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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, in vitro drug 

release and in vitro skin permeability of liposomes.  The vesicle formulations present of cholesterol 

(Chol), charge of surfactants (anionic, neutral and cationic), carbon chain length of surfactants (C4, C12 

and C16), amount of surfactants (10%, 20% and 29%) and amount of MX (2.5%, 5.0% and 10.0%) 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, and the skin 

permeation profile followed the zero order kinetic models.  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.  Moreover, the 

amounts of vesicles and PC in the release medium for 12 h skin permeation were measured by Zetasizer 

and PC assay test kit, respectively.  The skin permeation flux was not consistent with the release profile 

and there was no intact vesicle of liposomes in the release medium, therefore, the free drug mechanism 

and intact vesicular skin permeation mechanism was not significance.  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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1 

CHAPTER 1 

INTRODUCTION 

1.1 Statement and significance of the research problem 

The oral and injectable delivery of drug is generally the most common route of 

drug delivery, as oral drug delivery allows for painless and easy administration, and 

therefore high patient compliance.  However, many drugs cannot be administrated 

orally due to first-pass metabolism, and acid and/or food environment.  Meanwhile, 

injectable drug delivery allows for rapid onset, complete bioavailability and avoidance 

of gastrointestinal (GI) tract problem,but painful, therefore patient incompliance 

becomes a major problem [1].  An optimal drug delivery system should overcome the 

limitation by oral and injectable drug delivery; the transdermal drug delivery system 

(TDDS) is a potentially alternative drug delivery.  Nowaday,TDDS seem to offer a 

number of advantages over conventional (oral and injectable) drug delivery e.g., no 

first-pass metabolism effect, no GI tract problem, direct to target, easy administration, 

painless, and good patient compliance and acceptance.  However, an excellent skin 

permeability barrier is a major limitation of TDDS as well recognized as the outermost 

of skin, the stratum corneum (SC). 

Several strategies have been developed to overcome the skin’s resistance by 

SC, including the use of prodrugs [2], ion pairs [3], chemical enhancer [4, 5], 

microneedles [6, 7], ultrasound [8], iontophoresis [9, 10], electroporation [11, 12], 

magnetophoresis [13] and vesicle system (liposomes) [14, 15].  The enhancing 

TDDS’s strategies have the strength as various successful as above studies including 

improve the permeate through the skin, direct to target, reduce systemic side effect and 

easy to terminal use, however some restrictions still occur such as skin irretation from 

chemical and/or skin damage from electric assistant.  Despite liposomes arestill safer, 

mild and effective drug delivery carrier which is reasonable for an alternative 

transdermal drug delivery system.  
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Liposomes, lipid-based drug delivery systems, have been developed as 

transdermal drug delivery carriers because they are predominantly phospholipids 

bilayer similar due to those found in biological membranes.  Liposomes are 

self-closing aqueous core, small and spherical vesicles consisting of amphiphilic lipid 

molecules.  Liposomes have unique characteristics due to the amphiphilic behavior of 

their lipid component, which make them appropriate for both hydrophilic and lipophilic 

drugs delivery.  Since liposomes were first shown to be an effective carrier for skin 

delivery by Mezei and Gulasekharam (1980) [16], the intensive research continued 

towards further development and investigation of liposome vesicles as skin drug 

delivery carriers [17].  Despite the long history of the numerous intensive studies, 

liposome vesicles are still considered as attractive transdermal drug delivery carriers.  

The use of liposome vesicles in TDDS for skin drug delivery has evoked considerable 

interest and increased attention.  For the past few decades, many reports focus on the 

use of liposomes for enhancing skin permeation of hydrophilic drugs(e.g., sodium 

fluorescein [18], carboxyfluorescein [19]), lipophilic drugs (e.g., retinoic acid [20], 

tretinoin [21]), genes [22], proteins [23], and macromolecules [24].  However, 

conventional liposomes (CLP) have not yet reached their full potential as TDDS, 

because it has become the evident that conventional liposomes and/or classic liposomes 

are of little or no value as transdermal drug delivery carriers because they do not 

penetrate into the deep skin, but they remain confined to the upper layers of the SC.  

As the confocal microscopic studies showed that intact fluorescent labeled CLP was not 

able to penetrate into the deep layers of the epidermis [25]. 

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 [26] and 

several studies reported that elastic vesicles were more efficient in enhancing the 

transport of drugs than rigid vesicles [27].  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., edge activator, 

single-chain 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 
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delivery through skin at the latest decade have resulted in at least six designs of novel 

deformable liposome carriers i.e., deformable liposomes (transfersomes) [26], 

niosomes [28], ethosomes [29], invasomes [30], flexosomes [31] and menthosomes 

[32].  Transfersomes are the first generation of elastic vesicles introduced by Cerv et 

al. (1992) and consist of phospholipids and an edge activator or a single-chain 

surfactant having a high radius of curvature that destabilizes lipid bilayers of the 

vesicles and increases deformability of the bilayers [33].  Niosomes are the second 

generation of elastic vesicles introduced by van den Bergh et al. (1999) and consist 

mainly of non-ionic surfactant.  Ethosomes are another novel vesicular carriers, 

developed and introduced by Touitou et al. (2000) and consist of phospholipids, ethanol 

and water.  Invasomes are introduced by Verma (2002) and consist of phospholipids, 

ethanol and a mixture of terpenes.  Flexible liposomes (flexosomes) are one type of 

elastic vesicles introduced by Song and Kim (2006) and consist of phospholipids, 

non-ionic surfactant and edge activator.  Nowadays, the latest novel deformable 

liposomes (menthosomes) for TDDS was optimized and introduced by Duangjit et al. 

(2012) and consist of phospholipid, menthol and edge activator.  All special and 

attractive designed of liposomes and analogues enhanced skin delivery of various 

hydrophilic and lipophilic drugs [26, 28-32]. 

Meloxicam (MX), a non-steroidal anti-inflammatory drug (NSAID), is used to 

treat rheumatoid arthritis, osteoarthritis and other joint diseases [34].  It has been 

reported that MX is an effective NSAID for reducing pain and inflammatory symptoms 

[35, 36] 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 [37, 38].  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) [39] at high doses on long term therapy 

[40].  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.  
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Although, MX possesses favorable characteristics for transdermal delivery such as low 

molecular weight (MW = 351.4 Dalton), low daily therapeutic dose (7.5-15 mg/day), 

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 [39], gels [41, 42], patch [43], 

nanoemulsion-gel [44] have been developed to improve the skin delivery ofMX.  

However, low drug loading capacity, poor drug controlled and sustained release 

capacity, and high content of organic solvent in the formulation [39, 42] limited their 

safe to use as skin delivery carriers [44].  Therefore, MX is challenging and suitable 

for development as a transdermal delivery candidate in our study.   

The alternative skin models of in vitro skin penetration are highly important.  

Ideally, human skin should be used to evaluate skin permeability of candidate drugs.  

However, religious restrictions, ethical problems and limited availability made the use 

of human skin difficult for most researchers.  Numerous animal skin models have been 

suggested as a substitute for human skin, including mouse, rat, guinea pig, porcine and 

snake skins.  Whilst animal skin provides an alternative to human skin, there are clear 

differences in dermal absorption between different animals.  However, shed snake 

skin has been suggested as a model membrane for studying the effects of numerous 

penetration enhancers.  Although shed snake skin is not a mammalian integument, it 

has been reported that some compounds penetrate snake skin and human SC at the 

similar rates.  Shed snake skins can be obtained without injury to the animal and do not 

have to be subjected to chemical or heat stress prior to use.  The epidermis is shed as a 

large intact sheet, thus a single snake skin can provide multiple samples.  Shed snake 

skin is not a living tissue, can be stored for long periods at room temperature and is 

easily transported.  Stored and fresh snake skins appear to show no differences in 

permeability [45].  No significant difference in the thickness, the total lipid contents 

and the content of cholesterol was reported among the shed snake skin and the human 

SC [46].  In addition, shed snake skin lacks hair follicles, the problems associated with 

the transfollicular route of penetration which become the reason for using shed snake 

skin as the skin model in our study.  
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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 [20, 31, 47, 48] and negative 

[21, 49, 50] 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, edge activator, 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 aim of our present study was to develop and formulate the liposome 

formulation as transdermal drug delivery carriers of meloxicam, and to investigate the 

influence of the formulation factor i.e., cholesterol, surfactant and meloxicamon 

physicochemical characteristics of liposome (i.e., vesicle size, size distribution, zeta 

potential, elasticity, drug content and entrapment efficiency), in vitro drug release and 

in vitro skin permeation, morphology, stability of the formulation, and the possible 

mechanisms by which liposomes could improve skin delivery of MX. 
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1.2  Objective of this research 

1.2.1  To develop liposomes as a skin delivery carrier for enhancing skin 

permeation of meloxicam. 

1.2.2 To investigate the influence of the formulation factor such as cholesterol 

addition, surfactant’s charge, surfactant’s carbon chain length, surfactant’s amount and 

meloxicam’s amount on physicochemical characteristics of liposome (e.g., vesicle size, 

size distribution, zeta potential, elasticity, entrapment efficiency), morphology, thermal 

properties, stability of the formulation, in vitro drug release and in vitro skin 

permeation enhancement. 

1.2.3  To examine the mechanism of liposomes on skin permeation 

enhancement of meloxicam. 

1.3  The research hypothesis 

1.3.1 Liposomes can be potentially used as a skin delivery carrier for 

enhancing skin permeation of meloxicam. 

1.3.2 The formulation factors influences on the physicochemical 

characteristics of liposomes (e.g., vesicle size, size distribution, zeta potential, 

elasticity, entrapment efficiency), morphology, thermal properties, stability of the 

formulation, in vitro drug release and in vitro skin permeation enhancement. 

1.3.3 Liposomes can promote skin permeation enhancement of meloxicam by 

various mechanisms. 
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2.1 Structure and function of skin 

The structure of the skin and its barrier functions have been extensively described 

in the literature [51-55].  The skin is the largest organ of the body, providing around 

10% of the body mass of an average person, and it covers an average area 1.7 m2.  The 

skin is a unique organ that permits terrestrial life by regulating heat and water loss from 

the body whilst preventing the noxious mechanicals; radicals; chemicals; physicals and 

microorganisms.  Whilst such a large and easily accessible organ apparently offers 

ideal and multiple sites to administer therapeutic agents for both local and systemic 

actions, the skin is a highly efficient self-repairing barrier designed to keep the 

homeostasis of the body.  The skin is a highly complex organ through in many 

transdermal drug delivery studies, thus the basic knowledge about its structures and 

functions is necessary for overcoming its barrier function in the development of 

transdermal and topical drug delivery systems.  The cross-section of the human skin is 

illustrated in Figure 1.  The skin can be categorized into three main layers, from inside 

to outside, comprise the hypodermis layer, the dermis layer and the epidermis layer. 

Figure 1 A diagrammatical cross-section through human skin 

Source: El Maghraby, G.M., B.W. Barry, and A.C. Williams.  "Liposomes and skin: 

From drug delivery to model membranes."  European Journal of Pharmaceutical 

Sciences, 34 (2008): 203-222. 
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2.1.1 The hypodermis 

 The hypodermis or subcutaneous fatty layer is typically in the order of several 

millimeters.  This layer consists of adipose tissue, blood vessels and nerves which is 

principally serves to insulate the body, to provide mechanical protection against 

physical shock and to provide a readily available supply of high energy molecules.  

The hypodermis is the innermost layer of the body skin, bridges between the overlying 

dermis and the underlying body constituents.  However, there are areas of the body in 

which the hypodermis layer is absent such as eyelids [56]. 

2.1.2 The dermis 

 The dermis is typically 3-5mm thick.  This layer consists of blood and 

lymphatic vessels, nerve endings, pilosebaceous units (hair follicles and sebaceous 

glands) and sweat glands (eccrine and apocrine) as illustrated in Figure 1.  The hair 

follicles and sweat ducts open directly intothe environment at the skin surface and 

provide the so-called trandsappendageal route of skin permeation [54, 57].  The 

dermis is composed of a network of connective tissue, predominantly fibrous proteins 

i.e., collagen fibril providing support and elastic tissue providing flexibility, in a 

semigel matrix of mucopolysaccharides.  In term of transdermal delivery or drug, the 

blood supply thus maintains a concentration gradient between the applied formulations 

on the skin surface and the vasculature, across the skin membrane.  It is this 

concentration gradient that provides the driving force for drug permeation.  The 

lymphatic system is also important in regulating and maintaining a driving force for 

permeation.  The dermis is often viewed as essentially gelled water, and thus provides 

a minimal barrier to the delivery of the most polar drugs, although the dermal barrier 

may be significant when delivering highly lipophilic molecules.  

 Katz and Poulsen [58] reported that there are three main appendages found on 

the surface of human skin that originate in the dermis.  Hair follicles are found over the 

entire surface of the skin except for loading-bearing area i.e., soles, palms and lips.  

The sebaceous gland associated with hair follicle secretes sebum; this is composed of 

free fatty acids, waxes and triglycerides which lubricate the skin surface and help to 

maintain the surface pH at around 5.  Eccrine glands and apocrine glands (or sweat 

glands) also originate in the dermal tissue.  Eccrine glands are found over most of the 
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2.1.3.1 The stratum basale

The stratum basale is referred to the basal layer.  The cells of the 

basal layer are similar to those of other tissue within the body and the cells are 

metabolically active.  This layer contains the only keratinocytes within the 

epidermis that undergo cell division (via mitosis) and divides basal cells 

replicate once every 200-400 h.  After replication, one daughter cell remains 

in the basal layer whilst the other migrates upwards through the epidermis 

towards the skin surface.  Keratinocytes are connected through desmosomes, 

again highly specialized proteinaceous cellular bridges as illustrated in Figure 

3. 

Figure 3 A representation of human epidermal cells 

Source: Williams, A.C.  Transdermal and Topical Drug Delivery; from Theory to 

Clinical Practice.  London: Pharmaceutical Press, 2003 

In addition to the keratinocytes,the basal layer contains other 

specialized cell types.  Melanocytes synthesize two form of the pigment 

melanin from tyrosine.  Eumelanin is the more common brown or black form, 

while the less common phaeomelanin is red or yellow.  The exposure to light 

increases the relative proportion of melanocytes within the skinto absorb 

ultraviolet (UV) radiation and free-radical scavengers. 
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Langerhans cells are also found within the basal layer.  Langerhans 

cells derive from bone marrow and recognized as the major antigen-presenting 

cells of the skin.  Langerhans cells play an important role in conditions such 

as allergic contact dermatitis. 

One other specialized cell type found within basal layer is merkel 

cell.  Merkel cells are found in greatest numbers around the touch-sensitive 

sites for the body such as lids and fingertips.  These cells are associated with 

nerve ending, found on the dermal side of the basement membrane and it 

appears that they have a role in cutaneous sensation.  

2.1.3.2 The stratum spinosum

 The stratum spinosum is referred to the prickle cell or spinous layer.  

The spinous layer is found on the top of the basal layer around 2-6 rows of 

keratinocytes that change morphology from columnar to polygonal cells as 

illustrated in Figure 3.  Within this spinous layer the keratinocytes begin to 

differentiate and synthesize keratins.  Desmosomes connecting the cell 

membranes of adjacent keratinocytes and maintain a distance between the 

cells around 20 nm.  

2.1.3.3 The stratum granulosum

 The keratinocytes in the stratum granulosum or granular layer 

continue to differentiate, synthesize keratin and start to flatten.  Only one to 

three cell layers thick, the granular layer contains enzymes that begin 

degradation of the viable cell components such as nuclei and organelles.  The 

lamellar granules are extruded from the cells into the intercellular spaces as the 

cells approach the upper layer of the stratum granulosum.   

2.1.3.4 The stratum lucidum

 The stratum lucidum is the layer in which the cell disintegrates with 

further morphological changes such as cell flattening.  The stratum lucidum 

trends to be seen most clearly in relatively thick skin specimens such as palms 

and soles.   
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2.1.3.5 The stratum corneum

 The stratum corneum (SC) or horny layer is the final product of 

epidermal cell differentiation, and through it is often as a separate membrane 

in topical and transdermal drug delivery studies.  Typically, the SC comprises 

15-20 layers of corneocytes and is around 10-15μm thick when dry, although 

it may swell to several times this thickness when wet [59, 60].  Because the 

SC consists of dead, anucleate, keratinized cells embedded in lipid matrix, the 

epidermis without the SC is usually termed the viable epidermis [54, 57].  

Typically, it takes 14 days for a daughter cell from the stratum basale to 

differentiate into the SC, and the SC cells are typically retained for further 14 

days prior to shedding.  The SC serves to regulate water loss from the body 

whilst preventing the entry of harmful materials, thus the SC is considered as 

the rate limiting barrier in skin permeation of most molecules [54].  The SC 

has been represented as a “brick” and “mortar” model [52, 61] in which the 

keratinocytes are embedded in mortar of lipid bilayers as showed in Figure 4. 

Figure 4 A diagram of the brick and mortar model of the human SC with a simplified 

lamellar organization 

Source: El Maghraby, G.M., B.W. Barry, and A.C. Williams.  "Liposomes and skin: 

From drug delivery to model membranes."  European Journal of Pharmaceutical 

Sciences, 34 (2008): 203-222. 
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The barrier function of the SC depends critically on its unique 

constituents; 75-80% is protein, 5-15% is lipid and 5-10% is unidentified on a 

dry weight basis [62].  The protein is located primarily within the 

keratinocytes.  The cell envelope protein is highly insoluble and is vary 

resistant to chemical attack.  The outer keratinocytes protein has a key in 

structuring and ordering the intercellular lipid lamellae of the SC; the 

keratinocytes is bound to a lipid envelope.  The lipid envelope thus provides 

an anchor to the keratinocyte and links the proteinaceous domains of the 

keratinocytes to the intercellular lipid domains. 

For most permeants, the continuous multiply bilayered lipid 

component of the SC is a key in regulating drug flux through the skin.  Thus, 

much effort has been devoted to probing the lipid component of the 

intercellular domains [63, 64].  Lampe et al. [65] reported that the lipid 

content of the SC varies between individuals and with body site, however the 

major lipid composition of the domain comprises ceramides, fatty acids, 

cholesterol, cholesterol sulfate and sterol/wax esters as summarized in Table 

1.  The SC lipids are arranged in multiple bilayers, but in contrast to all other 

lipid bilayers in the body, phospholipids are largely absent. 

  

Table 1 Lipid content of the SC intercellular space 

Lipid % (w/w) mol % 
Cholesterol esters 10.0 7.5a

Cholesterol 26.9 33.4 
Cholesterol sulfate 1.9 2.0 
     Total cholesterol derivatives 38.8 42.9 
Ceramide 1 3.2 1.6 
Ceramide 2 8.9 6.6 
Ceramide 3 4.9 3.5 
Ceramide 4 6.1 4.2 
Ceramide 5 5.7 5.0 
Ceramide 6 12.3 8.6 
     Total ceramides 41.1 29.5 
Fatty acids 9.1 17.0a

Others 11.1 10.6b

aBased on C16 alkyl chain.   bBased on MW of 500.

Source: Walters, K.A..  Dermatological and transdermal formulation.  

The sreucture and Function of Skin, ed. K.A. Walters and M.S. Robert.  New 

York: Marcel Dakker, 2002
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2.2 Theoretical aspect of transdermal drug delivery  

2.2.1 Skin permeation process 

 There are multiple potential steps between a molecule’s first application to the 

skin surface until it appears in the systemic circulation, and hence the permeation 

process is complex, as illustrated in Figure 5. 

Figure 5 A representation of permeation process and pathways through the SC 

Source: Williams, A.C.  Transdermal and Topical Drug Delivery; from Theory to 

Clinical Practice.  London: Pharmaceutical Press, 2003 

  

 Typically, the drug is applied to the skin in vehicle.  The vehicle may be 

simple such as an aqueous solution, or it may be more complex such as emulsion.  The 

molecules adjacent to the SC surface will partition into the membrane dependent on 

their physicochemical properties.  For the lipophilic molecule such as estradiol (log P 

= 2.29), partitioning into SC lipids from a saturated aqueous will be favorable, while 

when applied from an oily vehicle, the tendency for the steroid to leave the vehicle will 

be lessened.  In either case, the first step in transdermal delivery is partitioning of the 

drug into the outermost layer of the SC.  Since only molecules adjacent to the skin can 

partition from the vehicle into the tissue, further drug delivery is dependent upon 

molecules within the vehicle randomly redistributing to provide further molecules 
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adjacent to the SC surface.  Molecular diffusion through the vehicle again depends on 

the nature of the formulation (for example its viscosity), and in extreme cases the 

diffusion of drug through the vehicle can limit the rate of transdermal drug delivery.  

Additional considerations will apply if the vehicle contains suspended particles.  For 

poorly water-soluble drugs delivered from an aqueous system, dissolution of drug 

particles to maintain a saturated solution may be the rate-limiting step to transdermal 

drug delivery.   

 Once the permeant has partitioned into the outer layer of the SC, the drug then 

diffuses through the SC.  This in itself may be a multistep process, as parallel 

pathways for permeation exist.  At the SC/vehicle epidermis junction there is another 

partitioning step as molecules move into the viable tissue before further diffusion 

through the membrane to the epidermis/dermis junction.  Again, there is partitioning 

followed by diffusion through the dermal tissue to the capillaries – where there is 

another partitioning step for the molecules to enter the blood vessels before removal in 

the systemic circulation.  In addition to the multiple partitioning and diffusion process 

for then a dermal drug delivery, there are other potential fates for molecule entering 

human skin.  Permeants may bind with various elements of the skin.  For example, 

drug binding to keratin within the SC could provide a reservoir effect and they may also 

bind to receptors within the skin.  Further, depending on the nature of the drug, the 

permeant may not enter the systemic circulation but may partition into the 

subcutaneous fatty layer.  Indeed, some molecules for example in linament 

formulation, may even reach muscles. 

2.2.2 Permeation pathways through the stratum coeneum 

 Although for some highly lipophilic drugs the principle barrier to permeation 

may reside in the essentially aqueous viable epidermal membrane, for most molecules 

the SC is the rate-limiting barrier to delivery.  There are essentially three pathways by 

which a molecule can traverse intact SC: via transcellular route (intracellular route); 

through intercellular route; or by transappendageal route (shunt route) as illustrated in 

Figure 5.  These pathways are not mutually exclusive, and it is likely that most 

molecules will pass through the SC by a combination of these routes.  The relative 
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contributions of these pathways to the gross flux will depend on the physicochemical 

properties of the permeant.  

2.1.3.1 Intracellular route 

 The intracellular or transcellular pathway for a molecule to traverse 

intact SC is often regarded as providing a polar route through the membrane.  

Indeed, the cellular components that the solute diffuses through 

–predominantly highly hydrated keratin – do provide an essentially aqueous 

environment, and hence diffusion of hydrophilic molecules through there 

keratinocytes is rapid.  Thus, a molecule crossing the intact SC via the 

transcellular route faces numerous repeating hurdles.  First, there is 

partitioning into the keratinocyte, followed by diffusion through the hydrated 

keratin.  In order to leave the cell, the molecule must partition into the bilayer 

lipids before diffusing across the lipid bilayer to the next keratinocyte.  In 

traversing the multiple lipid bilayers the molecule must also sequentially 

partition into and diffuse across the hydrophobic chains and the hydrophilic 

head groups of the lipids, and there are estimated to be between 4 and 20 such 

lamelle between each keratinocyte [67].  It is apparent from the above that the 

process of multiple partitioning and diffusion steps between hydrophilic and 

lipophilic domains is generally unfavorable for most drugs.   

The nature of the permeant will influence the relative importance of 

the transcellular route to the observed flux; for highly hydrophilic molecules 

the transcellular route may predominate at pseudo-steady-state.  However, 

the rate-limiting barrier for permeation via this route remains the multiple 

bilayers lipids that the molecule must traverse between the keratinocytes; the 

use of solvents to remove lipids from the SC invariably increase drug flux for 

even highly hydrophilic molecules.   

2.1.3.2 Intercellular route  

The lipid bilayers comprise around 1% of the SC diffusional area, yet 

provide the only continuous phase within the membrane.  The intercellular 

lipid route provides the principle pathway by which most small, uncharged 
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molecules traverse SC [68].  The composition of the SC bilayers is uniquely 

different to all other lipid membrane bilayers within the body; notably 

phospholipids are absent and a variety of ceramides are present.  The precise 

nature of the intercellular pathway is thus still open to debate.  What is clear, 

however, is that the lipid bilayers provide the major limiting barrier to drug 

flux; intercellular transport is clearly through the lipid domains and 

transcellular permeation also requires the lipid lamellae to be crossed.  With 

transcellular permeation, the pathway is directly across the SC and hence the 

pathlength for permeation is usually regarded as the thickness of the SC.  In 

contrast, the intercellular route is highly tortuous, with permeants moving 

through the continuous lipid domains between the keratinocytes.  In this case 

the pathlength taken by the molecule is considerably greater than that of the 

SC thickness.  Various estimates have been proposed for the intercellular 

permeation distance, ranging from 150 to 500 μm; it appears likely that 

different pathlangths are taken by permeants traversing the SC, dependent 

upon their physicochemical properties.   

2.1.3.3 Transappendageal route 

The appendages (hair follicles, sweat ducts) essentially offer pores 

that bypass the barrier of the SC.  However, these openings onto the skin 

surface occupy only 0.1% of the total skin surface [69], and hence their 

contribution to the total drug flux at pseudo-steady-state is generally regarded 

as being insignificant [70].  For example, Scheuplein and Blank [71] reported 

that shunt route were minor contributors in the steady-state flux of steroid 

through human skin.  In contrast, Illel et al. [72] reported that permeation 

through appendage free rat skin was two to four times lower than that for 

normal skin.  The relative contribution of the shunt route to drug flux is 

strongly dependent on experimental design.  In addition, transappendegeal 

transport may also important for large polar molecules and ions that would 

traverse poorly across the bulk of the SC.  The shunt routes are also important 

for delivering vesicular structures to the skin and for targeting their content to 

the pilosebaceous units. 
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2.2.3  Mathematics of skin permeation 

It is apparent that human skin is a multiple layered, complex, heterogeneous 

biological tissue that varies enormously from species to species, person to person, and 

site to site.  However, despite these complexities, relatively simple mathematical 

treatments – such as Fick’s second law of diffusion – can be applied to data obtained 

from experiments with human skin.  Drug absorption across human skin is passive (to 

date, no active transport mechanisms have been reported) and hence can be described in 

physical terms.  The following description of the mathematical treatments applied to 

transdermal drug delivery studies is intended to provide an overview.  Only two 

situations will be considered: 

1. Where the drug is applied as an infinite dose – it does not deplete over the time 

of application (e.g., as with a transdermal patch).

2. Where a small finite dose is applied and so pseudo-steady-state permeation 

would not be encountered (e.g., with a cream for a local action). 

2.2.3.1 Pseudo-steady-state permeation (infinite dosing) 

The amount of material passing through a unit area per unit time is 

termed the flux (J).  The molecules move in response to a thermodynamic 

force arising from a concentration gradient.  Fick’s first law of diffusion 

states that the rate of transfer of diffusing substance through unit area of a 

section is proportional to the concentration gradient measured normal to 

section as following equation: 

 (1) 

Where J is the flux of permeant, D is the diffusion coefficient of the permeant 

and dc/dx is the concentration gradient (c is the concentration and x is the 

space coordinate measured normal to the section). 

Fick’s second law of diffusion can be derived from Eq.1.  When a 

topically applied permeant enters the skin, it is usually assumed that diffusion 

is unidirectional; that is, the concentration gradient is from the outer surface 

into the tissue.  Unidirectional diffusion in an isotropic medium is expressed 

mathematically by Fick’s second law of diffusion: 
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 (2) 

Where t is time.  Thus, the rate of change in concentration with time 

at a point within a diffusional field is proportional to the rate of change in the 

concentration gradient as that point.  After sufficient time, steady-state 

permeation across the membrane is achieved when the concentration gradient 

of permeant across the membrane is constant.  Under these conditions, Eq. 2 

can be simplified to: 

 (3) 

Where M is the cumulative mass of permeant that passes through per unit area 

of the membrane in time t, C0 is the concentration of the permeant in the first 

layer of the membrane and h is the membrane thickness. 

In practical terms, it is very difficult to measure C0, the concentration 

of permeant in the first layer of the membrane.  However, the concentration 

of the permeant in the vehicle (donor solution) bathing the skin membrane 

(Cv) is usually known or can be determined relatively easily.  Since C0 and Cv

are simply relative by: 

   so     (4) 

Where P is the partition coefficient of the permeant between the membrane 

and the vehicle.  Substitution of Eq. 4 into Eq. 3 gives: 

 (5) 

This is the most widely applied equation in examining transdermal drug 

delivery data.  A plot of M, the cumulative amount of drug passing through a 

unit area of membrane (e.g., μg/cm2) against time gives the typical permeation 

profile reported in the most investigations as illustrated in Figure 6.  The lag 

time can be obtained from extrapolation of the pseudo-steady-state portion of 

permeation profile to the intercept on the time axis.  As a useful 

approximation, pseudo-steady-state permeation for most drugs is achieved 
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after around 2.7 times the lag time [54].  Crank [73] showed that the lag time 

(L) can be related to the diffusion coefficient by:

 (6) 

From Eq. 6 it is apparent that the diffusion coefficient of a molecule in the 

membrane can be simply obtained by measuring the lag time.  However, skin 

is not a simple isotropic membrane; difficulties are encountered when 

measuring the membrane thickness.  The lag times obtained from permeation 

experiments with human skin tend to highly variable and can be strongly 

influenced by permeant-skin binding.  The apparent diffusion coefficient of a 

permeant from a pseudo-steady-state permeation profile requires 

rearrangement of Eq. 5 to: 

 (7) 

Where dM/dt is the rate of change of cumulative mass of permeant that passes 

per unit area through the membrane, usually termed the flux (J) of the 

permeant.  This expression allows calculation of the apparent diffusion 

coefficient without requiring an accurate lag time value, but does still 

necessitate some approximation for the membrane thickness.  The partition 

coefficient (SC/vehicle) for the permeant can be obtained from separate 

experimentation. 

 The permeability coefficient (kp) of a permeant through a membrane 

can be defined by 

 (8) 

Which can be substituted into Eq. 5 to give: 

 (9) 
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The pseudo-steady-state flux is simply obtained as the gradient of the linear 

portion of the permeation profile (Figure 6), and if the concentration of the 

permeant in the applied vehicle is known then the permeability coefficient can 

be determined. 

Figure 6 Typical permeation profile for an infinite dose application to human skin 

membrane 

Source: Williams, A.C.  Transdermal and Topical Drug Delivery; from Theory to 

Clinical Practice.  London: Pharmaceutical Press, 2003 

 Through the above equations are relatively simple and easy to use, 

there are some important assumptions made in their derivations.  Thus it is 

assumed that: 

1. The SC is the major rate-limiting barrier and that the primary rate-determining 

step is permeation through the SC. 

2. Permeation through the appendages (shunt route) is negligible compared to 

permeation through the bulk of the SC. 

3. Permeation through the SC is solely by passive diffusion. 

4. The nature of the SC is not altered by the application of the vehicle. 

5. The drug dissolves in the SC 
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6. The diffusion coefficient of the permeant is independent of concentration, 

time and distance. 

7. Eq.6 is only applicable to situations where there is no binding between the 

permeant and the tissue. 

8. Fickian diffusion theory was developed for isotropic medium solution and 

assumed that the SC is a uniform in character of membrane. 

2.2.3.2 Transient permeation (finite dosing) 

There are many clinical situations where an infinite dose is not 

administered to a patient, and in these circumstance of a finite application then 

pseudo-steady-state permeation is unlikely to be achieved.  In contrast to the 

permeation profile shown in Figure 6, the cumulative permeation data when a 

finite dose has applied increases to a plateau beyond which the amount 

permeated remains constant unless further doses are applied to the membrane 

surface as illustrated in Figure 7. 

Figure 7 Typical permeation profile for a finite dose application to human skin 

membrane 

Source: Williams, A.C.  Transdermal and Topical Drug Delivery; from Theory to 

Clinical Practice.  London: Pharmaceutical Press, 2003 
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If the instantaneous flux values are plotted against time, then a peak 

in the profile is observed which corresponds with the appearance in the 

receptor solution of the majority of the applied dose.  Useful information can 

be gained from a cursory examination of instantaneous flux profiles from 

finite dose applications.  For example, the breadth of the peak can indicate 

that some of dose is retained within the tissue for extended periods of the time, 

possibly as a reservoir. 

 With the finite dose protocol several parameters tend to be reported 

from the instantaneous flux profiles.  Generally reported are the maximum 

flux (Jmax) and the time to maximum flux (Tmax).  It has been shown [73, 74] 

that the magnitude of Jmax is given by: 

 (10) 

Where D is the apparent diffusion coefficient, C0 is the concentration of the 

permeant in the first layer of the SC, h is the thickness of the SC and  is the 

thickness of the finite dose layer on the skin surface.  Similarly the time to 

maximum flux can be represented by: 

 (11) 

Since for a finite dose  must be considerably smaller than h, Eq. 11 is usually 

approximated as: 

 (12) 

Thus, from both Eq. 10 and Eq. 12 the apparent coefficient of the finite dose 

permeant can be estimated, accepting that many of the assumptions described 

above still apply. 
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2.3 Methods for enhancing transdermal drug delivery

Figure 8 Methods for enhancing transdermal drug delivery 

Source: Barry, B.W.  "Penetration Enhancer Classification."  in Percutaneous 

Penetration Enhancers, W.S. Eric and I.M. Howard, Editors. New York: CRC Press,  

2006. 

  Figure 8 summarizes some techniques for overcoming the barrier function 

offered by the SC. 

Interaction between drug and vehicle 

Selection of correct drug and prodrug – If at all possible, a drug processing the 

optimal physicochemical properties to deliver well across the skin is chosen, and the 

transdermal problems essentially disappear.  The ideal properties needs for a molecule 

to penetrate SC well are: low molecular weight, solubility in oil and water, high but 

balanced (optimal) partition coefficient and low melting point, correlating with good 

solubility as predicted by ideal solubility theory.

 Chemical potential adjustment – For thegreatest flux, the drug should operate 

at its maximum thermodynamic activity.  Dissolves molecules in saturated solution 

equilibrate with pure solid and they are also thus maximum activity.  Therefore, all 

vehicles containing drug as a finely ground suspension should produce the same 

penetration rate.  Supersaturated solutions may form, either by design or by 
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uncontrolled evaporation on the skin; in either situation, the theoretical maximum SC 

uptake and flux may increase many-fold compared to stable system [75]. 

Ion pairs and complex coacervates – Charged species do not readily penetrate 

lipid membranes.  One enhancement approach uses an oppositely charged species to 

form a lipophilic ion pair, as charges temporarily neutralize, the complex partitions into 

SC lipids.  The ion pair diffuses in to the interface between the SC layer and viable 

epidermis, dissociates into its charged species, which partition into the aqueous 

epidermis and diffuse onward.  A similar process, complex coacervation, is the 

phenomenon whereby oppositely charged ions separate into an oil phase, rich in ionic 

complex.  The coacervate partitions into SC layer, where it behaves as ion pairs, 

diffusing, dissociating and passing into viable tissue.  Generally for either process, any 

enhancement derived is rather modest. 

Eutectic system – The eutectic mixture of lidocaine and prilocaine in EMLA 

cream provided formulation advantages [76] for a successful product that encouraged 

the study of such systems for other drugs, such as ibuprofen and propranolol (as well as 

lidocaine) interaction with terpenes. 

 Stratum corneum modified 

 Hydration – Most (but not all) substances penetrate better through hydrated 

SC; water opens up its compact structure of SC layer.  Moisturizing factor, occlusive 

films, and patches, together with hydrophobic ointments, all enhance topical 

bioavailability. 

 Chemical enhancers – Substances that temporarily reduce skin resistance 

thereby enhance drug passage.  Examples include water, hydrocarbons, sulfoxides, 

pyrrolidones, fatty acids, esters and alcohols, azones, surfactants, amides, polyols, 

essential oils, terpenes, oxazolidines, epidermal enzymes, polymers, lipid synthesis 

inhibitors, biodegradable enhancers, synergistic mixtures and ureas. 

 One simple classification of enhancers is through the lipid-protein partitioning 

(LPP) concept that provides an easy way both to categorize chemical accelerants and to 

rationalize their different modes of action [77, 78].  This hypothesis proposes that 

promoters operate in one or more of three main ways as illustrated in Figure 9.   

Lipid action.  The enhancer disrupts lipid organization within the SC 

making it more permeable and increasing the penetrant’s diffusion coefficient.  
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 Stratum corneum bypassed or removed 

Microneedle array – The SC can be bypassed by injection and many years ago 

attempt were made to develop devices based on multiple tiny needles, but these were 

abandoned because of breakage in the skin.  More recently, as fabrication techniques 

and materials have improved, a similar approach has developed a device of 400 

microneedles that insert drug just below the SC.  The solid silicone needles (coated 

with drug) or hollow metal needles (filled with drug solution) penetrate the SC.  Drug 

flux increases up to 100,000-fold are claimed.  Microneedles have been used to insert 

molecules such as oligonucleotides, insulin, protein and DNA vaccines.  This 

technology may also be combined with electroporation [79]. 

Stratum corneum ablated – We could consider simply removing the SC.  

Chemical peels operate at different tissue layers, dermabrasion employs a motor-driven 

abrasive fraise or cylinder and microdermabrasion uses a stream of aluminum oxide 

crystals.  A new development of this technique (termed microscission) drives the 

aluminum oxide crystals in a stream of nitrogen into the SC through a mask to form 

microconduits that are 100-250 μm in diameter and between 50-200 μm deep [80].  A 

somewhat different approach employs high-powered laser pulses to vaporize sections 

of the SC layer, producing permeable regions. 

Adhesive tape can remove SC prior to drug application.  Tape stripping is 

also now popular for assessing bioavailability by measuring drug uptake into skin. 

A microinfusor device has been proposed to deliver peptides, protein and other 

macromolecules.  Another method forms a suction blister, an epidermatome removes 

the raised tissue, and then a morphine solution delivered directly to the exposed dermis 

quickly relieves pain. 

Follicular delivery – The pilosebaceous unit provides a route that bypasses the 

intact SC layer, representing a target for drug delivery.  Even topical application of a 

macromolecule such as “naked” DNS can immunize, and the employment of the hair 

follicle as a gene therapy target seems promising.  Colloidal particles, such as 

liposomes and analogues, together with small crystals, may target the follicle.  In 

general, particles greater than 10 μm remain on the skin surface, those that are 

approximately 3-10 μm concentrate in the follicle and those lesser than 3 μm, penetrate 

follicles and SC alike. 
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Electrically assisted techniques 

Ultrasound (phonophoresis, sonophoresis) – This technique, used originally 

in physiotherapy and sports medicine, massages a topical preparation with an 

ultrasound source.  The low-frequency ultrasonic energy (20 kHz) disrupts the lipid 

packing in SC by cavitation.  Shock waves of collapsing vacuum cavities increase free 

volume space in biomolecular leaflets and thus enhance drug penetration into the SC 

layer by a thousand-fold [81]. 

Iontophoresis – Iontophoresis passes a small direct current (0.5 mA/cm2) 

through a drug containing electrode in contact with the skin; a grounding electrode 

completes the circuit.  Three main mechanisms promote drug delivery: (a) charge 

species are driven mainly by electrical repulsion from the driving electrode; (b) the 

electric current may increase the permeability of skin; and (C) electroosmosis may 

promote passage of uncharged molecules, large polar peptides and macromolecules 

[82].  Efficiency of transport depends mainly on polarity, valency and mobility of the 

charged species, as well as electrical duty cycles and formulation components.

Electroporation – Skin electroporation or electropermeabilization applies 

short (micro to millisecond) electrical pulses of approximately 100-1000 V/cm to 

generate transient aqueous pores in the lipid bilayer.  These pores travel straight 

through the SC, providing pathways for drug delivery.  Molecules transport via 

iontophoresis or electroosmosis or both while the pulse is on.  Between pulses, simple 

diffusion can allow additional movement as relatively persistent changes in the SC 

lower its resistance.  

Fluxs can increase 10-10,000-fold for neutral and highly charge molecules of 

up to 40 kDa.  The process may also transport vaccines, liposomes, nanoparticles and 

microspheres.  Macromolecules and small molecules may sterically stabilize pores 

created in skin and thus enhance electroporation flux.  Electroporation may combine 

with iontophoresis to enhance the penetration of peptide such as vasopressin, 

neurotensin and calcitonin.  The combination has recently been applied to 

untradeformable liposomes [79].  Electroporation has also been combined with 

ultrasound. 

Magnetrophoresis – Magnetic fields can move diamagnetic materials through 

skin, and some work has investigated this process. 
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Vesicles and Particles 

Liposomes and analogues – Most early reports on traditional liposomes when 

applied to skin propose a localizing effect; the vesicles deposit their enclosed drugs in 

the upper layers of the SC or pilosebaceous unit.  Generally, liposomes were not 

expected to penetrate into viable skin.  How well vesicle transport drugs through the 

skin is still the subject of considerable debate.  The numerous study investigated drug 

delivery from conventional liposomes and deformable liposomes, using open and 

occluded conditions in vitro.  The optimal design of liposomes and analogues raised 

maximum flux and skin deposition compared to saturated aqueous drug solution 

(maximum thermodynamic control) under a non-occluded environment, but results 

were not as dramatic as detailed in earlier study. 

High-velocity particle – The powderject system fires solid nanoparticle 

through the SC into tissue, driven by a supersonic shock wave of helium.  Although 

many advantages were claimed for this delivery system (e.g., painless, freedom from 

needle phobia, improved efficacy and bioavailability, targeting, controlled release, 

accurate dosing and safety), there have been problems with bruising and particles 

bouncing off skin surface.  Intraject is a development of the vaccine gun designed to 

deliver liquids through skin without using needles [83].  

2.4  Liposomes and analogues 

 Liposomes are lipid vesicles that fully enclose an aqueous volume [55].  Lipid 

molecules are usually phospholipids with or without some additives.  The lipid may be 

arranged in one or more bilayers.  The lipid component affects the characteristics and 

properties of the resulting liposomes so, for example, the addition of relatively small 

amounts of cholesterol tends to stabilize the membrane and hence the liposomes would 

be somewhat more rigid than non-cholesterol adding vesicle.  Liposomes can entrap 

lipophilic molecules within the membrane or they can entrap hydrophilic molecules 

within their aqueous core.  Liposomes can be classified in many ways, depending for 

example on their method of preparation, on their size, or by their lamellarity as 

summarized in Table 2.  The novel designing liposomes have also been reported upon, 

and tend to be named after the lipid source from which they derive, such as niosomes 

using non-ionic surfactant, ethosomes using ethanol or menthosomes using menthol as 
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their vesicle composition.  However, the major vesicle component still was 

phospholipid and most commonly; the film hydration method is used.  The discussion 

below concentrates on the most common liposome types of current interest for drug 

delivery to and through the skin, namely conventional (traditional) liposomes and the 

more specialized variants e.g., transfersomes, niosomes, ethosomes and other highly 

deformable (or elastic) liposomes.  

Table 2 Classification of liposomes  

Classification of liposomes Composition and/or characteristics  
By composition 

- Conventional (traditional) liposomes Phospholipid (with and without cholesterol) 
- Transfersomes Phospholipid + Edge activator (surfactant) 
- Niosomes Non-ionic surfactant + Cholesterol 
- Ethosomes Phospholipid + Ethanol 
- Invasomes Phospholipid + Ethanol + Terpenes 
- Flexosomes Phospholipid + Non-ionic surfactant + Edge activator 
- Menthosomes Phospholipid + Edge activator + Menthol 

By size and lamellarity 
- Small unilamellar vesicles (SUV) 25-100 nm 
- Large unilamellar vesicles (LUV) 100-400 nm 
- Multilamellar vesicles (MLV) 0.2-10 μm 

2.4.1 Type of liposomes 

2.4.1.1 Conventional (traditional) liposomes 

Conventionalliposomesor traditional liposomes are the first 

generation of phospholipid vesicles that fully enclose an aqueous volume.  

Conventional liposomes molecules are usually phospholipids with or without 

Cholesterol addition.  Cholesterol may be included to improve bilayers 

characteristics of liposomes [84]; increasing the microviscosity of the bilayers, 

reducing permeability of the membrane to water soluble molecules, stabilizing 

the membrane and increasing rigidity of the vesicles. 

2.4.1.2 Novel deformable liposomes 

Intensive research of highly deformable (ultraflexible or elastic) 

liposomes led to the introduction and development, over the past 15 years, of a 

new class of highly deformable (ultraflexible or elastic) liposomes that have 

been named Transfersomes®.  While conventional liposomes were reported 

to have mainly localizing or rarely transdermal effects, deformable 
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liposomeswere reported to penetrate intact skin, carrying therapeutic 

concentrations of drugs, but only when applied under non-occluded conditions 

[85]. 

Deformable liposomes (Transfersomes®) are the first generation of 

elastic vesicles introduced by Cevc and Blume [85].  They consist of 

phospholipids and an edge activator.  An edge activator is often a single chain 

surfactant, having a high radius of curvature that destabilizes lipid bilayers of 

the vesicles and increases deformability of the bilayers [86-88].  Sodium 

cholate, sodium deoxycholate, Span 60, Span 65, Span 80, Tween 20, Tween 

60, Tween 80 and dipotassium glycyrrhizinate were employed as edge 

activators [89-92].  Preparation of deformable liposomes involves methods 

similar to those used in preparation of traditional liposomes.  Most 

commonly, the film hydration method is used.  The effects of incorporation 

of different edge activators on physicochemical characteristics (i.e., vesicle 

size, zeta potential, entrapment efficiency, among others) of deformable 

liposomes were extensively investigated in several studies [93-95].  The 

interaction between edge activators and liposomes was also investigated [96, 

97]. 

Niosomes are a novel and efficient approach to drug delivery.  They 

are mainly composed of nonionic surfactants and cholesterol and the enclosed 

interior usually contains a buffer solution at appropriate pH.  Niosomes are 

usually prepared by various methods such as nitrogen bubble method, film 

hydration method, from proniosomes, etc. which affect their formations along 

with the properties of thedrug, cholesterol content and amount, structure and 

type of surfactant.  As a drug delivery system, niosomes are more stable as 

compared toother vesicular systems and are cheap.  They are found to 

improve the stability of the entrapped drug.  They can also be prepared with 

different structural characteristics (composition, fluidity and size), and for 

particular routes of administration.  Niosomes are useful in the delivery of 

various therapeutically active moieties such as gene delivery, COPD 

drugdelivery, anti-cancer agents, anti-inflammatory agents, and anti-infective 

agents.  Various types of drug deliveries can be possible using niosomes like 
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targeting, ophthalmic, topical, parenteral, transdermal, cosmetics, etc.  While 

selecting a suitable drug through niosomal drugdelivery, it should be kept in 

mind that niosomes encapsulating hydrophobic drugs and macromolecules are 

more stable than niosomes encapsulating low molecular weight drugs.  These 

factors also affect niosome stability in vivo [98]. 

Ethosomes are another novel lipid carrier, recently developed by 

Touitou et al. [99, 100], showing enhanced skin delivery.  The ethosomal 

system is composed of phospholipid, ethanol and water [99].  Although, 

liposomal formulations containing up to 10% ethanol and up to 15% 

propyleneglycol were described by Foldvari et al. [101], the use of high 

ethanol content was first described by Touitou et al. [102] for ethosomes.  

Due to the interdigitation effect of ethanol on lipid bilayers, it was believed 

that high concentrations of ethanol are detrimental to liposomal formulations. 

However, ethosomes which are novel permeation-enhancing lipid vesiclese 

mbodying high concentration (20–45%) of ethanol were developed and 

investigated.  Ethosomes are most commonly preparedas described by 

Touitou et al. [99].  Briefly, the lipids and the drug are dissolved in ethanol.  

The aqueous component is added slowly in a fine streamat constant rate in a 

well-sealed containerwith constant mixing.  Mixing is then continued for 

additional few minutes. 

Several studies investigated the effect of ethanol on physicochemical 

characteristics of the ethosomal vesicles [94, 99, 103, 104].  One reported 

characteristic of ethosomes is their small size relative to liposomes, when both 

are obtained by preparation methods not involving any size reduction steps 

[103].  This reduction in vesicle size could be explained as a result of 

incorporation of high ethanol concentration.  Ethanol confers a surface 

negative net charge to the liposome which causes the size of vesicles to 

decrease [99, 104].  The size of ethosomal vesicles was reported to increase 

with decreasing ethanol concentration in the ethanol concentration range of 

20–45% [99]. The effect of phospholipid concentration on the size of 

ethosomal vesicles was also investigated [94, 99].  Ethosomes have been 

shown to exhibit high encapsulation efficiency for a wide range of molecules 
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including lipophilic drugs.  This could be explained by multilamellarity of 

ethosomal vesicles [99] as well as by the presence of ethanol in ethosomes, 

which allows for better solubility of many drugs. 

Invasomes was developed and introduced by Verma [105].  Several 

studies of Dragicevic-Curic et al. [106-108] revealed that the invasome 

dispersion containing 3.3% (w/v) ethanol and 1% (w/v) of the terpene mixture 

(cineole:citral:d-limonene; 45:45:10, v/v) could significantly enhance skin 

penetration of the highly hydrophobic photosensitizer temoporfin (mTHPC). 

Invasomes enhanced mTHPC deposition in SC compared to liposomes 

without terpenes and conventional liposomes, and they were efficient in 

delivering mTHPC to deeper skin layers [106].  Invasomes were of a small 

particle size (<150 nm), high homogeneity (<0.3), mostly unilamellar 

andspherical, but also deformed vesicles were detected.  Invasomes 

containing 1% (w/v) cineole provided the highest skin penetration 

enhancement of mTHPC, i.e. they provided high amounts of mTHPC in the 

SC and deeper skin layers, indicating that also incorporation of a single 

terpene into invasomes could provide efficient nano-carriers of mTHPC.  

These invasomes could be considered as a promising tool for delivering the 

photosensitizer mTHPC to the skin.  However, in contrast to most invasomes, 

being effective nano-carriers of mTHPC, there were also formulations less 

effective than liposomes containing 3.3% (w/v) ethanol and one formulation 

were less efficient than conventional liposomes. 

Flexosomes are introduced by Songand Kim [109].  To increase 

topical delivery of low-molecular-weight heparin (LMWH), cationic, neutral, 

and anionic flexible liposomes or cFlexosome, nFlexosome, and aFlexosome, 

respectively were prepared.  The effects of surface charge of Flexosome on 

physicochemical properties and skin penetration of LMWH were also 

investigated.  Among the different formulations of Flexosome, cFlexosome 

demonstrated three-time higher entrapment efficiency of LMWH, and better 

physicochemical stability than nFlexosome and aFlexosome.  In vitro skin 

penetration and in vivo localization into the deeper skin layer of LMWH were 

significantly greater from cFlexosome compared to other formulations.  
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Changes of skin surface charge after LMWH-cFlexosome application were 

investigated as a function of time.  In the process of skin penetration, the 

Flexosomes act as drug carrier with the associated LMWH.  Overall, 

macromolecular LMWH could be delivered deeply into the skin by topical 

application of cFlexosome for the treatment of superficial thrombosis, 

subcutaneous wounds, bruise, and burns. 

Moreover, flexosomes provided significantly enhanced mTHPC’s 

amount in the skin compared to conventional liposomes.  Cationic 

flexosomes delivered the highest mTHPC amount to SC and deeper skin 

layers.  In addition, mTHPC was not found in the acceptor compartment 

regardless of the applied vesicle formulation, indicating no risk of systemic 

side-effects (i.e. photosensitivity).  nFlexosomes and cFlexosomes appeared 

to be physically stable during storage at 4 C for 9 months in contrast to 

aFlexosomes [110]. 

Menthosomes, the latest deformable liposomes, was developed and 

introduced by Duangjit et al. [32].  Menthosomes, novel ultradeformable 

carriers consist of phospholipids, menthol and edge activator.  Menthosomes 

was optimized using a nonlinear response-surface method incorporating 

thin-plate spline interpolation (RSM-S), which accuracy and reliability of the 

optimal formulation was also confirmed in several intensive studies [111, 

112].  The result showed that the estimated values by the computer programs 

were very close to experimental values of skin permeability at 2-12 and 

steady-state flux value of meloxicam [32]. 

2.4.2 Liposomes as skin delivery systems 

2.4.2.1 Conventional liposomes as carriers for dermal andtransdermal drug 

delivery 

The potential value of liposomes for topical therapy was first 

introduced by Mezei and Gulasekharam [16].  In this study, greater four- to 

five-fold triamcinolone acetonide concentrations in the epidermis and dermis, 

with lower systemic drug levels, were observed when the drug was delivered 

from liposomal lotion in comparison with conventional formulations of the 
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same drug concentration.  Similar findings were also observed for 

triamcinolone acetonide liposomal gel formulations [113] and for 

progesteroneand econazole [114].  After these early papers, a large number of 

studies were initiated and conflicting results continued to be published 

concerning liposomes effectiveness.  Several in vivo and in vitro transport 

studies reported that conventional liposomes only enhanced skin deposition, 

with mostly reduction (or no effect) in percutaneous permeation or systemic 

absorption, of hydrocortisone [115, 116], other corticosteroids [117], 

lidocaine [118], tretinoin [119], ciclosporin [120], among [121, 122].  These 

results suggested that conventional liposomes were useful for topical dermal 

delivery of these drugs.  Several recent studies suggested other applications 

and confirmed improved skin deposition [123, 124]. 

Lipid composition, method of preparation and thermodynamic state 

of the bilayers of liposomes, were all shown to greatly affect skin deposition 

behavior of liposomes [125, 126].  Application of a lipophilic fluorescent 

label in liquid-state liposomes resulted in a deeper skin penetration than when 

applied in gelstate liposomes [127].  Dermal delivery with skin-lipid 

liposomes was shown to be more effective than delivery with phospholipid 

vesicles [128].  A decrease in cholesterol content in vesicular bilayers, which 

increases fluidity of the bilayers, resulted also in an increase in drug transport 

across the SC.  Other physicochemical properties, such as size, charge and 

lamellarity may also influence the effectiveness of liposomesas delivery 

vehicles [128-130], although probably to a lesser extent [131] with wide 

controversy among different studies. 

Liposomes have also been used to target therapeutic and cosmetic 

agents to skin appendages, especially to the pilocebaceous units (hair follicles 

with their associated sebaceous glands) [132].  Carboxyfluorescein 

(fluorescent hydrophilicdye) encapsulated liposomes resulted in dye 

deposition in hairfollicles, where as in case of aqueous solution, the dye 

appeared only in the SC [133].  Several other studies showed that liposomes 

can effectively target drug delivery to skin appendages [134, 135]. 
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Although some authors suggested conventional liposomes assuitable 

carriers for transdermal delivery of some drugs [128, 129, 136], it became 

recently evident that, in most cases, classic liposomes are of little or no value 

as carriers for transdermal drug delivery as they do not deeply penetrate skin, 

but rather remain confined to upper layers of the SC.  Confocal microscopy 

studies showed that intact liposomes were not able to penetrate into granular 

layers of the epidermis [25].   

2.4.2.2.  Deformable liposomes as carriers for dermal and transdermal drug 

delivery 

Several studies have reported that deformable liposomes were able to 

penetrate intact skin in vivo, transferring therapeutic amounts of drugs 

[137-139], including macromolecules, with efficiency comparable with 

subcutaneous administration [140-142].  Other in vitro skin permeation 

and/or deposition studies confirmed that deformable liposomes were able to 

improve skin delivery of various chemical entities.  Although most of these 

results were indicative of improved transdermal delivery, in vitro transport 

rates were usually much lower than exceptional high transport rates reported 

in vivo.  Deformable liposomes resulted in 14 to 17-fold increase in 

maximum oestradiol flux through human cadaver epidermis with 9.2 to 

11-fold increase in skin deposited drug [89]; however, total oestradiol 

permeated and skin deposited after 12 h did not exceed 2% of the applied dose, 

a value much lower than reported in vivo results for some drugs.  Deformable 

liposomes were also reported to improve both in vitro skin permeation and 

deposition of cyclosporin A [143], methotrexate [144], melatonin [145], 

among others.  They significantly improved ketotifen skin delivery,with 

greater improvement of ketotifen skin deposition than improvement of 

ketotifen skin permeation, hence were suggested to be more useful for dermal 

than for transdermal delivery of ketotifen [94].  They were also reported to 

improve only skin deposition of 5-fluorouracil [92] and dipotassium 

glycyrrhizinate [91], hence were considered only useful for dermal delivery of 

these drugs. 
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Reported success of deformable liposomes to deliver 

macromolecules and proteins such as insulin through intact human skin with 

efficiency comparable with subcutaneous administration [141, 142] led to 

their introduction as possible carriers for non-invasive gene delivery and 

transcutaneous immunization.  Kim et al. [146] investigated deformable 

cationic liposomes, prepared usinga cationic lipid, 1,2-dioleoyl-3- 

trimethylammoniumpropane (DOTAP), and sodium cholate, as gene delivery 

system.  In vitro transfection efficiency of plasmid DNA was assessed by the 

expression of green fluorescent protein (GFP).  This formulation was capable 

of transfecting several cell lines.  It was also tested for in vivo transfection 

efficiency and its retention time within the organs, by applying the complexes 

on hair-removed dorsal skin of mice, non-invasively.  It was found that genes 

were transported into several organs for 6 days once appliedon intact skin, 

suggesting promising properties for non-invasive gene delivery. In another 

study, deformable liposomes preparedusing egg-phosphatidylcholine could 

also deliver genetic materials (GFP) into mice transdermally [147].  Gupta et 

al. [23] investigated deformable liposomes as carriers fortopical 

immunization.  Deformable lipid vesicles were used for the non-invasive 

delivery of tetanus toxoid (TT).  The immunestimulating activity of these 

vesicles was studied by measuring the serum anti-tetanus toxoid IgG titer 

following topical immunization.  The immune response was compared with 

the same dose of alum adsorbed tetanus toxoid (AATT) given intramuscularly, 

topically administered plain tetanus toxoid solution, anda physical mixture of 

tetanus toxoid and deformable liposomes again given topically. An in vivo

study revealed that topically administered tetanus toxoid-loaded deformable 

liposomes, after secondary immunization, elicited an immune response 

(anti-TT-IgG) comparable with that produced by intramuscular AATT.  

Fluorescence microscopy revealed the penetration of deformable liposomes 

through the skin to deliver the antigen tothe immune competent Langerhans 

cells [23].  Mishra et al. [148] also investigated deformable liposomes 

ascarriers for transcutaneous immunization by measuring immuneresponse 

elicited by topically applied hepatitis B surface antigen (HBsAg) loaded 
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deformable liposomes, compared to the intramuscularly administered 

alum-adsorbed HBsAg solution, topically applied plain HBsAg solution and 

physical mixture of HBsAg and deformable liposomes.  Results indicated 

that transcutaneous immunization via deformable liposomes induced robust 

systemic and mucosal antibody response against HBsAg as compared to other 

formulations.  The fluorescence microscopy results suggest prominent skin 

permeation and biodistribution, demonstrating efficient delivery of antigens to 

the immunocompetent Langerhans cells and lymphatics, justifying 

deformable liposomes potential for improved vaccine delivery. 

A second generation of elastic vesicles, consisting mainly 

ofnon-ionic surfactants, was introduced by van den Bergh [28].  These 

surfactant-based elastic vesicles were shown to be alsomore effective than 

rigid vesicles in enhancing skin penetration of various chemical entities [131, 

149-151]. 

2.4.2.3  Ethosomes as carriers for dermal and transdermal drug delivery 

Ethosomes were reported to be effective at delivering molecules to 

and through the skin to the systemic circulation.  Enhanced delivery of 

chemicals from the ethosomal carrier was observed in permeation experiments 

with fluorescent probes.  The amphiphilic fluorescent probe D-289 was used 

to study skin penetration from trihexyphenidyl HCl ethosomes into nude 

mouse skin, after non-occlusive application [103].  Confocal laser scanning 

micrographs showed that classic liposomes did not facilitate probe penetration 

into the skin, rather, resulted in only a small reservoir in upper layers of skin.  

Using hydroethanolic solution, a relatively deep penetration (up to about 132 

μm) was observed, but of a relatively very low fluorescence intensity.  The 

use of ethosomal system resulted in an increase in both depths (up to about 170 

μm) of penetration and fluorescence intensity.  Assuming fluorescence 

intensity can be taken as a relative measure of probe in the skin, the skin depot 

of probe from ethosomes was 18 times that of liposomes, and 10 times that of 

hydroethanolic solution.  Similar results were obtained with the lipophilic 

fluorescent probe, rhodamine red [99]. 
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Ethosomes were reported to improve in vivo and in vitro skin delivery 

of various drugs.  Contrary to deformable liposomes, ethosomes were able to 

improve skin delivery of drugs both under occlusive [103, 104] and 

non-occlusive conditions [94, 103]. 

2.4.3 Mechanisms of action of liposomes 

 Alternative mechanisms have been suggested [126] for liposomes acting as 

skin drug delivery systems (Figure 10).  In the subsequent sections we will consider 

the proposed different mechanisms, illustrating both positive and negative findings.  

Examples of studies investigating these mechanisms are presented in Table 3.

Figure 10 Possible mechanisms of action of liposomes as skin drug delivery systems. 

(A) is the free drug mechanism, (B) is the penetration enhancing process of 

liposome components, (C) indicates vesicle adsorption to and/or fusion 

with the SC and (D) illustrates intact vesicle penetration into or into and 

through the intact skin  

Source: El Maghraby, G.M., B.W. Barry, and A.C. Williams.  "Liposomes and skin: 

From drug delivery to model membranes."  European Journal of Pharmaceutical 

Sciences, 34 (2008): 203-222. 
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 2.4.3.1  Free drug mechanism (see Figure10 at A) 

According to this process, the drug permeates the skin independently 

after exiting from the vesicles [152].  The role of this process in transdermal 

delivery of estradiol was shown to be negligible by El Maghraby et al. [89] 

who compared the transepidermal flux plot with its in vitro drug release 

profile and reported that the peak flux of the drug through skin appeared at a 

time during which drug release from liposomes was negligible. 

  

2.4.3.2  Penetration enhancing mechanism (see Figure10 at B) 

Kato et al. [153] first concluded that lecithin enhances transdermal 

delivery by lowering the permeability barrier of the skin.  Changes in the 

ultrastructures of the intercellular lipids were seen after application of the 

vesicles suggesting a penetration enhancing effect.  It was concluded that 

nano-aggregates containing relatively small hydrophilic head groups can 

interact with human SC in vitro [154]. 

In another study, Zellmer et al. [155] treated human SC 

(non-occlusively) with dimyristoylphosphatidylcholine (DMPC) liposomes, 

followed by differential scanning calorimetric investigations. DMPC vesicles 

did not penetrate into SC but the lipid can penetrate and change the enthalpy of 

the lipid-related transitions of the SC.  In addition, Kirjavainen et al. [156] 

revealed that depending on composition, vesicles may produce an enhancing 

effect (shown by skin pre-treatment); their lipid components may penetrate 

deep into the SC or may fuse and mix with skin lipids to loosen their structure.  

Liposomes containing DOPE or lyso-PC produced the greatest effect.  It was 

thought that the conical shape of DOPE was essential for this effect.  Skin 

pre-treatment with propylene glycol (PG), PC or phosphatidylethanolamine 

(PE) promoted drug permeation and shortened the lag time. When repeating 

the same study on silastic membranes instead of skin, none of the 

phospholipids accelerated drug permeation.  Furthermore, PG, PE or PC did 

not significantly affect the per-cutaneous absorption of indomethacin through 

skin lacking SC.  This clearly indicated that phospholipids act directly on the 

permeability barrier of SC[157]. 
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Negative findings concerning penetration enhancement have also 

been reported.  No accelerant effect was found for SCL liposomes when the 

empty vesicles were applied in combination with free interferon [158].  Du 

Plessis et al. [159] found that skin pre-treatment with empty vesicles did not 

give the advantages of encapsulated drug.  They concluded that the 

hypothesis that liposomes interact with SC is invalid. 

Employing a pre-treatment protocol with empty liposomes, El 

Maghraby et al. [89] reported a possible accelerant effect only for non-rigid 

PC vesicles.  However, comparing this promotion (four-fold) with the 

relative flux obtained after application of estradiol-loaded vesicles (eight- 

fold), it was concluded that enhancement is not the only mechanism operating. 

For other traditional liposomes (containing CH or DPPC) and ultradeformable 

systems, skin pre-treatment was noteffective, thus excluding anaccelerant 

effect.  Investigating the importance of liposome structure, El Maghraby et al. 

[90] compared estradiol skin delivery from standard and ultradeformable 

nano-aggregates with that obtained from propylene glycol solution containing 

the same components.  The results indicated the importance of the colloidal 

structure, excluding a major role for asorption promoting mechanism in 

improved skin delivery from such liposomes.  It was also reported that drug 

molecules must be applied together with and entrapped within the 

nano-aggregates themselves, suggesting that elastic vesicles act as drug carrier 

systems and not as penetration enhancers [150].  Discrepanciesin literature 

reports concerning the penetration enhancing effects of different formulations 

can be attributed to the useof different lipid components in the vesicles, with 

non-rigid lipids tending to produce the greatest enhancing effects.  

2.4.3.3  Vesicle adsorption to and/or fusion with the stratum corneum (see 

Figure10 at C) 

According to this mechanism the vesicles may adsorb to the SC 

surface with subsequent transfer of drugdirectly from vesicles to skin, or 

vesicles may fuse and mixwith the SC lipid matrix, increasing drug 

partitioning into the skin.  The interaction of liposomes with human skin has 
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been reviewed and it was concluded that they can be taken into the skin but 

cannot penetrate through intact healthy SC; instead, they dissolve and form a 

unit membrane structure [160].  The processes of adhesion onto the skin 

surface and fusion or mixing with the lipid matrix of SC have been suggested 

for liposome lipids [156].  Phospholipids increased the partitioning of 

estradiol, progesterone and propranolol intothe SC lipid bilayers [161].  It 

was also suggested that the major component of liposomes, phospholipids, 

increased the continuity of the lipid matrix of the skin and thus facilitated the 

movement of lipophilic molecules [162].  Based on this suggestion we should 

expect improved drug uptake from saturated aqueous solution after skin 

pre-treatment with empty vesicles.  To further clarify the previous concepts, 

an uptake study was conducted [89] in which SC membranes were dipped into 

the test formulation or aqueous solution for a short time (10min).  Drug 

uptake was increased only from medicated carriers indicating the necessity of 

co-application of drug with the nano-structures.  The uptake ratios (URs) 

between the vesicles and solution ranged from 23 to 29 with no significant 

differences between individual formulations.  This significant uptake after 

such a short time may imply high affinity of the vesicles for the SC.  

Considering the superiority of deformable nano-aggregates over traditional 

liposomes in increasing transepidermal flux, and that no significant 

differences were found in the URs at short contact time, these finding suggest 

that ultradeformable vesicles could have promoted diffusion through the 

membrane rather than partitioning (uptake) into the tissue. 

2.4.3.4  Intact vesicular skin penetration mechanism (see Figure10 at D) 

2.4.3.4.1  Traditional liposomes 

The possibility that intact vesicles penetrate human skin was 

suggested in the first report on liposomes as skin drug delivery systems [16, 

113].  Conceptually it was difficult to believe that large lipid vesicles could 

penetrate the densely packed SC in great numbers, and many workers have 

tested this hypothesis.  Foldvari et al. [118] applied DPPC, CH (2:1) 

liposomes loaded withan electron dense marker to guinea pigs.  Electron 
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micrography showed the presence of intact liposomes in the dermis.  The 

authors proposed that liposomes carrying the drug can penetrate the epidermis.  

Nano-aggregates were better than a traditional gel in the treatment of eczema 

but not for psoriasis [163].  It was thus concluded that vesicles can penetrate 

diseased skin with its ruptured SC (as in eczema) but cannot invade skin with 

hyperkeratosis, as in psoriasis.  Subsequently, fluormicrographic studies 

showed that intact small unilamellar vesicles (SUVs) of PC and CH penetrated 

no deeper than the SC [164]. 

Using dual labelled liposome components, the skin deposition of 

those derived from phospholipid and SCL carriers was studied.  The ratio of 

radiolabelled components of liposomal preparations was constant throughout 

the skin strata.  The authors explained this as possible molecular mixing of 

liposomal bilayers with the SC bilayers [165].  When [14C] inulin 

(hydrophilic marker) in liposomes whose lipid bilayer was radio labelled with 

[3H] cholesterol was applied, the ratio of inulin to cholesterol was also 

constant throughout skin strata.  The explanation given by the authors 

(molecular mixing) would not justify equal ratios of the dual label in the 

deeper skin strata.  These findings may suggest possible carrier skin 

penetration.  Similar findings were reported again for both phospholipid and 

SCL liposomes [166].  The ratio of [3H] DPPC to [14C] tretinoin deposited 

into various skin strata of the hairless rat was monitored after application of 

liposomes [119].  This ratio was constant throughout the SC but not in the 

nucleated epidermis and dermis.  Liposomes and tretinoin co-transport into 

SC was thus accompanied by independent penetration of free drug, which 

could have escaped from liposomes on the skin surface.  This report suggests 

that vesicles can penetrate only into the SC. 

Contrary to the previous findings, Du Plessis et al. [167] found that 

intermediate-sized and not small-sized liposomes resulted in higher skin 

deposition.  They considered this as an indication that intact liposomes did 

not penetrate the skin.  Furthermore, no evidence of intact carrier penetration 

could be found after application of DMPC or soy-lecithin liposomes [155, 

168]. 
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2.4.3.4.2  Ultradeformable vesicles 

Ultradeformable liposomes have been reported to invade the skin 

intact and go deep enough to be absorbed by the systemic circulation.  The 

transdermal hydration gradient is said to produce a force sufficient to drive 

ultradeformable vesicles through the intact SC and into the epidermis.  

Phospholipid hydrophilicity leads to xerophobia (tendency to avoid dry 

surrounding).  Accordingly, for the vesicles to remain maximally swollen, 

those on the skin surface try to follow the local hydration gradient, moving 

into deeper skin strata [85, 140]. 

The process of vesicle skin penetration was attributed tohigh 

deformability of these specialised vesicles, which results from “edge 

activator” molecules (e.g. surfactants) accumulating at the site of high stress 

due to their raised propensity for greatly curved structures.  This 

rearrangement was claimed to reduce the energy required for deformation; the 

stress is reportedly produced upon drying of the vesicles which, being flexible, 

can follow the transdermal hydration gradient [140]. 

It is difficult to believe that the presence of the so called edge 

activators in the vesicles can result in vesicle deformability so that they can 

penetrate into intact skin with its dense SC lipid packing and which contain 

very small “pores” relative to that of the vesicle diameter.  To test this 

supposition, the epidermal permeation of estradiol from large multilamellar 

vesicles (LMLVs, at least 557 nm in diameter) was compared with that 

obtained from smaller entities of a mean size of 124-138 nm (SUVs).  The 

concept was to investigate the possibility that intact nano-aggregates penetrate 

through skin, assuming that this infiltration is a function of the vesicle size 

[89].  The SUVs are lessthan the maximum dimension reported to enter skin 

andthe minimum size of LMLVs is above the maximum volumewhich can 

invade skin [140].  SUVs were as effective as LMLVs, a finding which 

suggests that intact vesicles do not permeate through human epidermal 

membrane in vitro [89].  However, reduction of vesicle sizeimproved drug 

deposition into deeper strata and penetration through skin, with large 

structures improving deposition only [169, 170]. 



46 

Trotta et al. [91] incorporated dipotassium glycyrrhizinate (DG), an 

amphiphilic anti-inflammatory drug, intoliposomes.  They reported that the 

agent increased the elasticity of the entities.  Measuring the vesicle size 

before and after extrusion through a microporous filter, elastic particles were 

capable of penetrating a pore with a diameter three times smaller than their 

own span.  However, they were able to show only improved skin deposition 

of DG, not improved flux.  The extrusion results may suggest vesicle 

elasticity but do not demonstrate skin penetration.  Indeed the “pores” in the 

SC lipid matrix are at least 10 times smaller than the ultradeformable vesicle 

diameter (which generally exceeds 100 nm).  Also, the largest pores on the 

skin surface are provided by the shunts (hair follicles, sweat ducts) which play 

no major role in liposomal transdermal drug penetration.  In similar studies, 

the size of ultradeformable vesicles was unchanged after extrusion through 

semi-permeable membrane barriers.  The authors reported the presence of the 

carriers in mice blood after topical application of fluorescent labelled 

ultradeformable vesicles.  Noteworthy, the size of these vesicles was similar 

to that of the starting liposome suspension.  This was taken as a clear 

evidence for vesicle invasion into and through skin [171, 172].  However, it 

should be noted that a vesicular structure may form spontaneously after 

absorption of the components as monomers. 

Fast delivery of intact elastic vesicles into the SC was recorded and 

was thought to be via channel-like regions in the SC.  Again, elastic vesicles 

were superior to rigid nano-aggregates with non-occlusive application being 

best [151].  The transport of vesicle components and a model drug into 

human skin was monitored in vivo.  Only elastic vesicle material can rapidly 

enter the SC reaching almost the SC-viable epidermal junction.  However, the 

distribution profile of the drug in the lower SC layers was different to that of 

the vesicle material.  This suggests that once the elastic vesicles partition into 

the SC, the drug releases from the carrier [88, 173]. 

In light of the above reports, it appears that some vesicles may 

penetrate intact to some extent into healthy skin.  Questions remain as to how 
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deep into the skin strata intact carriers move, and if indeed intact structures can 

carry their pay load through the entire tissue. 

2.4.3.5. Transappendageal penetration (see Figure10 at E) 

 Occlusive application and full skin hydration is supposedly 

detrimental for transdermal drug delivery from ultradeformable vesicles.  

This effect was attributed to inhibition of the transdermal hydration gradient, 

which is believed to be the driving force for vesicle-skin penetration [140].  

Another possible explanation is that over-hydration of the skin can swell the 

corneocytes and thus close or at least minimize the size of shunts that may play 

a role in liposomal skin delivery. 

 Electron microscopy indicated that liposomes up to 600 nm diameters 

can penetrate through skin but those of 1000 nm ormore remain interiorised in 

the SC.  Deposition was higherin hairy guinea pigs but, with regard to 

penetration thoughskin, no difference could be found between hairless 

andhairy guinea pigs.  Despite this finding, it was concluded that invasion is 

mainly along the hair sheath [174].  However, these findings can reflect only 

delivery into, rather than through, the hair follicles.  Also, vesicular delivery 

through shunts was excluded on the basis that there were no significant 

variations between different animals or humans with diverse densities of hair 

follicles, with regard to the transfersomal input of insulin [141]. 

 A novel in vitro technique using human abdominal skin was 

developed to explore the role of appendageal transporton liposomal skin 

delivery of estradiol.  The study monitored vesicular delivery through 

epidermis and compared this with penetration through a sandwich of SC and 

epidermis.  As the orifices of these shunts occupy only a small fraction of the 

total skin surface area, there was a negligible chance that the shunts in the two 

membranes would superimpose.  It was thus assumed that the top layer of SC 

would block most of the shunts available in the bottom membrane [92].  From 

this study, it was concluded that the shunt routes played a minor role in 

estradiol transdermal delivery from liposomes.  Also, the transfollicular 
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delivery from liposomes was enhanced only after combination with 

iontophoresis [175]. 

 In summary, it appears that the shunt routes play no major role in 

liposomal transdermal delivery.  However, vesicle penetration into but not 

necessarily through hair follicles (i.e. targeting) is clearly demonstrated in 

numerous literature reports.  

Table 3 The studies investigating the mechanisms of action of liposomes as skin drug 

delivery systems 

Mechanism  Method Results/conclusion 
Free drug mechanism
Positive findings None  

Negative findings 
El Maghraby et al. (1999) Comparing transdermal flux plots with in 

vitro release profiles 
Peak flux appeared at a time during 
which drug release was negligible 

Penetration enhancement
Positive findings 
Kato et al. (1987)  Application of drug in lecithin solution in 

propylene glycol 
Lecithin enhances the delivery by 
lowering the skin permeability barrier 

Hofland et al. (1995)  Freeze fracture electronmicroscopy and 
X-rayscattering studies, performed after 
dipping human SC in aliposome 

Ultrastructure changes in the 
intercellular lipids indicating 
penetration enhancement 

Zellmer et al. (1995)  DSC studies of treating the SCwith 
liposomes 

Change in the enthalpy of SC 
lipid-related transitions 

Yokomizo and Sagitani (1996) Skin pre-treatment with PG, PC or PE Promoted drug permeation and 
shortened lag time 

El Maghraby et al. (1999) PC liposome pre-treatment and 
permeation studies from medicated 
liposomes 

Permeation increased by fourfold after 
pre-treatment and eightfold from 
medicated liposomes 

Negative findings 
Weiner et al. (1989) Application of drug with empty vesicles No accelerant effect 

Du Plessis et al. (1994a) Skin pre-treatment with empty vesicles No accelerant effect 

El Maghraby et al. (2000b) Delivery from liposomes or from lipid 
solution 

Lipid solution was not efficient 

Vesicle adsorption to or fusion with the SC
Positive findings   
Kirjavainen et al. (1996) SC pre-treatment with liposomes and 

interactions of vesicles with SCLL 
Skin surface adhesion and fusion or 
mixing with SC lipid matrix 

El Maghraby et al. (1999), 
Kirjavainen et al. (1999b) 

Drug partitioning into the SC Improved partitioning of 
various drugs 

Negative findings None 
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Table 3 Thestudies investigating the mechanisms of action of liposomes as skin drug 

delivery systems (Continued)

Mechanism  Method Results/conclusion 
Intact vesicular skin penetration  
Traditional liposomes   
Positive findings   
Foldvari et al. (1990) Application of liposomes containing 

electron dense marker 
Electron micrographs with intact 
liposomes in the dermis 

Egbaria et al. (1990), 
Fresta and Puglisi (1996) 

Skin deposition of the duallabelled PL or 
SCL liposome components 

The ratio of radiolabelled components 
of liposomes was maintained constant 
throughout the skin strata 

Negative findings   
Du Plessis et al. (1994b) Monitoring effect of vesiclesize on drug 

skin deposition 
Higher deposition from intermediate 
size and not small size liposomes 

Zellmer et al. (1995),  
Korting et al. (1995) 

Confocal laser scanning orelectron 
microscopy after application of 
liposomes 

No evidence of intact carrier 
penetration 

Transfersomes 
  

Positive findings   
Cevc and Blume (1992 Monitoring the fate of the 

applied Transfersomes 
Recovery of some lipid-associated 
radioactivity from the liver 

Valenta and Janisch (2003),  
Verma et al. (2003) 

Studying the effect of vesicle 
size on skin delivery 

Small vesicles improved both 
deposition into and penetration 
through skin, with large structures 
improving deposition only 

Cevc et al. (2002),  
Cevc and Gebauer (2003) 

Measuring vesicle size before 
and after extrusion through 
micro porous filter. Also skin 
permeation studies 

Vesicles penetrated a pore witha 
diameter three times smallerthan their 
own span.Fluorescent Transfersomes 
detected in the mice blood 

Negative findings 
  

El Maghraby et al. (1999) Comparing transdermal delivery from 
SUVs and LMLVs 

Similar transdermal deliverywas 
recorded 

Transappendageal penetration 
Positive finding None Only deposition data available 

Negative findings 
  

Cevc et al. (1998) Comparing delivery through different 
animals or humans with diverse densities 
of hairfollicles 

No significant difference withrespect 
to insulin delivery from transfersomes 

El Maghraby et al. (2001b) Comparing liposomal drugdelivery 
through epidermis to that through 
SC–epidermalsandwich 

No difference was recorded 

Han et al. (2004) Application of liposomes withor without 
iontophoresis 

Transfollicular delivery was enhanced 
only after combination with 
iontophoresis 

Source: El Maghraby, G.M., B.W. Barry, and A.C. Williams.  "Liposomes and skin: 

From drug delivery to model membranes."  European Journal of Pharmaceutical 

Sciences, 34 (2008): 203-222. 
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3.1 Materials 

1. 1, 1 -Dioctadecyl-3,3, 3 ,3 -tetramethylindocarbocyanineperchlorate; DiI 

(Lambda Probes and Diagnostics, Graz, Austria) 

2. Butylcetylpyridinium chloride; BCP (Tokyo Chemical Industry, Tokyo, 

Japan) 

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

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

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

6. Meloxicam; MX (Fluka, Buchs, Switzerland) 

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

8. Phosphatidylcholine; PC (LIPOID GmbH, Cologne, Germany) 

9. Sodium hexadecyl sulfate; SHS (Tokyo Chemical Industry, Tokyo, Japan) 

10. 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) 
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12. Male hairless mouse, Laboskin®, HOS: HR-1 Male, 7 weeks (Sankyo Labo 

Service Corporation, Inc., Tokyo, Japan) 

13. Shed snake skin of Naja kaouthia (The Queen Saovabha Memorial 

Institute, Thai Red Cross Society, Bangkok, Thailand) 

3.2 Equipments 

1. Aluminium foil (Diamond, VA, USA) 

2. Analytical balance (Model CP224S and CP3202S, SARTORIUS, 

Germany) 

3. Bath-type sonicator (5510J-DTH Branson Ultrasonics, CL, USA) 

4. Beaker (PYREX , USA) 

5. Cellulose acetate filter 0.45 μm, 47 mm (Tokyo Roshi Kaisha, Tokyo, 

Japan) 

6. Cellulose nitrate filter 0.45 μm, 47 mm (Sartorious AG, Goettinaen, 

Germany) 

7. Centrifuge (MULTIFUGE 1S-R, Kendro laboratory product, Hanau, 

Germany) 

8. Centrifuge (Sorvall® Biofuge Stratos, Kendro laboratory product, Hanau, 

Germany) 

9. Confocal laser scanning microscopy; CLSM (Radiance 2100, Bio-Rad 

Laboratories, Inc., Hercules, CA, USA). 

10. Cylinder (PYREX , USA) 

11. Desiccator 

12. Dialysis bag (CelluSep® 6000-8000 MWCO Membrane Filtration 

Products, USA) 

13. Differential Scanning Calorimetry; DSC (Pyris Sapphire DSC, 

PerkinElmer instrument, CT, USA) 

14. Dropper  

15. DSC Aluminum seal pan and cap (PerkinElmer instrument, CT, USA) 

16. Electronic dry cabinet (Tara business, Phathumthani, Thailand) 

17. Freeze-fractured apparatus JFD-9010 (JEOL, Tokyo, Japan). 
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18. Fine forceps 

19. Fourier Transform Infrared spectrophotometer; FT-IR (IRAffinity–1, 

Shimadzu, Japan) 

20. Fusion Universal Microplate Analyzer, Model A153601 (Packard 

Bioscience Company/ PerkinElmer instrument, CT, USA) 

21. High-performance liquid chromatography; HPLC (Shimadzu Corporation, 

Kyoto, Japan). 

22. HPLC analytical column; YMC-Pack ODS-A 150 mm  4.6 mm i.d., S-5 

(YMC Co. Ltd, Kyoto, Japan) 

23. Ice bath 

24. Incubated shaker, KBLee 1001 (Daiki sciences, Bio-Active, Bangkok, 

Thailand) 

25. Labnet VX100 Vortex (MO BIO Laboratories, Carlsbad, CA) 

26. Microcentrifuge tube; Eppendorf  tubes (CORNING ; Corning 

Incorporated, NY, USA) and holder 

27. Micropipette 2–20 L, 20–200 L, 100–1000 L, 1–5 mL, and micropipette 

tip 

28. Multi magnetic stirrer and magnetic bar (Becthai bangkok equipment and 

chemical, Bangkok, Thailand) 

29. N2 gas in larminar hood 

30. Nylon membrane; 0.45 μm (Nuclepore, Whatman Inc., MA, USA) 

31. Kimwipes  disposable wipers (Kimberly-Clark Professional, Australia) 

32. Parafilm (BEMIS , WI, USA) 

33. pH Meter (Sartorius Professional Meter PP-15, Germany) 

34. Photon correlation spectroscopy; PCS (Zetasizer Nano series, Malvern 

Instrument, UK). 

35. Probe sonicator (Sonics Vibra CellTM, Newtown, CT, USA) 

36. Polycarbonate membrane; 50 nm (Nuclepore, Whatman Inc., MA, USA) 

37. Refrigerator 4°Cand -20°C 

38. Shell Lab shaking incubator (Sheldon Manufacturing, Cornelius, OR USA) 

39. Side-by-side diffusion cell 3 mL 
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40. Stirring rod 

41. Test tube (PYREX , USA) 

42. Thermo plus DSC-8230 instrument (Rigaku Co., Tokyo, Japan) 

43. Thermo-regulated water bath (WiseCircu  Fuzzy Control System; Model 

WCR-P6, DAIHAN Scientific Co., Ltd., Korea) 

44. Transmission electron microscopy; TEM JEM-1230 (JEOL, Tokyo Japan). 

45. Transmission electron microscope; TEM JEM-1400 (JEOL, Tokyo, Japan) 

equipped with a digital CCD camera (ES500W Erlangshen, Gatan, USA). 

46. Twin compact pH meter B-212 (Horiba, Chiyoda-ku, Tokyo, Japan) 

47. VertiPureTM NYLON Syringes Filter, 13 mm, 0.45 μm (Vertical 

Chromatography, Nonthaburi, Thailand) 

48. Volumetric flask (PYREX , USA) 

49. X-ray diffraction, a monochromatic synchrotron beam (Station BL 6A, the 

Photon Factory, Ibaraki, Japan) 

3.3 Methods 

3.3.1 Preparation of meloxicam-loaded liposomes 

3.3.1.1 Pre-formulation study 

 The preliminary formulations were prepared according to 

formulations obtained from the pre-formulation study.  The formulations of 

meloxicam; MX-loaded liposomes and transfersomes composed of a 

controlled amount of phosphatidylcholine; PC (10 mM) as vesicle forming 

bilayer, various amounts of cholesterol; Chol and surfactant (cetylpyridinium 

(C16); CPC) were prepared.  Chol and CPC were used as membrane 

stabilizer and penetration enhancer, respectively.  The concentration of 

cholesterol and surfactant was varied from 0 to 90% molar ratio of PC to 

maximize cholesterol and surfactant in vesicles (liposomes and transfersomes) 

formulation, and the MX concentration was varied from 0 to 20% w/w of PC 

to maximize drug in vesicles formulation, respectively.  The liposome and 

transfersome formulations were prepared by the sonication method.  The 

entrapment efficiency, loading efficiency, drug content in the formulation and 

molar turbidity of preliminary formulations were investigated for optimizing 
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the optimum lipid composition ratio for formulating liposome and 

transfersome formulation.  The high entrapment efficiency, high loading 

efficiency, high drug content in the formulation and high molar turbidity 

vesicle formulation were criteria selection. 

3.3.1.2 Optimization of liposome formulations 

Liposomes were prepared according to formulations obtained from a 

two-factor spherical second-order composite experimental design [176].  

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. As shown in Figure 11, 10 formulations of MX-loaded 

liposomes composed of a controlled amount of PC and MX, and various 

amounts of Chol and CPC were prepared.  The concentration of PC and MX 

was fixed at 0.773 and 0.077% (w/w), respectively.  The concentration of 

Chol (X1) and CPC (X2) was selected as causal factors.  Liposomes were 

prepared by the sonication method.   

The physicochemical characteristics (e.g., vesicle size, size 

distribution, zeta potential, elasticity and entrapment efficiency) and an in 

vitro skin-permeation study of MX-loaded liposomes were performed.  The 

concentrations of MX that permeated the skin at 2–12 h and the steady-state 

flux were selected being response variables.  The optimal formulation was 

estimated using a nonlinear response-surface method incorporating thin-plate 

spline interpolation (RSM-S) and confirmed by the experiment. 
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Figure 11 Composite spherical experimental designs for two factors and model 

formulation 

3.3.1.3 Meloxicam-loaded liposomes 

The liposome and transfersome formulations containing PC and 

Chol, cationic surfactants, anionic surfactants and MX were formulated.  As 

shown in Table 4, vesicle (liposomes and transfersomes) formulations were 

prepared by the sonication method.  Briefly, lipid mixtures of PC, Chol, 

surfactant and MX were dissolved in chloroform/methanol (2:1 v/v ratio), and 

the solvent was evaporated under nitrogen gas stream.  The lipid film was 

dried in a desiccator for 6 h to remove the remaining solvent.  The dried lipid 

film was hydrated with acetate buffer solution; ABS (pH 5.5).  Vesicles were 

subsequently sonicated for 30 min using a bath-type sonicator (5510J-DTH 

Branson Ultrasonics, Danbury, USA) and then duplicated sonicated in 

ice-bath using probe sonicator (Sonics Vibra CellTM, Newtown, CT, USA) for 

30 min.  An excess amount of lipid composition was removed by 

centrifugation at 4 C using 15,000 rpm for 15 min, and the supernatant was 

collected.  All formulations were freshly prepared or stored in airtight 

containers at 4 C prior to further studies. 
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Table 4 The liposome and transfersome formulation

Formulation Code Lipid component (%w/v) Buffer qs.to MX PC Chol C4 C12 C16 A16 
1a TFS 0.07 0.77 - - - 0.10 - 100 
2 a TFS-Chol 0.07 0.77 0.04 - - 0.10 - 100 
3b N-CLP 0.07 0.77 0.04 - - - - 100 
4 a C-TFS 0.07 0.77 0.04 - - 0.10 - 100 
5 a A-TFS 0.07 0.77 0.04 - - - 0.10 100 
6 a C4 0.07 0.77 0.04 0.05 - - - 100 
7 a C12 0.07 0.77 0.04 - 0.08 - - 100 
8 a C16 0.07 0.77 0.04 - - 0.10 - 100 
9b 0% CPC 0.07 0.77 0.04 - - - - 100 

10 a 10%CPC 0.07 0.77 0.04 - - 0.04 - 100 
11 a 20%CPC 0.07 0.77 0.04 - - 0.07 - 100 
12 a 29%CPC 0.07 0.77 0.04 - - 0.10 - 100 
13 a 0.0% MX 0.00 0.77 0.04 - - 0.10 - 100 
14a 2.5% MX 0.03 0.77 0.04 - - 0.10 - 100 
15a 5.0% MX 0.05 0.77 0.04 - - 0.10 - 100 
16a 10% MX 0.07 0.77 0.04 - - 0.10 - 100 
17b CLP 0.07 0.77 - - - - - 100 
18b CLP-Chol 0.07 0.77 0.04 - - - - 100 

The concentration of PC in formulation was fixed at 10 mM in all formulations.
a MX-loaded transfersomes 
b MX-loaded liposomes 
TFS Transfersomes  
CLP Conventional liposomes or Classic liposomes 

3.3.1.4 Meloxicam suspensions 

 The saturated solubility of MX in acetate buffer solution; ABS (pH 

5.5) was determined to ensure excess MX in suspension.  An excess amount 

of MX in 5 mL of ABS pH 5.5 was shaken for 24 h at room temperature (25 

°C).  The sample was filtered through 0.45 μm membrane filter in order to 

remove undissolved drugs.  The concentration of MX was analyzed by 

HPLC.  The MX suspension was prepared by adding MX to ABS pH 5.5 at a 

concentration 10 times higher than the solubility of MX and stirring for 24 h to 

ensure constant thermodynamic activity throughout the course of the 

permeation experiment.  The concentration of MX in suspension was 

determined, and the MX suspension was used as a control in the skin 

permeation experiment. 
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3.3.2 Characterization of liposomes 

3.3.2.1 Vesicle size, size distribution and zeta potential 

Average vesicle size, size distribution and zeta potential of the 

vesicle formulations were measured by photon correlation spectroscopy; PCS 

(Zetasizer Nano series, Malvern Instrument, UK).  Twenty μL of the vesicle 

formulations were diluted with 1480 μL of deionized water.  All 

measurement samples were performed at room temperature, at least three 

independent samples were taken, and the vesicle size, size distribution and 

zeta potential were measured in triplicate. 

3.3.2.2 Elasticity evaluation 

The elasticity value of the lipid bilayer of the vesicles was directly 

proportional to JFlux  (rv/rp)2: 

Elasticity value (mg·sec-1·cm-2) 
2

r
r

P

V
FluxJ  (13) 

Where JFlux is the rate of penetration through a permeable barrier 

(mg·sec-1·cm-2), rv is the size of the vesicles after extrusion (nm), and rp is the 

pore size of the barrier (nm).  To measure JFlux, the vesicles were extruded 

through a polycarbonate membrane (Nuclepore, Whatman Inc., MA, USA) 

with a pore diameter of 50 nm (rp), at a pressure of 0.5 MPa.  After 5 min of 

extrusion, the extrudate was weighed (JFlux), and the average vesicle diameter 

after extrusion (rv) was measured by PCS. 

3.3.2.3 Entrapment efficiency (%EE) 

The concentration of MX 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 diluted with phosphate buffer solution; PBS (pH 7.4).  

The vesicle/Triton® X-100 solution was centrifuged at 10,000 rpm at 4 C for 

10 min.  The supernatant was filtered with a 0.45 m nylon syringe filter.  

The entrapment efficiencies (EE) and loading efficiencies (LE) of MX loaded 
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in the formulation were calculated according to the following equation (14) 

and (15), respectively:

% Entrapment efficiency 100 x 
C
C

i

L  (14) 

where CL is the concentration of MX loaded in the formulation as described in 

the above methods, and Ci is the initial concentration of MX added into the 

formulation. 

Loading efficiency 
t

t

L
D

 (15) 

where Dt is the total amount of MX in the formulation, and Lt is the total 

amount of PC added into the formulation. 

3.3.3 Morphology and thermal properties of liposomes  

3.3.3.1 Transmission Electron Microscopy (TEM) 

The morphology of the lipid assembly was performed by 

transmission electron microscopy; TEM JEM-1230 (JEOL, Tokyo, Japan).  

One drop of the liposome and/or transfersome formulation was dropped onto a 

copper grid; then, the excess suspension was adsorbed immediately using 

filter paper.  The vesicles were air-dried on the copper grid, and then the grid 

was observed using TEM at 10,000-100,000 magnification with an 

acceleration voltage of 80 kV. 

3.3.3.2 Freeze-Fractured Electron Microscopy (FF-TEM) 

The morphology of the lipid assembly was also observed by 

freeze-fractured electron microscopy.  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 [177].  The quenched sample was fractured in a freeze-fractured 

apparatus JFD-9010 (JEOL, Tokyo, Japan).  The fractured surface was 
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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; TEM JEM-1400 (JEOL, Tokyo, Japan) 

equipped with a digital CCD camera (ES500W Erlangshen, Gatan, USA).

3.3.3.3 Differential Scanning Calorimetry (DSC) 

Thermal analysis of the liposomes was performed with a DSC (Pyris 

Sapphire DSC, PerkinElmer instrument, USA).  The liposomes sample (15 

mg) was weighed into an aluminum seal pan and was heated from -25 to 50 C 

at a heating rate of 1 C /min.  All DSC measurements were collected under a 

nitrogen atmosphere with a flow rate of 30 mL/min. 

3.3.3.4 X-ray diffraction measurement (XRD) 

X-ray diffraction was performed using a monochromatic synchrotron 

beam at Station BL 6A in the Photon Factory (Ibaraki, Japan).  The 

wavelength ( ) of the X-ray beam was 0.1506 nm.  The reciprocal spacing (S) 

was calibrated from the spacing of silver behenate, 58.38 nm at 25 ºC.  The 

value of S is given by S = n/d = (2/ ) sin (2 /2), where 2 is the scattering 

angle, and d is a repeat distance.  A capillary tube with a diameter of 1 mm 

containing prepared vesicles sample was sealed by gas burner and placed in a 

sample holder of the X-ray diffractometer.  The X-ray diffraction profiles 

were recorded with a flat panel and poxel array detector.  Moreover, BL40B2 

in SPring-8 (Hyogo, Japan) was also utilized for X-ray diffraction 

measurement for vesicles. 

3.3.5 In vitro release and permeation studies 

3.3.5.1 In vitro drug release studies 

The drug release of MX from MX-loaded vesicle formulation was 

determined using a dialysis bag with molecular weight cut off; MWCO 

6,000-8,000.  Fifty milliters of PBS with temperature control 32±1 °C were 

used as a receiving medium under constant stirring at 150 rpm.  The condition 
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was chosen in order to respect sink condition in the receiving medium.  Five 

hundred microliters of MX-loaded vesicle formulation and/or MX-suspension 

(SUS) was filled in a dialysis bag and immersed in the receiving medium.  At 

the time interval of 5, 10, 15, 20, 30, 45, 60, 120 min, 3, 4, 6, 8, 10 and 12 h, a 

1 mL of receiving medium was withdrawn, and the same volume of fresh 

buffer solution was replaced.  The release concentration of MX was 

determined by HPLC.  Moreover, the remained drug and vesicle in dialysis 

bag after testing was evaluated in order to ensure that the intact vesicles 

existed in the formulation.

3.3.5.2 In vitro skin permeation studies 

3.3.5.2.1  Shed snake skin as model membrane 

Shed snake skin of Naja kaouthia was used as a 

permeation model membrane because the previous study reported 

that it was similar permeability to human skin [46].  It was donated 

by the Queen Saovabha Memorial Institute, Thai Red Cross Society, 

Bangkok, Thailand.  The whole shed snake skin was obtained 

immediately after shedding from 5-7 different snakes.  Each snake 

skin could be divided into 10-12 pieces.  The thickness of the shed 

snake skin was approximately 0.02-0.03 mm.  It was stored at -10 °C 

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 two 

half-cells of the diffusion cell connected with a 32±1 C control 

temperature jacket.  The stratum corneum side of the skin faced to 

the donor chamber, which was filled with 3 mL of MX-loaded vesicle 

formulation and/or MX-suspension (SUS).  The receiving chamber 

was also filled with 3 mL of 0.1 M PBS (pH 7.4) and stirred with a 

star-head Teflon magnetic bar driven by a synchronous motor.  The 

sink condition in the receiving medium was obtained in this study.  

At appropriate intervals of 0.5, 1, 2, 4, 6, 8, 10 and 12 h, 0.5 mL 

aliquots of the receiving medium was withdrawn and immediately 
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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 was plotted against time.  The 

steady-state flux value was determined as the slope of linear portion 

of the plot. 

3.3.5.2.2 Hairless mice skin as model membrane 

The excised skin of hairless mice (Laboskin®, HOS: 

HR-1 Male, 7 weeks, Sankyo Labo Service Corporation, INC., 

Tokyo, Japan) was used as a permeation model membrane for the in 

vitro skin permeation study.  This animal study was performed at 

Hoshi University and complied with the regulations of the committee 

on Ethics in the Care and Use of Laboratory Animals.  The 

side-by-side diffusion cell with an available diffusion area of 0.95 

cm2 was employed.  The receiving chamber was filled with 3 mL of 

phosphate buffer solution (pH 7.4, 32 ºC), and the donor chamber 

was filled with 3 mL MX-loaded vesicle formulation and/or 

MX-suspension (SUS).  At appropriate times, an aliquot of the 

receiving medium was withdrawn and the same volume of fresh 

buffer solution was replaced to the receiving chamber.  The 

concentration of MX in the aliquot was analyzed using HPLC. 

After the skin permeation study, the concentration of MX 

remaining in the hairless mice skin was measured.  The skin was 

isolated from the diffusion cell, and the residual vesicle suspension 

was removed from the skin surface.  The effective area of the skin 

was washed with distilled water at least three times and then dried 

with cotton swab.  The full-thickness skin of effective area was cut 

into small pieces, and sonicated for 2 h with 1 ml phosphate buffer 

solution (pH 7.4) to extract the MX from the skin.  After 

centrifugation at 10,000 rpm for 10 min and filtration with a 0.45 m 

nylon syringe filter, then the clear supernatant was collected and 

analyzed by HPLC.  Moreover, the receiving medium at the end of 
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incubation time was also analyzed using a PCS for mechanism 

studying. 

3.3.6 Stability evaluation 

The MX-loaded vesicle formulations were kept in glass bottle with plastic 

plugs and stored at 4 1 C and 25 1 C (room temperature, RT) for 30 days.  Both the 

physical and the chemical stability of MX loaded vesicle formulation were evaluated.  

The physical characteristics such as vesicle size, size distribution and zeta potential 

were determined.  The chemical stability was evaluated by measuring MX remaining 

in the formulation by HPLC at day 1, 7, 15, 30 and 120.   

3.3.7 HPLC analysis 

The MX concentration was analyzed by HPLC.  All samples were stored at 4 

°C until analysis.  The HPLC system consists of a SIL-20A autosampler, LC-20AT 

liquid chromatograph and SPD-20AUV detector (Shimadzu Corporation, Kyoto, 

Japan).  The analytical column was YMC-Pack ODS-A (150 mm  4.6 mm i.d., 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/min, 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 was found from 

99.85-100.30%, and relative standard deviation for both intra-day and inter-day was 

less than 2%. 

3.3.8 The mechanisms of liposomes on skin permeation  

3.3.8.1 Characterization of skin after skin permeation 

 3.3.8.1.1 FT-IR analysis of shed snake skin 

Following the skin permeation experiment, the shed snake skin was 

washed with water, blotted dried and kept in desiccators.  The spectrum of the 

skin sample was recorded in the range of 4000-500 cm-1 using a FT-IR 

spectrophotometer (Nicolet 4700, Thermo Scientific, USA).  The FT-IR 

spectrum of the treated skin with the MX suspension was also recorded and 

used as a control. 



65 

3.3.8.1.2 DSC analysis of shed snake skin 

Thermal analysis of the shed snake skin after the permeation 

experiment prepared with the same method as used for the FT-IR analysis was 

performed with a DSC (Pyris Sapphire DSC, PerkinElmer instrument, USA).  

The skin sample (2 mg) was weighed into an aluminum seal pan and was 

heated from 0 to 300 C at a heating rate of 10 C/min.  All DSC 

measurements were collected under a nitrogen atmosphere with a flow rate of 

30 mL/min.  The DSC thermogram of the treated skin with MX suspension 

was also recorded and used as a control. 

3.3.8.2 Characterization of release medium after skin permeation 

3.3.8.2.1 Size, zeta potential measurement 

The release medium after in vitro skin permeation study was 

characterized for amount of intact vesicles existing by Zetasizer at room 

temperature. 

3.3.8.2.1 PC assay 

The release medium after in vitro skin permeation study was also 

characterized for PC and determined the composition of intact liposomes or 

non-intact vesicle existing in the medium. 

3.3.9 Data analysis 

The data are reported as the means  standard error (S.E.) (n=3-6), and 

statistical analysis of the data was carried out using one-way ANOVA followed by 

student’s t-test.  A p-value of less than 0.05 was considered to be significant.
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4.1 Formulation of meloxicam-loaded liposomes

4.1.1 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 12 The turbidity of different vesicle component in the formulation  

 The turbidity of different vesicle component of Chol and CPC is shown in 

Figure 12.  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.  
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Figure 13 The molar turbidity of the different vesicle component in the liposomes 

( ; PC:Chol) and transfersomes ( ; PC:CPC) formulation 

The molar turbidity of liposome and transfersome formulation detected by the 

spectroscopy is shown in Figure 13.  The molar turbidity of liposome and transfersome 

formulation corresponded well with the results of the turbidity by visual observation 

(Figure 12).  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 [178] e.g., (i) the physical stability of 

liposome can be enhanced by cholesterol incorporation [179], (ii) 11 mol% Chol can 

reduce the van der Waals attraction force and increase the net repulsion forces between 

bilayers [180], (iii) the lower fluidity and more rigidity of phosphatidylcholine vesicle 

are obtained after Chol addition [181], (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 [182], and 

furthermore, Chol in the range of 10-40 mol% affects membrane elasticity making the 

bilayer membrane more rigidity [183].  Therefore, the 10-40% molar ratio of Chol was 

chosen in our studies. 

 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.  
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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. 

Figure 14 The entrapment (white bar) and loading (solid circle) efficiencies of 

meloxicam-loaded vesicle formulation 

Figure 14 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. 
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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. 

4.1.2 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-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.
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Figure 15 The response surface of the model formulation of (A) vesicle size, (B) zeta 

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

Figure 15 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 16 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 16 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.  
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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 5 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 5 shows the predicted and experimental response variables of the 

optimal formulation and Figure 17 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 17  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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4.1.3 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 6, various 

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

formulation factors i.e., cholesterol, surfactant and meloxicam.   

Table 6 Classification of investigation studies 

Formulation factor Effect of Code Formulation 

cholesterol cholesterol addition TFS 1a

TFS-Chol 2 a

surfactant 

surfactant’s charge 
N-CLP 3b

C-TFS 4 a

A-TFS 5 a

surfactant’s carbon chain length 
C4 6 a

C12 7 a

C16 8 a

surfactant’s amount 

0% CPC 9b

10% CPC 10 a

20% CPC 11 a

29% CPC 12 a

meloxicam MX’s amount 

0.0% MX 13b

2.5% MX 14a

5.0% MX 15a

10% MX 16a

- control CLP 17 b

CLP-Chol 18b

a Transfersomes 
b Conventional liposomes 

4.2 The influence of formulation factors 

 To investigate the influence of formulation factors i.e., cholesterol, surfactant and 

meloxicam, 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. 
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4.2.1 Physicochemical characteristics 

Figure 18  The influence of cholesterol added of conventional liposomes 

( ; gray bar)  and transfersomes ( ; black bar) on (A) vesicle size, (B) size 

distribution, (C) zeta potential, (D) elasticity, (E) drug content and (F) entrapment 

efficiency (n=3) 

Figure 18 shows the effect of Chol addition on the physicochemical 

characteristics of meloxicam-loaded vesicle formulation.  The physicochemical 

characteristics of conventional liposomes (CLP) and transfersomes (TFS) with Chol 

and without Chol as CLP-Chol, CLP, TFS-Chol and TFS, respectively were compared.  

The addition of Chol resulted in a significant decrease in zeta potential and elasticity; 

but a slight increase in size distribution, drug content in the formulation and entrapment 
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efficiencies of both CLP and TFS.  While the addition of Chol resulted in a slight 

decrease in size of CLP and increase in size of TFS, however no significant difference 

was found in vesicle size between CLP and TFS in both with and without Chol.   

Liang et al. [178] reported that incorporation of 10-15% Chol increases 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 method of 

preparation was the major factor affecting the vesicle size and size distribution; 

therefore a slight difference in the trend of vesicle size between CLP and TFS may also 

be affected by both vesicle component and method of preparation.  The addition of 

Chol in CLP and TFS caused a slightly effect on the neutralization of the net positive 

zeta potential of vesicle formulation [178].  Chol can increase rigidity and packing 

density of PC molecules leading to decrease elasticity of vesicle bilayers [17].  The 

drug content and entrapment efficiency slightly increase regarding the addition of Chol.  

This might be that Chol increased hydrophobicity [184] of bilayer as well recognized as 

the intrinsic properties of Chol, and the role of “like dissolves like” between bilayer and 

hydrophobic MX.  Moreover, the characteristics of TFS resulted in significant 

difference in which compared to CLP, those smaller in size and higher in zeta potential, 

elasticity, drug content and entrapment efficiency.
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Figure 19  The influence of surfactant’s charge of A-TFS ( ; white bar), N-CLP ( ; 

gray bar) and C-TFS ( ; black bar) on (A) vesicle size, (B) size 

distribution, (C) zeta potential, (D) elasticity, (E) drug content and (F) 

entrapment efficiency (n=3)

Figure 19 shows the effect of surfactant’s charge on the physicochemical 

characteristics of meloxicam-loaded vesicle formulation.  The physicochemical 

characteristics of anionic transfersomes (A-TFS), neutral conventional liposomes 

(N-CLP) and cationic transfersomes (C-TFS) were compared.  The results indicated 

that the addition of sodium hexadecyl sulfate; SHS and cetylpyridinium chloride; CPC 

in A-TFS and C-TFS resulted in a significant difference in vesicle size, zeta potential, 

elasticity, drug content and entrapment efficiency as comparing with N-CLP.  SHS 

showed a large vesicle size, negative charge TFS, slightly high elasticity, and 

significantly high drug content and entrapment efficiency; however CPC showed a 
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small vesicle size, positive charge TFS and significantly high elasticity, high drug 

content, and entrapment efficiency. 

Manosroi et al. [49] reported that the neutralization of the cationic drug and 

anionic vesicles could reduce the repulsive forces between the bilayers, thus resulting 

in a decrease in vesicle size of niosomes.  Correspondingly, the neutralization of 

anionic drug (MX) and cationic vesicles (C-TFS) might result in a smaller vesicle size 

due to the reduction of the repulsive forces in C-TFS’s bilayers.  In contrast, the 

anionic drug (MX) and anionic vesicles (A-TFS) synergistic effect the same charges 

might result in a large vesicle size according to the induction of the repulsive forces 

between A-TFS’s bilayers.  

Under the experimental condition of pH 5.5 which was lower than the 

isoelectric point (PI) of phosphatidylcholine (PI = 6), and higher than the PI of MX (PI 

= 2.6), PC and MX carried the net positive charge and negative charge, respectively.  

Moreover, the addition of SHA and CPC, an anionic and cationic surfactant also 

affected the net negative and positive charge, respectively.  Although, the vesicle 

formulation comprising of neutral charge material e.g., PC and Chol, positive charge 

material e.g., CPC and negative charge material e.g., SHS and MX, the net charge of 

A-TFS, N-CLP and C-TFS was negative, neutral and positive zeta potential vesicles, 

respectively.  Therefore, the total net charge of the vesicle component affected the net 

charge of the vesicle.  

The addition of edge activator (surfactant) i.e., SHS and CPC which have a 

high radius of curvature could destabilize and increase deformability of the vesicle 

bilayers, thus these intrinsic properties could increase the fluidity or elasticity of vesicle 

bilayer [17].  Although, CPC and SHS have equal carbon chain length, C-TFS showed 

a strong interaction with bilayer than those of SHS, as C-TFS was significantly higher 

elasticity than A-TFS.  This result suggested that the hydrophilic head group of 

surfactant affected the elasticity of vesicle bilayer. 

The beneficial role of SHS and CPC within bilayer was well recognized as the 

intrinsic properties of surfactant led to increase solubility of MX in vesicle bilayer, 

A-TFS and C-TFS showed a significant high drug content and entrapment efficiency 

which comparing to those of N-CLP.  Consistency with the study of Fang et al. [185], 

as sodium stearate (anionic surfactant) was incorporated into the phosphatidyl- 
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ethanolamine vesicles, the entrapment efficiency of the drug was significantly 

increased.  Moreover, the presence of CPC in C-TFS showed a significant increase in 

drug content and entrapment efficiency compared to the presence of SHS in A-TFS.  

The anionic charge of SHS might compete with same charge of anionic drug (MX) 

causing lower drug content and entrapment efficiency than those of CPC. 

Figure 20  The influence of carbon chain length of BPC ( ; white bar), LPC ( ; gray 

bar) and CPC ( ; black bar) on (A) vesicle size, (B) size distribution, (C) 

zeta potential, (D) elasticity, (E) drug content and (F) entrapment efficiency 

(n=3)

Figure 20 shows the effect of surfactant’s carbon chain length on the 

physicochemical characteristics of meloxicam-loaded vesicle formulation.  The 

physicochemical characteristics of vesicle composed of short chain (butylpyridinium 
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chloride; BPC (C4)), or medium chain (laurylpyridinium chloride; LPC (C12)), or long 

chain (cetylpyridinium chloride; CPC (C16)) carbon were compared.  A slightly 

decrease in vesicle size and elasticity with increasing carbon chain length was found in 

the order of C4, C12 and C16, with vesicle size and elasticity decreasing by around 

20% and 26%, respectively.  Correspondingly, a significant increase in zeta potential, 

drug content and entrapment efficiency with increasing carbon chain length was 

observed in the order of C16, C12 and C4.  The zeta potential, drug content and 

entrapment efficiency increased around 77%, 85% and 85%, respectively, as C16 was 

substituted by C4.   

Ali et al. reported that the vesicle size and zeta potential of liposome 

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 loading with midazolam or propofol were not 

significantly influenced by all lipid having the same head group [186].  Meanwhile, 

Park et al. reported that the insertion of C8 (short chain carbon) resulted in increased 

curvature and decreased size of the vesicle in the order of poly (asparagines) grafted 

with C8, C12, C18 and C22 [187].  In contrast, the trend of increase in vesicle size in 

the order of C4, C12 and C16 in our result may be influenced by the intrinsic properties 

of each surfactant.  Short chain carbon of surfactant may shallowly insert into the 

bilayer in higher amount than long chain carbon, therefore it may expand the vesicle 

more than those of long chain carbon.  However, the different vesicle size may be 

influenced by the different vesicle components and the method of preparation.   

The trend of the increase in zeta potential in the order of C16, C12 and C4 may 

be caused by the intrinsic properties of each surfactant.  The long chain carbon has 

stronger hydrophobic than short chain carbon, therefore long chain carbon may 

dissolve in PC bilayer in the higher amount than short chain carbon, thus showed 

stronger electrostatic interaction and zeta potential. 

The increasing elasticity of the vesicle in order of C4, C12 and C16 was 

consistent with Park et al.’s study [187] that the elasticity increased with the decreasing 

carbon chain length decreased (C22, C18, C12 and C8).  As long chain carbon has 

strong hydrophobic interaction with PC, the PC bilayer of vesicle becomes tighter.  

Meanwhile, the long chain carbon led to decrease the elasticity of the vesicle by 
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insertion into deep PC bilayer, whereas the short chain carbon also led to increase the 

elasticity of the vesicle by insertion into shallow PC bilayer. 

The drug content and entrapment efficiency of MX in the vesicle in order of 

C16, C12 and C4 was consistent with Ali et al.’s study [186].   It is reported that an 

increase in carbon chain length led to increase the encapsulation of hydrophobic drug 

such as propofol and midazolam into the vesicle.  Mohammed, A.R. et al. [47] 

reported that an increase in carbon chain length increase the encapsulation of 

water-insoluble drug such as ibuprofen into the vesicle in the order of dilignoceroyl 

phosphatidylcholine; DGPC (C24), distearoyl phosphatidylcholine; DSPC (C18) and 

dimyristoyl phosphatidyl- choline; DMPC (C14), and drug loading was increased 

around 50% when DGPC was substituted by PC.  Moreover, the drug content of 

actinomycin D-loaded liposome [188] and barbiturates-loaded micelle of polysorbates 

[189] increased with increasing of carbon chain length.  The increase in drug content 

and entrapment efficiency of long chain carbon could be attributed to the increase 

hydrophobic area within the PC bilayer [47, 190]. 
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Figure 21  The influence of surfactant amount of 0% ( ; white bar),  10% ( ; gray 

bar),  20% ( ; dark gray bar) and 29% CPC ( ; black bar) on (A) vesicle 

size, (B) size distribution, (C) zeta potential, (D) elasticity, (E) drug content 

in the formulation and (F) entrapment efficiency (n=3) 

Figure 21 shows the effect of surfactant’s amount on the physicochemical 

characteristics of meloxicam-loaded vesicle formulation.  The physicochemical 

characteristics of vesicle composed of different amount of cetylpyridinium chloride; 

CPC of the control (0% CPC), low (10% CPC), medium (20% CPC) and high (29% 

CPC) were compared.  A trend of a slight increase in vesicle size and zeta potential, 

and a significant increase in elasticity, content drug and entrapment efficiency with 

increasing surfactant’s amount was observed in the order of 29% CPC, 20% CPC and 

10% CPC.  The vesicle size, zeta potential, elasticity, content drug and entrapment 

efficiency increased around 13%, 23% 73%, 57% and 56%, respectively when 29% 
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CPC was substituted by 10% CPC, and increased around -20%, 98%, 87%, 61% and 

62%, respectively when transfersomes was (29% CPC) was formulated to beliposomes 

(0% CPC). 

 Liu et al. [191] demonstrated that an increase in 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.  Conversely, the study of Mohammed et Al. [47] 

demonstrated that an increase in stearylamine (cationic surfactant) from 1-6 μmol 

resulted in an increase in the vesicle size of egg PC liposome.  The insertion of 

surfactant into the vesicle bilayer could increase curvature and resulted in decrease in 

size of the vesicle, recognized as surfactant’s intrinsic properties [187].  However, the 

net effect on vesicle size was also affected by other factors.  Beside the method of 

preparation, drug loading in vesicle bilayer may be an outcome of increased vesicle size 

as conform to Mohammed et al.’s study [47].  Consistency with our study, an increase 

in surfactant’s amount from 0-29% CPC resulted in the similar trend of the increase in 

vesicle size, drug content and entrapment efficiency.   

 Correspondingly, a significant increase in zeta potential, elasticity, drug 

content and entrapment efficiency with increasing surfactant’s amount was in the 

similar trend.  These results were directly influenced by the CPC intrinsic properties.  

The high surfactant’s amount (29% CPC) can dissolve in PC bilayer in the higher 

amount than low surfactant’s amount (10% CPC), therefore high surfactant’s amount 

(29% CPC) may have higher interaction with PC bilayer than low surfactant’s amount 

(10% CPC).   
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Figure 22  The influence of meloxicam amount of 0% ( ; white bar),  2.5% ( ; gray 

bar),  5.0% ( ; dark gray bar) and 10.0% MX ( ; black bar) on (A) 

vesicle size, (B) size distribution, (C) zeta potential, (D) elasticity, (E) drug 

content in the formulation and (F) entrapment efficiency (n=3)

Figure 22 shows the effect of meloxicam’s amount on the physicochemical 

characteristics of meloxicam-loaded vesicle formulation.  The physicochemical 

characteristics of vesicles composed of different amount of meloxicam; MX of the 

control (0.0% MX), low (2.5% MX), medium (5.0% MX) and high (10.0% MX) 

amount of MX were compared.  A trend of a slight increase in vesicle size and a 

significant increase in drug content and entrapment efficiency with increasing MX’s 

amount was found in the order of 10.0% MX, 5.0% MX, 2.5% MX and 0.0% MX.  

The increasing of vesicle size, content drug and entrapment efficiency was around 7%, 

100% and 100%, respectively, as 10% MX was substituted to 0.0% MX.  
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Correspondingly, a slight increase in zeta potential and elasticity with decreasing MX’s 

amount was observed in the order of 2.5% MX, 5.0% MX and 10.0% MX.  The 

decreasing in zeta potential and elasticity around 35% and 20% was found, 

respectively, when high MX’s amount (10% MX) was formulated instead of low MX’s 

amount (2.5% MX). 

Mohammed et Al. [47] reported that drug loading in the vesicle bilayer may be 

an outcome of an increase in vesicle size.  However, the method of preparation may be 

the major factor affecting the vesicle size in this study, as the drug loading in the 

different formulation was significantly different while the vesicle size was still slightly 

or was not significantly different. 

The decreasing zeta potential in order of 0% MX, 2.5% MX, 5.0% MX and 

10.0% MX was correlated with increasing in drug loading.  Due to under the 

experimental condition of pH 5.5, PC, CPC and MX carried the positive charge, 

positive charge and negative charge, respectively.  Meanwhile all components were 

fixed, but MX’s amount was varied.  The total net charge of the vesicle was directly 

affected by MX’s amount and/or charge.  Therefore, the increase of MX’s amount 

(negative charge) resulted in the decrease in positive zeta potential of the vesicle.   

The increasing order of elasticity was 0%, 2.5%, 5.0% and 10.0% MX.  

Uchino et al. [27] reported that an increase in drug loading of ketorolac resulted in a 

decrease in elasticity by reduction in the extruded volume.  However, the elasticity of 

ketorolac-loaded elasticity vesicle was still higher than the ketorolac-loaded rigid 

vesicle.  The decrease in elasticity is probably caused from that an interaction of drug 

molecule restricted the mobility of vesicle bilayer. 

The order of drug content and entrapment efficiency of MX in the vesicle was 

consistent with our previous study [192] that 10% MX-loaded vesicle formulation was 

the optimal ratio of MX for trandsdermal delivery carrier, as it provided high EE, high 

LE and high drug content in the formulation. 

These results indicated that the lipid component as cholesterol addition, 

surfactant’s charge, surfactant’s carbon chain length, surfactant’s amount and 

meloxicam’s amount significantly affected the physicochemical characteristics i.e., 

vesicle size, zeta potential, elasticity, drug content and entrapment efficiency of vesicle 

formulation, while the method of preparation and basic intrinsic characteristics of 
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vesicle formulation (e.g., drug loading, drug content or entrapment efficiency) was the 

major factor affecting vesicle size and size distribution than those of lipid component. 

4.2.2 Morphology and thermal properties of liposomes 

4.2.2.1 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 23. 

Figure 23 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) 
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4.2.2.2 Freeze-Fractured Transmission Electron Microscopy (FF-TEM) 

The morphology of the MX-loaded C-TFS was also further observed 

by FF-TEM, indicating the detail of vesicular morphology.  A small vesicle 

size, smooth surface and spherical shape of vesicle was observed as seen in 

Figure 24. 

Figure 24 The FF-TEM image of MX-loaded vesicle formulation of C-TFS (A) 

5,000X, (B) 30,000X, (C) 100,000X and (D) 100,000X 

4.2.2.3 Differential Scanning Calorimetry (DSC) 

The 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, however the net result indicated that the transition temperature of 

TFS shifted to a lower temperature than CLP as shown in Figure 25.  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.   
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Figure 25 The DSC thermogram of vesicle formulation; ( ) conventional liposomes 

(CLP) and ( ) transfersomes (TFS) 

4.2.2.4 X-ray diffraction measurement (XRD) 

The effect of CPC on the hydrocarbon chain packing and lamellar 

structure of lipid microstructure in the TFS bilayers was also examined using 

X-ray diffraction, and the results are shown in Figure 26.   

Figure 26 The X-ray diffraction profiles of (A) CLP and (B) TFS, and the thermal 

scanning of(C) CLP and (D) TFS 

Figure 26 shows the diffraction profiles estimated by X-ray

diffraction.  The results indicated that CLP and TFS vesicles were 

significantly different in membrane microstructure depended on of each basic 

component i.e., PC, Chol and CPC in each vesicle bilayer.  In small angle 

X-ray scattering, referring to the diffraction of CLP, PC formed lamellar 

structure of 5.88 nm as shown in Figure 26 (A).  The addition of Chol and 
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CPC in the TFS vesicle induced another lamellar structure (8.33 nm and 4.00 

nm) as shown in Figure 26 (B).  In thermal scanning study, the peak position, 

the integrated intensity and the full-width at half-maximum were almost 

constant as shown in Figure 26 (C) and (D).  This result means that no 

structural change was occurred in those two vesicles in the range of 25 ºC to 55 

ºC.  On the other hand, the diffraction was not observed in wide angle region 

(data not shown), suggesting that those lamellar were liquid-crystal state.  

The change in lamellar structure of vesicle bilayer of diffraction profiles was 

consistent with the thermograms investigated by DSC. 

The effect of CPC on the hydrocarbon chain packing and lamellar 

structure of lipid microstructure in the TFS bilayers examined using X-ray

diffraction suggested that penetration enhancers contributed to decrease in 

order of lipid microstructure and thus increased the fluidity.  CPC could 

disturb the tightly packed hydrocarbon chains in vesicle bilayer.  Our results 

consisted with the study of Watanabe et al. [193, 194] that l-MEN, one type of 

penetration enhancers, specifically interacts with orthorhombic hydrocarbon 

chain packing. 

4.2.3 In vitro drug release 

The in vitro release of meloxicam-loaded in different formulation i.e., the 

formulation with and without cholesterol addition (CLP-Chol, TFS-Chol, CLP, TFS), 

the formulation with different surfactant’s charge (A-TFS, N-CLP, C-TFS), the 

formulation with different surfactant’s carbon chain length (C4, C12, C18), the 

formulation with different surfactant’s amount (0% CPC, 10% CPC, 20% CPC, 29% 

CPC) and the formulation with different meloxicam’s amount (2.5% MX, 5.0% MX, 

10% MX) were also compared.  The release of MX from MX-SUS was performed and 

used as a control of passive diffusion in our study.  The cumulative release profile was 

plotted against time.  The release rate was determined as the slope of linear portion of 

the plot.  The effect of formulation factor (i.e., cholesterol, surfactant, meloxicam) on 

the cumulative release profiles from 0 to 12 h is shown in Figure 27 and the percent 

drug release is summarized in Table 7. 
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Figure 27 The percent drug release and amount release profile of MX from vesicle 

formulations
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Figure 27 (A1) and (A2) shows the effect of Chol addition on the percent drug 

release and the cumulative amount release of MX-loaded vesicle formulation, 

respectively.  The increasing order of cumulative release profile of the vesicle 

formulation was TFS, TFS-Chol, CLP and CLP-Chol.  The percentage release of TFS 

and TFS-Chol were significantly higher than CLP and CLP-Chol, and around 78% and 

84%, respectively.  But the formulation containing Chol (TFS-Chol and CLP-Chol) 

was lower than formulation containing non-Chol (TFS and CLP) approximately 3% 

and 27%, respectively.  These results indicated that CPC and Chol affected the MX 

release from the vesicle formulation.  CPC increased the release of MX from the 

vesicle formulation; in contrast Chol decreased the kinetic release of MX from the 

vesicle formulation because the intrinsic properties of CPC and Chol.  The addition of 

CPC as edge activator can increase deformability of the vesicle bilayers that 

destabilizes lipid bilayers of the vesicles [86-88] while the addition of Chol tends to 

increase the rigidity that increases packing density and decrease permeability of the 

vesicle bilayers [181, 183], thus these intrinsic properties could affect the release of 

MX in vesicle bilayer, The effect of CPC on cumulative release profile was greater than 

Chol in our studies.  

Figure 27 (B1) and (B2) shows the effect of surfactant’s charge on the percent 

drug release of MX-loaded vesicle formulation, respectively.  The increasing order of 

cumulative release profile of the vesicle formulation was C-TFS, A-TFS and N-CLP.  

The C-TFS was higher amount release of MX than A-TFS and N-CLP around 60% and 

84%, respectively, while A-TFS was higher amount release than N-CLP around 60%.  

This result was consistent with the elasticity value of the vesicle formulation of CPC 

and SHS in C-TFS and A-TFS, respectively.  SHS increase deformability of the 

vesicle bilayers [86-88] while CPC interact with the vesicle bilayer greater than SHS, 

thus the higher release rate of C-TFS than A-TFS was obtained.  These could be 

concluded that the elasticity or flexibility may also affect the release of drug from 

liposomes.  High elasticity or high deformability resulted in high release rate of the 

formulation.   

Figure 27 (C1) and (C2) shows the effect of surfactant’s carbon chain length 

on the percent drug release and the cumulative amount release of MX-loaded vesicle 

formulation, respectively.  The increasing order of cumulative release profile of the 
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vesicle formulation was C16, C12 and C4.  The C16 had higher amount release than 

C12 and C4 around 14% and 62%, respectively, while C12 had higher amount release 

than C4 around 56%.  These results contrast with previous paper which suggested that 

high elasticity resulted in high cumulative release profile.  The results in this study 

indicated that elasticity and hydrophobicity was not a major factor affecting the 

cumulative release profile of the formulation containing surfactant with different 

carbon chain length. 

Figure 27 (D1) and (D2) shows the effect of surfactant’s amount on the 

percent drug release and the cumulative amount release of MX-loaded vesicle 

formulation, respectively.  The increasing order of cumulative release profile of the 

vesicle formulation was 29% CPC, 20% CPC, 10% CPC and 0% CPC.  The amount of 

MX release of 29% CPC was higher amount release than 20% CPC, 10% CPC and 0% 

CPC around 6%, 27% and 84%, respectively; while 20% CPC was higher than 10% and 

0% CPC around 22% and 83%, respectively.  Moreover, 10% CPC was higher than 

0% CPC around 78%.  Our results suggested that CPC can increase deformability of 

the vesicle bilayers. 

Figure 27 (E1) and (E2) shows the effect of meloxicam’s amount on the 

release of MX-loaded vesicle formulation, respectively.  The increasing order of 

amount release of MX from the vesicle formulation was 10.0% MX, 5.0% MX and 

2.5% MX.  The amount release of 10.0% MX was higher than 5.0% MX and 2.5% MX 

around 39% and 59%, respectively.  High MX amount resulted in high cumulative 

release profile as the effect of high potential driving force in donor part.  As 10% MX 

was an optimal MX’ amount in this vesicle system, thus maximum release rate is 

obtained when the drug is highly saturated within the donor system [55]. 

The results in Figure 27 and Table 7 indicated that the percent drug release 

over 12 h of all vesicle formulation was less than 40%, while the percent drug release of 

MX-SUS (control) was around 55%.  The initial amount of MX in all formulations 

was equally added in the dialysis bag; however the passive diffusion of MX from all 

vesicle formulations was significantly lower than the MX-SUS.   
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Table 7 In vitro drug release and in vitro skin permeation from different formulations 

over 12 h 

Formulation Drug release 
(%) 

Skin permeation 
(μg/cm2) 

CLP-Chol 
CLP 
TFS-Chol 
TFS 

    6.30 ± 0.16 
    8.70 ± 0.32 
  38.94 ± 0.27 
  39.99 ± 2.17 

1.67 ± 0.28 
4.53 ± 0.32 
5.34 ± 0.44 
6.37 ± 2.11 

A-TFS 
N-CLP 
C-TFS 

  15.62 ± 0.09 
    6.30 ± 0.16 
  38.94 ± 0.27 

4.60 ± 0.29 
1.67 ± 0.28 
5.34 ± 0.44 

C4 
C12 
C16 

  14.81 ± 0.19 
  33.54 ± 0.96 
  38.94 ± 0.27 

4.42 ± 0.45 
5.15 ± 0.32 
5.34 ± 0.44 

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

    6.30 ± 0.16 
  28.34 ± 0.36 
  36.49 ± 1.65 
  38.94 ± 0.27 

1.67 ± 0.28 
3.36 ± 0.26 
4.12 ± 0.32 
5.34 ± 0.44 

2.5% MX 
5.0% MX 
10.0% MX 

  16.14 ± 0.23 
  23.70 ± 1.01 
  38.94 ± 0.27 

4.14 ± 0.31 
4.54 ± 0.29 
5.34 ± 0.44 

MX-SUS (control)   54.53 ± 1.16 - 

Table 8 The release kinetics of MX from different formulations 

Formulation 

In vitro drug release In vitro skin permeation 
Simplified Higuchi model 

Q = kt1/2
Simplified Zero order kinetic model 

Q = k [Ci]0

Kinetic constant (k) 
(μg·mL-1·h-1/2)

R2 Kinetic constant (k) 
(μg·cm-2·h-1)

R2

CLP-Chol 
CLP 
TFS-Chol 
TFS 

3.0441 
5.6104 
42.551 
45.010 

0.9934 
0.9828 
0.9975 
0.9960 

0.1306 
0.2403 
0.3508 
0.3992 

0.9983 
0.9967 
0.9991 
0.9987 

A-TFS 
N-CLP 
C-TFS 

11.770 
37.810 
42.551 

0.7337 
0.9934 
0.9975 

0.3087 
0.1306 
0.3508 

0.9971 
0.9983 
0.9991 

C4 
C12 
C16 

12.614 
37.810 
42.551 

0.8423 
0.9966 
0.9975 

0.2443 
0.2753 
0.3508 

0.9997 
0.9983 
0.9991 

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

3.0441 
33.512 
44.792 
42.551 

0.9934 
0.9445 
0.9851 
0.9975 

0.1306 
0.1980 
0.2248 
0.3508 

0.9983 
0.9984 
0.9989 
0.9991 

2.5% MX 
5.0% MX 
10.0% MX 

18.924 
29.789 
42.551 

0.9977 
0.9883 
0.9975 

0.2260 
0.2767 
0.3508 

0.9991 
0.9992 
0.9991 

MX-SUS (control) 62.759 0.9752 - - 
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Figure 29 The cumulative amount release profile of MX from vesicle formulations 

using the simplified Higuchi diffusion model

 Figure 29 shows the graphic plot of the cumulative amount of MX released 

from MX-loaded vesicle formulations against the square root of time ( ).  The linear 

relationships (R2) were 0.7337 to 0.9975, indicating that the amount release of MX 

followed the Higuchi diffusion model, since MX started to release through the dialysis 

bag for over 12 h.  The drug release rate or kinetic constant (k) was calculated from the 

slope of this graphic plot.  The kinetic constant (k) of MX from MX-loaded vesicle 

formulation by the simplified Higuchi diffusion model were calculated and 

summarized in Table 8.  The release rate of vesicle containing Chol was lower than 

vesicle containing non-Chol.  The increasing order of release rate was C-TFS, A-TFS 

and CLP.  The increasing of carbon chain length resulted in increased the release rate 
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in order of C16, C12 and C4.  Moreocer, the release rate was also increased in order of 

increasing the amount of surfactant and amount of MX.  However, the cumulative MX 

release profile over 12 h of MX-SUS was still higher than all vesicle formulations as 

shown in Table 7.  These studies can be concluded that formulation factor (i.e., 

cholesterol, surfactant, meloxicam) was significantly affected the cumulative MX 

release profile. 

4.2.4 In vitro skin permeation 

 The skin permeation of meloxicam-loaded in different formulation i.e., the 

formulation with and without cholesterol addition (CLP-Chol, TFS-Chol, CLP, TFS), 

the formulation with different surfactant’s charge (A-TFS, N-CLP, C-TFS), the 

formulation with different surfactant’s carbon chain length (C4, C12, C18), the 

formulation with different surfactant’s amount (0% CPC, 10% CPC, 20% CPC, 29% 

CPC) and the formulation with different meloxicam’s amount (2.5% MX, 5.0% MX, 

10% MX) were also compared.  The permeation of MX from MX-SUS was performed 

and used as a control of passive diffusion in our study.  The cumulative release profile 

and skin permeation profile was plotted against time.  The release kinetics and/or 

steady-state flux value was determined as the slope of linear portion of the plot.

The effect of formulation factor (i.e., cholesterol, surfactant, meloxicam) on 

the skin permeability i.e., the cumulative skin permeation per unit area abd steady-state 

flux of MX-loaded vesicle formulation is shown in Figure 30.  The cumulative MX 

permeated the skin over 12 h is shown in Table 7 and the skin permeability kinetics or 

kinetic constants (k) of MX permeated across the skin of MX-loaded vesicle 

formulation over 12 h were calculated and summarized in Table 8. 

 Figure 30 shows the graphic plot of (1) the cumulative skin permeation per 

unit area of MX-loaded vesicle formulations delivered MX across the skin plotted 

against time and (2) steady-state flux of MX-loaded vesicle formulations over 

incubation period of 2 to 12 h.  The correlation coefficient (R2) of skin permeation 

profile was between 0.9967 and 0.9997, indicating that the cumulative skin permeation 

of MX followed the zero order kinetic models.  The effect of Chol addition, 

surfactant’s charge, surfactant’s carbon chain length, surfactant’samount and 

meloxicam’s amount on the cumulative skin permeation per unit area of MX-loaded 
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vesicle formulation in Figure 30 was consistent with the cumulative release profiles.  

The MX molecule diffusion through the vehicle or receiving medium depends on the 

nature of the formulation; the diffusion of MX through the medium could limit the rate 

of transdermal drug delivery [55]. 

 The increasing order of cumulative skin permeation per unit area of the vesicle 

formulation was TFS, TFS-Chol, CLP and CLP-Chol.  TFS and TFS-Chol had higher 

elasticity than CLP and CLP-Chol as intrinsic properties of CPC that can increase 

deformability of the vesicle bilayers, and CPC is surfactant which can increase 

penetration of drug across the skin [86-88].  The process of vesicle skin penetration 

was attributed to high deformability of these specialised vesicles, which results from 

“edge activator” molecules (e.g., surfactants) accumulating at the site of high stress due 

to their raised propensity for greatly curved structures.  This rearrangement was 

claimed to reduce the energy required for deformation; the stress is reportedly produced 

upon drying of the vesicles which, being flexible, can follow the transdermal hydration 

gradient [140].  Moreover, surfactant can open up the dense keratin structure in 

corneocytes, increasing its permeability by again raising the appropriate diffusion 

coefficient [195].  Accordingly, TFS-Chol and CLP-Chol had lower elasticity than 

TFS and CLP as intrinsic properties of Chol that can increase rigidity of the vesicle 

bilayers, and Chol is a stabilizer for enhancing the stability of vesicle [181, 183].  

Elsayed et al. [17] reported that a decrease in Chol content in vesicle bilayer, which 

increases fluidity of the bilayers, resulted in an increase in drug transport across the SC, 

thus Chol could reduce the permeability of drug across the skin.   

 Chol in TFS-Chol affected the skin permeation lower than Chol in CLP-Chol, 

while CPC was significantly affected the skin permeation of TFS and TFS-Chol.  

Moreover, other physicochemical characteristics i.e., vesicle size, zeta potential, drug 

content and entrapment efficiency may also influence the effectiveness of vesicle 

formulation as skin delivery carriers [128-130], although probably to a lesser extent 

[131] with wide controversy among different studies. 

The increasing order of cumulative skin permeation per unit area of the vesicle 

formulation was C-TFS, A-TFS and N-CLP, indicating that skin permeation of C-TFS 

was higher than A-TFS and N-CLP around 14% and 69% respectively, while skin 

permeation of A-TFS was higher than N-CLP around 64%.  Because CPC and SHS in 
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C-TFS and A-TFS; were the penetration enhancer that can open up the dense keratin 

structure in corneocytes by increasing the transepidermal water loss, whist both anionic 

and cationic surfactant swell the SC and interact with the intercellular keratin, thus can 

increase the skin permeation of various drugs (e.g., hydrocortisone, lidocain).  

Surfactant can interact with skin constituents in many ways.  For example, surfactants 

are widely known to interact with protein, and thus can inactive enzymes and bind well 

within the SC.  They can swell the SC (probably by uncoiling the keratin fibres and 

altering the -helices to a -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.  

In addition, surfactant in general can also modify the formulation by altering the 

thermodynamics within the system, and then modify percutaneous drug delivery [55].  

Clearly, cationic surfactant cause greater increase in the steady-state flux of MX than 

anionic surfactant, which in turn, produce greater increase in the flux than neutral CLP.  

Ashton et al. [196] compared the effect 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 the 

permeation enhancement result was in the following order: cationic, anionic and 

neutral.  However, Brij 36T exhibited a smaller in charge of non-ionic surfactant but 

more immediate effect on the skin permeation [195].

This result revealed that the anionic and/or cationic surfactant significantly 

affected the skin permeation of MX across the skin by swelling the SC and interaction 

with the intercellular keratin.  Beside the high elasticity, high zeta potential (both 

negative and/or positive) of vesicle may a factor affecting the increase in skin 

permeability [128-130]. 

The increasing order of cumulative skin permeation per unit area of the vesicle 

formulation was C16, C12 and C4.  The skin permeation of C16 was higher than C12 

and C4 around 4% and 17% respectively, while C12 was higher than C4 around 14%.  

These results was consistent with the previous study [197] that as carbon chain length 

increased from C7 to C12 in the vesicles, the permeation of naloxone increased.  Ogiso 

and Shintani [198] revealed that C12-C14 were the most effective carbon chain length 
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used in increasing the permeation of propanolol.  Duangjit et al. [192] reported that 

C18-C24 were the effective carbon chain length than C32 in the permeation of 

meloxicam.  These results suggested that the different carbon chain length of 

surfactant was a factor affecting skin permeability, in our studies C16 possess an 

optimal balance between partition coefficient or solubility parameter and affinity to 

skin.  Short chain carbon may have insufficient lipophilicity of skin permeation, 

whereas longer chain fatty acid might have much higher affinity to lipids in SC and 

thereby retard their own permeation and other permeants.  This result revealed that the 

skin permeability was also affected by the carbon chain length of surfactant. 

The increasing order of cumulative skin permeation per unit area of the vesicle 

formulation was 29% CPC, 20% CPC, 10% CPC and 0% CPC.  The skin permeation 

of 29% CPC was higher than 20% CPC, 10% CPC and 0% CPC around 23%, 37% and 

69%, respectively; while 20% CPC was higher than 10% and 0% CPC around 18% and 

59%, respectively; and 10% CPC was higher than 0% CPC around 50%.  This result 

revealed that surfactant’s amount significantly affected the skin permeability of the 

vesicle formulation as its intrinsic properties of surfactant (CPC) as above reported.  

However, optimal amount surfactant was still parameter should be concerned in vesicle 

formulation preparation. 

The increasing order of cumulative skin permeation per unit area of the vesicle 

formulation was 10.0% MX, 5.0% MX and 2.5% MX.  The skin permeation of 10.0% 

MX was higher than 5.0% MX and 2.5% MX around 15% and 22% respectively, while 

5.0% MX was higher than 2.5% MX around 8%.  The result indicated that the driving 

force for permeation in following the thermodynamics activity of the MX in the 

formulation as the maximum flux was obtained from 10% MX formulation.  This 

result revealed that the MX’s amount affected the skin permeability of MX, however; it 

was not significantly different. 
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Figure 30 The skin permeation profile and steady-state flux of vesicle formulations
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The results in Figure 30 (A2-E2) and Table 8 indicated kinetic constant (k) of 

MX-loaded vesicle formulation followed the simplified zero order kinetic model.  The 

flux of vesicle containing Chol was lower than vesicle containing free-Chol; TFS was 

higher than CLP; C-TFS containing anionic drug (MX) was higher than A-TFS 

containing anionic (MX); TFS containing C16 surfactant was higher than TFS 

containing C4 and C12; high amount of surfactant (20-29% CPC) was higher than low 

amount of surfactant (0-10% CPC); high amount of MX (10.0% MX) was higher than 

5.0% MX and 2.5% MX, and the flux over 12 h of MX-SUS could not be detected at 

incubation time as Williams et at. [55] reported that for poorly water-soluble drugs 

delivered from an aqueous system, dissolution of drug particles to maintain a saturated 

solution may be the rate-limiting step to transdermal drug delivery.  Although these 

results were not significantly different in the skin permeability of MX from the all 

vesicle formulation, these studies could be concluded that formulation factor (i.e., 

cholesterol, surfactant, meloxicam) directly affected the skin permeability of MX 

across the skin. 

4.3 Stability evaluation 

 The physicochemical stability of vesicle formulation i.e., vesicle size, size 

distribution, zeta potential and MX remaining in the formulation was investigated in 

our study for 120 daysunder the experimental temperature of 4 °C and 25 °C.  The 

stability of meloxicam-loaded in different formulation i.e., the formulation with and 

without cholesterol addition (CLP-Chol, TFS-Chol, CLP, TFS), the formulation in 

different surfactant’s charge (A-TFS, N-CLP, C-TFS), the formulation in different 

surfactant’s carbon chain length (C4, C12, C18), the formulation in different 

surfactant’s amount (0% CPC, 10% CPC, 20% CPC, 29% CPC) and the formulation in 

different meloxicam’s amount (0% MX, 2.5% MX, 5.0% MX, 10% MX) was also 

evaluated.  The physicochemical stability’s results after freshly preparation (at day1) 

were used as control and MX entrapped in the formulation at day 1 was also normalized 

to 100%.   

 Figure 31 shows the effect of vesicle component (or formulation factor) on the 

vesicle size’s stability from day 1 to day 120 at 4 °C and 25 °C.  The results indicated 

that no sedimentation was observed in any formulation after fresh preparation.  After 
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storage at 4 °C for 30 days, no sedimentation was found in any formulation, and the 

vesicle size was not significantly different from the initial formulation.  However, 

after storage at 4 °C for 120 days, no sedimentation was found except in the formulation 

containing Chol (i.e., CLP-Chol and TFS-Chol).  The vesicle size on day 120 trend to 

increase and was larger than the initial formulation (control), however all formulations 

was smaller than 200 nm (except; A-TFS).  After storage at 25 °C for 30 days, no 

sedimentation was found in any formulations till day 30, and the vesicle size trend to 

increase after the storage age of 15 days, however all formulations was still smaller than 

200 nm.  In contrast, after storage at 25 °C for 120 days, sedimentation was found in 

almost of all formulations.  The vesicle size on day 120 was significantly different 

from the initial formulation which was around 200-400 nm. 

 Figure 32 shows the effect of formulation factor on the size distribution’s 

stability from day 1 to day 120 at 4 °C and 25 °C.  The results indicated that the size 

distribution was around 0.2-0.3 for freshly prepared formulation.  After storage at 4 °C 

for 30 days, the size distribution was not significantly different from the initial 

formulation; however for 120 days, the size distribution was around 0.3-0.5 which was 

higher than the initial formulation.  After storage at 25 °C for 30 days, the size 

distribution was around 0.3-0.5 which was slightly different from the initial 

formulation; however for 120 days, the size distribution was up to 0.5 in almost of all 

formulations and more than 0.5 in some formulations (e.g., formulation containing 

C12). 

 Figure 33 shows the effect of formulation factor on the zeta potential’s 

stability from day 1 to day 120 at 4 °C and 25 °C.  The results indicated that the zeta 

potential was depended on the net charge of their vesicle component for freshly 

prepared formulation.  After storage at 4 °C for 30 days, the zeta potential was slightly 

different from the initial formulation; and some formulations trend to increase while 

some formulations trend to decrease depended on their components in the formulation.  

However, after storage at 4 °C for 120 days, the zeta potential was not significantly 

different from the initial formulation (except; TFS without Chol, A-TFS and 

formulation containing C12).  After storage at 25 °C for 30 days, the result was similar 

to those found in 4 °C for 30 days.  However, after storage at 25 °C for 120 days, the 
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zeta potential was significantly different from the initial formulation, and the zeta 

potential was markedly increased and higher than the initial formulation. 

 Figure 34 shows the effect of formulation factor on the MX remaining in the 

formulation’s stability from day 1 to day 120 at 4 °C and 25 °C.  The results indicated 

that the MX remaining in the formulation after freshly preparation was normalized to 

100% MX remaining at day 1.  After storage at 4 °C for 30 days, the MX remaining 

was slightly decreased but still higher than 90% of the initial formulation.  However, 

after storage at 4 °C for 120 days, the MX remaining of almost of all formulations 

decreased around 70-80% from the initial formulation, while some of them decreased 

around 90% from the initial formulation i.e., A-TFS and the formulation containing C4.  

After storage at 25°C for 30 days, the MX remaining of almost of all formulations was 

slightly decreased but still higher than 90% and 80% of the initial formulation at day 15 

and day 30, respectively.  The formulation containing C4 was lower than 80% at day 

15.  However, after storage at 25°C for 120 days, the MX remaining of all 

formulations decreased around 80-90% from the initial formulation.  Especially, the 

MX remaining in the formulation of A-TFS and the formulation containing C4 

decreased and was lower than 10% of the initial formulation. 

 In short term stability (30 days), the results suggested that the physicochemical 

stability in different formulation factor was not significantly different.  However, in 

long term stability (120 days), the results indicated that the formulation factor i.e., Chol 

was a major component affecting the physicochemical stability of vesicle formulation. 

 These results indicated that a good physicochemical stability of our liposome 

and analogues systems was at 4 °C (at least) for 30 days and was also stable at 25 °C (at 

least) for 15 days.  The physicochemical stability of vesicle formulation was slightly 

or not significantly different between the experimental temperature of 4 °C and 25 °C 

for 30 days, while the physicochemical stability of vesicle formulation of all 

experimental temperature (i.e., 4 °C and 25 °C) was significantly different between the 

storage age of day 1 and day 120.  Therefore, the storage age was the major factor and 

the temperature was the minor factor affecting the physicochemical stability of vesicle 

formulation.  The recommended storage condition for the vesicle formulation was 4 

°C for 30 days and/or 25 °C for 15 days. 
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Figure 31 The vesicle size of different vesicle formulations in stability study at day 1 

( ; black bar), day 7 ( ; dark gray bar), day 15 ( ; gray bar), day 30 ( ; 

light gray bar) and day 120 ( ; white gray bar) (n=3) 

0

100

200

300

400

CLP TFS CLP-Chol TFS-Chol

Si
ze

 (n
m

)
(A1) 4 °C

0

100

200

300

400

CLP TFS CLP-Chol TFS-Chol

Si
ze

 (n
m

)

(A2) 25 °C

0

100

200

300

400

A-TFS N-CLP C-TFS

Si
ze

 (n
m

)

(B1) 4 °C

0

100

200

300

400

A-TFS N-CLP C-TFS
Si

ze
 (n

m
)

(B2) 25 °C

0

100

200

300

400

C4 C12 C16

Si
ze

 (n
m

)

(C1) 4 °C

0

100

200

300

400

C4 C12 C16

Si
ze

 (n
m

)

(C2) 25 °C

0

100

200

300

400

0% CPC 10% CPC20% CPC29% CPC

Si
ze

 (n
m

)

(D1) 4 °C

0

100

200

300

400

0% CPC 10% CPC20% CPC29% CPC

Si
ze

 (n
m

)

(D2) 25 °C

0

100

200

300

400

0% MX 2.5% MX5.0% MX 10% MX

Si
ze

 (n
m

)

(E1) 4 °C

0

100

200

300

400

0% MX 2.5% MX5.0% MX 10% MX

Si
ze

 (n
m

)

(E2) 25 °C



105 

Figure 32 The size distribution of different vesicle formulations in stability study at 

day 1 ( ; black bar), day 7 ( ; dark gray bar), day 15 ( ; gray bar), day 30 

( ; light gray bar) and day 120 ( ; white gray bar) (n=3) 

0.0

0.5

1.0

CLP TFS CLP-Chol TFS-Chol

PD
I

(A1) 4 °C

0.0

0.5

1.0

CLP TFS CLP-Chol TFS-Chol

PD
I

(A2) 25 °C

0.0

0.5

1.0

A-TFS N-CLP C-TFS

PD
I

(B1) 4 °C

0.0

0.5

1.0

A-TFS N-CLP C-TFS
PD

I

(B2) 25 °C

0.0

0.5

1.0

C4 C12 C16

PD
I

(C1) 4 °C

0.0

0.5

1.0

C4 C12 C16

PD
I

(C2) 25 °C

0.0

0.5

1.0

0% CPC 10% CPC20% CPC29% CPC

PD
I

(D1) 4 °C

0.0

0.5

1.0

0% CPC 10% CPC20% CPC29% CPC

PD
I

(D2) 25 °C

0.0

0.5

1.0

0% MX 2.5% MX5.0% MX 10% MX

PD
I

(E1) 4 °C

0.0

0.5

1.0

0% MX 2.5% MX5.0% MX 10% MX

PD
I

(E2) 25 °C



106 

Figure 33 The zeta potential of different vesicle formulations in stability study at day 

1 ( ; black bar), day 7 ( ; dark gray bar), day 15 ( ; gray bar), day 30 ( ; 

light gray bar) and day 120 ( ; white gray bar) (n=3) 
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Figure 34 The MX remaining of different vesicle formulations in stability study at 

day 1 ( ; black bar), day 7 ( ; dark gray bar), day 15 ( ; gray bar), day 30 

( ; light gray bar) and day 120 ( ; white gray bar) (n=3) 
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4.4 The mechanisms of liposomes on skin permeation 

The release medium and the shed snake skin after skin permeation was evaluated.  

The release medium was determined using Zetasizer and PC assay test kit.  The shed 

snake skin was characterized using FT-IR and then the same skin was also 

characterized using DSC for clarifying the mechanism of liposome on skin permeation.   

4.4.1 The free drug mechanism 

The free drug mechanism is the process that the drug permeates the skin 

independently after exiting from the vesicles [152].  The role of this process in 

transdermal delivery of drug was shown to be negligible.  Our results were consistent 

with the report of El Maghraby et al [89] that the steady- state flux was not consistent 

with the release profile (Figure 35).  Moreover, MX release from the MX-SUS was the 

highest, whereas the flux of MX-SUS was the lowest over 12 h.  Thus, the free drug 

mechanism was not significance in skin permeability of MX from the vesicle 

formulation.  The MX permeates the skin may affect by effect of the MX-loaded in 

vesicles. 

Figure 35 The comparison of the steady-state flux ( ) and in vitro drug release ( ) at 

2-12 h 

4.4.2 Penetration enhancing mechanism 
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MX was that PC in liposomes and PC and CPC in transfersomes can enhance 

transdermal delivery of MX by lowering the permeability barrier of the SC.  The 

changes in ultrastructures of intercellular lipids were obtained after treated the skin with 

the vesicles formulation indicating a penetration enhancing effect as shown in the 

FT-IR spectra and DSC thermogram (Figure 36).  The FT-IR spectra showed that the 

absorption broadening for both C-H (CH2) symmetric and asymmetric stretching peak 

near 2850 cm-1 and 2920 cm-1, respectively.  The DSC thermogran also showed the 

thermal properties peak shifted of the untreated skin sample at 231.72 °C (control) to 

lower transition temperature of the treated skin with vesicle formulation.  This result 

was consistent with the study of Kato et al. [153], Zellmer et al. [155] and Kirjavainen 

etal. [156].  Liposome vesicles did not penetrate into the SC but the lipid component of 

vesicles can penetrate and change the enthalpy of the SC lipid-related transitions of the 

skin. 

The FT-IR spectra and DSC thermogram of shed snake skin sample after 

threated with vesicle formulation are presented in Figure 36 (1) and (2), respectively.  

The skin sample provided the measurement of fluidity or flexibility of the stratum 

corneum (SC) lipid.  The FT-IR spectra of the skin treated with the vesicle formulation 

with and without Chol addition (CLP-Chol, TFS-Chol, CLP, TFS), the formulation 

with different surfactant’s charge (A-TFS, N-CLP, C-TFS), the formulation with 

different surfactant’s carbon chain length (C4, C12, C18), the formulation with 

different surfactant’s amount (0% CPC, 10% CPC, 20% CPC, 29% CPC) and the 

formulation with different meloxicam’s amount (2.5% MX, 5.0% MX, 10% MX) was 

compared as shown in Figure 36 (A1-E1).  The results indicated that absorption 

broadening for both the C-H (CH2) symmetric stretching peak near 2850 cm-1 and the 

C-H (CH2) asymmetric stretching peak near 2920 cm-1.  The peak was shifted from 

2850 cm-1to 2850.7-2851.4 cm-1 and from 2920 cm-1 to 2920.3-2921.2 cm-1.  

Meanwhile, the DSC thermograms of the skin treated with the different vesicle 

formulation were also compared as shown in Figure 36 (A2-E2).  The results indicated 

that the thermal properties of the skin sample were shifted.  The SC lipid of the shed 

snake skin exists as solid gel state at 231.72 °C (untreated skin).  While the SC lipid of 

treated skin sample exists as liquid state at the peak shifted range of 231.36-229.17 °C 

depended on their vesicle formulation treated.  
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 The FT-IR spectra and DSC thermogram in our study were also consistent with 

the in vitro skin permeation study and the study of Obata et al. [199].  These results can 

be concluded that the SC lipid arrangement of skin sample treated with the vesicle 

formulation was disrupted by altering fluidity or flexibility of the SC lipid.  The 

interrupted SC lipid by vesicle formulation or vesicle component resulted in increase 

the skin permeability of MX permeated across the skin.  

 However, the negative findings concerning penetration enhancement have 

also been reported.  No accelerant effect was found for CLP when the empty vesicles 

were treated in combination with free interferon [158].  Du Plessis et al. [159] found 

that skin pre-treatment with empty vesicles did not give the advantages of encapsulated 

drug.  They concluded that the hypothesis that liposomes interact with SC is invalid.  

In contrast, El Maghraby et al. [89, 90] reported a possible accelerant effect only for 

non-rigid or deformable vesicles.  This results was consistent with our results that TFS 

(non-rigid vesicle) was greater in skin permeability than CLP (rigid vesicle), and high 

elasticity value such as 29% CPC was greater in skin permeability than 20% CPC, 10% 

CPC and 0% CPC, thus the penetration enhancer was major in skin permeability of MX 

from the vesicle formulation. 

4.4.3 Vesicle adsorption to and/or fusion with the stratum corneum 

According to this mechanism, the vesicles may adsorb to the SC surface with 

subsequent transfer of drugdirectly from vesicles to skin, or vesicles may fuse and mix 

with the SC lipid matrix, increasing drug partitioning into the skin.  Our results 

indicated that the vesicle could be taken into the skin but could not penetrate through 

intact healthy SC; instead, they dissolved and formed a unit membrane structure with 

the skin sample as the skin sample treated with the vesicle was altered or rearranged 

their lipid structure as shown in FT-IR and DSC characterization.  These results were 

consistent with the previous study [160] that the mechanism of vesicle adsorb onto and 

fuse or mix with the lipid matrix of SC have been suggested for estradiol, progesterone 

and propranolol [161] skin delivery. 
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Figure 36 The FT-IR spectra and DSC thermogram of the shed snake skin after skin 

permeation 
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4.4.4 Intact vesicular skin permeation mechanism 

Conventional liposome canpenetrate diseased skin with its ruptured SC (as in 

eczema) but cannot invade skin with hyperkeratosis [163], such as in psoriasis by intact 

vesicular skin permeation mechanism.  The intact small unilamellar vesicles (SUVs) 

could not penetrate into deeper than the SC [164].  Numerous studies reported that 

ultradeformable liposomes can invade the skin intact and go into deep skin enough to 

be absorbed by the systemic circulation.  The transdermal hydration gradient is 

mentioned to produce a force sufficient to drive ultradeformable vesicles through the 

intact SC and into the epidermis [85, 140].  However, it is difficult to believe that the 

presence of the so called edge activators in the vesicles can result in vesicle 

deformability so that they can penetrate into intact skin with its dense SC lipid packing 

and which contain very small “pores” relative to that of the vesicle diameter.  Trotta et 

al. [91] revealed that edge activator resulted in increase elasticity of vesicle that capable 

to penetrate a pore with a diameter three times smaller than their own span and they 

were able to show only improved skin deposition.  It could be concluded that the 

elasticity evaluation or extrusion study may suggest vesicle elasticity but do not 

demonstrate skin penetration.  

The release medium after skin permeation was characterized for clarifying the 

mechanism of liposome on skin permeation using the Zetasizer instrument and PC 

assay test kit.  The results indicated that there was no intact vesicle of liposomes in the 

release medium after skin permeation.  However, the PC was detected in release 

medium after skin permeation, indicating that a part of PC in vesicle bilayer may 

permeate across the skin as their intrinsic penetration enhancer properties.  The 

characterization of intact vesicular in release medium was to be negligible.  The result 

suggested that no intact vesicle of liposomes penetrate through the release medium after 

skin permeation.  The PC assay indicated that the PC detected in release medium may 

be a part of PC in vesicle not intact vesicle.  Due to the pores in the SC lipid matrix was 

at least 10 times smaller than our deformable liposome diameter.  Thus the intact 

vesicular skin permeation mechanism was minor or no influence in skin permeability of 

MX from the vesicle formulation in our study.  Also, the largest pores on the skin 

surface are provided by the shunts (hair follicles, sweat ducts) which play no major role 

in transdermal drug delivery of MX in our studies. 
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CHAPTER 5 

CONCLUSIONS 

In this study, the liposome formulations as skin delivery carrier for meloxicam 

(MX) was formulated and optimized.  Various formulation factors such as cholesterol 

(Chol), charge of surfactants, carbon chain length of surfactants, amount of surfactants  

and amount of MX on physicochemical characteristics, morphology, thermal 

properties, stability of the formulation, in vitro drug release 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, 

5.1 Optimization of meloxicam-loaded liposomes  

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. 

5.2 The influence of formulation factors 

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, and the kinetic of skin permeation followed the zero order models.  

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.  
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5.3 The mechanisms of liposomes on skin permeation 

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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Standard curve for the in vitro skin permeation study 

Determination of MX in sample 

Standard :  MX 

Method : HPLC analysis 

Analytical column : YMC-Pack ODS-A (150 mm  4.6 mm i.d.) 

Mobile phase : Acetate buffer solution (pH 4.6)/methanol (50:50, v/v) 

Flow rate : 0.8 ml/min 

UV Detector : wavelength 272 nm 

Concentration (μg/mL) : 0.0, 0.1, 1.0, 5.0, 10.0, 50.0 

Figure 37 Standard curve of MX for the in vitro skin permeation study. 
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Physicochemical characteristics measurement 

1. Determination of the vesicle size, size distribution, zeta potential, elasticity, 

drug content and entrapment efficiency 

Table 9.1 Physicochemical characteristics of vesicle formulation (vesicle size, size 

distribution and zeta potential)

Vesicle size 
(nm) 

Size distribution Zeta potential 
(mV) 

mean SD mean SD mean SD 
1. Effect of Chol 
TFS 83.2 11.2 0.29 0.07 52.5 0.15 
TFS-Chol 90.6 9.2 0.32 0.06 48.3 0.67 
CLP 130.6 5.6 0.35 0.02 5.1 0.42 
CLP-Chol 108.8 10.6 0.40 0.11 1.3 1.01 
2. Effect of charge
A-TFS 164.3 3.2 0.37 0.04 -60.8 0.51 
N-CLP 108.8 10.6 0.40 0.11 1.3 1.01 
C-TFS 90.6 9.2 0.32 0.06 48.3 0.67 
3. Effect of carcon chain
C4 113.3 3.5 0.30 0.02 10.9 3.21 
C12 94.5 2.0 0.32 0.03 26.9 2.63 
C16 90.6 9.2 0.32 0.06 48.3 0.67 
4. Effect of Surf. Amount
0% CPC 108.8 10.6 0.40 0.11 1.3 1.01 
10% CPC 78.8 9.2 0.26 0.05 36.6 1.37 
20% CPC 81.6 1.0 0.32 0.08 39.7 3.98 
29% CPC 90.6 9.2 0.32 0.06 48.3 0.67 
5. Effect of MX amount
0% MX 85.5 2.4 0.36 0.05 66.8 1.77 
2.5% MX 87.0 2.1 0.28 0.02 64.6 0.53 
5.0% MX 88.3 3.2 0.24 0.05 51.8 1.81 
10% MX 90.6 9.2 0.32 0.06 48.3 0.67 
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Table 9.2 Physicochemical characteristics of vesicle formulation (elasticity, drug 

content and entrapment efficiency) 

Elasticity 
 (mg·sec-1·cm-2) 

Drug content 
(μg/mL) 

Entrapment  
(%) 

mean SD mean SD mean SD 
1. Effect of Chol
TFS 108.9 3.78 499.1 9.76 64.57 1.26 
TFS-Chol 88.7 0.98 526.1 6.52 68.06 0.84 
CLP 23.8 1.10 194.6 4.89 25.18 0.63 
CLP-Chol 11.6 1.64 203.8 2.00 26.36 0.26 
2. Effect of charge 
A-TFS 19.2 1.68 418.3 2.57 54.11 0.33 
N-CLP 11.6 1.64 203.8 2.00 26.36 0.26 
C-TFS 88.7 0.98 526.1 6.52 68.06 0.84 
3. Effect of carcon chain 
C4 120.1 2.87 76.7 3.18 9.92 0.41 
C12 108.7 1.74 356.4 2.24 46.11 0.29 
C16 88.7 0.98 526.1 6.52 68.06 0.84 
4. Effect of Surf. Amount 
0% CPC 11.6 1.64 203.8 2.00 26.36 0.26 
10% CPC 23.6 2.40 228.1 7.57 29.51 0.98 
20% CPC 52.6 1.32 365.3 5.17 47.25 0.67 
29% CPC 88.7 0.98 526.1 6.52 68.06 0.84 
5. Effect of MX amount 
0% MX 116.9 2.17 0.0 0.00 0.00 0.00 
2.5% MX 106.8 2.40 184.3 3.05 23.84 0.39 
5.0% MX 98.3 1.13 396.2 9.35 51.26 1.21 
10% MX 88.7 0.98 526.1 6.52 68.06 0.84 
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2. Determination of the stability of the formulation 

Table 10.1 The percent MX remaining in the formulation after storage in 4 °C and 25 

°C (effect of Chol addition)

1. Effect of Chol 4 °C 25 °C
Mean (%) SD Mean (%) SD 

TFS DAY 1 100.0 0.0 100.0 0.0 
DAY 7 99.4 0.4 99.0 0.7 
DAY 15 98.3 1.9 97.1 0.8 
DAY 30 95.8 2.5 90.7 1.5 
DAY 120 20.1 0.4 15.3 0.1 

TFS-Chol DAY 1 100.0 0.0 100.0 0.0 
DAY 7 99.3 0.2 98.5 1.0 
DAY 15 98.4 0.7 93.9 1.8 
DAY 30 96.1 0.7 92.3 2.0 
DAY 120 20.2 1.2 15.2 0.1 

CLP DAY 1 100.0 0.0 100.0 0.0 
DAY 7 99.2 0.5 95.3 0.8 
DAY 15 97.3 0.9 95.8 0.6 
DAY 30 93.9 2.0 90.4 1.1 
DAY 120 17.3 0.6 13.7 0.1 

CLP-Chol DAY 1 100.0 0.0 100.0 0.0 
DAY 7 98.2 1.5 98.4 1.3 
DAY 15 96.7 0.5 95.0 1.0 
DAY 30 97.4 1.0 93.7 1.1 
DAY 120 17.5 0.3 14.5 0.1 
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Table 10.2 The percent MX remaining in the formulation after storage in 4 °C and 25 

°C (effect of surfactant’s charge)

2. Effect of charge 4 °C 25 °C
Mean (%) SD Mean (%) SD 

A-TFS DAY 1 100.0 0.0 100.0 0.0 
DAY 7 99.4 4.2 99.7 0.4 
DAY 15 98.0 5.6 99.3 0.7 
DAY 30 97.2 4.0 99.0 0.7 
DAY 120 3.2 0.0 4.0 0.1 

N-CLP DAY 1 100.0 0.0 100.0 0.0 
DAY 7 98.2 1.5 98.1 3.4 
DAY 15 96.7 0.5 95.1 3.2 
DAY 30 97.4 1.0 92.3 4.7 
DAY 120 17.5 0.3 14.5 0.1 

C-TFS DAY 1 100.0 0.0 100.0 0.0 
DAY 7 99.3 0.2 98.5 1.0 
DAY 15 98.4 0.7 93.9 1.8 
DAY 30 96.1 0.7 92.3 2.0 
DAY 120 20.2 1.2 15.2 0.1 
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Table 10.3 The percent MX remaining in the formulation after storage in 4 °C and 25 

°C (effect of surfactant’s carbon chain length)

3. Effect of carbon 
chain length 

4 °C 25 °C
Mean (%) SD Mean (%) SD 

C4 DAY 1 100.0 0.0 100.0 0.0 
DAY 7 94.9 2.3 84.1 1.5 
DAY 15 92.0 1.6 75.7 1.6 
DAY 30 82.8 1.1 61.9 1.3 
DAY 120 7.2 2.6 5.2 1.5 

C12 DAY 1 100.0 0.0 100.0 0.0 
DAY 7 99.3 0.9 95.4 1.1 
DAY 15 96.4 2.0 90.7 1.5 
DAY 30 94.1 2.1 87.9 1.6 
DAY 120 25.7 0.5 13.5 1.3 

C16 DAY 1 100.0 0.0 100.0 0.0 
DAY 7 99.3 0.2 98.5 1.0 
DAY 15 98.4 0.7 93.9 1.8 
DAY 30 96.1 0.7 92.3 2.0 
DAY 120 20.2 1.2 15.2 0.1 
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Table 10.4 The percent MX remaining in the formulation after storage in 4 °C and 25 

°C (effect of surfactant’s amount)

4. Effect of 
Surfactant’s amount 

4 °C 25 °C
Mean (%) SD Mean (%) SD 

0% CPC DAY 1 100.0 0.0 100.0 0.0 
DAY 7 98.2 1.5 98.1 3.4 
DAY 15 96.7 0.5 95.1 3.2 
DAY 30 97.4 1.0 92.3 4.7 
DAY 120 17.5 0.3 14.5 0.1 

10% CPC DAY 1 100.0 0.0 100.0 0.0 
DAY 7 98.6 1.2 101.3 4.4 
DAY 15 96.2 1.5 98.4 3.1 
DAY 30 95.8 1.0 85.9 4.5 
DAY 120 31.9 0.6 17.1 0.7 

20% CPC DAY 1 100.0 0.0 100.0 0.0 
DAY 7 97.4 2.9 96.0 3.9 
DAY 15 97.5 1.4 99.2 2.6 
DAY 30 93.0 3.5 87.2 6.0 
DAY 120 17.3 0.6 13.8 0.2 

29% CPC DAY 1 100.0 0.0 100.0 0.0 
DAY 7 99.3 0.2 98.5 1.0 
DAY 15 98.4 0.7 93.9 1.8 
DAY 30 96.1 0.7 92.3 2.0 
DAY 120 20.2 1.2 15.2 0.1 
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Table 10.5 The percent MX remaining in the formulation after storage in 4 °C and 25 

°C (effect of MX’s amount) 

5. Effect of MX’s 
amount 

4 °C 25 °C
Mean (%) SD Mean (%) SD 

2.5% MX DAY 1 100.0 0.0 100.0 0.0 
DAY 7 97.8 1.6 95.3 3.5 
DAY 15 98.0 2.6 92.6 2.1 
DAY 30 95.8 2.9 89.1 1.9 
DAY 120 26.9 0.6 19.2 0.4 

5.0% MX DAY 1 100.0 0.0 100.0 0.0 
DAY 7 98.2 0.8 97.7 1.1 
DAY 15 96.4 2.6 92.7 2.3 
DAY 30 97.6 1.5 86.1 2.8 
DAY 120 25.9 0.6 18.0 0.0 

10% MX DAY 1 100.0 0.0 100.0 0.0 
DAY 7 99.3 0.2 98.5 1.0 
DAY 15 98.4 0.7 93.9 1.8 
DAY 30 96.1 0.7 92.3 2.0 
DAY 120 20.2 1.2 15.2 0.1 
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Table 11.1 The MX release from different formulation at 0-12 h (effect of Chol 

addition)

Time
(h) 

TFS-Chol TFS CLP-Chol CLP 
QA (ug) SD QA (ug) SD QA (ug) SD QA (ug) SD 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.25 28.68 1.03 25.65 0.21 0.00 0.00 0.00 0.00
0.33 31.60 0.93 29.32 0.33 0.00 0.00 0.00 0.00
0.50 36.16 1.00 34.13 0.22 0.00 0.00 0.00 0.00
0.75 42.80 0.94 40.80 0.34 0.00 0.00 0.00 0.00
1.00 48.40 1.04 47.59 0.39 0.00 0.00 0.00 0.00
2.00 64.80 0.50 62.92 1.20 0.00 0.00 21.32 0.47
3.00 82.00 0.36 79.03 2.53 18.83 0.06 24.42 0.47
4.00 95.18 0.31 98.33 2.05 19.92 0.05 26.09 0.29
6.00 114.82 0.38 118.23 3.47 20.94 0.03 28.52 0.11
8.00 129.72 0.50 132.40 2.37 22.05 0.07 30.41 0.04

10.00 140.25 0.16 143.84 1.97 23.14 0.05 31.51 0.08
12.00 150.49 0.27 154.58 2.17 24.34 0.16 33.62 0.32

Table 11.2 The MX release from different formulation at 0-12 h (effect of surfactant’s 

charge)

Time
(h) 

A-TFS N-CLP C-TFS 
QA (ug) SD QA (ug) SD QA (ug) SD 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.07 0.00 0.00 0.00 0.00 0.00 0.00 
0.13 0.00 0.00 0.00 0.00 0.00 0.00 
0.25 0.00 0.00 0.00 0.00 28.68 1.03 
0.33 22.44 0.09 0.00 0.00 31.60 0.93 
0.50 27.38 0.30 0.00 0.00 36.16 1.00 
0.75 37.26 1.09 0.00 0.00 42.80 0.94 
1.00 42.60 0.52 0.00 0.00 48.40 1.04 
2.00 53.73 0.27 0.00 0.00 64.80 0.50 
3.00 56.10 0.22 18.83 0.06 82.00 0.36 
4.00 58.28 0.15 19.92 0.05 95.18 0.31 
6.00 59.36 0.19 20.94 0.03 114.82 0.38 
8.00 59.72 0.05 22.05 0.07 129.72 0.50 

10.00 59.95 0.17 23.14 0.05 140.25 0.16 
12.00 60.39 0.09 24.34 0.16 150.49 0.27 

QA – cumulative amount 
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Table 11.3 The MX release from different formulation at 0-12 h (effect of surfactant’s 

carbon chain length)

Time
(h) 

C4 C12 C16 
QA (ug) SD QA (ug) SD QA (ug) SD 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.07 0.00 0.00 0.00 0.00 0.00 0.00 
0.13 0.00 0.00 0.00 0.00 0.00 0.00 
0.25 0.00 0.00 0.00 0.00 28.68 1.03 
0.33 0.00 0.00 0.00 0.00 31.60 0.93 
0.50 21.59 0.14 29.30 0.75 36.16 1.00 
0.75 27.26 0.18 34.17 0.76 42.80 0.94 
1.00 31.24 0.35 38.97 0.94 48.40 1.04 
2.00 42.37 0.58 53.94 1.07 64.80 0.50 
3.00 48.58 0.75 69.29 0.74 82.00 0.36 
4.00 52.21 0.31 80.48 1.08 95.18 0.31 
6.00 55.99 0.52 98.16 1.04 114.82 0.38 
8.00 55.86 0.30 111.42 0.98 129.72 0.50 

10.00 56.80 0.34 121.46 1.17 140.25 0.16 
12.00 57.24 0.19 129.63 0.96 150.49 0.27 

Table 11.4 The MX release from different formulation at 0-12 h (effect of surfactant’s 

amount)

Time
(h) 

0% CPC 10% CPC 20% CPC 29% CPC 
QA (ug) SD QA (ug) SD QA (ug) SD QA (ug) SD 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.25 0.00 0.00 0.00 0.00 0.00 0.00 28.68 1.03
0.33 0.00 0.00 0.00 0.00 0.00 0.00 31.60 0.93
0.50 0.00 0.00 20.40 0.19 21.14 0.37 36.16 1.00
0.75 0.00 0.00 27.77 0.24 29.88 0.60 42.80 0.94
1.00 0.00 0.00 34.89 0.33 37.71 0.91 48.40 1.04
2.00 0.00 0.00 56.62 0.17 60.86 1.98 64.80 0.50
3.00 18.83 0.06 71.25 0.17 71.72 0.28 82.00 0.36
4.00 19.92 0.05 84.06 0.21 92.98 1.96 95.18 0.31
6.00 20.94 0.03 95.07 0.62 111.57 1.88 114.82 0.38
8.00 22.05 0.07 102.32 0.26 123.20 1.95 129.72 0.50

10.00 23.14 0.05 106.18 0.60 133.90 1.61 140.25 0.16
12.00 24.34 0.16 109.55 0.36 141.02 1.65 150.49 0.27

QA – cumulative amount 
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Table 11.5 The MX release from different formulation at 0-12 h (effect of surfactant’s 

amount)

Time
(h) 

2.5% MX 5.0% MX 10.0% MX MX-SUS 
QA (ug) SD QA (ug) SD QA (ug) SD QA (ug) SD 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.07 0.00 0.00 0.00 0.00 0.00 0.00 25.87 0.19
0.13 0.00 0.00 0.00 0.00 0.00 0.00 27.70 0.34
0.25 0.00 0.00 0.00 0.00 28.68 1.03 32.69 0.91
0.33 0.00 0.00 0.00 0.00 31.60 0.93 36.99 1.54
0.50 0.00 0.00 0.00 0.00 36.16 1.00 45.57 2.14
0.75 0.00 0.00 0.00 0.00 42.80 0.94 57.38 2.42
1.00 0.00 0.00 19.49 0.45 48.40 1.04 72.73 2.51
2.00 23.83 0.09 30.92 0.25 64.80 0.50 116.58 0.27
3.00 30.59 0.34 44.34 2.11 82.00 0.36 138.56 0.18
4.00 35.63 0.06 54.97 2.04 95.18 0.31 152.04 0.19
6.00 44.91 0.15 68.55 0.70 114.82 0.38 164.96 0.90
8.00 52.21 0.30 77.15 0.13 129.72 0.50 181.77 0.64

10.00 57.49 0.19 84.88 0.74 140.25 0.16 197.03 0.76
12.00 62.38 0.23 91.60 1.01 150.49 0.27 210.74 1.16

QA – cumulative amount 
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Table 12.1 The skin permeation of different MX-loaded vesicle formulation per unit 

area at 0-12 h (effect of Chol addition and effect of surfactant’s amount)

TFS Q/Area (μg/cm2) 0% CPC Q/Area (μg/cm2) 
Time (h) MEAN SD Time (h) MEAN SD 

0 1.47 0.49 0 0.11 0.00 
2 2.55 0.84 2 0.32 0.20 
4 3.28 1.02 4 0.58 0.27 
6 4.18 1.34 6 0.81 0.22 
8 4.80 1.56 8 1.10 0.21 

10 5.61 1.82 10 1.37 0.27 
12 6.37 2.11 12 1.67 0.28 

TFS-Chol Q/Area (μg/cm2) 10% CPC Q/Area (μg/cm2) 
Time (h) MEAN SD Time (h) MEAN SD 

0 0.70 0.31 0 1.42 0.06 
2 2.40 0.42 2 1.84 0.18 
4 2.98 0.29 4 2.33 0.19 
6 3.51 0.33 6 2.83 0.35 
8 4.09 0.30 8 3.21 0.29 

10 4.70 0.37 10 3.64 0.32 
12 5.34 0.44 12 3.63 0.26 

CLP Q/Area (μg/cm2) 20% CPC Q/Area (μg/cm2) 
Time (h) MEAN SD Time (h) MEAN SD 

0 1.64 0.00 0 1.41 0.03 
2 2.05 0.27 2 1.87 0.11 
4 2.50 0.33 4 2.30 0.22 
6 2.92 0.29 6 2.81 0.37 
8 3.43 0.32 8 3.22 0.38 

10 3.97 0.33 10 3.62 0.33 
12 4.53 0.32 12 4.13 0.32 

CLP-Chol Q/Area (μg/cm2) 29% CPC Q/Area (μg/cm2) 
Time (h) MEAN SD Time (h) MEAN SD 

0 0.11 0.00 0 0.70 0.31 
2 0.32 0.20 2 2.40 0.42 
4 0.58 0.27 4 2.98 0.29 
6 0.81 0.22 6 3.51 0.33 
8 1.10 0.21 8 4.09 0.30 

10 1.37 0.27 10 4.70 0.37 
12 1.67 0.28 12 5.34 0.44 
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Table 12.2 The skin permeation of different MX-loaded vesicle formulation per unit 

area at 0-12 h (effect of surfactant’s charge, carbon chain length and MX’s 

amount)

A-TFS Q/Area (μg/cm2) C16 Q/Area (μg/cm2) 2.5% MX Q/Area (μg/cm2) 
Time (h) MEAN SD Time (h) MEAN SD Time (h) MEAN SD 

0 0.59 0.07 0 0.70 0.31 0 1.41 0.04 
2 1.79 0.28 2 2.40 0.42 2 1.83 0.23 
4 2.34 0.19 4 2.98 0.29 4 2.30 0.20 
6 2.91 0.25 6 3.51 0.33 6 2.76 0.35 
8 3.35 0.24 8 4.09 0.30 8 3.19 0.31 

10 3.92 0.29 10 4.70 0.37 10 3.62 0.24 
12 4.60 0.29 12 5.34 0.44 12 4.14 0.31 

N-CLP Q/Area (μg/cm2) C12 Q/Area (μg/cm2) 5% MX Q/Area (μg/cm2) 
Time (h) MEAN SD Time (h) MEAN SD Time (h) MEAN SD 

0 0.11 0.00 0 1.48 0.08 0 0.97 0.79 
2 0.32 0.20 2 2.01 0.18 2 2.08 0.36 
4 0.58 0.27 4 2.49 0.23 4 2.61 0.48 
6 0.81 0.22 6 2.99 0.29 6 3.03 0.61 
8 1.10 0.21 8 3.47 0.36 8 3.53 0.67 

10 1.37 0.27 10 3.95 0.41 10 4.01 0.70 
12 1.67 0.28 12 4.42 0.45 12 4.54 0.29 

C-TFS Q/Area (μg/cm2) C4 Q/Area (μg/cm2) 10% MX Q/Area (μg/cm2) 
Time (h) MEAN SD Time (h) MEAN SD Time (h) MEAN SD 

0 0.70 0.31 0 1.67 0.25 0 0.70 0.31 
2 2.40 0.42 2 2.28 0.27 2 2.40 0.42 
4 2.98 0.29 4 2.80 0.26 4 2.98 0.29 
6 3.51 0.33 6 3.29 0.27 6 3.51 0.33 
8 4.09 0.30 8 3.75 0.26 8 4.09 0.30 

10 4.70 0.37 10 4.30 0.22 10 4.70 0.37 
12 5.34 0.44 12 5.15 0.32 12 5.34 0.44 
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In vitro release and in vitro skin permeation and characterization of skin sample 

after skin permeation for mechanism study 

1. In vitro release and in vitro skin permeation

Figure 38 The comparison of the steady-state flux and in vitro drug release at 2-12 h 
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Figure 38 The comparison of the steady-state flux and in vitro drug release at 2-12 h.

(Continued)
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2. The FT-IR spectra of shed snake skin sample 

Figure 39 The FT-IR spectra of SC lipid of shed snake skin 

3. The DSC thermogram of shed snake skin sample 

Figure 40 The DSC thermogram of SC lipid of shed snake skin 
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4.  The FR-IR spectra intensity peak and DSC thermal properties temperature 

Table 13 FR-IR spectra intensity peak and DSC thermal properties temperature of 

shed snake skin sample

FT-IR peak 
(cm-1) 

DSC peak 
(°C) 

Control 2850 cm-1 2950 cm-1 231.72 °C 
1. Effect of Chol 
TFS 2851.3 2920.8 229.17 
TFS-Chol 2851.3 2920.7 229.35 
CLP 2850.6 2920.5 231.36 
CLP-Chol 2850.7 2920.3 230.19 
2. Effect of charge 
A-TFS 2851.3 2920.7 229.82 
N-CLP 2850.7 2920.3 230.19 
C-TFS 2851.3 2920.7 229.35 
3. Effect of carcon chain 
C4 2851.3 2920.9 230.53 
C12 2851.2 2920.3 230.31 
C16 2851.3 2920.7 229.35 
4. Effect of Surf. Amount 
0% CPC 2850.7 2920.3 230.19 
10% CPC 2851.3 2920.8 229.67 
20% CPC 2851.2 2920.7 229.18 
29% CPC 2851.3 2920.7 229.35 
5. Effect of MX amount 
2.5% MX 2851.3 2920.7 229.82 
5.0% MX 2851.4 2921.2 229.17 
10% MX 2851.3 2920.7 229.35 
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Validation method of HPLC analysis for MX 

1. Linearity (R2) – R2 = 0.9996 ± 0.0001

2. Precision 

2.1 Repeatability (n=6) - %RSD = 0.46 

2.2 Intra-day validation - %RSD = 0.55 

2.3 Inter-day validation - %RSD = 1.09 

3. Intermediate precision - % RSD = 0.86 

4. Reproducibility - % RSD = 0.86 

5. Accuracy (%Recovery) - % Recovery = 99.57%

6. LOD & LOQ 

6.1 LOD = 1.91 μg/mL 

 6.2 LOQ = 5.78 μg/mL 

y = 22.1121x - 10.0201
R² = 0.9998
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