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การศึกษานี้มีวัตถุประสงคเพื่อพัฒนาตํารับลิโพโซมใหเปนตัวพายาเพื่อชวยเพิ่มการซึมผานยามีล
อกซิแคม (MX) ทางผิวหนัง และศึกษาอิทธิพลของปจจัยสูตรตํารับตอคุณลักษณะทางฟสิกสเคมี (ขนาด 
การกระจายขนาด ประจุ ความยืดหยุน ปริมาณยา และประสิทธิภาพในการกักเก็บยา) กายสัณฐานวิทยา 
คุณสมบัติทางความรอน ความคงตัวของตํารับ และการซึมผานผิวหนัง สูตรตํารับท่ีเตรียม ไดแก ลิโพโซมท่ี
มีประจุของสารลดแรงตึงผิว (ประจุลบ, ไมมีประจุ และประจุบวก) ความยาวของสายคารบอนของสารลด
แรงตึงผิว (C4, C12 และC16) และปริมาณของสารลดแรงตึงผิว (10%, 20% และ 29%) และศึกษากลไก
ท่ีเปนไปไดของลิโพโซมในการเพิ่มการนําสง MX ทางผิวหนัง ในการศึกษากอนต้ังตํารับลิโพโซมเตรียมโดย
ใชฟอสโฟลิปด (PC) 10 มิลลิโมลาร สารลดแรงตึงผิว (cetylpyridinium, CPC) รอยละ 0-90 Chol รอย
ละ 0-90 และ MX รอยละ 0-20 พบวาปริมาณ Chol รอยละ 10-40 CPC รอยละ 10-40 และ MX รอย
ละ 10 สามารถเตรียมเปนตํารับลิโพโซมท่ีกกัเก็บ MX ได จากนั้นทําการหาคาเหมาะท่ีสุดสําหรับตํารับลิโพ
โซมกักเก็บ MX ใชโปรแกรม RSM-S โดยกําหนดให PC และ MX ปริมาณคงท่ีคือ 10 มิลลิโมลาร และ 
รอยละ 10 ตามลําดับ สวน CPC และ Chol เปล่ียนแปลงปริมาณในชวงรอยละ 10-40 พบวา เมื่อเพิ่ม
ปริมาณ Chol มีผลเพิ่มขนาดของอนุภาคอยางมีนัยสําคัญ สวนความยืดหยุนและประสิทธิภาพในการกัก
เก็บยา MX ลดลง ในขณะท่ีเพิ่มปริมาณ CPC มีผลทําใหขนาดอนุภาคลดลงอยางมีนัยสําคัญ สวนประจุ 
ความยืดหยุน และประสิทธิภาพในการกักเก็บยา MX เพิ่มข้ึน โดยตํารับลิโพโซมกักเก็บ MX ท่ีเหมาะสม
ท่ีสุดประกอบดวย PC/Chol/CPC ในสัดสวน100:10.5:29.0 อิทธิพลของปจจัยสูตรตํารับ พบวา สูตรลิโพ
โซมท่ีประกอบดวย Chol รอยละ 10 CPC รอยละ 29 และมี MX รอยละ 10 ชวยเพิ่มการซึมผานผิวหนัง
ของยา MX สูงท่ีสุด ตํารับลิโพโซมนี้มีขนาด 91±9 นาโนเมตร มีการกระจายขนาดแคบ (0.3±0.06) และมี
ประจุบวก 48±1 มิลลิโวลต มีความยืดหยุนในชวง 89±1 มิลลิกรัมตอวินาทีตอตารางเซนติเมตร 
ประสิทธิภาพในการกักเก็บยาและปริมาณยาในตํารับเทากับ รอยละ 68±1 และ 526±7 ไมโครกรัมตอ
มิลลิลิตร ตามลําดับ กลไกของลิโพโซมในการชวยเพิ่มการซึมผานผิวหนังของ MX ศึกษาจากคุณลักษณะ
ของคราบงูหลังจากการศึกษาการซึมผานผิวหนังดวย FT-IR และ DSC ผล FT-IR สเปกตรัม และ DSC 
เทอรโมแกรมแสดงการเปล่ียนแปลงของพีค ดังนั้นกลไกท่ีเปนไปไดคือ กลไกของสารชวยเพิ่มการซึมผาน 
และการหลอมรวมของอนุภาคลิโพโซมกับช้ันสตราตัมคอรเนียม ผลจากการศึกษานี้จะเปนขอมูลพื้นฐานท่ี
เปนประโยชนตอการพัฒนาตํารับลิโพโซมสําหรับเพิ่มการนําสงยาชอบไขมันทางผิวหนัง 

 

คําหลัก :  ลิโพโซม ทรานสเฟอรโซม มีลอกซิแคม ระบบนําสงยาทางผิวหนัง สารลดแรงตึงผิว 
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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 using 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 µg/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. 

 

Keywords: Liposomes, Transfersomes, Meloxicam, Transdermal drug delivery, Surfactant 
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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 GI 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 GI 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 GI 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), 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 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-

1·cm-2. The EE and drug content were 68±1% and 526±7 µg/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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CAP Capsaicin 
Chol cholesterol 
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e.g. exempli gratia (Latin); for example 
Eq. equation 
et al. and others 
etc. et cetera (Latin); and other things/ and so forth 
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MX meloxicam 
ng nanogram(s) 
nm nanometer(s) 
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คําอธิบายสัญลักษณและคํายอท่ีใชในการวิจัย (List of abbreviations) 
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r2 coefficient of determination 
rpm revolutions per minute orrounds per min 
rp membrane pore size 
RSM-S nonlinear response surface method incorporating thin-plate 
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บทนํา (Introduction) 

ความสําคัญและท่ีมาของปญหา (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 GI tract problem and 
regarded 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 GI 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 lipophilic 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 
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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. 
 
วัตถุประสงคของงานวิจัย (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.  

 
ขอบเขตของงานวิจัย (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. 
 
 
 



      สัญญาเลขท่ี BRG5680016 

 18 

ประโยชนท่ีคาดวาจะไดรับ (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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ระเบียบวิธีวิจัย (Research methodology) 
 
สารเคมี (Materials) 

1. 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 Aldrich®, St. Louis, MO, USA) 
– Chloroform; CHCl3 (Wako Pure Chemical Industries, Osaka, Japan) 
– Chloroform; CHCl3 (RCI Labscan, Bangkok, Thailand) 
– Cholesterol; Chol (Carlo Erba Reagenti, Strada Rivoltana, Rodano, Italy) 
– Disodium hydrogenphosphate dodecahydrate; Na2HPO4·12H2O (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; KH2PO4 (Ajax Finechem, Australia) 
– Sodium acetate trihydrate; C2H3O2Na·3H2O (Ajax Finechem, Australia) 
– Sodium chloride; NaCl(Ajax Finechem, Australia) 
– Triton® X-100 (Amresco®, Solon, Ohio, USA) 

2. all-trans-retinoic acids; ATRA (Sigma, St. Louis, MO, U.S.A.) 
3. Butylcetylpyridinium chloride; BCP (Tokyo Chemical Industry, Tokyo, Japan) 
4. Laurylpyridinium chloride; LCP (Tokyo Chemical Industry, Tokyo, Japan) 
5. Cetylpyridinium chloride; CPC (MP Biomedicals, Illkirch, France) 
6. Cholesterol; Chol (Wako Pure Chemical Industries, Osaka, Japan) 
7. Capsaicin; CAP (Hunan Huacheng Biotech, Inc., Changsha, China) 
8.  Clindamycin phosphate; CM (Bangkoklab and Cosmetics Co., Ltd., Ratchaburi, 

Thailand). 
9. Meloxicam; MX (Fluka, Buchs, Switzerland) 
10. Methyl 4-Hydroxybenzoate (Tokyo Chemical Industry, Tokyo, Japan) 
11. Phosphatidylcholine; PC (LIPOID GmbH, Cologne, Germany) 
12. Sodium hexadecyl sulfate; SHS (Tokyo Chemical Industry, Tokyo, Japan) 
13. Shed snake skin of Naja kaouthia (The Queen Saovabha Memorial Institute, 

Thai Red Cross Society, Bangkok, Thailand) 
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เคร่ืองมือและอุปกรณ (Equipment needed for the project) 
1. Desiccator 
2. N2 gas in larminar hood 
3. Sonicator bath 
4. Probe sonicator (Sonics Vibra CellTM) 
5. Ice bath 
6. Centrifugation and Ultracentrifugation 
7. Thermo-regulated water bath 
8. Shaking incubator  
9. Diffusion cell (sidy-by-side or franz cell) 

10. Micropipette (2-20 µl, 20-200 µl, 100-1000 µl, 1-5 ml) and micropipette tip 

11. Microcentrifuge tube 1.5 ml (Eppendorf  tubes) 

12. Filter set and filter membrane 0.45 µm  
13. Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)  
14. Transmission Electron Microscope (TEM) 
15. High performance liquid chromatography (HPLC) 
16. Confocal laser scanning microscopy (CLSM)  
17. Differential scanning calorimetry (DSC) 
18. Aluminum seal pan and cap  

19. Refrigerator, Freezer -20°C, Freezer 4°C 
20. Magnetic stirrer and Magnetic bar 
21. Analytical balance 
22. Aluminium foil 
23. Vortex mixer 
24. Thermometer  
25. pH meter 
26. Parafilm 
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ระเบียบวิธีวิจัย (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 investigated 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,X2, … 
and Xn). 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 (DrugH) was incorporated during the hydrated process while the lipophilic drug 
(DrugL) 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 DrugH DrugL 
Liposomes    - - - - -   
Transfersomes     - - - -   
PEGylated liposomes    - -   -   
Menthosomes     - - -    

 
 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 µL of the liposome and transfersome suspensions were 
diluted with 1400 µL 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 10º 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:  
 

Elasticity = Jflux x (rv/rp)
2 (1) 
 

Where Jflux was the penetration rate through a permeability membrane, rv was the vesicle 
size after extrusion and rp was the membrane pore size. To measure Jflux, 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 (rv) 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 μm 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-(CL/Ci) x 100  (2) 
% entrapment efficiency = (CL/Ci) x 100  (3) 
 

Where CL was the concentration of drug loaded in the formulation as described in the 
above methods and C i 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 = Dt/Lt   (4) 
 

Where Dt was the total amount of drug in the formulation and Lt 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 25±1 °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 80ºC 
with heating scan at the rate of 1ºC/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 ºC 

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 60ºC 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 -20ºC until used. The stored epidermis were allowed to 
thaw, cut into 4.5 cm×4.5 cm pieces and hydrated by placing in isotonic phosphate buffer 
in a refrigerator (at about 4ºC) overnight before used. The skin samples were mounted 
between the diffusion chambers with a 32±1 ºC 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 (Kp) were calculated 
from the cumulative skin permeation profile using the steady-state flux (J), and the donor 
concentration (Cd) of the formulations by equations (5) 

 
Kp = J/Cd    (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 ± 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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ผลการวิจัยและอภิปรายผล (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. 
 

 
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], (ii) 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. 
 

 
 
Figure 2 The molar turbidity of the different vesicle component in the liposomes 

(; 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 investigated. 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. 

 

 
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. 
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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. X1 = 10.5% 
and X2 = 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 



      สัญญาเลขท่ี BRG5680016 

 32 

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 

 
 
2. The influence of formulation factors 
 To investigate 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 (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, 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) 

 
 
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 
C16, 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 C22, C18, C12 and C8).[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 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 [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% CPC) 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 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 [64]. However, Mohammed et al., demonstrated that an increase in 
stearylamine (cationic surfactant) from 1-6 µM 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).  
 

 
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), 
(F)C-TFS (50,000X), (G) A-TFS (30,000X), (H) A-TFS (30,000X), and (I)A-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. 

 

 
Figure 7  Freeze-fractured transmission electron microscopy images of the optimized 

meloxicam-loaded vesicle formulation. Notes: (A) 5,000×; (B) 30,000×; (C) 
100,000×; (D) 100,000×. 

 
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 (Tg) shifted to high Tg and low Tg, respectively, 
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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 
transition temperature of lipid bilayer at 2.08 and 1.72 ºC, respectively. The transition 
temperature of TFS system was shifted to a lower temperature than CLP, by the addition 
of CPC.  
 

 
Figure 8  The influence of (A) surfactant charge, (B) surfactant carbon chain length, and 

(C) surfactant content on the remaining MX at different days (n=3). Notes:  
Day 1;  day 7;  day 15;  day 30;  day 120. Abbreviations: a-TFs, 
anionic transfersomes; c-TFs, cationic transfersomes; MX, meloxicam; N-clP, 
neutral conventional liposomes; cPc, cetylpyridinium chloride 
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Figure 9 The DSC thermogram of vesicle formulation; () conventional liposomes 

(CLP) and () 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 α-

helices to a β-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].  

 

 
Figure 10  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 
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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 C4, 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 
C16 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 
(CPC), 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 µg/cm2/h) was very close to the experimental value 

(0.31±0.6 µg/cm2/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.  
 

 
Figure 11 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. 
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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 

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

(µg/cm2/h) 2 h 4 h 8 h 10 h 12 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. 

 

 
Figure 12  The skin-permeation profile of MX from the optimal formulation: predicted 

values; () 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 (X1), size distribution 
(X2), zeta potential (X3), elasticity (X4), drug content (X5), entrapment efficiency (X6), 
release rate (X7)) and formulation factors (e.g., type of PE (Z1) and content of PE (Z2)) 
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 (X4), drug content (X5) and content of PE (Z2) 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 (Y1) and the stability 
of formulation (Y2) were sufficiently high (0.7601 and 0.9700, respectively), suggesting that 
X5 and Z2 and X4, X5 and Z2 were important to Y1 and Y2, respectively. The contribution 
index of the effective causal factor for predicting Y1 and Y2 is shown in Figure 13. 
 

 
Figure 13 The Contribution Index of Effective Causal Factor for Predicting Response 

Variables (a) Skin permeability (Y1) and (b) stability of formulation (Y2). 
 
 The liposome formulation was optimized based on the original dataset using RSM-S. 

X4 = 74.5 (mg·sec-1·cm-2), X5 = 514 (µg/mL) and Z2 = 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: Y1 = 0.269 (µg/cm2/h) and Y2 = 375 

(µg/mL). The results indicated that the original optimal formulation, which was 
considered ideal, had a relatively high elasticity (X4), high drug content (X5) and high 
content of PE (Z2). 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 14a, 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, Z2) and response variables (Y1, Y2) 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·sec-1·cm-2), the increase in the drug content (X5) and the 

content of PE (Z2) to high values (over 350 µg/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 (Z2) 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 (Z2); thus, these responses 
were confirmed by the contribution index shown in Figure 13a.  

Figure 14d, 14e and 14f show the response surfaces of the stability of formulation 
predicted by RSM-S. The results revealed that as the content of PE (Z2) was kept steady, 
the increase in elasticity (X4) and drug content (X5) to high values (over 60 mg·sec-1·cm-

2 and 350 µg/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 (X4) and the content of PE (Y2) was higher 
than 60 mg·sec-1·cm-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 
(Y2) 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 (X4), the drug content (X5) and the content of PE (Z2). These responses were 
also confirmed by the contribution index shown in Figure 13b.  

 

 
Figure 14 The Response Surface of Skin Permeability (Flux, Y1) (Left) and Stability of 

Formulation (Drug Remaining, Y2) (Right) as Function of X4 and X5 (a, d), X4 
and X9 (b, e) and X5 and X9 (c, f) at a Constant of Z2 (0.0689%mol), X5 (514 
µg/mL) and X4 (74.5 mg·s−1·cm−2). 
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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 (Z2) 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. 

 

 
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 X4, X5, 
and Z2. 

 
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 (Y1) and the stability of 
formulation (Y2) were extremely high (RLOOCV=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 

 
The confidence intervals of the original optimal formulation are shown in Table 6. 

The ranges of confidence intervals of most of the factors (X4, X5 and Z2) 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 

 
 

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 

 
 

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. 
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 PI 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 µg/mL (Table 7). The 
solubility of MX in acetate buffer solution (pH 5.5) is 8 µg/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 16C).  

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 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.  

 

 
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 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 (CH2) 
symmetric and asymmetric stretches are near 2850 cm-1 and 2920 cm-1, respectively. 
These peaks in the FT-IR spectra of the skin treated with the vesicle formulation shifted 
from 2850 cm-1 to 2850.7-2851.3 cm-1 and from 2920 cm-1 to 2920.3-2920.9 cm-1, 
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-
99], 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).  
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Figure 17  The influence of (A) surfactant charge, (B) surfactant carbon chain length, and 

(C) 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. 
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สรุปผลการดําเนินงานของโครงการ (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 µg/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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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.1–3 Long-term therapy with high doses of MX can 

lead to gastrointestinal side effects such as upset stomach, indigestion, ulceration, and 

bleeding.4 Moreover, the high content of organic solvent in the MX formulation5,6 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,7 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,8–11 anionic surfactants in 

liposomes are also effective in improving skin delivery.12–14 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.15 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.16,17 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.18 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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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 µL 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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Figure 1 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.
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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.19 

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 

directly proportional to J
Flux 

× (r
v
/r

p
)2:

	 Elasticity value (mg ⋅ sec−1 ⋅ cm−2) = ×








J

r

rFlux
v

p

2

,	 (1)

where J
Flux

 is the rate of penetration through a permeable 

barrier (mg ⋅ sec−1 ⋅ cm−2); r
v
 is the size of the vesicles after 

extrusion (nm); and r
p
 is the pore size of the barrier (nm).20 To 

measure J
Flux

, the vesicles were extruded through a polycar-

bonate membrane (Nuclepore; GE Healthcare Life Sciences, 

Buckinghamshire, UK) with a pore diameter of 50 nm (r
p
) 

at a pressure of 0.5 MPa. Five minutes after extrusion, the 

extrudate was weighed (J
Flux

) and the average vesicle diameter 

(r
v
) 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 µm nylon syringe filter. The EEs of the MX loaded in 

the formulations were calculated according to the following 

equation:

	 %EE
C

C
100,L

i

=






× 	 (2)

where C
L
 is the concentration of MX loaded in the formula-

tion, as described above, and C
i
 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.21 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 

Table 1 Liposome and transfersome formulation

Surfactant  
factor

Code Lipid component (%w/v) Acetate 
buffer 
(mL)

MX PC Chol C4 C12 C16 A16

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
C12 0.07 0.77 0.04 – 0.08 – – 100
C16 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 10 mM. C4, cationic surfactant with 4 carbons; C12, cationic surfactant with 12 carbons; C16, cationic 
surfactant with 16 carbons; A16, anionic surfactant with 16 carbons.
Abbreviations: A-TFS, anionic transfersomes; Chol, cholesterol; CPC, cetylpyridinium chloride; C-TFS, cationic transfersomes; MX, meloxicam; N-CLP, neutral conventional 
liposome; PC, phosphatidylcholine.
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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 cm2. 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 (µg/cm2) 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 (150×4.6 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 µg/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−1 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 

a nitrogen 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 t-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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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 µg/cm2/hour) was very 

close to the experimental value (0.31±0.6  µg/cm2/hour). 

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 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-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 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.13 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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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.22 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.23

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.24 The insertion of C8 (short-chain carbon) resulted 

in decreased vesicle sizes in the order of poly(asparagines) 

grafted with C8, C12, C18, and C22.25 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).25 Because long-chain carbons exhibit strong 

hydrophobic interactions with PC, the PC bilayer of the 

vesicles becomes tighter. Long-chain carbons decrease the 

Table 2 Effect of the surfactant on vesicle size, zeta potential, elasticity and entrapment efficiency of the vesicle formulation (mean ± 
standard error)

 Vesicle size
(nm)

Zeta potential
(mV)

Elasticity
(mg ⋅ sec−1 ⋅ cm−2)

Entrapment efficiency 
(%)

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 11.6±1.64 26.36±0.26
 C -TFS 90.6±9.2 48.3±0.67 88.7±0.98 68.06±0.84
Effect of surfactant carbon chain length
 C 4 113.3±3.5 10.9±3.21 120.1±2.87 9.92±0.41
 C 12 94.5±2.0 26.9±2.63 108.7±1.74 46.11±0.29
 C 16 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 11.6±1.64 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 90.6±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.
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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.24 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).10 The increase in the EE values 

of long-chain carbons could be attributed to the increased 

hydrophobic area within the PC bilayer.10,26

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.27 However, Mohammed 

et al demonstrated that an increase in stearylamine (cationic 

surfactant) from 1–6 µM resulted in an increase in the vesicle 

size of egg PC liposome.10 The insertion of surfactant into 

the vesicle bilayer can increase its curvature and result in 

decreased vesicle size.25 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.10

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 

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).28 Surfactants can interact with 
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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).
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C-TFS, cationic transfersomes; h, hour; N-CLP, neutral conventional liposomes.
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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 α-helices to a β-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.29 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 al30 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.28 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.7

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,31 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.32 Duangjit et  al reported that C18–C24 were 

more effective than C32 in the permeation of MX.18 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 

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 Chol’s stabilizing effects.33,34 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
2
) symmetric and asymmetric stretches 

are near 2,850 cm−1 and 2,920 cm−1, respectively. These 

peaks in the FTIR spectra of the skin treated with the vesicle 

formulation shifted from 2,850 cm−1 to 2,850.7–2851.3 cm−1 

and from 2,920 cm−1 to 2,920.3–2,920.9 cm−1, 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 of 229.18 

°C–230.53°C, depending on vesicle formulation. These 

results are consistent with previous studies,35–38 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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Figure 6 The influence of (A) surfactant charge, (B) surfactant carbon chain length, and (C) 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.
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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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��)̂�(�('�)Y)���+)��&($�')-Y��̀!)�R")��%)���Y�)-̂�-%��Y")&(̂����$̂ �̂�YY�̂Ã��Â�$'(ë��$-$Y$'�ìY&Ã$%Ã�"çÝÏ�ÒÕ×ÝØÑÍ�ÖÏÚÓÒÑÏ�ÐØ�ÚØÐèÌÚ×�Øã�ÌÐ×ÏÑÏÍ×æ















Development and Evaluation of Tamarind Seed Xyloglucan for 
Transdermal Patch of Clindamycin  

Sureewan Duangjit,1,a Parin Buacheen,1,b  
Pongsakorn Priebprom,1,c Sittikun Limpanichkul,1,d  
Panida Asavapichayont,1,e  Porntip Chaimanee,2,f   

and Tanasait Ngawhirunpat,1,g  
1Faculty of Pharmacy, Silpakorn University, Nakhon Pathom 73000 Thailand 

2Faculty of Science, Silpakorn University, Nakhon Pathom 73000 Thailand 

adsureewan@hotmail.com, bparin.docu@gmail.com, cprieprom802@hotmail.com, 

dsittikun.t@hotmail.com, eapanida@su.ac.th, fporntip@su.c.th, gtanasait@su.ac.th  

Keywords: Tamarind seed extract, Xyloglucan, Clindamycin, Transdermal patch, Acne vulgaris, 
Staphyllococus aureus 

 

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. 
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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 µm 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
2 

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
2
). 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  4.6 mm, 

5 m 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. 

 

 
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].  

 

       
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 

kinetics (R
2
) 

Formulation (Gly : PG) 

10:0  8:2  6:4  5:5  4:6  

Zero-order Q = k [8]
0
 0.9387 0.9707 0.8934 0.8344 0.8899 

First-order Q = [8]
0
e

-kt
 0.8738 0.9076 0.8274 0.7733 0.8188 

Higuchi-model Q = kt
1/2

 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.

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

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,1,2 hydrocortisone,3 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).4 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.5,6 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.7

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,8 microneedle,9 electroporation,10 iontophoresis,11 

and chemical enhancement to produce a synergistic effect on transdermal 
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drug delivery through an intracellular pathway.12 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.13 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.14 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
10

H
16

) 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.15 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.16 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.17

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.17 NaFI was used as a hydrophilic fluorescent com-

pound entrapped in vesicles. Liposomal formulations were 

prepared by the sonication method. The particle size, shape, 

and in vitro skin penetration were investigated. Selectively 

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-

glycero-3-phosphoethanolamine (PEG
2000

-DSPE) were 

purchased from Lipoid GmbH, Ludwigshafen, Germany. 

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
2000

-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
2000

-DSPE, and 

Rh-PE (as fluorescence probe) dissolved in chloroform/

methanol (2:1, v/v) was evaporated using the flow of N
2
 

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 

15 minutes.

Table 1 The composition of the different liposomal formulations

Formulations NaFI (mM) PC:Chol:PEG2000-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 73.41

Abbreviations: CL, conventional liposome; Chol, cholesterol; NaFI, sodium fluorescein; PC, phosphatidylcholine; PEG2000-DSPE, Na-salt N-(carbonyl-methoxypolyethylen 
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 a 4 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 10,000× g for 60 minutes. 0.25 mL 

of phosphate-buffered saline (PBS) was added to the reten-

tate and centrifuged at 4°C at 10,000× 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 10,000× g for 

10 minutes. The NaFI content of the supernatant was 

determined by fluorescence analysis and calculated with 

the following:

	 % EE = (CL/Ci) ×100� (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.15 Each skin sample 

had a hair follicle density on average between 30 and 40 

follicles per application area (1.96 cm2). 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 cm2), 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/cm2, which was calculated from the 

following equation:
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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 µL 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 µm 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 10× 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 

SN on epidermal structure. Each skin sample was cut into 

pieces (1×2 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, 58.62±6.93, 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 

Figure 1 Transmission electron microscopy images of NaFI-loaded liposomes.
Notes: (A) CL, (B) PL, and (C) PL-LI.
Abbreviations: CL, conventional liposome; NaFI, 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.17

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.16 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.18–24

In vitro skin penetration study
Figure 2A 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.NaFI 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 NaFI 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.20 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 

(Figure 2B). SN significantly increased the NaFI flux in 

NaFI solution from 0.0058 (without SN) to 0.2999 µg/cm2/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,2 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.4,9,25 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.26 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 µg/cm2/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 µg/cm2/h (1.41-fold), while SN 

increased the NaFI flux of CL from 0.0250 (without SN) to 

0.0418 µg/cm2/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,13 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  

Figure 2 The skin permeation profile and flux of NaFI solution and NaFI loaded in different liposomal formulation with and without SN.
Notes: (A) The cumulative amount-time profiles of NaFI in different liposomal formulations with and without SN. Symbols: PL-LI with SN () and without SN (), PL with 
SN () and without SN (), CL with SN () and without SN (), and NaFI solution with SN () and without SN (). (B) Comparison of NaFI flux (µg/cm2/h) of each 
liposome formulation with ( ) and without SN (). Each value represents the mean ± SD (n=3). *Indicates significant difference between groups (P,0.05).
Abbreviations: CL, conventional liposome; NaFI, sodium fluorescein; PL, PEGylated liposome; PL-LI, PEGylated liposome with d-limonene; SN, sonophoresis.
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sonication.13 After releasing the entrapped drug, hydrophilic 

molecules were transported through the pore pathway in 

the stratum corneum.20 When sonication energy was termi-

nated, phospholipid bilayer fragments were rapidly fused 

and closed to form liposome vesicles.27 Liposomes repair 

ultrasound-induced skin disruption by adsorption onto and 

fusion with the skin surface defect to reduce permeability.14 

Moreover, the penetration pathway of PL-LI was reported to 

be transfollicular rather than intercellular or intracellular.16 

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).24 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.15 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.

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.16 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.3,24 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.

Figure 3 The skin permeation profile and flux of NaFI-loaded PL-LI through blocked hair follicles skin with SN and without SN.
Notes: (A) The skin permeation profiles of NaFI-loaded PL-LI permeated through blocked hair follicles skin (with SN [] and without SN []) and open hair follicles skin 
(with SN [] and without SN []). (B) Comparison of NaFI flux (µg/cm2/h) of NaFI-loaded PL-LI permeated through blocked hair follicles skin ( ) and open hair follicles 
skin (). Each value represents the mean ± SD (n=3). *Indicates significant difference from other groups (P,0.05).
Abbreviations: NaFI, 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) NaFI solution without SN, (B) NaFI solution with SN, (C) NaFI-loaded-
Rh-PE-labeled liposomes: CL without SN, (D) NaFI-loaded-Rh-PE-labeled liposomes: CL NaFI-loaded-Rh-PE-labeled liposomes: CL with SN, (E) NaFI-loaded-Rh-PE-labeled 
liposomes: PL without SN, (F) NaFI-loaded-Rh-PE-labeled liposomes: PL with SN, (G) NaFI-loaded-Rh-PE-labeled liposomes: PL-LI without SN, and (H) NaFI-loaded-Rh-PE-
labeled liposomes: PL-LI with SN.
Notes: In images C to H, it is divided into 3 parts: 1) 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 µm. All confocal images were obtained at a magnification of ×10.
Abbreviations: CL, conventional liposome; NaFI, sodium fluorescein; PL, PEGylated liposome; PL-LI, PEGylated liposome with d-limonene; Rh-PE, rhodamine B  
1,2-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 µm 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.28

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,4 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.4,8 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.13,29

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,3 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.30

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 ×1,000): 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 ×120): 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.

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


International Journal of Nanomedicine

Publish your work in this journal

Submit your manuscript here: http://www.dovepress.com/international-journal-of-nanomedicine-journal

The International Journal of Nanomedicine is an international, peer-
reviewed journal focusing on the application of nanotechnology  
in diagnostics, therapeutics, and drug delivery systems throughout  
the biomedical field. This journal is indexed on PubMed Central, 
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine, 

Journal Citation Reports/Science Edition, EMBase, Scopus and the 
Elsevier Bibliographic databases. The manuscript management system 
is completely online and includes a very quick and fair peer-review 
system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

International Journal of Nanomedicine 2015:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

Dovepress

7423

Mechanistic study of decreased skin penetration

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,1 iontophoresis,2 sonophoresis,3 electroporation,4 

microdermabrasion,5 microemulsion,6 niosomes,7 and liposomes.8–10 Ultradeformable 

liposomes (ULs), also called transfersomes, are a type of elastic vesicle, introduced 

by Cevc and Blume.11 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.12 ULs effectively 

increase the skin penetration of drugs both in vitro and in vivo.13–15

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,16,17 and ULs.18,19 

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,20,21 the skin 

penetration enhancement mechanism of penetration enhancers and nanocarriers,22,23 

and antioxidant properties.24
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According to our previous study,18 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,19 we suggested that ULs with terpenes 

increased NaFl 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 liposomes20,25 and 

niosomes.26 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,19 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 NaFl 

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 (NaFl), 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, 

Figure 1 Chemical structures of the terpenes, Tween 20, 5-doxyl stearic acid (5-DSA) and 16-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). NaFl 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 NaFl 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 

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 a model JES-RE2X (JEOL, Tokyo, Japan) equipped with 

cylindrical cavity resonator and operated in (TE
101

) mode. 

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 2.5×100 mT, magnetic field scan of 1×10 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 (2 ′T
||
). The value 

of 2 ′T
||
 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 (τ
c
) obtained from the 16-DSA spectrum 

(Figure 2B) was used as the liposomal fluidity parameter. 

The τ
c
 was calculated from the equation as follows:27

	 τ
c

.

( . )=






















6 5 10 110
0

0

1

0 5

× −−

−

W
h

h
� (1)

where W
0
 is the width of the midfield line of the spectrum in 

Gauss (G), h
0
 is the height of the midfield line of the spectrum 

and h-1
 is the height of the highfield line (Figure 2B). The 

2 ′T
||
 and τ

c
 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 

Table 1 Composition of NaFl-loaded liposomal formulations

Formulation (code) PC (%w/v) NaFl (%w/v) Chol (%w/v) Tween 20 (%w/v) Terpenes (%w/v) PBS (%w/v) (mL)

CL 0.77 0.21 0.07 – – ad 100
UL 0.77 0.21 0.07 2 – ad 100
ULL 0.77 0.21 0.07 2 1 ad 100
ULC 0.77 0.21 0.07 2 1 ad 100
ULG 0.77 0.21 0.07 2 1 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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′
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Figure 2 (A) ESR spectrum of 5-DSA and (B) ESR spectrum of 16-DSA.
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 NaFl penetration through porcine 

skin was performed using Franz diffusion cells with a pene

tration area of 2.31 cm2. 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 

NaFl 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 NaFl 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 NaFl 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: rhodamine 

(red)-probed liposomes, NaFl (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 NaFl 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 14,000× g for 30 minutes. The 

non-entrapped NaFl 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 1,000× 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 µL 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 22×50 mm cover slip (MENZEL-GLÄSER®, 
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Braunschweig, Germany) and then visualized with the 10× 

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 20× 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 NaFl 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 al28 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 

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 6.7.29 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 liposomes30 

and invasomes17 (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 (2 ′T

||
 and τ

c
) of the different 

liposomal formulations. The 2 ′T
||
 obtained from the 5-DSA was 

used to detect the motional profiles near the polar head group of 

the phospholipid acyl chain, whereas the τ
c
 obtained from the 

16-DSA was used to detect the motional profiles at the end of 

the lipophilic chain. The 2 ′T
||
 of the ULs was significantly lower 

than that of the CLs, whereas the τ
c
 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 2 Characterization parameters of different liposomal 
formulations

Liposomal  
formulations

Particle size  
(nm)

Zeta potential  
(mV)

Polydispersity  
index

CL 98.41±0.65 -4.70±1.03 0.266±0.002
UL 52.43±0.23 -13.21±0.9 0.384±0.004
ULL 43.82±0.48 -10.30±0.2 0.254±0.010
ULC 43.70±0.61 -8.23±0.31 0.181±0.011
ULG 42.79±0.94 -10.75±3.02 0.280±0.016

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.

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

Liposomal  
formulations

2T′
||
 (mT) τc (ns) Flux  

(µg/cm2/h)

CL 8.19±0.24 1.76±0.07 0.0137±0.0081
UL 4.70±0.01 1.32±0.01 0.0611±0.0163
ULL 4.71±0.25 0.704±0.001 0.4876±0.0962
ULC 4.68±0.04 0.719±0.071 0.4653±0.1472
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; 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 τ
c
 of each ULs 

with different terpenes, ULL, ULC, and ULG, was significantly 

decreased compared to that of the ULs, whereas the 2 ′T
||

 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 2 ′T
||
 and τ

c
 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 al25 

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 NaFl from ULs was significantly higher 

than that of CLs. The flux of NaFl 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 2 ′T
||
 values between ULs and ULs with 

terpenes were not significantly different, τ
c
 was selected as 

a candidate of liposomal fluidity to assess the correlation 

between fluidity and skin penetration enhancement. From 

the results of flux and τ
c
 (Table 3), the flux of NaFl from 

ULs was significantly higher than that of CLs, whereas the 

τ
c
 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 τ
c
 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 τ
c
 values were also not significantly dif-

ferent. These results indicate that the decrease in τ
c
 correlated 

with the increase in NaFl 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 al25 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 study19 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 NaFl 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 NaFl and CLs penetrate through the follicular region 

and the nonfollicular region with the same distance of only 

approximately 55 µm.

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 NaFl 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 5A1 and B1,  

respectively. The marked areas of these images (Figure 5A1 

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 5A3 and B3, 

respectively Both NaFl and ULs penetrated through the 

follicular region and the nonfollicular region with the same 

distance of approximately 75 µm.

Figure 5C shows the fluorescence intensity of NaFl (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 µm). However, for the other distance (30–115 µm), 

the fluorescence intensity of NaFl was not different between 

the follicular and nonfollicular regions. The fluorescence 

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 µm in both follicular and nonfollicular regions.

Figure 6C shows the fluorescence intensity of NaFl (green 

fluorescence) and liposomes (red fluorescence) at different 

penetration depths from the follicular and nonfollicular 

regions. The fluorescence intensity of NaFl 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: (A1 and B1) 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 µm. (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 20× 
objective lens. The scale bar represents 50 µm. (A3 and B3) The intensity over projection of z–axis images of A2 and B2, respectively. The scale bar represents 50 µm. 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; ■, Rh-PE) and B2 (▲, NaFl; ●, 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: (A1 and B1) 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 µm. (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 20× 
objective lens. The scale bar represents 50 µm. (A3 and B3) The intensity over projection of the z-axis images of A2 and B2, respectively. The scale bar represents 50 µm. 
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; ■, Rh-PE) and B2 (▲, NaFl; ●, Rh-PE).
Abbreviations: AU, arbitrary unit; CLSM, confocal laser scanning microscopy; NaFl, sodium fluorescein; Rh-PE, rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine triethylammonium salt; ULs, ultradeformable liposomes.
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Figure 6 CLSM images of skin treated with ULs with 1% cineole.
Notes: (A1 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 µm. (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 
20× objective lens. The scale bar represents 50 µm. (A3 and B3) The intensity over projection of z-axis images of A2 and B2, respectively. The scale bar represents 50 µm. 
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; ■, Rh-PE) and B2 (▲, NaFl; ●, Rh-PE).
Abbreviations: AU, arbitrary unit; CLSM, confocal laser scanning microscopy; NaFl, sodium fluorescein; Rh-PE, rhodamine B 1,2-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 µm, 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.31 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 NaFl by penetrating 

via the follicular pathway.

The fluorescence intensity of NaFl in Figure 6A2 and B2 

was lower than in Figure 5A2 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 NaFl 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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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,

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 (Xn) and re-
sponse variables (Yn), 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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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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Fig. 1 – The three dimensional response surface plot of the
desirability of invasomes.
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