to determine the effect of SN on each formulation

>

161
14 1

104

Cumulative NaFlI
permeated (ug/cm?)

Time (hours)

(Figure 2B). SN significantly increased the NaFI flux in
NaFT solution from 0.0058 (without SN) to 0.2999 pg/cm?/h
(with SN), indicating that using SN resulted in a 51.7-fold
enhancement in permeation over passive delivery. SN is a
more effective technique in enhancing transdermal delivery
of small hydrophilic molecules,? as the NaFI solution per-
meated better through the skin with SN than with liposomal
formulations. The mechanism of SN is acoustically induced
cavitation to create intercellular lipid channels and defects
in the stratum corneum both in the lipid bilayer and in the
corneocyte, which induces aqueous permeation pathways
at discrete sites.*>?* In SN, both cavitation and tempera-
ture affect the solute diffusivity. Thermal energy provides
a doubling of permeability for every 10°C of increase in
temperature.? However in this study, there was no significant
rise in temperature of the donor solutions in contact with the
sonicated skin (increased ~1°C—2°C); therefore, the NaFI
diffusity was mainly due to cavitation from SN.

In contrast, SN significantly decreased the NaFI flux
of PL-LI from 0.5380 (without SN) to 0.1914 pg/cm?/h,
indicating that using SN resulted in a 2.81-fold decrease
in skin permeation compared with passive delivery. Simi-
larly to PL, SN decreased the NaFI flux of PL from 0.0600
(without SN) to 0.0427 pg/cm?*h (1.41-fold), while SN
increased the NaFI flux of CL from 0.0250 (without SN) to
0.0418 pg/cm?/h (5.36-fold). However, the NaFI flux of CL
and PL between with and without SN was not significantly
different, indicating that SN had no effect on the penetra-
tion route of CL and PL. According to Vyas et al,”* in the
application of diclofenac-loaded liposomal ointment, with
ultrasound enhancement diclofenac permeated across the
skin better than liposome ointment alone. The improved
diffusion is probably due to the breaking of lamellae on

w

0.7 4
0.6 1
0.5
0.4+
0.3 1
0.2
0.1

Flux (ug/cm?/h)

=77 ﬁ 7]
NaFI CL PL
solution

PL-LI

Figure 2 The skin permeation profile and flux of NaFl solution and NaFl loaded in different liposomal formulation with and without SN.

Notes: (A) The cumulative amount-time profiles of NaFl in different liposomal formulations with and without SN. Symbols: PL-LI with SN (O) and without SN (®), PL with
SN (A) and without SN (A), CL with SN () and without SN (M), and NaFl solution with SN (<>) and without SN (#). (B) Comparison of NaFl flux (lLg/cm?h) of each
liposome formulation with () and without SN (M). Each value represents the mean + SD (n=3). *Indicates significant difference between groups (P<<0.05).
Abbreviations: CL, conventional liposome; NaFl, sodium fluorescein; PL, PEGylated liposome; PL-LI, PEGylated liposome with D-limonene; SN, sonophoresis.
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sonication." After releasing the entrapped drug, hydrophilic
molecules were transported through the pore pathway in
the stratum corneum.?’ When sonication energy was termi-
nated, phospholipid bilayer fragments were rapidly fused
and closed to form liposome vesicles.?” Liposomes repair
ultrasound-induced skin disruption by adsorption onto and
fusion with the skin surface defect to reduce permeability.'*
Moreover, the penetration pathway of PL-LI was reported to
be transfollicular rather than intercellular or intracellular.'®
Therefore, if ultrasound can lead to changes in the structure
of the skin surface, the penetration route of NaFI-loaded
PL-LI will also be affected. However, PL-LI showed higher
NaFI permeation through the skin than CL and PL because
D-limonene in PL-LI caused greater skin disruption than that
can be repaired by liposome vesicles.

For skin penetration pathways, the delivery of the sub-
stances into the skin primarily occurs by two routes, the
transfollicular route and the transepidermal routes (intercel-
lular and intracellular penetration).>* The blocked hair fol-
licles skin (blocked by the nail varnish) presented only the
transepidermal route. Therefore, the difference in permeated
flux between the open hair follicles skin (transfollicular and
transepidermal route) and the blocked hair follicles skin (only
transepidermal route) was calculated as the transfollicular
penetration flux." For comparison of the blocked and open
hair follicles skin, the cumulative amount and the flux of
NaFI-loaded PL-LI between with SN and without SN were
evaluated (Figure 3). In the blocked hair follicles skin, the flux
of NaFI in PL-LI using SN and without SN was very small,
thus there was no significant difference in the flux between
using SN and without SN.

>

Cumulative NaFlI
permeated (ug/cm?)
(o]

6 s
4] + o)
e o
2 .. T &
1 e , pmcrmrma)
0 4 8 12 16 20 24

Time (hours)

In the open hair follicle skin, skin without SN exhibited
significantly higher cumulative amounts of NaFI than skin
with SN. According to our previous study, the major pen-
etration pathway of PL with D-limonene is the transfollicular
pathway, while the intercellular and intracellular pathways
are minor pathways.'® Using ultrasound leads to changes
in the corneocyte layers in the uppermost layer of skin
causing opening up of the continuous surface together with
partially sloughing off of the hair follicle orifices, and thus
the follicular route of absorption is reduced.** Therefore,
PL-LI that mainly permeated through the follicular route
had a higher passive permeability than SN. While the flux
of NaFI solution treated with SN and without SN was not
significantly different between the open and blocked hair
follicle skin (data not shown). These might be caused from
that NaFI transported via transepidermal route as a major
route.

Visualization of fluorescence dye
permeation through SN-treated skin

CLSM images were used to visualize the fluorescence
compound, NaFI-loaded liposomes and Rh-PE-probed
phospholipid membrane, and demonstrate their skin penetra-
tion. Figure 4 shows cross sections of the skin after 4 hours
in vitro skin permeation with and without SN of NaFI solu-
tion and NaFI-loaded-Rh-PE-labeled liposomes: CL, PL, and
PL-LI. In these results, the NaFI and Rh-PE accumulated
in the follicle openings, covered the hair and penetrated
into the follicular duct. PL-LI without SN showed brighter
fluorescence intensity of NaFI and Rh-PE in the skin and the
hair follicle than other formulations.

w

0.71

0.6 1 *

0.51

0.4 1

0.3 1

Flux (ug/cm?/h)

0.1

r7Z¥77
PL-LI with SN

ZZZZIA

PL-LI without SN

Figure 3 The skin permeation profile and flux of NaFl-loaded PL-LI through blocked hair follicles skin with SN and without SN.

Notes: (A) The skin permeation profiles of NaFl-loaded PL-LI permeated through blocked hair follicles skin (with SN [M] and without SN [*]) and open hair follicles skin
(with SN [O] and without SN [®]). (B) Comparison of NaFl flux (lg/cm?¥h) of NaFl-loaded PL-LI permeated through blocked hair follicles skin (E) and open hair follicles
skin (M). Each value represents the mean + SD (n=3). *Indicates significant difference from other groups (P<0.05).

Abbreviations: NaFl, sodium fluorescein; PL-LI, PEGylated liposome with D-limonene; SN, sonophoresis.
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Figure 4 Confocal images of the skin cross section obtained at 4 hours after deposition of (A) NaFl solution without SN, (B) NaFI solution with SN, (C) NaFl-loaded-
Rh-PE-labeled liposomes: CL without SN, (D) NaFl-loaded-Rh-PE-labeled liposomes: CL NaFl-loaded-Rh-PE-labeled liposomes: CL with SN, (E) NaFl-loaded-Rh-PE-labeled
liposomes: PL without SN, (F) NaFl-loaded-Rh-PE-labeled liposomes: PL with SN, (G) NaFl-loaded-Rh-PE-labeled liposomes: PL-LI without SN, and (H) NaFl-loaded-Rh-PE-
labeled liposomes: PL-LI with SN.

Notes: In images C to H, it is divided into 3 parts: |) green fluorescence of NaFl; 2) red fluorescence of Rh-PE; and 3) overlay of green fluorescence of NaFl and red
fluorescence of Rh-PE. The scale bar represents 100 pm. All confocal images were obtained at a magnification of x10.

Abbreviations: CL, conventional liposome; NaFl, sodium fluorescein; PL, PEGylated liposome; PL-LI, PEGylated liposome with D-limonene; Rh-PE, rhodamine B
|,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium salt; SN, sonophoresis.
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The skin with SN of NaFI solution, CL, and PL showed
brighter fluorescence intensity for both NaFI and Rh-PE-
labeled liposome membrane than the skin without SN. The
fluorescence was deposited in the stratum corneum surface,
covered the hair and in the follicle opening, but did not pen-
etrate into the deep follicular duct. The skin image of PL-LI
with SN exhibited weaker fluorescence intensity for NaFI and
Rh-PE than skin without SN, which exhibited high intensity
fluorescence on the top of hair outside the skin. While PL-LI
without SN showed bright fluorescence intensity at a depth of
10-40 um of the stratum corneum and exhibited deeper pen-
etration around the hair follicle orifice than other regions of skin
surface, the fluorescence was also observed along the length of
hair inside the skin, indicating the follicular penetration route
was the main penetration route. In addition, the Rh-PE-labeled
PL-LI membrane showed the deposition of fluorescence at the
same region of NaFI and in the deepest layer of skin, suggesting
that the intact vesicles might penetrate into skin. However, the
fluorescence of NaFI was observed in only some parts of the
skin, suggesting that some vesicles might release the entrapped
drug before attaching to any part of the skin. These results indi-
cated three mechanisms of skin penetration for the NaFI-loaded
PL-LI: i) penetration associated with the liposomal bilayer
(intact vesicles), ii) penetration associated with a liposomal
bilayer fragment, or iii) penetration solitarily.?

The fluorescence intensity of NaFI-loaded-Rh-PE-labeled
PL-LI in skin decreased when using SN, indicating that the
mechanical effect of ultrasound changed the transport path-
way of drug-loaded lipid vesicles. Morimoto et al reported
that the differences in the physicochemical properties of
the solutes, such as lipophilicity or hydrophilicity, may
be affected when using low frequency ultrasound, as the
ultrasound increases water transport across the skin. Thus,
the distribution of more lipophilic compounds may not be
influenced,* indicating that PL-LI as a lipid vesicle carrier
might not penetrate through hydrophilic transport routes in
the intercellular space of the stratum corneum. In addition,
liposomes adsorbed onto the skin damage caused by sonica-
tion might cause the high fluorescence intensity of both NaFI
and Rh-PE-labeled CL and PL at the top of the skin layer.

Scanning electron microscopy

Figure 5 shows scanning electron micrographs of the skin
surface for control (PBS), CL, PL, and PL-LI with and
without SN. The surface of skin without SN was observed to
assess the effect of SN on the transport route of NaFI-loaded
liposomal formulations across the skin. Without SN, the sur-
face of the stratum corneum remained relatively flat, intact,

and confluent. However, in skin with SN, the corneocytes
were lifted up and exhibited crack-like structures. The low-
frequency SN induces disruption of the structure of stratum
corneum lipid bilayers and enhances skin permeability for
hydrophilic molecules in solution into the viable epidermis
through an intracellular pathway.** However, the combination
of CL or PL with SN for treated skin showed small corneo-
cytes lifting, indicating that the lipid membrane of liposomes
could fill and cover the skin damage. Although liposomes can
repair the skin damage, the combination of using a chemical
penetration enhancer (D-limonene) in a liposomal formula-
tion (PL-LI) and SN resulted in greater disruption of the skin
stratum corneum so the skin damage could not be repaired
by liposomes.'**

Figure 6 shows scanning electron micrographs of the skin
surface view at the follicular region of the control (PBS), CL,
PL, and PL-LI with and without SN. In the absence of SN,
only PL-LI was clearly found to be deposited on the top of
hair follicles that covered hair follicle orifices (Figure 6G,
white arrow), indicating the use of the follicular route as a
major penetration route. Therefore, SN had a lower amount
of NaFI permeate through the skin than without SN (Figure 2)
because the ultrasound changes the ultrastructure of the stra-
tum corneum, dislocating the top layer of corneocytes. Addi-
tionally, the follicles constitute a very tiny fraction (=0.1%
approximately) of the total skin surface area; therefore, many
detached corneocytes might partially slough off the hair
follicle opening,’ closing the main penetration pathway of
NaFI-loaded-PL-LI. Therefore, the partial plugging of the
hair follicle orifices caused by ultrasound energy altering the
ultrastructure of stratum corneum might reduce the absorp-
tion of NaFI and PL-LI via the follicular route.*

Conclusion

This work demonstrated that low frequency SN (20 kHz
for 2 minutes) affected the skin penetration of NaFI-loaded
PL-LI via the transfollicular pathway. SN significantly
decreased the NaFI flux of PL-LI compared to skin without
SN. In selectively blocked hair follicles, the skin penetration
of NaFI-loaded PL-LI decreased both with and without SN,
indicating that the follicular pathway was a major penetration
pathway. A CLSM study confirmed that a high intensity of
NaFI-loaded PL-LI into the skin and along the length of hair
inside the skin was found in skin without SN, while a high
intensity on the top of hair outside the skin was observed in
the skin with SN. In addition, scanning electron microscopy
images revealed that SN could partially dislocate corneocytes
to plug hair follicle orifices; therefore, it could reduce the
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Figure 5 Scanning electron microscopy (SEM) images of porcine skin surface at nonfollicular region (original magnification x1,000): control (PBS) without SN (A) and with

SN (B), CL without SN (C) and with SN (D), PL without SN (E) and with SN (F), and PL-LIs without SN (G) and with SN (H).
Abbreviations: CL, conventional liposome; PBS, phosphate-buffered saline; PL, PEGylated liposome; PL-LI, PEGylated liposome with D-limonene; SN, sonophoresis.
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Figure 6 Scanning electron microscopy (SEM) images of porcine skin surface at follicular region (original magnification x120): control (PBS) without SN (A) and with SN (B),
CL without SN (C) and with SN (D), PL without SN (E) and with SN (F), and PL-LIs without SN (G) and with SN (H).

Note: The white arrows are PL-LI covered hair follicle orifices (G).

Abbreviations: CL, conventional liposome; PBS, phosphate-buffered saline; PL, PEGylated liposome; PL-LI, PEGylated liposome with D-limonene; SN, sonophoresis.
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percutaneous absorption of NaFI and PL-LI. Therefore, SN

might affect the penetration via the follicular pathway.
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Abstract: The purpose of this study was to investigate the effect of ultradeformable liposome
components, Tween 20 and terpenes, on vesicle fluidity. The fluidity was evaluated by electron
spin resonance spectroscopy using 5-doxyl stearic acid and 16-doxyl stearic acid as spin labels
for phospholipid bilayer fluidity at the C5 atom of the acyl chain near the polar head group
(hydrophilic region) and the C16 atom of the acyl chain (lipophilic region), respectively. The
electron spin resonance study revealed that Tween 20 increased the fluidity at the C5 atom of
the acyl chain, whereas terpenes increased the fluidity at the C16 atom of the acyl chain of the
phospholipid bilayer. The increase in liposomal fluidity resulted in the increased skin penetra-
tion of sodium fluorescein. Confocal laser scanning microscopy showed that ultradeformable
liposomes with terpenes increase the skin penetration of sodium fluorescein by enhancing hair
follicle penetration.

Keywords: ultradeformable liposomes, terpenes, fluidity, electron spin resonance spectroscopy,

confocal laser scanning microscopy

Introduction
Transdermal drug delivery systems utilize skin as a transportation route and offer
many advantages, including avoidance of first-pass hepatic metabolism, sustained
and controlled drug release, and improved patient compliance. However, the stratum
corneum, the outermost skin layer, exhibits a rate-limiting step in regulating drug
absorption into the skin. Various strategies have been used to increase drug absorption
across the skin, such as microneedles,' iontophoresis,” sonophoresis,’ electroporation,*
microdermabrasion,’ microemulsion,® niosomes,’ and liposomes.®'° Ultradeformable
liposomes (ULs), also called transfersomes, are a type of elastic vesicle, introduced
by Cevc and Blume.'" ULs generally consist of phospholipids and surfactant as a
membrane softening agent. Due to their flexibility, ULs fit through narrow pores
approximately one-tenth of their diameter. ULs also penetrate as intact vesicles through
the skin into the blood circulation without permanent disintegration.!?> ULs effectively
increase the skin penetration of drugs both in vitro and in vivo.!* 13

Terpenes, a class of penetration enhancers obtained from natural sources, have
successfully been used as skin penetration enhancers for percutaneous absorption
enhancement in various types of liposomes, specifically invasomes,'®!” and ULs.'®"
Electron spin resonance (ESR), also known as electron paramagnetic resonance, is
a spectroscopy technique used to study molecular mobility by characterizing the
unpaired electron of free radicals, also called spin probes, in an extreme applied
magnetic field. This technique has been used to study membrane fluidity,?** the skin
penetration enhancement mechanism of penetration enhancers and nanocarriers,%
and antioxidant properties.**
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According to our previous study,'® ULs consisting of
terpenes as a skin penetration enhancer and Tween 20 as a
terpene solubilizer significantly enhanced the skin penetra-
tion of sodium fluorescein (NaFl). Since ULs with terpenes
penetrated via transfollicular pathway as major skin pen-
etration pathway,"” we suggested that ULs with terpenes
increased NaFI penetration by penetrating through hair fol-
licles to bypass stratum corneum. To develop more effective
ULs with terpene formulations and to identify the penetration
enhancement mechanism, it is necessary to investigate the
correlation between percutaneous penetration enhancement
and liposomal fluidity, including the molecular structure of
ULs with terpenes, which do not yet exist.

Therefore, we selected ESR to investigate the vesicle
fluidity and molecular arrangement of the membrane
softening components, terpenes and Tween 20, in UL
structures using 5- and 16-doxyl stearic acid (5-DSA and
16-DSA) as spin labels. These spin probes have been widely
used to study the membrane fluidity of liposomes** and
niosomes.?® 5-DSA has a nitroxide radical moiety at the
fifth carbon atom of the acyl chain, whereas 16-DSA has
a nitroxide radical moiety at the 16th carbon atom of the
acyl chain (Figure 1). These selected spin labels, 5-DSA
and 16-DSA, oriented their molecules parallel to the
phospholipid molecules in a bilayer structure, providing
mobility parameters for fluidity detection affected by the
incorporated components at the C5 and C16 atoms of the
phospholipid acyl chains.

Because the follicular pathway is the major skin pene-
tration pathway of ULs with terpenes,'” the mechanism
of skin penetration enhancement by targeting the folli-
cular penetration was elucidated. Liposomal vesicles were
probed with rhodamine B 1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine triethylammonium salt (Rh-PE),
which exhibits red fluorescence, whereas entrapped com-
pound (NaFl) exhibits green fluorescence. Confocal laser
scanning microscopy (CLSM) using a co-localization tech-
nique was used to probe the skin penetration of fluorescent-
labeled vesicles (UL-labeled Rh-PE) by comparing the
fluorescence intensity and skin penetration depths between
near follicular and nonfollicular regions. The objective of this
study was to determine the correlation between liposomal
fluidity and the increased in vitro skin penetration of NaFI
and to elucidate the effect of vesicle fluidity on the follicular
penetration enhancement of liposomes.

Materials and methods

Materials

Non-hydrogenated egg phosphatidylcholine (PC) (Coatsome
NC-50; PC purity =95%) was purchased from NOF Corpora-
tion (Tokyo, Japan). Cholesterol (Chol) was purchased from
Sigma-Aldrich, St Louis, MO, USA. Tween 20 was purchased
from Ajax Finechem (Auckland, New Zealand). Sodium fluo-
rescein (NaFl1), d-limonene, 1,8-cineole, and geraniol were
purchased from Sigma-Aldrich. 5-DSA and 16-DSA were
purchased from Sigma-Aldrich. Lissamine™ rhodamine B 1,

CH, CH, CH, O@
o-
N"on © 0
z
° I
S | 0
7 o]
H,C CH, HC CH, HC CH, %/ N2
0 T
D-limonene Cineole Geraniol
0
O\/é\ J]\/\/\/\/\/\
0 W 1°
o OH
X
HO\é/\O O/\>/OH o '
z y w+x+y+z=20 ~ o
\X
Tween 20 5-DSA 16-DSA

Figure | Chemical structures of the terpenes, Tween 20, 5-doxyl stearic acid (5-DSA) and |6-doxyl stearic acid (16-DSA).
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2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine trieth-
ylammonium salt (Rh-PE) was purchased from Invitrogen,
CA, USA. All other reagents were of analytical grade and
were commercially available.

Preparation of UL containing

monoterpenes
The formulations of the liposomes containing PC, Chol,
Tween 20, NaFl, and terpenes are shown in Table 1. The lipo-
somes were prepared using the sonication method. A mixture
of PC and Chol was dissolved in chloroform and methanol
(2:1 v/v). NaFI solution was prepared by dissolving NaFl to
phosphate-buffered saline (PBS) at pH 7.4 as a stock solu-
tion. The mixture of PC and Chol was then evaporated using
a stream of nitrogen until a thin and homogeneous lipid film
was formed. The thin film was placed in a desiccator con-
nected to a vacuum pump for at least 6 hours. Then, the dried
thin film was hydrated with PBS and NaFI solution. Tween 20
and each terpene were then added to the liposomal dispersion
before sonication using a probe sonicator (Vibracell™, VCX
130 PB; Sonics & Materials, Inc, Newtowns, CT, USA) for
30 minutes to reduce the size of the liposomes.
Conventional liposomes (CLs) and ULs were prepared
using the same process as UL containing monoterpenes.

Liposomal characterization

Each liposomal formulation was diluted with distilled water
prior to the measurement of size, zeta potential, and size distri-
bution using a dynamic light scattering particle size analyzer
(Zetasizer Nano-ZS; Malvern Instruments, Malvern, UK)
with a 4 mW He-Ne laser at a scattering angle of 173°. All
measurements were performed under ambient conditions
and in triplicate.

Assessment of liposomal fluidity using ESR
All liposomal formulations were probed with stearic acid spin
labels (5- or 16-DSA) using a spin label (5-DSA/16-DSA)-to-
lipid ratio of 1:100 M. Each spin label was dissolved in a mix-
ture of chloroform and methanol (2:1 v/v) before being added

Table I Composition of NaFl-loaded liposomal formulations

to a test tube of PC and Chol, followed by thin film formation
as described in section Preparation of UL containing monot-
erpenes. All other ingredients were added except NaFl.
Liposomes probed with each spin label (5- or 16-DSA)
were added to a glass capillary tube and sealed with Parafilm®
before the ESR experiments. An ESR spectrum was recorded
on amodel JES-RE2X (JEOL, Tokyo, Japan) equipped with

cylindrical cavity resonator and operated in (TE, ) mode.

101
The ESR spectrometer was equipped with a microwave
unit X band with a frequency of 8.8-9.6 GHz. The operat-
ing conditions of the equipment were microwave power
of 1 mW, modulation frequency of 100 kHz, modulation
amplitude of 2.5x100 mT, magnetic field scan of 1x10 mT,
sweep time of 30 seconds, detector time constant of 30 ms,
and temperature of 24°C.

For 5-DSA (Figure 2A), the liposomal fluidity was esti-
mated from the outermost separation between the spectral
extrema, the maximum hyperfine splitting (ZTH’). The value
of ZTH’ reflects the motional profiles near the phospholipid
polar head group of the lipid bilayer. To determine the
motional profiles at the phospholipid acyl chain near the
lipophilic region of the phospholipid bilayer, the rotational
correlation time (7,) obtained from the 16-DSA spectrum
(Figure 2B) was used as the liposomal fluidity parameter.
The 7, was calculated from the equation as follows:*’

0.5
h
7=(6.5x107")W, [h—‘)] -1 (1)

-1

where W is the width of the midfield line of the spectrum in
Gauss (G), &, is the height of the midfield line of the spectrum
and #_, is the height of the highfield line (Figure 2B). The
2TH’ and 7_increased with a decrease in fluidity.

In vitro skin penetration study

Abdominal neonatal porcine skin (death from natural causes
after birth) was obtained from a local slaughter house in Nakhon
Pathom province and was used as barrier membrane for this

Formulation (code) PC (%wlv) NaFI (%wi/v)

Chol (%wiv)

Tween 20 (%wlv) Terpenes (%wlv) PBS (%wlv) (mL)

CL 0.77 0.21 0.07
UL 0.77 0.21 0.07
ULL 0.77 0.21 0.07
ULC 0.77 0.21 0.07
ULG 0.77 0.21 0.07

- - ad 100
2 - ad 100
2 | ad 100
2 | ad 100
2 | ad 100

Abbreviations: Ad, add to; Chol, cholesterol; CL, conventional liposomes; NaFl, sodium fluorescein; PBS, phosphate-buffered saline; PC, phosphatidylcholine; UL,
ultradeformable liposomes; ULC, UL with cineole; ULG, UL with geraniol; ULL, UL with d-limonene.
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Relative amplitude (AU)

Figure 2 (A) ESR spectrum of 5-DSA and (B) ESR spectrum of |6-DSA.

Relative amplitude (AU)

Abbreviations: AU, arbitrary unit; 5-DSA, 5-doxyl stearic acid; 16-DSA, 16-doxyl stearic acid; ESR, electron spin resonance.

study. The subcutaneous fat was removed using medical scis-
sors and surgical blades. The thickness of each skin membrane
was approximately 0.6-0.7 mm. The skin membranes were
frozen at —20°C until use. The membranes were thawed at
room temperature using PBS prior to the experiments.

The experiment with NaF] penetration through porcine
skin was performed using Franz diffusion cells with a pene-
tration area of 2.31 cm?. Approximately 6.5 mL PBS was
added to the receiver portion and stirred with magnetic bar
at 500 rpm. The membrane was mounted between the donor
and receiver portion with the stratum corneum facing the
donor portion and the dermis facing the receiver medium.
The diffusion cells were connected to a water circulating
bath to maintain the temperature at 32°C. Two milliliters of
NaFI entrapped in the liposome formulation was added into
the donor portion. At 1, 2, 4, 6, 8, and 24 hours, 0.5 mL of
receiver medium was withdrawn for analysis, and an equal
volume of PBS was added to the receiver portion to maintain
a constant volume. Each sample was analyzed in triplicate.

The NaF1 concentration was analyzed using a fluores-
cence spectroscopy method. One hundred microliters of
the sample was pipetted into a black 96-well plate, and the
fluorescence was detected in three replicates using a fluores-
cence spectrophotometer (Fusion™ Universal Microplate
Analyzer; PACKARD Instrument Company, Inc, Downers
Grove, IL, USA). The excitation wavelength was 485 nm and
the emission wavelength was 535 nm. The calibration curve
for NaF1 was in the range of 0.5-35 ng/mL.

CLSM study

CLSM was used to evaluate the skin penetration differences
between the follicular and nonfollicular regions of three
liposomal formulations, CL, UL, and UL with 1% cineole,

using a co-localization technique. The differences in the
color of the fluorescent compounds were used to observe the
vesicle penetration of the treated skin as follows: thodamine
(red)-probed liposomes, NaF1 (green)-entrapped drug, and
blue from skin autofluorescence.

The fluorescent probe (Rh-PE) was dissolved in a mixture
of chloroform and methanol (2:1 v/v) before addition to a
test tube of PC and Chol mixture at a ratio of PC:Rh-PE of
100:1 M. The mixture of fluorescent probe and lipid (PC and
Chol) was then evaporated using nitrogen gas to form thin
film. Non-entrapped NaFI was separated from Rh-PE probed
liposomes using a filtration technique with Amicon® Ultra-0.5
centrifugal devices (Millipore Corporation, Billerica, MA,
USA). The Rh-PE probed liposomes were added to an ultra-
filtration tube with a molecular weight cutoff of 3,000 Da
and centrifuged at 4°C at 14,000x g for 30 minutes. The
non-entrapped NaF]1 in the filtrate was removed. Then, the
retentates device was turned upside down into a new concen-
trate collection tube and centrifuged at 4°C at 1,000x g for
2 minutes to transfer the entrapped NaFl-loaded Rh-PE probed
liposomes from the device to the tube. The obtained sample
was immediately used for the skin penetration study.

The skin penetration study of the NaFl-loaded Rh-PE
probed liposomes was performed using Franz diffusion cells
under the same conditions as described in the skin permeation
study. The donor compartment was placed with 150 uL of
the entrapped NaFl-loaded Rh-PE probed liposomes. At
4 hours, each porcine skin was removed from diffusion cells,
washed with PBS at least twice and stored at —20°C prior to
the CLSM investigation.

To evaluate the skin penetration of liposomes between
the follicular and nonfollicular regions, each treated skin was
placed on a 22x50 mm cover slip (MENZEL-GLASER®,
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Braunschweig, Germany) and then visualized with the 10x
objective lens of an inverted Zeiss LSM 510 META micro-
scope (Carl Zeiss Meditec AG, Jena, Germany), equipped with
a He-Ne 1 laser (excitation wavelength =543 nm, emission
wavelength =580 nm), Ar laser (excitation wavelength =488
nm, emission wavelength =514 nm), and diode laser (excita-
tion wavelength =358 nm, emission wavelength =461 nm)
for Rh-PE, NaFl, and skin autofluorescence, respectively.
These skin regions were scanned using a 20x objective lens
to obtain x—z plane images, by which the laser could scan
through the tissue to compare the skin penetration depths and
fluorescence intensity of the entrapped drug and liposomes
at the follicular and nonfollicular regions.

Data analysis

The cumulative amount of NaF1 penetrating the skin per unit
area was plotted as a function of time. The skin penetration
parameter (flux) was determined from the slope of the linear
portion. All data were statistically analyzed using Student’s
t-test and analysis of variance. Differences of P<<0.05 were
considered statistically significant.

Results and discussion

Liposomal characterization

The average size of the liposomes ranged from 39 to 98 nm,
with a narrow size distribution (polydispersity index <0.4)
as shown in Table 2. The average size of the CLs was sig-
nificantly larger than that of the ULs and ULs with terpenes.
The average size of the ULs was significantly greater than
that of the ULs with terpenes. There were no significant dif-
ferences for the average size of the ULs with terpenes. These
results indicate that the addition of Tween 20 and terpenes
results in particle size reduction. Tasi et al*® reported that the
surfactants exposed from the outer layer membrane increase
the liposome particle curvature, while surfactants exposed to
the inner leaflet do the opposite. Thus, we suggested that the

Table 2 Characterization parameters of different liposomal
formulations

decrease of liposomal size by terpenes may occur with the
same mechanism as liposomal size reduction by surfactant
addition. A reduction in liposomal size could possibly be
attributed to a steric repulsion among terpenes molecules,
which is exposed from the outer and inner bilayer membranes
of liposomes. Addition of terpenes, therefore, reduced the
liposomal size because there were more terpenes existing
in the outer layer than in the inner bilayer membranes. The
zeta potentials of all liposome formulations were negative
(4.7 to —13.2 mV). PC is a zwitterionic compound with an
isoelectric point between 6 and 6.7.% Under the study condi-
tions (pH 7.4), in which the pH was higher than the isoelectric
point, the PC vesicles had an overall negative charge. Several
papers reported that non-ionic surfactant-loaded liposomes®
and invasomes'” (terpenes-loaded liposomes) exhibit negative
zeta potential (—20 to —30 mV and —13 to —14 mV, respec-
tively) similar to our results. These negatively charged lipo-
somal formulations also showed good physical and chemical
stability, indicating that these particles had high zeta potential
enough for electrostatic stabilization. Polydispersity index
of all liposome formulations was less than 0.4 indicating a
narrow size distribution of these liposomes.

Liposomal fluidity

Table 3 shows the ESR parameters (2T”’ and 7,) of the different
liposomal formulations. The 2TH’ obtained from the 5-DSA was
used to detect the motional profiles near the polar head group of
the phospholipid acyl chain, whereas the 7, obtained from the
16-DSA was used to detect the motional profiles at the end of
the lipophilic chain. The 2TH’ of the ULs was significantly lower
than that of the CLs, whereas the 7, values were not significantly
different between the CLs and the ULs. It is concluded that the
addition of Tween 20 to the ULs did not increase the fluidity of
the acyl chain near the hydrophobic region of the phospholipid
bilayer; however, it increased the fluidity of the acyl chain near

Table 3 ESR parameters (maximum hyperfine splitting and
rotational correlation time) and in vitro skin penetration
parameter (flux) of each liposomal formulation

Liposomal Particle size  Zeta potential  Polydispersity Liposomal 2T"’ (mT) 7, (ns) Flux
formulations  (nm) (mV) index formulations (nglem?/h)
CL 98.41+0.65 —4.70+1.03 0.26610.002 CL 8.19+0.24 1.76+0.07 0.0137+0.0081
UL 52.4340.23 -13.21+0.9 0.384+0.004 UL 4.70+0.01 1.3240.01 0.0611+0.0163
ULL 43.82+0.48 -10.30£0.2 0.254+0.010 ULL 4.71+0.25 0.704+0.001 0.4876+0.0962
ULC 43.70+0.61 -8.23+0.31 0.181+0.011 ULC 4.68+0.04 0.719+0.071 0.4653+0.1472
ULG 42.79+0.94 —-10.75+3.02 0.280+0.016 ULG 4.89+0.06 0.629+0.022 0.4073+0.1421

Note: Each value represents the mean + SD (n=3).

Abbreviations: CL, conventional liposomes; SD, standard deviation; UL, ultrade-
formable liposomes; ULC, UL with cineole; ULG, UL with geraniol; ULL, UL with
d-limonene.

Note: Each value represents the mean + SD (n=3).

Abbreviations: CL, conventional liposomes; ESR, electron spin resonance; SD,
standard deviation; UL, ultradeformable liposomes; ULC, UL with cineole; ULG, UL
with geraniol; ULL, UL with d-limonene.
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the polar head group of the phospholipid bilayer. This result
also indicates that Tween 20 molecules are localized near the
polar head group of the liposomal bilayer. The 7, of each ULs
with different terpenes, ULL, ULC, and ULG, was significantly
decreased compared to that of the ULs, whereas the ZTH' val-
ues of the ULs and ULs with terpenes were not significantly
different. Therefore, terpenes increased the fluidity at the C16
atom of the phospholipid acyl chain of the vesicle bilayer.
This result also indicates that terpene molecules are localized
in the phospholipid acyl chain near the lipophilic region of
the vesicle bilayer. Of the ULs with different terpenes (ULL,
ULC, and ULG), the 2TH’ and 7, values were not significantly
different. We conclude that different types of monoterpenes
incorporated in the ULs did not affect vesicle fluidity. Our
findings are consistent with those of Dragicevic-Curic et al®
who showed that the addition of 1% terpene/terpene mixture
to invasomes significantly increased the vesicle fluidity around
the C16 atom of the phospholipid acyl chain.

In vitro skin penetration study

The flux of different liposomal formulations is shown in
Table 3. The flux of NaFI from ULs was significantly higher
than that of CLs. The flux of NaFI from ULs with different
terpenes (ULL, ULC, and ULG) was significantly higher
than that from ULs. The flux among ULL, ULC, and ULG
was not significantly different.

Because the 2TH’ values between ULs and ULs with
terpenes were not significantly different, 7, was selected as
a candidate of liposomal fluidity to assess the correlation
between fluidity and skin penetration enhancement. From
the results of flux and 7, (Table 3), the flux of NaFl from
ULs was significantly higher than that of CLs, whereas the
t_of ULs was significantly lower than that of CLs. The flux
of NaFl from ULs with different terpenes was significantly
higher than that of ULs, whereas the 7 of ULs with different
terpenes was significantly lower than that of ULs. There were
no significant differences for the flux of ULs with different
terpenes, and their 7, values were also not significantly dif-
ferent. These results indicate that the decrease in 7, correlated
with the increase in NaFI flux. We conclude that the increase
in liposomal fluidity results in increased skin penetration of
NaFl. According to the invasome fluidity assessment using
ESR by Dragicevic-Curic et al® there was no direct correla-
tion between invasome fluidity and skin penetration ability.

Molecular structure elucidation

The fluidity assessment using ESR elucidated the molecular
structure of ULs with terpenes. From our results, the addition
of Tween 20 increased the vesicle fluidity near the polar head

group of the phospholipid bilayer. Tween 20 or polyoxy-
ethylene (20) sorbitan monolaurate is a non-ionic surfactant
consisting of a polyoxyethylene group as the hydrophilic
portion and a hydrocarbon chain of lauric acid as the lipo-
philic portion. We hypothesize that Tween 20 molecules
intercalated between the phospholipid molecules by turning
their hydrophilic portion toward the phosphate group, as
shown in Figure 3. For terpenes, there was an increase in
vesicle fluidity near the C16 atom of the phospholipid acyl
chain. Monoterpenes (d-limonene, cineole, and geraniol)
added to ULs with different terpenes are small lipophilic
molecules. Therefore, terpenes were localized near the end
of the phospholipid acyl chain, as shown in Figure 3.

CLSM study

Our previous study' found that UL with terpenes increased
skin penetration by penetrating through the hair follicle as
the primary penetration pathway. Therefore, we tested our
hypothesis that ULs with terpenes increase the skin penetra-
tion of NaF1 by enhancing the follicular penetration to bypass
the stratum corneum. Three liposomal formulations were
selected to study the follicular penetration enhancement.
CLSM was used to visualize the skin penetration of the
entrapped drug and liposomes between the near follicular and
nonfollicular regions of CLs, ULs, and ULs with 1% cineole
(as candidate ULs with terpenes) using a multifluorescence
compound technique. Both skin penetration depths and fluo-
rescence intensity were compared to evaluate the follicular
penetration enhancement.

CLSM of skin treated with CLs

Top view images of sequential follicular and nonfollicular
regions from the same skin tissue at 4 hours are shown in
Figure 4A1 and B1, respectively. The marked areas of these
images (Figure 4A1 and B1) were scanned to obtain the great-
est penetration depths and fluorescence intensity of NaFl and
CLs. The x—z plane serial optical images from different skin
depths at the follicular and nonfollicular regions are shown
in Figure 4A2 and B2. The merge of x—z plane serial optical
images from different skin depths at the follicular and nonfol-
licular regions are shown in Figure 4A3 and B3, respectively.
Both NaFI and CLs penetrate through the follicular region
and the nonfollicular region with the same distance of only
approximately 55 um.

Figure 4C shows the fluorescence intensity of NaFl
(green fluorescence) and CLs (red fluorescence) at different
penetration depths from follicular and nonfollicular regions.
The fluorescence intensity of NaF1 at the follicular region was
not different from the nonfollicular region. The fluorescence
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Figure 3 Molecular structure of ultradeformable liposomes with terpenes.

intensity of Rh-PE was also not different between the fol-
licular and nonfollicular regions. These results indicate that
CLs penetrated through the follicular region to a similar
extent as in the nonfollicular region.

CLSM of skin treated with ULs

Top view images of follicular and nonfollicular regions from
the same skin tissue at 4 hours are shown in Figure SA1 and B1,
respectively. The marked areas of these images (Figure SA1
and B1) were scanned to obtain the greatest penetration
depths and fluorescence intensity of NaFl and ULs. The
x—z plane serial optical images from different skin depths at
the follicular and nonfollicular regions are shown in Figure
5A2 and B2, respectively. The merge of x—z plane serial
optical images from different skin depths at the follicular
and nonfollicular regions are shown in Figure SA3 and B3,
respectively Both NaFl and ULs penetrated through the
follicular region and the nonfollicular region with the same
distance of approximately 75 pm.

Figure 5C shows the fluorescence intensity of NaFI (green
fluorescence) and ULs (red fluorescence) at different penetra-
tion depths from follicular and nonfollicular regions. The
fluorescence intensity of NaFl at the nonfollicular region was
greater than the follicular region in the beginning distance
(0-30 um). However, for the other distance (30115 um),
the fluorescence intensity of NaF1 was not different between

(¢]
CH,
H,C “CH,
Terpenes

the follicular and nonfollicular regions. The fluorescence

Phospholipid

intensity of Rh-PE was not different between the follicular
and nonfollicular regions. Our results indicate that ULs
penetrated through the follicular region to a similar extent
as the nonfollicular region.

CLSM of skin treated with ULs with 1%

cineole
Top view images of follicular and nonfollicular regions
from the same skin tissue are shown in Figure 6A1 and B1,
respectively. The marked areas of these images (Figure 6A1
and B1) were scanned to obtain the greatest penetration depths
and fluorescence intensity of NaFl-loaded ULs with 1% cin-
eole labeled Rh-PE. The gallery of x—z plane serial optical
images from different skin depths at follicular and nonfollicu-
lar regions is shown in Figure 6A2 and B2, respectively. The
merge of x—z plane serial optical images from different skin
depths at the follicular and nonfollicular regions are shown
in Figure 6A3 and B3, respectively. NaFl and liposomes pen-
etrated to 90 um in both follicular and nonfollicular regions.
Figure 6C shows the fluorescence intensity of NaFI (green
fluorescence) and liposomes (red fluorescence) at different
penetration depths from the follicular and nonfollicular
regions. The fluorescence intensity of NaF1 between the fol-
licular and nonfollicular regions was not different. However,
the fluorescence intensity of Rh-PE at the follicular region
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Figure 4 CLSM images of skin treated with CLs.

Notes: (Al and Bl) The x—y plane serial follicular and nonfollicular localization of porcine skin treated with NaFl-loaded Rh-PE-labeled CLs at 4 hours. The scale bar
represents 100 pm. (A2 and B2) The serial x—z plane magnification of the marked area from the follicular and nonfollicular regions at different skin depths using a 20x
objective lens. The scale bar represents 50 um. (A3 and B3) The intensity over projection of z—axis images of A2 and B2, respectively. The scale bar represents 50 um. The
blue, green, and red fluorescence are the autofluorescence, NaFl, and Rh-PE, respectively. (C) Comparison of fluorescence intensity profiles of NaFl and Rh-PE at different
skin depths of A2 (¢, NaFl; m, Rh-PE) and B2 (A, NaFl; e, Rh-PE).

Abbreviations: AU, arbitrary unit; CLs, conventional liposomes; CLSM, confocal laser scanning microscopy; NaFl, sodium fluorescein; Rh-PE, rhodamine B 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine triethylammonium salt.
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Figure 5 CLSM images of skin treated with ULs.

Notes: (Al and Bl) The x—y plane serial follicular and nonfollicular localization of porcine skin treated with NaFl-loaded Rh-PE-labeled UL at 4 hours. The scale bar
represents 100 um. (A2 and B2) The serial x-z plane magnification of the marked area from the follicular and nonfollicular regions at different skin depths using a 20x
objective lens. The scale bar represents 50 um. (A3 and B3) The intensity over projection of the z-axis images of A2 and B2, respectively. The scale bar represents 50 um.
The blue, green, and red fluorescence are the autofluorescence, NaFl, and Rh-PE, respectively. (C) Comparison of the fluorescence intensity profiles of NaFl and Rh-PE at
different skin depths of A2 (¢, NaFl; m, Rh-PE) and B2 (A, NaFl; e, Rh-PE).

Abbreviations: AU, arbitrary unit; CLSM, confocal laser scanning microscopy; NaFl, sodium fluorescein; Rh-PE, rhodamine B I,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine triethylammonium salt; ULs, ultradeformable liposomes.
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Figure 6 CLSM images of skin treated with ULs with % cineole.

Notes: (Al and B1) The x—y plane serial follicular and nonfollicular localization of porcine skin treated with NaFl-loaded Rh-PE-labeled ULs with 1% cineole at 4 hours. The
scale bar represents 100 um. (A2 and B2) The serial x-z plane magnification of the marked area from the follicular and nonfollicular regions at different skin depths using a
20x objective lens. The scale bar represents 50 um. (A3 and B3) The intensity over projection of z-axis images of A2 and B2, respectively. The scale bar represents 50 pum.
The blue, green, and red fluorescence are the autofluorescence, NaFl, and Rh-PE, respectively. (C) Comparison of the fluorescence intensity profiles of NaFl and Rh-PE at
different skin depths of A2 (¢, NaFl; m, Rh-PE) and B2 (A, NaFl; e, Rh-PE).

Abbreviations: AU, arbitrary unit; CLSM, confocal laser scanning microscopy; NaFl, sodium fluorescein; Rh-PE, rhodamine B |,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine triethylammonium salt; ULs, ultradeformable liposomes.
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was significantly higher than the nonfollicular region, par-
ticularly at penetration depths of 20—60 pum, indicating that
ULs with 1% cineole penetrated through the follicular region
more than the nonfollicular region. Three skin penetration
pathways were proposed, intercellular, transcellular, and the
transappendageal or transfollicular pathway.’! To overcome
the stratum corneum barrier, follicular penetration is consid-
ered an effective penetration pathway because this pathway
can bypass the stratum corneum to the dermis. ULs with 1%
cineole increased the skin penetration of NaFI by penetrating
via the follicular pathway.

The fluorescence intensity of NaFl in Figure 6A2 and B2
was lower than in Figure SA2 and B2. This difference may
be a result of the different vesicle release rates in the skin
tissue. These CLSM studies reveal that the increase in skin
penetration of NaF1 from ULs with terpenes was caused by
the selective follicular penetration of vesicles.

Conclusion

These studies revealed that the liposomal fluidity correlated
with the skin penetration enhancement of the entrapped
drug. The increase in liposomal fluidity resulted in the skin
penetration enhancement of NaFl. Based on the ESR study,
the addition of Tween 20 resulted in vesicle fluidity at the C5
atom of the phospholipid acyl chain, indicating that Tween 20
molecules were localized near the hydrophilic portion of the
phospholipid bilayer. Terpenes, which were incorporated
in ULs, induced liposomal fluidity at the C16 atom of the
phospholipid acyl chain, indicating that terpene molecules
were localized near the lipophilic region of the phospholipid
bilayer. The CLSM study shows that the mechanism of skin
penetration enhancement of NaFl from ULs with terpenes
occurred because of an increase in the follicular penetration
of phospholipid vesicles.
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Abstract

Our previous study reported that the Design Expert® Software showed a beneficial role in the
development of microemulsions (ME) for transdermal drug delivery. To fully confirm the
reproducibility and the reliability of simultaneous optimal ME formulations, the optimal ME
formulations predicted by the Design Expert® Software were experimentally formulated and
verified for their skin permeability. Ternary phase diagrams were used to predict the optimal ME
area, and the ME formulations selected from outside this area were considered as candidate ME
systems. Our ME systems were formulated with isopropyl myristate (IPM) as the oil phase,
cocamide diethanolamine (DEA) as the surfactant, ethanol as a co-surfactant and water as the
aqueous phase. The droplet size, size distribution, electrical conductivity, pH, drug content and
skin permeability of the candidate ME systems were monitored. Our findings indicated that the
skin permeability of the optimal ME and all of the candidate ME formulations was significantly
greater than that of the commercial capsaicin (CAP) product. Our study succeeded in predicting
and developing the ME systems for the transdermal delivery of CAP. The simplex lattice design
used in this study is experimentally useful for the development of pharmaceutical formulations.
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Introduction

In the development of pharmaceutical formulations, a compli-
cated relationship exists between the formulation factors and the
pharmaceutical responses. Therefore, design of experiment (DoE)
was used to clarify the relationship between the formulation
factors or causal factors (X,,) and the pharmaceutical responses or
response variables (Y,,). Currently, DoE is an acceptable and well-
organized technique for determining the critical attributes that
may affect pharmaceutical products and processes'. DoE analysis
utilizes a response surface method (RSM) to resolve optimization
troubles, and several pharmaceutical research studies have
successfully utilized RSM>™*. Our previous study has also
suggested that a simplex lattice design is beneficial for the
development of microemulsions (ME) used in transdermal drug
delivery’.

Microemulsions (ME) are transparent colloidal systems
composed of two immiscible phases that are stabilized by a
surfactant system. ME have long been used in several drug
delivery systems, including oral, parenteral, nasal and topical
applications®'®. ME have also been extensively studied for
transdermal delivery because they offer several advantages, such
as high-loading capacities for hydrophilic and lipophilic drugs,
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ease of preparation and thermodynamic stability'"'2. However,
the ME that provides relatively high-skin permeability also
contains high concentrations of surfactant systems'’. Therefore,
skin irritation and the safety of the surfactant system used may
restrict the utilization of these ME. In the development of suitable
ME for transdermal delivery, it is important to prepare optimal
ME formulations that have the proper skin permeability without
inducing skin irritation. Moreover, ME containing at least three
components (oil, water and a surfactant) could simultaneously
affect the physicochemical characteristics and the skin perme-
ability of the ME. Therefore, it was appropriate to apply DoE in
clarifying the relationships between the causal factors and the
response variables to optimize the ME formulation.

Capsaicin (CAP) is a potent, pungent taste compound from
chili peppers that is applied for reducing pain associated with
various diseases, such as lumbago, sciatica, rheumatism, post-
hepatic neuralgia or musculoskeletal inflammation. The hot,
pungent taste of CAP reliably relieves pain due to its ability to
cause a burning sensation in mammalian tissues'*. However, high
concentrations of CAP (0.75% w/w) may cause local skin
irritation'>. The chemical structure of CAP is shown in Figure 1.

The aims of this study were to develop ME systems based on
computer design and to optimize these ME systems for the
transdermal delivery of CAP. The challenge in achieving our aims
was to discover a potential ME that incorporated a low dose of
CAP (0.15% w/w) and a low concentration of the surfactant
system. The model ME formulations were obtained from
a pseudo-ternary phase diagram. A CAP-loaded ME composed
of isopropyl myristate (IPM) as the oil phase, cocamide
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Figure 1. The chemical structure of CAP.

diethanolamine (cocamide DEA) as the surfactant, ethanol as the
co-surfactant and reverse osmosis water (RO water) as the
aqueous phase was prepared. The physicochemical characteristics
of the ME (e.g. droplet size, size distribution, zeta potential,
electrical conductivity and pH), the CAP content and the skin
permeability were then determined. The response surfaces and
optimal ME formulations were estimated using the Design
Expert® Software. To fully confirm the reproducibility and to
investigate the reliability of the response surface estimated from
the computer program, the ME systems outside the optimal ME
area were selected as the candidate ME. The optimal ME and
the candidate ME selected from outside the optimal area of the
ternary phase diagram were experimentally prepared. Finally, the
optimal ME and the candidate ME formulations were compared
with a commercial CAP product.

Materials and methods
Materials

Isopropyl myristate (IPM) was obtained from Palm-Oleo (Klang)
Sdn. Bhd. (KLK Oleo) (Selangor, Malaysia). Cocamide DEA was
supplied by BASF (Thai) Co. Ltd. (Bangkok, Thailand). Ethanol
was purchased from Commercial Alcohols Inc. (Toronto, ON).
CAP was purchased from Hunan Huacheng Biotech, Inc.
(Changsha, China). All other chemicals were commercially
available and of analytical and high-performance liquid chroma-
tography (HPLC) grade.

Construction of the pseudo-ternary phase diagram

The pseudo-ternary phase diagram of the three components,
including the oil phase, the water phase and the surfactant
systems, was constructed using the water titration techniqueS. The
surfactant system was composed of a mixture of the surfactant (S)
and co-surfactant (CoS) at weight ratios of 1:1, 2:1, 3:1 and 4:1.
The surfactant system was dissolved in the oil phase at ratios of
9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8 and 1:9 (S/CoS:oil) in glass
vials at room temperature. Each vial containing the oil phase and
the S/CoS mixture was continuously titrated dropwise with RO
water using a burette and gentle magnetic stirring until the
mixture became turbid. All ME systems were left titrating for at
least 10 min before they were defined as turbid in order to prevent
metastable systems. The time taken for the ME systems to
equilibrate could be significantly increased as the phase boundary
was approached. The phase diagrams were time-consuming to
construct, particularly when the purpose was to accurately
delineate the phase diagramlé. Thus, the percentage of each
component was calculated, and then a pseudo-ternary phase
diagram was sketched and constructed from the triangular
coordinates'”.

Computer design

A simplex lattice design was utilized to optimize the ME systems.
The three components of the ME, including the oil phase (X,), the
water phase (X;) and the surfactant system (X3), were defined as
causal factors. Based on the ME area under the pseudo-ternary
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phase diagram (Figure 2A), the upper and lower limits of each
component were assigned as follows:

20 < X, < 40(%) (1)
10 < X, < 30(%) 2)
50 < X3 < 70(%) 3)
X1+ X, + X3 = 100(%) 4)

The three components of the ME systems were varied
simultaneously, and the whole concentration was adjusted
to 100%.

Preparation of CAP-loaded ME

The ME were prepared according to the formulations obtained
from the ME area under the pseudo-ternary phase diagrams. The
ratios of oil phase, water phase and surfactant systems were varied
according to the model ME formulation obtained from the
computer design, as displayed in Figure 1. The model formulation
of the CAP-loaded ME was prepared with IPM as the oil phase,
RO water as the water phase, cocamide DEA as the surfactant and
ethanol as the co-surfactant (Table 1). All components were
accurately weighed and mixed well. CAP was thoroughly
weighed, merged with the ME and stirred with a magnetic stirrer.
CAP-loaded ME were stored in airtight containers at room
temperature prior to further evaluation.

Evaluation of droplet size, size distribution, electrical
conductivity and pH

The average droplet size and size distribution of the ME were
evaluated by dynamic light scattering (Zetasizer Nano ZS,
Malvern Instruments, Worcestershire, UK). The ME samples
were measured using a helium-neon laser beam at a wavelength of
632.8 nm. The measurement angles were monitored at 12.8° and
175° at 25 °C. One milliliter of each ME sample was loaded into a
disposable zeta cell. The electrical conductivity of the ME
formulations was determined using a conductivity meter (S230
SevenCompact™, Mettler Toledo, Switzerland). The pH was
measured using a pH meter (S220 SevenCompact™, Mettler
Toledo, Switzerland). All measurements were performed in
triplicate at 25 °C.

Determination of CAP content

The CAP-loaded ME were extracted with methanol (1:1 v/v), and
the ME/methanol mixture was centrifuged at 14 000 rpm at 25 °C
for 30 min. The supernatants were collected and filtered through a
0.22 um nylon filter and then analyzed by ultra-performance
liquid chromatography (UPLC).

In vitro skin permeation studies

The protocols utilized to generate the animal experimental data
were approved by the ethics committee for the use of laboratory
animals, Faculty of Pharmacy, Silpakorn University (Protocol
Number: 001/2014). Full-thickness skin from female mice (6—8
weeks old) was used in this study. The subcutaneous fatty tissue
was carefully removed from the mice skin using a scalpel and
surgical scissors. After the subcutaneous tissue was totally
removed, the skin surface was cleaned with phosphate buffer
solution pH 7.4. The skin was blotted dry by exposing the
ambient air conditions for 20 min and then packed in aluminum
foil. All skin samples were stored at —10°C and thawed
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Figure 2. The pseudo-ternary phase diagram. (A) The simplex lattice design for the three formulation factors in the ME area and (B) the exterior

optimal ME area of the candidate ME.

Table 1. The model formulations of CAP-loaded microemulsions.

Formulation IPM (%) Water (%) S (%) CoS (%)
1 40 10 25 25
2 30 20 25 25
3 20 30 25 25
4 20 25 27.5 27.5
5 20 15 32.5 32.5
6 20 10 35 35
7 30 10 30 30

immediately prior to use. After thawing, the skin was cut and
immediately mounted between the two chambers of Franz
diffusion cells. The stratum corneum side of the mice skin was
faced upward into the donor chamber, and the other side was
faced downward into the receiver chamber. The diffusion cells
had an available diffusion area of 2.3cm? and a water jacket
connected to a 32°C water bath. The donor chamber was filled
with 2 g of 0.15% w/v CAP-loaded ME formulations or 0.15%
w/v CAP topical solution (a commercial product manufactured
in the USA) under occlusive conditions. The receiver chamber
was filled with 6.0 ml of an alcohol and phosphate buffer pH 7.4
mixture (1:1 v/v) under sink conditions. At time intervals of 0.5,
1, 2, 3, 4,5, 6, 7 and 8h, 0.7ml of receiver medium was
withdrawn and replaced with the same volume of fresh alcohol-
phosphate buffer. All samples withdrawn from the receiver
medium were stored at 4°C until UPLC analysis. The cumu-
lative amount of CAP that permeated through the skin was
plotted against time. The slope of the linear portion was defined
as the skin permeation flux (/).

Determination of CAP concentration

A UPLC system consisting of an ACQUITY UPLC Core system
(Waters Corporation, Milford, MA), a binary solvent manage-
ment system, two switching solvents, a degasser, an ACQUITY
TUV Detector and a column heater was used to analyze the
CAP in all samples in our study. A Waters® ACQUITY UPLC
BEC C18 analytical column (2.1 mm x 100 mm, 1.7 um) was
used (Waters Corporation, Milford, MA). The mobile phase
consisted of 1% acetic acid/acetonitrile (60:40 v/v). The flow
rate was set at 0.3ml/min with an injection volume of 2.0 pl.
The UV detector was set at 280nm at 30°C for all
measurements.

Simultaneous optimization of the optimal ME

The optimization of the CAP-loaded ME was studied based on a
three-component system consisting of an oil phase (X,), a water
phase (X,) and a surfactant system (X3) as the causal factors.
The physicochemical characteristics of the ME, such as the
droplet size (Y)), the size distribution (Y;), the zeta potential
(Y3), the electrical conductivity (Y4), the pH (Y5), the CAP
content (Ys) and the skin permeability (¥;) were defined as
response variables. The simplex lattice design was utilized to
estimate the relationship between the causal factors and the
response variables to statistically predict the optimal ME
formulation. The response surfaces of all response variables
were evaluated and sketched using the Design Expert® Software
(Version 8), Approved No. 009503 (Stat-Ease, Inc., Minneapolis,
MN). The best fitting mathematical curves (linear, cubic, special
cubic and quadratic) were revealed based on the summary
statistics for the model, which were the standard deviation (SD),
the multiple correlation coefficient (R*), the adjusted multiple
correlation coefficient (adjusted R?), the predicted multiple
correlation coefficient (predicted R?) and the predicted residual
sum of square (PRESS). These statistics were all verified with
the Design Expert® Software. The simultaneous optimal ME
formulation was estimated to have the appropriate characteristics
prescribed in a previous studys. Briefly, the optimal ME
formulation was a ME with a small droplet size (nano-sized),
a very small charge (or no charge), electrical conductivity (in
range), pH (in range), a maximum CAP content, a maximum
skin permeation flux and a minimum concentration of the
surfactant system.

Evaluation of the optimal ME

After the simultaneous optimal ME formulation was predicted by
the Design Expert® Software, the ME systems outside the optimal
ME area were selected as the candidate ME (Figure 2B). The
optimal ME and the candidate ME systems (candidates I and II)
based on ternary phase diagram near the optimal ME formulation
were experimentally prepared. The criteria for screening the
candidate ME systems were based on the estimation of the
response surface. The candidate ME systems were predicted to
have a skin permeation flux as high as possible and low S/CoS
system level. The ME systems (optimal ME and candidate ME)
were characterized and evaluated for their physicochemical
characteristics and skin permeability and compared with the
commercial CAP product.
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Figure 3. The response surface of (A) droplet size, (B) size distribution, (C) conductivity and (D) pH for both the CAP-free ME (left column) and the

CAP-loaded ME (right column).
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Data analysis

All determinations were performed at least in triplicate. The data
were exhibited as the mean values + standard deviation (SD).
Statistical analysis of the data was performed using one-way
analysis of variance (ANOVA). p Values less than 0.05 were
considered to be statistically significant.

Results and discussion
Construction of pseudo-ternary phase diagrams

The pseudo-ternary phase diagrams composed of IPM as the oil
phase, cocamide DEA and ethanol as the S/CoS phase and RO
water as the water phase were constructed. Based on the visual
observation of the phase diagrams of the 1:1, 2:1, 3:1 and 4:1S/
CoS mixtures, the phase diagram with the largest ME area was

Run Number

given by the 3:1 S/CoS mixture. As shown in Figure 2, the shaded
area of the phase diagram exhibits the ME area, whereas the non-
shaded area defines the turbid area. This phase diagram was used
as the primary data source for estimating the response surface and
the optimal ME formulation. Thus, it should be noted that each
point of the ME system must be accurate in order to construct the
phase diagram. Accordingly, none of the ME systems observed in
our study were metastable systems16

Prediction of response surface and optimal ME using
Design Expert®

The appropriate ratio of oil phase, water phase and surfactant
systems obtained from the model ME formulation were prepared
and investigated experimentally. Based on the experimental
results, the response surfaces for each response variable and the
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Figure 5. The response surface (left) and the
corresponding residual plot (right) of (A) the
drug content and (B) the skin permeation flux
of the CAP-loaded ME.

2
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Water (%)

Flux (pg/em?/h)
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Water (%)

optimal ME formulation were estimated using Design Expert®
Software. The ratios of IPM (X;), RO water (X,) and S/CoS (X3)
were defined as causal factors, while the physicochemical
characteristics of the ME such as droplet size (Y)), size
distribution (Y5), zeta potential (Y3), electrical conductivity (Yy),
pH (Ys), CAP content (Yg) and skin permeability (Y;) were
defined as response variables. The response surfaces of all the
response variables exhibited uncomplicated relationships between
the causal factors and the response variables*'®. The influences of
the formulation factors as causal factors on the physicochemical
characteristics of CAP-loaded ME are shown in Figure 3. The
response surfaces estimated using the Design Expert® Software
could illustrate an obvious relationship between the three
components of the ME (IPM, water and S/CoS) and its
physicochemical characteristics (droplet size, size distribution,
electrical conductivity and pH). Moreover, the role of CAP
incorporation in the ME formulation was also represented on
these response surfaces.

As shown in Figure 3(A), the response surface indicated that
the incorporation of 0.15% w/w CAP into the ME formulation did
not significantly affect the droplet size of the ME. The response
surface predicted that when the IPM increased (around 0.4), the
droplet size of CAP-loaded ME increased. Small droplet sizes of
the ME (ranging from 15 to 25 nm) could prevent coalescence and
sedimentation, and therefore indicate the ME with good stabil-
ity'”. The size distribution of the CAP-loaded ME decreased
when the CAP was incorporated, as shown in Figure 3(B).
Moreover, the response surface of the size distribution also
suggested homogenous size distributions for both the CAP-free
ME and the CAP-loaded ME formulations (ranging from 0.1 to
0.2). In the response surface prediction, both the CAP-free ME
and the CAP-loaded ME had high-electrical conductivity
(>10puS/cm) and could therefore be classified as water-in-oil
ME (Figure 3C). ME with electrical conductivity higher than
10 uS/cm, by contrast, are recognized as oil-in-water ME®°. The
response surface of electrical conductivity generated using the
Design Expert® estimation was useful to classify the types of ME,
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Figure 6. The three-dimensional response surface plot of the desirability
of the optimal ME.

revealing that the electrical conductivity of the ME was signifi-
cantly influenced by the composition of the ME. When the water
content was increased, the electrical conductivity significantly
increased®!. The pH of the ME seems to depend on the
compositions as represented in the response surface of pH.
However, no significant difference was observed between the pH
response surfaces of the CAP-free and CAP-loaded ME. Because
the pH of the ME formulation depends on the composition of the
ME, the incorporation of low concentrations of CAP may not
sufficiently affect the pH of the whole ME formulation, as
illustrated in Figure 3(D). Baranda et al. reported a significant
correlation between skin irritation and pH; however, formulations
with pH >11 only resulted in moderate skin irritation*>. Though
none of the ME formulations in our study had pH >11, these ME
formulations should be tested for skin irritation in vivo in further
study.
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The reliability of these response surfaces was confirmed by the
corresponding residual plot between the experimental run and the
internally studentized residuals for all response variables, as
shown in Figure 4. Under the completely randomized run, the
vertical distribution of the internally studentized residuals was in
line from top-to-bottom. These results revealed that all points fall
within the limits of a 95% confidence interval.

Furthermore, the response surfaces for the drug content (as the
CAP concentration in the ME formulations) and the skin
permeability (as the skin permeation flux values) were also
estimated using the Design Expert® Software as shown in
Figure 5(A) and (B), respectively. The reliability of the drug
content and the skin permeability was also confirmed and is
shown in the right column of Figure 5. As shown in Figure 5(A),
the response surface of the drug content suggested that although
the concentration of S/CoS was low, CAP could be added into the
ME systems. Thus, 0.15% (w/w) CAP could be incorporated into
our ME systems. The incorporation of S/CoS into ME can result
in a high-solubilization capacity, allowing for the incorporation of
a large amount of drugs. The incorporation of large amounts of
drugs has generated considerable interest in ME systems as
alternative pharmaceutical formulations for drug delivery car-
riers’. The response surface of the skin permeation flux of the
CAP-loaded ME indicated that a medium-to-high level of IPM
and medium-to-low level of S/CoS increased the flux of the ME
systems (Figure 5B). Not at all of the penetration enhancers, such
as cocamide DEA, increased the skin permeability of the ME>*?*,
because several factors including the drug concentration in the
formulation or the specific design of formulation can affect the
skin permeability. Compared to various vehicles (e.g. Transcutol,
Labrafil, Labrasol, glycerine, oleic acid, etc.), IPM has been
reported to show the largest in vitro skin permeability across the
whole intact skin of hairless mice®*. These results suggested that
the Design Expert® Software successfully predicted the response
surfaces that exhibited the relationship between the three com-
ponents of an ME and its physicochemical characteristics.

Commercial

Product ME ME1 ME2

Candidate Candidate

Optimal

The optimal CAP-loaded ME was optimized based on the
experimental results using Design Expert® Software. The eligible
response variables for predicting the optimal ME formulation
were used to develop the optimal ME with the highest skin
permeability and the lowest amount of surfactant systems
employed. The optimal CAP-loaded ME was predicted to have
a composition of 40% IPM, 10% water, 25% cocamide DEA and
25% ethanol, with a skin permeation flux of 4.02 pg/cm*h. The
three-dimensional response surface plot showing the desirability
of the optimal ME is shown in Figure 6. The desirability of the
prediction was located close to the IPM apex, indicating that
the skin permeation flux increased under the ME area when the
IPM increased. Several studies have indicated that the experi-
mental value obtained from computer programs, including the
Design Expert® Software, all agreed well with the predicted
values>>*~7_ In our study, the optimal ME and the ME systems
outside the optimal ME area were verified experimentally to fully
confirm the reproducibility and reliability of the simultaneous
optimal ME formulations.

Comparative study of candidate ME and commercial
product

As our previous study suggested that the Design Expert®
Software has a beneficial role for the development of ME for
transdermal drug delivery, here we fully confirmed and verified
the reproducibility and reliability of the Design Expert® Software
as well as the predictive ability of the response surfaces. The
predictive ability was determined experimentally. Based on the
skin permeation flux response surface, the response indicated that
the area close to the IPM apex indicated a higher flux value than
any other area. Accordingly, the candidate ME systems were
selected from the exterior optimal ME area (Figure 2B). The
criteria for selecting the candidate ME systems were a high-skin
permeation flux and a low amount of surfactant systems in the
final mixture. The candidate ME systems were composed of 50%
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IPM, 10% water, 20% cocamide DEA and 20% ethanol (as ME
candidate I) and 60% IPM, 10% water, 15% cocamide DEA and
15% ethanol (as ME candidate II). The stability of optimal and
candidate ME systems was assessed for physical and chemical
stability testing at 40 +2 °C/65 + 5% RH before the in vitro skin
permeation study. The result indicated that our ME formulations
showed good physical and chemical stability under storage
conditions for 2 months.

The skin permeation profiles and the fluxes of the two
candidate ME systems (candidates I and II), the optimal ME, the
commercial CAP product and the ethanolic CAP solution are
illustrated in Figure 7(A) and (B). The results suggested that the
skin permeation profiles of CAP in all ME systems were
significantly higher (p<0.05) than the ethanolic CAP solution
(Figure 7A). The skin permeation fluxes of the experimentally
prepared optimal ME and both ME candidates I and II were
significantly higher than that of the ethanolic CAP solution
(approximately 3, 2 and 4 times, respectively) (Figure 7B).
Simultaneously, the skin permeation flux of the experimentally
prepared optimal ME and the ME candidate II was significantly
higher than that of the commercial CAP product (approximately
1.4 and 1.9 times, respectively). Because a good prediction was
obtained from the Design Expert® Software, it could be
concluded that the skin permeability of the optimal ME predicted
by the Design Expert® Software (4.02 pg/cm?/h) was very close to
the actual optimal ME (4.01 +0.45 ug/cmz/h). Furthermore, the
skin permeability of the ME candidate II system obtained from
the skin permeation flux response surface showed a significantly
higher CAP flux (5.4+0.81 pg/cm®h) than the other ME,
followed by the optimal ME and the ME candidate 1. Therefore,
the estimation of the simultaneous optimal ME formulation by the
Design Expert® Software was verified to be highly predictive. As
the experimental results were used as the foremost data source for
optimization, it is important that each data value used in
estimating the response surface is both precise and accurate.

Conclusion

Using a comparative study, we successfully showed the reliability
and reproducibility of the Design Expert® Software for optimiza-
tion and prediction of a pharmaceutical response. The presented
findings indicate that the skin permeability of the optimal ME and
the candidate II ME formulations was significantly greater than
that of the control and the commercial CAP product. Our study
successfully predicted and developed the ME systems for the
transdermal delivery of CAP. This is the first study to show that
the Design Expert® computer program can be used to obtain
candidate ME systems from the exterior optimal ME area that can
be established as candidate transdermal delivery carriers.
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ABSTRACT

The effect of sonophoresis on the transdermal drug delivery of sodium fluorescein (NaFl)-loaded lipid
nanocarriers such as liposomes (LI), niosomes (NI) and solid lipid nanoparticles (SLN) was investigated by
confocal laser scanning microscopy (CLSM), Fourier transform infrared spectroscopy (FTIR) and scanning
electron microscopy (SEM). The results showed that SN decreased the skin penetration of NaFl-loaded SLN
(6.32-fold) and NI (1.79-fold), while it increased the penetration of NaFl-loaded LI (5.36-fold). CLSM images
showed the red fluorescence of the LI and NI bilayer on the superficial layer of the stratum corneum.
However, the red fluorescent probe of the SLN was not visualized in the skin. FTIR results of the LI and NI
with SN showed no effect on lipid stratum corneum ordering, suggesting that the fragment of bilayer
vesicles might repair the damaged skin. For SLN, the strengthening of stratum corneum by covering the
disrupted skin with solid lipids was shown. SEM images show disrupted carriers of all the formulations
adsorbed onto the damaged skin. In conclusion, the SN changed the properties of both the skin surface
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and lipid nanocarrier, demonstrating that disrupted skin might be repaired by a disrupted nanocarrier.

Introduction

Sonophoresis (SN) has been proposed as a noninvasive technique
for increasing the skin permeability to various drugs by using-sev-
eral mechanisms, such as thermal effects by absorption of ultra-
sound energy and cavitation effects caused by the collapse and
oscillation of cavitation bubbles in an ultrasound field'% The main
effect of cavitation has been found to create aqueous pathways
across the stratum corneum by distorting the lipid bilayer, which
can lead to enhancement of skin transport of hydrophilic
molecules®.

A simultaneous application of ultrasound to the skin is per-
formed by applying ultrasound energy through a coupling
medium containing the drug onto the skin surface, which causes
enhancement of drug transport in two. ways: (i) by changing the
skin structures, leading to increase in skin permeability and (ii)
through convection-related mechanisms that occur only when an
ultrasound is applied. However, the action of ultrasound on drugs
or other active ingredients can cause molecular degradation or
other chemical reactions, which can result in a loss of activity or
effectiveness of the therapeutic compound and may also cause
undesired reactions'*>.

Lipid-based nanocarriers, including liposomes (LI), niosomes
(NI), ethosomes, transferosomes, solid lipid nanoparticles (SLN)
and nanostructure lipid carriers (NLC), were extensively studied for
transdermal delivery of drug by using several permeation mecha-
nisms, such as intact drug-loading vesicle penetration into the dif-
ferent layers of the skin; lipid vesicles acting as penetration
enhancers via their skin lipid-fluidizing property; the drug
released from carrier and intercalated in the lipid bilayer of the
stratum corneum; or lipid vesicle-mediated enhanced transder-
mal drug delivery via appendageal pathways (e.g. hair follicles

and sweat ducts)®. A few studies have investigated a combin-
ation of SN and a lipid nanocarrier system. Vyas et al. showed
that the application of ultrasound and ointment containing LI
enhanced diclofenac-entrapped LI permeation across the skin’,
while Dahlan et al. reported that LI application to sonicated skin
prior to the application of bovine serum albumin (BSA) solution
reduced BSA penetration and transepidermal water loss due to
the repair of sonication-induced skin disruption®. Moreover, no
mechanistic study for the skin penetration of NI and SLN com-
bined with SN has been reported.

Therefore, the aim of this study was to investigate the effect of
low frequency SN (20kHz) on the permeation pathway for the
transport of sodium fluorescein (NaFl)-loaded lipid nanocarriers
into porcine skin. Lipid nanocarriers, such as LI, NI and SLN, have
been used as carriers to enhance the transdermal delivery of NaFI.
LI and NI formulations were prepared using a sonication method.
SLN was prepared using a de novo emulsification method. Particle
size, surface charge, entrapment efficiency, loading efficiency and
in vitro skin penetration were investigated. Confocal laser scanning
microscopy (CLSM) was used to visualize the skin penetration
pathways of the vesicles. Fourier transform infrared spectroscopy
(FTIR) was used to evaluate the stratum corneum change after
applying a lipid nanocarrier and SN. Scanning electron microscopy
(SEM) was also used to observe the skin surface after applying
ultrasound energy.

Materials and methods
Materials

Egg phosphatidylcholine (PC) was a gift from Lipoid GmbH,
Ludwigshafen, Germany. Cholesterol (Chol) was obtained from
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Carlo Erba Reagent, Ronado, Italy. Sodium fluorescein
(CoHq10Na05, MW 376 Da, logP= —1.52) was purchased from
Sigma-Aldrich, St. Louis, MO. Lissamine™ rhodamine B 1,2-dihexa-
decanoyl-sn-glycero-3-phosphoethanolamine  triethylammonium
salt (rhodamine B) was bought from Invitrogen, Carlsbad, CA.
Tween 80 was supplied from the NOF Corporation (Osaka, Japan).
Cetyl palmitate was purchased from SABO SpA (Levate, Italy).

Nanocarrier formulations

Preparation of LI

A liposomal formulation containing PC and cholesterol (Chol) in
the molar ratio 10:2mM was formulated. Thin film hydration and
sonication methods were used to prepare LI°. Briefly, PC and Chol
were dissolved in chloroform/methanol (2:1, v/v) and then evapo-
rated using nitrogen gas until a thin film formed. The lipid film
was placed in a desiccator until completely dry (6h). NaFl dis-
solved in phosphate-buffered saline (PBS), pH 7.4 was added to
the lipid film to hydrate the LI vesicles. Finally, the dispersion was
probe-sonicated under ice-bath for 30 min to reduce the size of
the liposomal vesicles. An excess lipid composition was separated
from the vesicle formulation by centrifugation at 15,000 rpm at
4°C for 15min. A liposomal formulation was collected at 4°C for
24 h prior to the characterization.

Preparation of NI

A niosomal formulation containing nonionic surfactants (Span
20) and Chol in a 55mM molar ratio was formulated. Thin
film hydration and sonication methods were used to prepare
NI°. Briefly, a mixture of Span20 and Chol dissolved in an etha-
nol:chloroform mixture (1:1, v/v) were evaporated and placed in
desiccator (6h). NaFl solution was then added to the lipid film
to hydrate the NI vesicles. It was then probe-sonicated under
an ice-bath for 30 min to reduce their particle size. Excess lipid
composition was separated from the vesicle formulation by
centrifugation at 15,000 rpm at 4°C for 15min. A niosomal for-
mulation was collected at 4°C for 24h prior ~to the
characterization.

Preparation of SLN

A SLN formulation was prepared. using a de. novo emulsification
method'®. The composition of an oil phase containing cetyl palmi-
tate and PC was formulated. For-an aqueous phase, NaFl and
Tween80 were dissolved in PBS. The oil and aqueous phases were
heated at 65+5°C. The aqueous phase was then added to the oil
phase with stirring at 14,000 rom for 5min using a magnetic stir-
rer. Emulsions were probe-sonicated for 15 min to reduce the par-
ticle size and then filtered through a 0.45-um membrane filter to
remove any precipitate matter.

Characterization of nanocarrier formulations

Particle size and zeta potential analysis

Each formulation was diluted in a 1:20 ratio with water and meas-
ured for size distribution and zeta potential, using a Dynamic
Light Scattering (DLS) particle size analyzer (Zetasizer Nano-ZS,
Malvern Instrument, Worcestershire, UK) with a 4 mW He-Ne laser
at a scattering angle of 173°. All measurements were performed
in triplicate.

Entrapment efficiency and loading efficiency
Each nanocarrier (0.5mL) was placed in an ultrafiltration tube
with a molecular weight cutoff of 3000Da (Microcon YM-3;

Minipore, Billerica, MA) and centrifuged at 4°C at 10,000xg
for 60min. The filtrate was discarded, and 0.25mL of PBS
was added to the retentate before further centrifugation at
4°C at 10,000xg for 40min. The collected NaFl-loaded nano-
carrier in the retentate was then disrupted with 0.2mL of
0.1% (w/v) Triton X-100 (for LI and NI) or isopropyl alcohol
(for SLNs) and centrifuged at 4°C at 10,000xg for 10min.
The NaFl content of the supernatant was determined by a
fluorescence analysis.

The percent of drug entrapment efficiency (%EE) and loading
efficiency (%LE) was calculated using the following Equations (1)
and (2):

C
%EE:E><1OO (M

1

C

WLE = ——————— x 1
Lipid composition

)]
where C is the concentration of NaFl in the formulation and G is
the initial concentration of NaFl added.

In vitro skin permeation study

Abdominal porcine skin was taken from intrapartum stillborn ani-
mals from a farm in Nakhon Pathom. Subcutaneous fat was care-
fully removed using medical scissors and surgical blades (skin
thickness ~0.6-0.7 mm). Samples were frozen at —20°C until use.
The frozen skin was thawed in PBS for 30min at room
temperature:

A skin permeation study was performed using Franz diffu-
sion -cells. The receptor compartment of the cell was filled
with “6mL of PBS at 32°C with stirring at 500rpm.
Approximately 2mL of NaFl-loaded nanocarrier formulations
were “applied to the skin in the donor compartment. Samples
(0.5mL) were taken from the receiver compartment at 1, 2,
4, 6, 8 and 24h for analysis using fluorescence detection. The
same volume of PBS was then added to the receiver com-
partment to maintain a constant volume. Each sample was
analyzed in triplicate.

The cumulative amount was plotted against time. The
steady-state flux was determined by using the slope of the
linear portion of the plot. Lag time was obtained by
extrapolating the linear portion of the penetration profile to
the abscissa. The skin permeation of each model lipid
nanocarrier was analyzed using a mathematical model based
on Fick's law of diffusion that included the following
Equation (3):

_J
=&

where K, is the permeability coefficients, J is the steady-state flux
and Cy4 is the donor concentration of the formulations.

Ko 3)

Sonophoretic treatment

Low frequency SN at 20kHz was generated using an ultra-
sonic  transducer (Vibra-cel™, VCX130 PB, Sonics and
Materials, Inc., Newtown, CT), which has a transducer probe
with a radiating diameter of 6 mm. The probe was placed
inside the donor compartment with its active horn face
located 3mm above the skin surface. NaFl-loaded lipid nano-
carrier formulations (as a coupling medium) were placed in
the donor chamber. The skin was then continuously sonicated
for 2min (100% duty cycle, 25% amplitude). The acoustic
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intensity applied was 1.90 W/cm? which was calculated from
the following Equation (4):
Power (W)
Area of skin (cm?)
Sound energy (J)

Intensity (W/cmz)

Area of skin (cm?) x Application time (s)

(4)

Fluorescence analysis

Samples (100 pL) were pipetted into a black 96-well plate and ana-
lyzed using a fluorescence spectrophotometer (Fusion™ Universal
Microplate Analyzer, Packard Instrument Company, Inc, Downers
Grove, IL). The excitation wavelength was 485 nm and the emis-
sion wavelength was 535nm. Each sample was determined in
triplicate®.

CLSM study

CLSM was used to visualize the skin penetration pathway of
hydrophilic fluorescence-loading in 0.1 MM rhodamine B labeled
lipid nanocarriers. After in vitro skin permeation experiment at a
time of 4h, whole skin was washed with PBS to remove excess
particles on the skin surface. Skin cross sections were made using
a cryostat (Leica 1850, Leica Instrument, Wetzlar, Germany). Each
skin sample was mounted on a metal sample holder using frozen
section medium (Neg50, Microm International, Waldorf, Germany).
Frozen skin was sectioned into 10-um slices and placed on glass
microscope slides. Skin tissues were mounted with mounting
medium and covered with a cover slip. Confocal images were
obtained from x10 objective lens system of an inverted Zeiss LSM
510 META microscope (Carl Zeiss, Jena, Germany) with a-He=-Ne
laser (excitation wavelength 543 nm; emission ‘wavelength
580nm), Ar laser (excitation wavelength 488 nm; emission wave-
length 514nm) and diode laser (excitation wavelength 358 nm;
emission wavelength 461 nm).

FTIR study

A FTIR spectrophotometer was used to characterize the changes
in the stratum corneum on a molecular level. A trypsin digestion
method was used to prepare the stratum corneum sheet''. The
whole skin (stratum corneum side facing upward) was placed on
0.5% w/v trypsin solution in water for 6h at 37°C. The stratum
corneum sheet was then-carefully removed from viable epidermis.
Stratum corneum sheets were rinsed with distilled water and
dried in a desiccator until they were completely dried. Nanocarrier
formulations were applied on stratum corneum sheets for 4h at
32°C. The treated sheets were dried and analyzed using a FTIR
spectrophotometer (NICOLET4700; Thermo Electron Corporation,
Madison, WI) between 4000 and 1000 cm . All data were analyzed
using version 8 of OMNIC software (Thermo Electron Corporation,
Madison, WI).

SEM study

After the in vitro skin penetration study at 4 h, the effect of nano-
carrier and SN on epidermal structure was observed on the por-
cine skin. Each skin sample was cut into pieces (1 mm x2mm)
from the central area. The samples were rapidly frozen in liquid
nitrogen and dried using a Freeze-Dry System (FreeZone 2.5;
Labconco, Kansas City, MO) for 24 h. The dried specimens were
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gold-coated using a sputtering device. Specimens were then
observed under a scanning electron microscope (Camscan
Mx2000, Obducat Camscan Ltd, Cambridge, UK). Photographs
were taken from the skin in different penetration regions.

Statistical analysis

All experimental measurements were done in triplicate. Values are
expressed as the mean and standard deviation (SD). Statistical sig-
nificance was analyzed using a one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test. The significance level
was set at p <.05.

Results and discussion
Physicochemical characterization of nanocarriers

The average particle sizes of the LI, NI-and SLN were
108.07 £ 1.24nm, 243.73+2.94nm and 130.23+1.42nm, respect-
ively. All formulations had a narrow size distribution (polydisper-
sity index; PDI <0.3). The zeta potentials of the LI, NI and SLN
were —11.15+£2.98mV, —49.43+1.77mV and —19.03+1.09mV,
respectively. For the NaFl-loaded lipid nanocarrier, the entrapment
efficiencies (%EE)- of the 'Ll, NI and SLN were 17.20+1.20%,
40.47 £1.08% and 47.31.£3.19%, respectively, and the loading effi-
ciency (%LE) of LI, NI and SLN were 4.14+0.05%, 22.13+0.59%
and 1.58+0.11%, respectively. In a previous study, the SLN formu-
lations had.a high %EE but low %LE because the high lipid com-
position of the SLNs has more space to entrap NaFl than other
formulations. The NI had a higher loading efficiency than the LI or
SLN-formulations because cholesterol could make the NI bilayer
less fluid and increase drug loading efficiency'2.

In vitro skin penetration study

As shown in Figure 1, the amount of NaFl delivered from the dif-
ferent lipid nanocarrier formulations through the skin were plot-
ted against time. The skin penetration parameters are shown in
Table 1. The rate of absorption or flux (J) of any substance across
a barrier is proportional to its concentration difference across that
barrier. Thus, the proportionality constant between flux and donor
concentration is the permeability coefficient (Kp)13. In this study,
the lag time of all the formulations were not significantly different.
In the result of lipid nanocarrier alone, the flux was in the follow-
ing order: SLN > NI > LI. This indicated that the SLN has a higher
entrapment efficiency and that the more lipophilic solid structure
can get into close contact with the skin to form a lipid film on
the skin surface. An occlusive effect from lipid wax leads to
increased skin hydration. Consequently, the effect of SLN enhan-
ces the penetration of the drug from the lipid carrier into the
skin'®. The NI showed a higher NaFl penetration through the skin
than the LI because the nonionic surfactant and cholesterol
increased penetration of the entrapped substances across the
skin'®. Niosome vesicles can interact with the stratum corneum
surface by aggregation and adhesion for the penetration of lipo-
philic drugs across the stratum corneum’®.

For the application of SN with a lipid nanocarrier, the results of
the flux rate were in the following order: NI >LI>SLN. The NI
with SN showed a higher NaFl flux than the LI with SN and SLN
with SN. The NI alone had a higher NaFl flux than NI with SN
(1.79-fold), but the difference was not significant. When applying
the SN with NI, the niosomal vesicles might break and release
entrapped NaFl before contact with the skin surface’. The mem-
brane bilayers were adsorbed and covered the defect skin surface,
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6 i
-—8—CL

O CL with SN

Cumulative NaFI permeated (ug/cm?)

—a— NI

— 4~ NIwith SN

—e—SLN
—O— SLNwith SN

(—M—), NI with SN (—A—) and without SN (—A—
ference between groups (p < .05).

Table 1. The penetration parameters of NaFl - lipid nanocarrier formulations.
Each value represents the mean+SD (n=3).

Formulations Flux (ug/cmz/h) Lag time (h) K, (cm/h) (x 1079
LI 0.0078 £0.00 1.00+0.35 3.90+£2.91

LI with SN 0.0418 +£0.01° 0.20+0.20 20.90 + 3.49°

NI 0.1191 +£0.06 0.40+0.35 59.60+32.15
NI with SN 0.0666 +0.01 0.50+0.35 3332+3.44
SLN 0.1920+0.06 0.43+0.23 95.98 +30.70
SLN with SN 0.0304 +0.02° 0.50+0.26 15.20+ 8.89°

2Significant different from other groups (p <.05).

which caused a reduction in transport of the hydrophilic com-
pound through skin.

The flux of the LI with SN was higher than with the LI alone
(5.36-fold), but it was not significantly different. From the lag time
study, the LI with SN provided rapid NaFl permeation through the
skin that was greater than the LI alone, suggesting that the SN
can increase penetration rate of the Ll. Vyas et al. reported that
the sonication energy can “break the lamellae of LI’. The
entrapped drugs were released and transported through the
stratum corneum'’.” Moreover, LI made from phospholipids, e.g.
fluid-state EPC (.-0-PC from egg yolk), may diffuse into the stra-
tum corneum, enhance drug-penetration through the skin and
repair ultrasound-induced skin disruption by adsorption onto and
fusion with the skin surface defect®'®.

For the SLN, the SN reduced the NaFl penetration through the
skin. Thus, the SLN alone had a significantly higher NaFl flux than
the SLN with SN (6.32-fold). Ultrasound energy can produce
extreme cavitation transient in the medium, which leads to an
increased medium temperature due to the medium expanding
and producing energetic shock waves from a bubble implosion.
However, maintaining the temperature of the dispersion above
the melting point of lipids in SLN is essential to facilitate the
breakup of oil droplets'®. In this study, cetyl palmitate is a solid
core of SLN. The melting point of cetyl palmitate is 54°C. The
temperature of the donor solutions in contact with the sonicated
skin resulted in temperature increases of ~2°C from 32+5°C at
the end of a 2-min application®. Although the temperature of the

Time (h)

Figure 1. The cumulative amount-time profiles of NaFl in different lipid nanocarrier formulations without and with SN. Symbols: LI with SN (——) and without SN

), and SLN with SN (—o-) and without SN (—e—). Each value represents the mean +SD (n = 3). *Significant dif-

SLN dispersion was lower than the melting point of the solid core,
the sonication energy could break the solid core of the lipid nano-
particles. Then, the skin surface was covered by a solid lipid frac-
tion, leading to reduced NaFl transport through skin.

CLSM study

As shown in Figure 2, confocal images of the skin cross section
obtained at 4 h after deposition of the NaFl-loaded-Rh-PE-labeled
lipid nanocarriers were visualized. The LI had both red fluores-
cence of the membrane vesicle and green fluorescence of NaFl in
the skin, while the NI and SLN had little or no red fluorescence
labeled in the vesicles in the skin. As the LI are made from phos-
pholipids that have the same properties of stratum corneum lipid,
the processes of adhesion onto the skin surface, fusion or mixing
with the lipid matrix of stratum corneum, and penetration of
intact vesicles associated with entrapped drug have been sug-
gested as the penetration mechanism of LI**?'. For the LI with
SN-treated skin (Figure 2(B)), a higher fluorescent intensity of NaFl
and vesicle in the stratum corneum surface was seen that covered
the hair follicle opening compared with the LI alone, indicating
that the skin repair by adsorbed LI onto the damage skin might
enhance the NaFl permeation into skin®.

The NI and SLN were not permeated into the skin. Only the
drug permeates into the skin surface, suggesting that NaFl might
be released from the nanocarriers before permeation through the
skin. After applying ultrasound energy onto the skin, the NI with
SN had the brightest fluorescence intensity for the Rh-PE-labeled
NI membrane covering the stratum corneum surface. However, it
did not permeate deeply into the skin layer (Figure 2(C)), suggest-
ing that the ultrasound energy might have disrupted the NI ves-
icle. The lipid fractions of the NI that were adsorbed onto the
damage skin and covered the skin surface might then reduce the
hydrophilic compound penetration into skin.

For SLN, Figure 2(E) shows the fluorescence intensity of NaFl
deposits along the length of the hair follicles inside the skin more
than other formulations, indicating that the transfollicular pathway

449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512



513
514

51 SSOLOR/
nline

516B&W in

517 Print

518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576

PHARMACEUTICAL DEVELOPMENT AND TECHNOLOGY @ 5

—a
100 pm

100 fim "

Q3 Figure 2. Confocal images of the skin cross-section obtained at 4 h after deposition of the LI alone (A) and with SN (B), NI alone (C) and with SN (D), as well as SLN
alone (E) and with SN (F). The image is divided into three parts, with (1) green fluorescence of NaFl, (2) red fluorescence of Rh-PE and (3) an overlay of (1) and (2).
The scale bar represents 100 um. All confocal images were obtained at a magnification of x10. Symbols: (— , hair follicles).

might be a penetration route of NaFl from the SLN into skin. In the
previous study, particulate drug carriers, e.g. lipid nanoparticles,
have been shown to penetrate and accumulate preferentially in
hair follicles, creating a high local concentration of a drug by using

the lipophilicity property of the carriers to improve drug uptake via
the hair follicles**?3, However, the SLN have a little value of par-
ticles in the skin, suggesting that SLN carriers are restricted to per-
meate into and across deeper skin layers by the barrier function of
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the stratum corneum. However, the SLN carriers can be occluded
on the top layer of the skin surface that the high concentration of
drug on the superficial layer of skin might enhance drug perme-
ation®*,25. When applying the SN with SLN, the ultrasound energy
disrupted the lipid particles at a lower temperature than the melt-
ing point of the solid core. Therefore, the fragments of solid lipids
might be not covered by surfactant'®19. The separation of solid
lipid (wax) was irreversible. The CLSM image of the SLN with SN-
treated skin showed no value of red fluorescence because the Rh-
PE probe may have been released before skin contact by the SLN
disruption. Only fragments of solid wax from the disrupted SLN
might have covered the top layer of skin leading to reduce the
NaFl transport through skin via transdermal and transfollicular
pathway.

FTIR study

In this study, the stratum corneum sheets from the porcine abdo-
men were treated with the lipid nanocarrier and SN. As shown in
Figure 3, the phase transition of the lipid was represented by an
increase/decrease in the band position of the signals at 2917.6
and 2850.0 of the intact stratum corneum (control). Generally, the
prominent peaks obtained near 2920 and 2850cm™' represent
the asymmetric and symmetric stretching modes of the terminal
methylene groups of the lipids (ceramides, phospholipids, etc.),
respectively, and provide specific information about the interior
composition of the lipid bilayer. CH, scissoring vibration (1466.2
and 1457.3cm™") provides information about the lateral packing
of the lipid alkyl chains in the stratum corneum?5°, The spilt of

(A)
Control

LI

LI with SN

Absorbance

NI with SN

SLN with SN
g PR ——
2900 2800 2700
Wavenumbers (cm-1)

TE—
3000

the band of the scissoring width was ~10cm ™", which indicated a
high content of the orthorhombic (OR) phase®°. Additionally, the
height intensity of the bands represented the amount of lipid and
proteins in the stratum corneum. Any change in the peak intensity
suggests the extraction or strengthening of the lipid stratum
corneum.

For the results, the LI and NI both without and with the SN
showed no or little change in the band position of the CH, sym-
metric and asymmetric stretching and CH, scissoring vibration
compared with the control. This observation implies a preserva-
tion of the conformational order of the SC lipids. However, the
band intensity of the LI and NI was lower than the control, indi-
cating that the stratum corneum lipid extraction led to enhanced
NaFl permeation through skin. When applying the SN with LI and
NI, the result showed lower band intensity than the LI and NI
alone, indicating that the ultrasound-energy may lead to increased
extraction of the membrane lipid from the stratum corneum.
These results represent a higher lipid extraction by the SN but no
effect on stratum corneum- lipid ordering, suggesting that the
membrane bilayer of the LI and NI'might fuse and repair the skin
damage caused by SN.

In the case of SLN, the position-of the CH, stretching band
shifted to a lower wave number with a higher band intensity than
the control, suggesting that reorientation of a lipid group by the
adsorption of the lipid from. the SLN leads to strengthening of the
stratum corneum barrier in the presence of orthorhombic phase
of chain conformation and preventing evaporation of water from
the skin surface by an occlusion effect that provides a high
amount of hydrophilic NaFl from the SLN to penetrate into and

(B)

LI with SN

Absorbance

SLN with SN

1450 1400

Wavenumbers (cm-1)

1500

Figure 3. FTIR spectra of the CH, asymmetric and symmetric stretching modes (A) and CH, scissoring region (B) in the spectra collected from the stratum corneum of

the porcine skin after being treated with the different lipid nanocarrier and SN.
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i

Figure 4. SEM images of the porcine skin surface at (1) the follicular region (original magnification x400) and (2) nonfollicular region (original magnification x500):
control (PBS) without SN (A) and with SN (B), LI wit SN (C), NI with SN (D) and SLN with SN (E).
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through the hydrated skin. However, the SLN-treated skin showed
a collapse of the CH, scissoring doublet peak (Figure 3(B)), indicat-
ing that a disorder of the lipid chain packing might be influenced
by the interaction between the lipids from the SLN and the stra-
tum corneum lipids within the orthorhombic lattice and that
some fraction of lipid may also be incorporated between stratum
corneum lipid tails®'. After applying the SN, the band intensity
was higher than without the SN, suggesting that the fragment of
the solid lipid after disruption by the ultrasound energy might
adsorb onto the skin stratum corneum and intercalate in the lipid
bilayer of the stratum corneum more than the SLN without SN.
These results demonstrate that the SLN carrier occluded on the
top of the skin surface and released NaFl into the skin, while the SN
disrupted the SLN carrier, released NaFl, and provided some solid
lipid fragment covering the skin surface and protecting the perme-
ation of NaFl into and through skin.

SEM study

As shown in Figure 4, the SEM images of the porcine skin surface
treated with the different lipid nanocarrier compared with the
control (PBS) were observed. The stratum corneum surface of the
control ultrasound of the treated skin were lifted up and showed
crack-like structures (Figure 4(B)). The low-frequency SN induced
disruption of the structure of the stratum corneum lipid bilayers
and enhanced the skin permeability for hydrophilic molecules in
solution into the viable epidermis through an intracellular path-
way>2. The combination of the lipid nanocarriers with SN for the
treated skin showed small corneocytes lifting, suggesting that the
lipid compositions could cover and repair the damaged skin®..In
this result, the sonicated skin with the SLN had a thick lipid layer
of solid wax (cetyl palmitate). The formation of the lipid film on
the skin surface might have decreased the skin permeation of
hydrophilic compound.

Conclusion

This work demonstrated that the low frequency SN (20 kHz for
2min) affected skin penetration of NaFl-loaded lipid nanocarriers.
Ultrasound energy breaks lipid nanocarrier and stratum corneum
structure. The disrupted skins were repaired by lipid fragment
from the nanocarrier. Liposomes made from phospholipids may
diffuse with NaFl into the stratum corneum, enhance drug pene-
trate through skin and-repair ultrasound-induced skin disruption.
For the NI, the membrane vesicles covered the stratum corneum
surface but did not permeate deeply into the skin layer, indicating
that the disrupted NI vesicles were on the damaged skin and cov-
ered the skin surface, which might decrease the penetration of
the hydrophilic compound into the skin. However, the LI and NI
might form a bilayer vesicle again after removing the SN, while
the change of solid lipid (wax) was irreversible. The solid lipid frac-
tion of the SLN might cover the skin surface. Thus, the penetra-
tion of NaFl from the SLN with SN significantly decreased
compared with the SLN alone. Therefore, the decrease in skin per-
meability of hydrophilic compounds could be caused by changing
the properties of the lipid nanocarrier on the skin surface, thereby
reducing the NaFl permeation into and through the skin.
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Capsaicin (CAP) is a major pungent component that has been
widely studied in medical and pharmaceutical fields. CAP was
used both orally and topically for pain relief. However, the
extreme pungency and the water insolubility of CAP lead to
its restriction in the development of CAP as drug delivery system
[1]. Our previous study suggested that the computer software
exhibited a beneficial role in the development of menthosomes
for transdermal drug delivery [2]. To confirm the reliability and
reproducibility of simultaneous optimal formulations, the
optimal ultraflexible liposomes (invasomes) estimated by the
computer software (Design Expert®) were experimentally for-
mulated and investigated. To achieve this purpose, invasomes
with Comperlan® KD and d-limonene as potential penetra-
tion enhancer were developed. Using a two-factor factorial
design with centroid replication as a model experimental design,

* E-mail address: sureewan.d@ubu.ac.th.

the invasomes were demonstrated. The model invasome for-
mulations containing a constant composition of 10 mM
phosphatidylcholine, 1 mM cholesterol and 0.15% capsaicin, and
various percentages of d-limonene and Comperlan® KD were
prepared. The physicochemical characteristics e.g., vesicle size,
size distribution, zeta potential, entrapment efficiency and skin
permeability of the model invasome formulations were evalu-
ated. The compositions and the physicochemical characteristics
of invasomes were defined as formulation factor (X,) and re-
sponse variables (Y,), respectively. The relationship between
formulation factor and response variables was predicted, and
the optimal invasome formulation was also optimized using
Design Expert®. The response surfaces estimated by Design
Expert® illustrated obvious relationship between formulation
factor and response variables. The formulation factor directly
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Fig. 1 - The three dimensional response surface plot of the
desirability of invasomes.

affected the physicochemical characteristics of invasomes. The
0.15% capsaicin-loaded invasomes were smaller than 100 nm
in size, narrow size distribution (0.01-0.30) and had minor nega-
tive zeta potential value (less than -20 mV). The skin
permeability of the optimal invasomes was significantly higher
than conventional liposomes and commercial product (0.15%
capsaicin in ethanolic solution). The response surfaces esti-
mated by the computer program were helpful for the

development of optimal invasomes for transdermal drug de-
livery (Fig. 1).
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Abstract The multivariate statistical techniques were utilized for optimizing novel carrier for transdermal drug
delivery of meloxicam, a model water-insoluble drug. Menthosomes (MTS), a novel ultradeformable vesicle
composed of phosphatidylcholine (PC), cholesterol (Chol), hexadecyl pyridinium chloride (HPC) and I-menthol
(MEN) were formulated. A two-factor spherical and second-order composite experimental design was employed to
prepare the model of vesicle formulations. The model formulations were optimized using a nonlinear-response
surface method incorporating thin-plate spline interpolation (RSM-S). Moreover, the confidence intervals and the
reliability of the optimal MTS formulation predicted by RSM-S were estimated using a bootstrap (BS) resampling
method and a Kohonen self-organizing map (SOM), respectively. The various amounts of HPC and Chol were
selected as formulation factors. The physicochemical characteristics (e.g. vesicle size, charge, clasticity and drug
content) and in vitro skin permeability (e.g. flux value) were selected as response variables. The response surface
results clearly indicated nonlinear relationships between the formulation factors and the response variables. The
experimental values of optimal MTS formulation coincided well with the values predicted by the computer
programs. The confocal laser scanning microscopy (CLSM) image displayed the vesicle mechanism for delivery
meloxicam across the hairless mice skin. The result indicated that the optimal MTS formulation exhibited higher
skin permeability than conventional liposomes. Our study suggested the optimal MTS formulation was successfully
optimized using RSM-S and had a potential to use as novel carrier incorporating MEN for transdermal drug delivery
of meloxicam. These statistical approaches were helpful in formulating an appropriate transdermal delivery system.

Introduction

Since the first publication reported that the effectiveness of surfactant in deformable liposomes can be used for
transdermal delivery of drug into deep skin was distributed, the novel deformable vesicles with various penetration
enhancers have been developed (e.g. transfersomes, ethosomes, flexosomes and invasomes).[1] These innovative
deformable vesicles mainly were composed of phospholipids and penetration enhancer (e.g. surfactant, ethanol,
terpenes etc.) in which only a specially designed vesicle was shown to be able to allow through the deep skin region.
Hence, several researchers previously used various penetration enhancers to promote skin delivery of drugs.
Menthosomes (MTS), novel ultradeformable liposomes consisting of phospholipids, surfactant and 1-menthol were
also introduced in this study. L-menthol is well-known as a competent permeation enhancer, and has been reported
to improve the skin permeation of various drugs by increasing drug partition and diffusion.[2] In the development of
a novel transdermal drug delivery carrier, it is important to determine the optimized vesicle formulations having
appropriate skin permeation. A nonlinear response-surface method incorporating thin-plate spline interpolation
(RSM-S) was performed in our study. Using RSM-S, the complicated relationships between formulation factors and
response variables can be easily understood, and a stable and reproducible simultaneous optimal formulation is
obtained. A bootstrap (BS) resampling method and a Kohonen self-organizing map (SOM) were used to
evaluate the reliability of the optimal formulation estimated by RSM-S. These statistical approaches are helpful in
formulating an appropriate transdermal delivery system. In this study, meloxicam (MX), a nonsteroidal anti-
inflammatory drug (NSAID) as a preferential COX-1 inhibitor, was used as the model drug.[3] Because oral and
injectable administrations of MX are not appropriate for peptic ulcers and patient compliance, MX is suitable for
development as a transdermal delivery candidate. Moreover, MX is a potent drug and safe drug for reducing pain
and inflammatory symptoms with low toxicity and low skin irritate less than other NSAID drugs.

Materials and Methods

1) Materials: Phosphatidylcholine (PC) was purchased from LIPOID GmbH. Cholesterol (Chol) was purchased
from Wako Pure Chemical Industries. Meloxicam (MX) was supplied from Fluka. Hexadecyl pyridinium chloride
(HPC) and 1-Menthol (MEN) was purchased from Tokyo Chemical Industry. All other chemicals used were of
reagent grade and purchased from Wako Pure Chemical Industries (Osaka, Japan).

2) Preparation of menthosomes: The MX-loaded MTS composed of MX, PC, MEN, HPC and Chol were prepared.
MTS were prepared by the sonication method.[1] Briefly, all compositions were separately dissolved in
chloroform/methanol (2:1 v/v). The lipid mixtures were evaporated under nitrogen gas stream. The lipid film was
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placed in a desiccator for 6 h to remove the remaining solvent. The dried lipid film was hydrated with acetate buffer
solution (pH 5.5). MTS suspensions were subsequently sonicated for two cycles of 15 min using a sonicator-bath.
3) Experimental design: The various concentration of HPC (X)) and Chol (X2) were sclected as formulation factors.
Based on the turbidity behaviors observed in preliminary experiments, the lower and upper limits of the levels of
each factor were sets as follows.

10 £ X, £40 (%mol) (1)

10 £ X> £40 (%mol) (2)
Therefore, the feasibly experimental region in the simplex design was spherical shape. The formulation factor
assigned according to the ordinary round design, as shown in Figure 1, and 10 formulation, including duplicate of
the centroid, were prepared.
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Figure 1 The two-factor spherical and second-order composite experimental design: a) simplex design for two
factors, and b) vesicle composition of two components. Ten formulations were assigned to the model formulation
loaded menthosomes.

4) Determination and measurement of vesicle size, charge, elasticity and drug content: The vesicle size (nm) and
charge (mV) of MTS were measured by photon correlation spectroscopy (PCS) (Zetasizer Nano series, Malvern
Instruments, UK). At least three independent samples were taken, and the particle size was measured at least three
times. The elasticity value (mg-sec™!-cm?) of the bilayer of MTS was directly proportional to Jeux x (7v/7)>. Where
Jriux 18 the rate of penetration through a permeable barrier, r, is the size of the vesicles after extrusion (nm) and #y, is
the pore size of the barrier (nm). To measure Jrux, MTS was extruded through a polycarbonate membrane with a
pore diameter of 50 nm (rp), at a pressure of 0.5 MPa. Five minutes, the extrudate was weighed (Jrix), and the
average vesicle diameter (r,) was measured by PCS. The drug content of MX in the MTS formulation was
determined by HPLC. The analytical column was YMC-Pack ODS-A (150 mm x 4.6 mm i.d.), and the mobile phase
consisted of acetate buffer solution (pH 4.6)/methanol (50:50, v/v). The flow rate was set at 0.8 mL/min, and the
wavelength used in this determination was 272 nm.

5) In vitro skin permeability evaluation: The excised skin of hairless mice (Laboskin®, HOS: HR-1 Male, 7 weeks,
Sankyo Labo Service Corporation, Inc., Tokyo, Japan) was used as a model membrane. A side-by-side diffusion cell
with an available diffusion area of 0.95 cm? was employed. The receiver chamber was filled with 3 mL of phosphate
buffer solution (pH 7.4, 32 °C) and the donor chamber was filled with 3 mL of MTS formulation. At appropriate
times (2-12 h), an aliquot of the receiver fluid (0.5 mL) was withdrawn, and the same volume of fresh buffer
solution was placed in the receiver chamber. The concentration of MX in the aliquot was analyzed using HPLC.

6) Measurement of hairless mice skin using confocal laser scanning microscopy (CLSM): The depth of skin
permeation of MTS was investigated using CLSM (Radiance 2100, Bio-Rad Laboratories, Inc., Hercules, CA,
USA). The Dil-labeled MTS was prepared. The labeled MTS was applied on the hairless mice skin for 12 h. After
removed excess amount of MTS formulation, the skin was washed three times and dried with cotton swab. The full
skin thickness was sectioned into the pieces of 1 mm? size and evaluated for depth of fluorescent probe penetration.
Maximum excitation was performed by a 543 nm line of internal He-Neon laser, and fluorescence emission was
detected with long pass barrier filter 560 DCLP.

7) Simultaneous optimization and reliability assessment of optimal MTS formulation using RSM-S, BS resampling
and Kohonen SOM: The optimal MTS formulation was estimated based on RSM-S, using a data-set obtained from
the simplex spherical design. Details of the optimization methods with RSM-S have been fully given previously.[4]
The optimal formulation was defined as the sufficient skin permeability of MX-loaded MTS permeated skin at 2-12
h and the flux value. The best vesicle formulation should have the maximum concentration of MX-permeated skin at
2—-12 h and flux value. The BS resampling method which has been fully described previously[5], was then applied to
evaluate the reliability of the optimal MTS formulation. The number of BS replication was fixed at 2300. BS-
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optimal means and their 95% confidence intervals (CI) were calculated from the BS-optimal MTS formulation. The
histograms of the BS-optimal MTS formulations were close to a normal distribution. The Kohonen SOM was then
applied to the set of BS formulations to separate the global optimal and some local optimal clusters.[6]

8) Computer programs: dataNESIA, Version 3.2 (Yamatake Corp., Fujisawa, Japan) was used for drawing the
response surfaces for each variable and predicting the latent variables and response variables (skin permeation) for
various formulations. SOM clustering was performed using Viscovery SOMine, (Version 5.0, Eudaptics Software
GmbH, Vienna, Austria).

9) Ethics in the animal study: This animal study was performed at Hoshi University and complied with the
regulations of the committee on Ethics in the Care and Use of Laboratory Animals.

Results and Discussion

The prediction of response variables using RSM-S: Ten model vesicle formulations including duplicate of the
centroid of the simplex spherical design were prepared and investigated. The experimental values obtained from the
model formulations were used as the input data for optimization process. The response surfaces of each response
variable were estimated by RSM-S based on the original data-set. The physicochemical characteristics of MTS (e.g.
vesicle size, charge, clasticity, drug content, and flux value) were selected as response variables. The response
surfaces indicated that an increase in HPC resulted in a significant decrease in vesicle size, because the
neutralization between the positive charges of vesicle bilayer and negative charges of MX under the experimental
pH (5.5) could reduce the repulsive forces between the vesicle bilayers.[7] The composition of HPC in MTS
resulted in a significant increase in positive charge, elasticity and MX content in the formulation because of its
intrinsic properties of cationic surfactant. HPC has a high radius of curvature that may destabilize lipid bilayers of
the MTS and increase deformability of the vesicle bilayers[8] The beneficial role of surfactant within the vesicle
bilayer is well recognized to increase MX solubility in MTS bilayer. An increase of Chol resulted in a significant
increase in vesicle size, a decrease in elasticity and a slight increase in MX content in the formulation. Because,
Chol can increase the net repulsion force and reduce the van der Waals attraction force between the lipid bilayer of
vesicle[9] and Chol can increase rigidity and packing density of PC molecules, thus the elasticity of MTS bilayers
decreased.[8] The MX content in the formulation slightly increased, as Chol was added because Chol may increase
the hydrophobicity of vesicle bilayer as well recognized as the role of “like dissolves like” between hydrophobic
bilayer and lipophilic drug.[10] The flux response surface of HPC and Chol were inversely correlated. The
formulations containing high concentration of HPC but low concentration of Chol showed high flux value. This
result indicated that the formulation factor (X; and X>) was the major factor affecting the physicochemical
characteristics of MTS vesicles, and also affected the skin permeability of MX-loaded MTS. The accuracy of the
response surfaces was determined by leave-one-out-cross-validation. The results indicated that most of the
correlation coefficients were sufficiently high (more than 0.9). These results suggested that RSM-S successfully
estimated the relationship between the formulation factors and response variables attributed to MTS
formulation.[11]

Formulation optimization using RSM-S: The optimal MX-loaded MTS formulation was optimized based on the
original data set using RSM-S. The search directions for the response variables were set to produce a high
concentration of MX-permeated skin at 2-12 h and also a high flux value. X; = 29 (% mole ratio) and X> = 10 (%
mole ratio) were estimated as the optimal MTS formulation. The flux value = 0.31 pg/cm?h was estimated to be the
optimal response variables. To confirm the accuracy and reliability of the optimal MTS formulation estimated using
RSM-S, the optimal MTS was confirmed by the experiment. The evaluation of physicochemical characteristics and
in vitro skin permeation study were also performed. The experimental optimal MTS formulation composed of
PC:Chol:HPC:MX = 100:10:29:10 mole ratio. The following response variables were obtained from the
experimental optimal MTS formulation: vesicle size = 135£40 nm, charge = +57+£0.3 mV, clasticity = 166£9
mg-sec’-cm? and MX content = 52243 pg/mL, and the experimental flux value was 0.31£0.06 pg/cm*h which
were very close to the flux value predicted by RSM-S. The previous study reported that skin permeation flux of the
pharmaceutical formulation (ondansetron hydrogels) predicted by RSM-S also coincided well with the experimental
value evaluated by in vitro skin permeation study.[12] The BS-resampling and Kohonen SOM-clustering methods
were applied to determine the set of BS-optimal formulation in the global optimal cluster.[13] The 95% CI for the
optimal MTS formulation was calculated using the data in the global optimal cluster. The shape of the histogram
constructed from the arithmetic means of the BS samples followed a normal distribution. Most of the histograms
were also close to a normal distribution. The estimated lower and upper flux value were 0.28 ug/cm*h and 0.33
ug/cm?/h, respectively. This result revealed that the experimental flux value was also in the 95% Cl range. The
results were sufficiently high reliability suggesting that RSM-S successfully estimated the optimal MX-loaded MTS
formulation, and CI of the formulation factors and the response variables were satisfactorily estimated.

Skin distribution of fluorescence-labeled MTS vesicles using CLSM: According to the CLSM observation, the
labeled optimal MTS could penetrate into full-thickness skin. MTS vesicle and conventional liposome (CLP)
penetrated into deep layer of the epidermis up to 40 pm and 15 pm, respectively. These results suggested that the
rigid or low elasticity vesicles (CLP) had also low permeability, could not penetrate into the deep layer of the
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epidermis and only remained to the upper layer of the skin (stratum corneum). On the other hand, the non-rigid or
high elasticity vesicles (MTS) showed effective permeability up to deep layer skin, as high fluorescence intensity in
the skin between 15-40 um (viable epidermis layer) was observed. The obtained results indicated that high elasticity
MTS penetrated across the skin greater than low elasticity CLP.[14] The incorporation of Chol as membrane
stabilizer in the MTS vesicle resulted in an increased packing density of vesicle bilayer and increased stability of
vesicle formulation. Whiles, the role of HPC and MEN as penetration enhancer within the vesicle affected the
elasticity or deformaiblity of vesicle bilayer. Therefore, HPC and MEN in MTS formulation improved the
transdermal delivery of MX. However, the optimal ratio of these compositions in the vesicle formulation was
significant to investigate to develop the novel deformable vesicle with sufficient skin permeability and good
stability. Our ultradeformable liposomes may promote skin permeation of MX into deep skin by a variety of
mechanisms: (a) the free drug mechanism, (b) the penetration-enhancing process of the liposome components, (c)
vesicle adsorption to and/or fusion with the stratum corneum and/or (d) intact vesicle penetration into and through
the intact skin. It could be concluded that our group were successful in showing the feasibility of transdermal drug
delivery of MTS, and we were the first group to achieve in the development of novel carrier incorporating MEN for
transdermal drug delivery of meloxicam called “menthosomes”.

Acknowledgements

The authors gratefully acknowledge the Thailand Research Funds through the Golden Jubilee Ph.D. Program (Grant
No. PHD/0141/2550) and through the Basic Research Grant (BRG 5680016), the Pharmaceutical Development of
Green Innovations Group (PDGIG) the Faculty of Pharmacy, Silpakorn University, Nakhon Pathom, Thailand, and
Department of Pharmaceutics and Department of Drug Delivery Research Hoshi University, Tokyo, Japan for all
facilities and support. This study was also supported by MEXT-Supported Program for the Strategic Research
Foundation at Private Universities, and a Grant-in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan.

References

[1] Duangjit S, Obata Y, Sano H, Kikuchi S, Onuki Y, Opanasopit P, Ngawhirunpat T, Maitani Y & Takayama K
(2012) Biol Pharm Bull, 35(10): 1-9.

[2] Okusa T, Obata Y, Takayama K, Higashiyama K & Nagai T (1997) Drug Deliv Syst, 12:327-333.

[3] Luger P, Daneck K, Engel W, Trummlitz G & Wagner K (1996) Eur J Pharm Sci, 4: 175-187

[4] Takayama K and Nagai T (1991) Int J Pharm, 74(2-3): 115-126.

[5] Dupret G and & Koda M (2001) Eur J Oper Res, 134: 141-156.

[6] Kikuchi S and Takayama K (2010) Int J Pharm, 386: 149-155.

[7] Manosroi A, Khanrin P, Lohcharoenkal W, Werner RG, Gé6tz F, Manosro W & Manosroi J (2010) Int J Pharm,
392:304-310.

[8] Elsayed MMA, Abdallah OY, Naggar VF & Khalafallah NM (2007) Int J Pharm, 332: 1-16.

[9] Liang X, Mao G & Ng KYS (2004) J Colloid Interface Sci, 278: 53-62.

[10] Tavano L, Muzzalupo R, Cassano R, Trombino S, Ferrarelli T & Picci N (2010) Colloid Surface B, 75: 319-
322.

[11] Mohammed AR, Weston N, Coombes AGA, Fitzgerald M & Perrie Y (2004) Int J Pharm, 285: 23-34.

[12] Obata Y, Ashitaka Y, Kikuchi S, Isowa K & Takayama K (2010) Int J Pharm, 399: §7-93.

[13] Higgins JJ (2003). Duxbury Press, Boston.

[14] Duangjit S, Obata Y, Sano H, Onuki Y, Opanasopit P, Ngawhirunpat T, Miyoshi T, Kato S & Takayamaa K
(2014) Biol Pharm Bull, 37(2): 239-247.

129



	1
	กิตติกรรมประกาศ
	สารบัญเรื่อง (Table of contents)
	สารบัญภาพ (List of figures)

	สารบัญเรื่อง (Table of contents)
	คำอธิบายสัญลักษณ์และคำย่อที่ใช้ในการวิจัย (List of abbreviations)
	5.1 Physicochemical characteristics
	The physicochemical characteristics of MTS, TFS and CLP are shown in Table 7. The incorporation of different component (Chol, CPC and/or MEN) in the liposome systems affected the size, zeta potential, elasticity, drug content, entrapment efficiency a...
	Table 7  The Physicochemical Properties and Characteristics of the Different Formulations
	The vesicle size were in the nano-size range of 60-100 nm with the size distribution (polydispersity index; PDI) of 0.3-0.4 suggesting that sonication method can prepare a nano-size vesicle. While, MX-SUS were in the micro-size range of 20-30 µm. Defo...
	The zeta potential of MTS, TFS and CLP were in positive charge range of 4-50 mV (Table 7). Deformable liposomes (MTS and TFS) also had higher positive zeta potential compared to CLP ranked as follows: MTS > TFS > CLP. On the other hand, the charge of ...
	The elasticity was ranked as follows: MTS > TFS > CLP, penetration enhancers such as MEN and CPC may a factor that affected the elasticity of vesicles by insertion into the bilayer. The incorporation of Chol, CPC and/or MEN affected the elasticity of ...
	The content drug in the formulation and entrapment efficiency of MTS, TFS and CLP were determined by analysis of total drugs presented in the formulation. The entrapment efficiency of MX in the vesicles varied in the range of 20-80% with the content d...
	5.2  Skin permeation study
	Figure 16 shows (A) skin permeation profile, (B) steady-state flux and (C) MX deposit in the skin after skin permeation study. The cumulative amount per area of MX in each vesicle formulation increased linearly with lag time before 2 h. This linear a...
	The skin permeation results indicated that MX in high elasticity value vesicles (MTS and TFS) had a significantly higher MX flux than low elasticity value vesicles (CLP). In contrast, CLP had a significantly higher MX deposited in the skin than MTS an...
	Figure 16  (A) The skin permeation proﬁle 12 h in full-thickness skin after treated with (●) MTS, (■) TFS, (▲) CLP and (◆) SUS on hair-less mice skin (Laboskin®), (B) flux and (D) MX deposit in the full-thickness skin after skin permeation. Each value...
	Duangjit, S., Nimcharoenwan, T., Chomya, N., Locharoenrat, N., Ngawhirunpat, T., 2016. Design and development of optimal invasomes for transdermal drug delivery using computer program. Asian Federation for Pharmaceutical Sciences Conference 2015 (AFPS2015) Bangkok, Thailamd. Asian Journal of Pharmaceutical Sciences 11, 52-53.
	รอเพิ่มงานวิจัยของน้องๆ ค่ะ

	Output Paper - 1 Int J Nanomed April 2014
	Output Paper - 2 IJN Investigation of the mechanism July 2014
	Output Paper - 3 BPB Bootstrap Sep 2014
	OutPut Paper - 6 AMR Tamarind Seed Xyloglucan
	Output Paper - 7 IJN Mechanistic study of PEGylated lipoome Sep 2015
	Output Paper - 8 IJN Effect of liposomal fluidity April 2015
	Output Paper - 9 PDT Application of Design Expert May 2015
	OutPut Paper - 12 IPHD Sonophoresis and Nanocarrier
	Output Presentation - Oral Presentation (Proceeding) AFPS 2015
	 Design and development of optimal invasomes for transdermal drug delivery using computer program
	 Acknowledgments
	 References


	Output Presentation - Oral Presentation (Proceeding) CDD2014

	Nimber of times reviewed: 
	Publication Info 2: 
	Nimber of times reviewed 2: 
	Publication Info 4: 


