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CHAPTER 1 

INTRODUCTION

1.1 Statement and significance of the research problem 

To reach optimum therapeutic drug level and clinical outcome, not only 

proper drug is selected but also effecive drug delivery system is used.  In clinical 

practice, oral and parenteral dosage forms are the most frequently administered for 

patients due to convenient administration, however, these dosage forms have 

disadvantages.  Oral administration can cause gastrointestinal tract (GI) irritation, 

hepatic first pass metabolism and drug degradation by acid and enzyme in GI tract.  

For parenteral administration, it can increase drug level rapidly and regarded as 100% 

bioavailability, however, patients are not typically able to self administer, pain from 

injection, severe adverse drug reaction in case of allergy and risk of infection.  The 

disadvantages of oral and parenteral administrations as mentioned above lead to non 

patient compliance.  In order to avoid these disadvantages, transdermal drug 

administration is widely used as an alternative drug administration route instead of the 

others.  Transdermal drug delivery allows the penetration of drug across the skin and 

into the blood circulation system thus avoiding GI irritation, hepatic first-pass effect 

and inconvenience of frequent parenteral admonistration.  In Addition, if toxicity or 

allergy are developed from drug administered transdermally, the effects can be limited 

by removing transdermal dosage forms. Because of its benefit, it is a popular drug 

delivery system in clinical practice and a popular research and development field 

among various novel drug delivery systems. 

                  Skin is the largest organ, containing three layers from the outermost 

:epidermis, dermis and subcutaneous tissue, respectively.  Stratum corneum, the 

uppermost layer of epidermis, plays an important role as barrier function for 

percutaneous drug  absorption.  It is highly hydrophobic and contains 10 – 15 layers 

of keratin-filled corneocytes embedded in a continuous matrix of lipid membrane 

sheets [1, 2].  Its organization can be described by the brick and mortar model [3], 

which extracellular lipids accounts for about 10% of the dry weight of this layer, and 

1 
 



2 
 

90% is intracellular protein (mainly keratin).  Stratum corneum lacks of phospholipids 

but enriches in ceramides and neutral lipids (cholesterol, fatty acids and cholesteryl  

esters) that are arranged in a lipid bilayer.  The barrier function of the skin is created 

by lamellar granules, which are synthesized in the stratum granulosum layer and later 

become organized into the intercellular lipid bilayer domain of the stratum corneum.  

Because of its highly organized structure, the stratum corneum is the major 

permeability barrier to external substances including microorganisms, and is regarded 

as rate limiting step in the penetration of therapeutic compounds through the skin.  It 

is generally accepted that the best candidate drug for transdermal drug delivery should 

have aqueous solubility more than 1 mg/ml, low molecular weight (less than 500 

Daltons) and adequate solubility in oil and water (log P in the range of 1 to 3) [2, 4].  

In brief, the skin accepts lipopholic compounds more than hydrophilic compounds.  

Hence, the delivery of hydrophilic compounds are major challenge for transdermal 

drug delivery. 

 To overcome skin’s barrier function, many techniques have been used  

both chemical methods and phycical methods such as electroporation [5], 

iontophoresis [6], sonophoresis [7], and microneedles [8].  Lipid vesicle drug delivery 

systems such as niosomes [9], nanostructed lipid carrier [10], microemulsion [11] and 

liposomes [12, 13, 14]  provide an alternative for improved drug delivery through the 

skin.  Among these lipid vesicles, liposomes have been investigated extensively as a 

drug carrier system for transdermal and are accepted as a potential carriers of various 

drugs i.e. low molecular weight compounds, therapeutic proteins and peptides and 

diagnostic agents [15].  

      Liposomes are phospholipid based vesicles dispersed in water. Their 

structure are phospholipid bilayer arranging in spherical shape.  A single bilayer 

enclosing an aqueous compartment is referred as unilamellar lipid vesicle.  According 

to size, these are known as small unilamellar vesicles (SUV) or large unilamellar 

vesicles (LUV).  If more bilayers are presented, they are referred as multilamellar 

vesicles (MLV).  Drug molecules can either be encapsulated in the aqueous phase 

(hydrophilic molecules) or intercalated into the lipid bilayer (lipophilic molecules) 

depending on their physicochemical properties.  Due to its entrapping ability, 

biodegradable and non-toxic nature, liposomes can be safely administered without 
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serious side effects and are useful for trandermal drug delivery [16].  The possible 

mechanisms of action of liposomes as skin drug delivery systems are free drug 

mechanism, penetration enhancement mechanism, vesicle adsorption to and/or fusion 

with the stratum corneum and transappendageal penetration [17].  Although the 

knowledge of skin penetration pathways and vesicle-skin interaction in and through 

the skin is a prerequisite for the development and optimization of Transfersomes or 

ultradeformable liposomes (UL) for transdermal drug delivery, basic knowledge and 

understanding of their interaction are now not clearly elucidated.  Theoretically, three 

possible skin penetration pathways, intercellular, transcellular and transappendageal 

or transfollicular pathway which associated with hair follicles, sebaceous glands and 

sweat ducts have been evaluated [18]. 

                  Nowadays, novel liposomal systems such as ethosomes [19], invasomes 

[20, 21] and Transfersomes or ultradeformable liposomes (UL) have been utilized to 

enhance drug permeation through the skin [13, 14, 22, 23, 24, 25].  UL introduced by 

Cevc and Blume [22], are composed of phospholipid and edge activator (i.e. 

surfactants and dipotassium glycyrrhizinate).  Ceve et al. have reported that UL can 

act as carrier systems because of their adaptability and high deformability, which 

allow them to squeeze themselves through intercellular lipids in stratum corneum [22, 

23, 25].  UL have been reported to deliver drugs and macromolecules through intact 

skin both in vitro and in vivo [15, 24, 27, 28].  Moreover, Tansfersulin or insulin 

loaded UL show similar efficiency to subcutaneous administration in healthy human 

volunteer and diabetic mellitus patients [29].  Cevc et al. have reported that UL 

vesicles can penetrate the skin as intact vesicles without permanent disintegration [22, 

30].  The second mechanism proposed is that elastic vesicles act as penetration 

enhancers [31, 32].  Both the penetration enhancement effect and the penetration of 

intact vesicles into the skin play important roles for the percutaneous absorption 

enhancement of ultradeformable liposomal systems.  Liposomes with penetration 

enhancer showed greater outcome than liposomes alone.  Thus, chemical penetration 

enhancer plays an important role for liposome delivery [33]. 

 Terpenes, a class of skin penetration enhancers obtained from natural 

sources, offer advantages over many other penetration enhancers, in part because they 

are categorized as Generally Regarded As Safe (GRAS) substances by the US FDA 
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[34].  Structurally, terpenes consist of isoprene units (C5H8) and can be classified as 

hydrocarbons, alcohols, ketones and oxides.  Monoterpenes and some sesquiterpenes 

are the major components of essential oils and have been widely studied as skin 

penetration enhancers for various drugs such as verapamil hydrochloride [35], 

zidovudine [36] and diclofenac sodium [37].  Terpenes are also incorporated as skin 

penetration enhancers in invasomes, a type of liposomes composed of phospholipid, 

ethanol and terpenes mixture for dermal delivery of cyclosporin A [33] and 

temoporfin [20, 21].  

      Fluorescein sodium (NaFl) is a diagnostic agent, and its log P, molecular 

weight and pKa are -1.52, 376 Da and 6.4, respectively [38].  The compound is freely 

soluble in water [39], and NaFl exhibits low percutaneous absorption due to its 

physicochemical properties.  NaFl is used as model drug to investigate the effect of 

phloretin and 6-ketocholestanol entrapped in liposomes on skin penetration 

enhancement [40].  Therefore, NaFl was used as a model hydrophilic and large 

molecular compound for this study. This study aims to develop an ultradeformable 

liposomal carrier system incorporating terpenes for skin penetration enhancement of 

hydrophilic compound.  The effect of the different liposomal formulations, functional 

groups and amounts of monoterpenes on the physicochemical characteristics such as 

particle size, surface charge, entrapment efficiency, loading efficiency, fluidity and in

vitro skin penetration were evaluated.  Investigation of vesicle-skin interaction and 

skin penetration pathways also performed using confocal laser scanning microscopy 

(CLSM).  Thereafter, the mechanism of UL on skin penetration enhancement was 

investigated. 
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1.2  Objective of this research 

                1.2.1 To develop ultradeformable liposomes with terpenes as vesicle carrier 

for skin delivery of hydrophilic compound. 

                1.2.2 To investigate the influence of formulation factors such as type and 

amount of monoterpenes, content of hydrophilic compound on physicochemical 

characteristics of ultradeformable liposomes (i.e. particle size, surface charge, size 

distribution, morphology) entrapment efficiency, loading efficiency, fluidity and in

vitro skin penetration. 

                1.2.3 To evaluate skin penetration pathways of ultradeformable liposomes 

with terpenes by confocal laser scanning microscopy. 

                1.2.4 To examine the mechanism of ultradeformable liposomes with 

terpenes on skin penetration enhancement of hydrophilic drug.  

1.2 The research hypothesis 

                1.3.1  The ultradeformable liposomes with terpenes can be used effectively 

for transdermal delivery of hydrophilic compound.

                1.3.2 The formulaton factors influence on the physicochemical 

characteristics of liposomes (i.e. particle size, surface charge, size distribution, 

morphology) entrapment efficiency, loading efficiency, fluidity and in vitro skin 

penetration. 

       1.3.3 The skin penetration pathways of ultradeformable liposomes with 

terpenes may be intercellular, transcellular or transappendageal.  

       1.3.4 The ultradeformable liposomes with terpenes can facilitate hydrophilic 

compound through the skin with various mechanisms. 
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2.1  Skin structure and function 

Skin is the largest organ of the human body.  It has several functions, the 

most important being to form a physical barrier to the environment, allowing and 

limiting the inward and outward passage of water, electrolytes and various substances 

while providing protection against micro-organisms, ultraviolet radiation, toxic agents 

and mechanical insults.  Skin is multilayered organs composing of three tissue layers 

as follows: 

       2.1.1  Epidermis 

                Epidermis is the outermost and nonvascular layer of the skin which has   

thickness around 60-80 μm.  Keratinocytes are the main cells of epidermis, 

forming a brick and mortar structure which has been used to provide the barrier 

property of skin.  Another cells found in this layer are melanocytes, Langerhans 

cells and Merkel cells.  This layer also contains five structurally different layers 

as follows: 

                  2.1.1.1  Stratum basale 

             This layer is also referred as stratum germinativum.  It is the 

deepest layer of the epidermis which contacts to papillary dermis by 

hemidesmosomes.  Basal cells are the stem cells of the epidermis.  The 

renewal of the human epidermis takes about 3-4 weeks.   

                  2.1.1.2  Stratum spinosum 

           This layer consists of two to six rows of keratinocytes that 

change   morphology from columnar to polygonal cells.  Inside this layer, 

the keratinocytes start to differentiate and synthesize keratin.  Each cell is 

attached to each other by desmosomes. 

                  2.1.1.3  Stratum granulosum 

            Inside this layer, the keratinocytes continue to differentiate, 

synthesize keratin and start to flatten.  The cells begin to release the 

contents of the lamellar granules.  The lipid contained in the granules is 

released to fill the entire interstitial space, which is important for the 

function of the epidermis as barrier. 
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            2.1.1.4  Stratum lucidum   

             This layer contains several layers of flattened dead cells.  The 

nucleus of keratinocytes disintegrates together with an increase of 

keratinization.  The stratum lucidum can usually not be found in thin skin. 

    2.1.1.5  Stratum corneum 

           This layer also called horny layer.  Following discharge of the 

lamellar granule contents into the incellular space, keratinocytes complete 

their transformation into the flattened, non nuclear, keratin-filled cell of 

the stratum corneum known as corneocytes or non-viable cornified cells.  

Each corneocyte is surrounded by inner protein envelop and outer lipid 

envelop and is filled with keratin. The corneocytes are held together by 

corneodesmosomes.  The degradation of corneodesmosomes by proteolytic 

enzymes leads to desquamation.  Surrounding the cells in the extracellular 

space are lipid bilayers.  The stratum corneum has been represented as 

“brick and mortar” model in which the corneocytes are embedded in a 

mortar of lipid bilayers.  The main lipid contents in stratum corneum are 

ceramides, fatty acids, cholesterol, cholesterol sulfate and wax esters.  

       2.1.2  Dermis 

        The dermis is a thick layer of connective tissue below the epidermis.  

The main components are collagen and elastin fibers produced from fibroblast 

cells.  It can be divided in two layers are papillary dermis and reticular dermis. 

       2.1.3  Subcutaneous tissue or hypodermis 

        This layer is made up of adipose tissue which serves to insulate the 

body and to provide mechanical protection. 
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Figure 1 Skin anatomy 

Source: Campbell, N.A., Reece, J.B., and Simon, E.J. (2012). Essential Biology with 

Physiology. 4th ed. San Francisco: Benjamin Cummings Publishing. 

 

2.2  Theory of transdermal drug delivery 

       2.2.1  The transdermal permeation process 

                When molecules partition into the outer layer of the stratum corneum, then 

they diffuse through the stratum corneum.  At the stratum corneum-viable epidermis 

function, the molecules partition into viable epidermis before further diffuse through 

the tissue to the epidermis-dermis junction.  There is a partition step of molecules 

again to dermis.  Then molecules diffuse inside dermis before partition again to 

systemic circulation by entering the capillaries.  Depending on the drug 

physicochemical properties, the molecules may not enter the systemic circulation but 

it may partition into subcutaneous and finally reach muscle. 

       2.2.2  The possible skin penetration pathways 

        There are three main possible penetration pathways of penetrated 

molecules through the skin to the vascular network as follows: 
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                 2.2.2.1  Intercellular pathway 

 The molecules permeate through the intercellular lipid bilayers 

in stratum corneum. 

                 2.2.2.2  Transcellular pathway 

 The penetration occurs through cornified envelop and keratin 

filaments inside corneocytes of stratum corneum. 

            2.2.2.3  Transappendageal pathway 

                  It can be also referred as transfollicular pathway.  The 

molecules can move to the skin appendages i.e. hair follicles and sweat 

ducts which offer pores for bypassing the barrier of stratum corneum.  The 

schematic diagram of possible penetration pathways is shown in Figure 2. 
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Figure 2 Diagrammatic representations of skin penetration pathways including 

magnification of intercellular and tortuous intercellular pathways on the upper right 

corner 

Source: Bolzinger, M-A. et al. (2012). “Penetration of drugs through skin, a complex 

rate-controlling membrane.” Curr. Opin. Colloid Interface Sci. 17: 156–165. 
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       2.2.3  Skin penetration and Fick’s law of diffusion 

 Since drug absorption through skin is a passive diffusion, Fick’s first 

law equation is a mathematical model used to describe drug absorption process at 

steady state in which the drug is applied as an infinite dose.   It postulates that the 

flux goes from the region of high concentration to low concentration.  Fick’s first 

law of diffusion is the rate of transfer of diffusing molecules through unit area of 

a section which is proportional to concentration gradient measured to the section.  

The equation is  

                                         J = -D dc/dx                            Equation 1 

                where J is the flux of the penetrated molecules, D is the diffusion 

coefficient of the  penetrated molecules 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 equation which assumed that the diffusion of 

molecules is unidirectional from outer surface into the tissue can be derived from 

the equation 1.  The fick’s second law equation is 

                                         ðc/ ðt = D ð2c/ðx2             

where t is time.  Hence, the rate of change in concentration with time at appoint 

within a diffusional area is proportional to the rate of change in the concentration 

gradient at that point.    

                A plot between cumulative amount of drug passing through a unit area 

of membrane against times is shown in Figure 3.  The flux at pseudo steady state 

is simply obtained as the gradient of linear portion of skin penetration profile as 

shown in Figure 3.  The lag time can be obtained by extrapolating the pseudo-

steady state portion of the permeation profile to the intercept on the time axis. 
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            Figure 3 Typical permeation profile for an infinite dose application to skin 

membranes 

            Source: Williams, A.C. (2003). Transdermal and topical drug delivery; from 

Theory   to Clinical Practice.  London: Pharmaceutical Press. 

 

       2.2.4  Desirable physicochemical properties of drugs for transdermal drug 

delivery 

       The ideal physicochemical properties of drugs that effectively penetrate 

the skin barrier are [2, 18, 43, 44]  

         2.2.4.1  low molecular weight (< 500 Da) 

                  2.2.4.2  log partition coefficient should be in range of 1 to 3  

    Since stratum corneum barrier is lipophilic, the lipophilic drugs 

are, therefore, better accepted more than hydrophilic drugs.  However, if it 

is too hydrophilic, the drug will be unable to transfer into viable epidermis.  

If it is too lipophilic, the drug will tend to accumulate in stratum corneum 

layers. 
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                  2.2.4.3  low melting point  

                  Since low melting point correlating with good solubility as 

predicted by ideal solubility study. 

         2.2.4.4  the daily systemic dose should be lower than or equal to 20 mg 

 

            2.3  Skin penetration enhancement techniques 

                              To overcome the stratum corneum barrier function, many techniques have 

been applied are  

                   2.3.1  Drug and vehicle modification  

                              2.3.1.1  Prodrug 

                  Since drug lipophilicity is necessary for partition into the skin, 

a suitable prodrug can have an optimal partition coefficient for skin entry.  

The prodrug design strategy generally involves addition of a promoiety to 

increase the partition coefficient and the permeation of the parent drug 

across the skin.  In viable epidermis, the parent molecules will be 

hydrolyzed by esterase.  The prodrug technique has been applied 

successfully for topical steroid delivery such as betamethasone.  The 

esterification of betamethasone to betamethasone 17-valerate analogue 

increases its partition coefficient to 20 times compared to betamethasone.  

The amount of betamethasone 17-valerate in dermis is 4 times greater than 

betamethasone [44].  

      2.3.1.2  Supersaturation 

                  Super saturation is a means to improve skin penetration by 

increase the thermodynamic activity of drug.  To achieve maximum 

penetration rate, drug should be prepared at its highest thermodynamic 

activity such as saturated solution [18].  However, supersaturated systems 

are thermodynamically unstable and inherently tend to recrystallise.  
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       2.3.2  Stratum corneum bypassed or removed 

                 2.3.2.1 Microneedle array 

                  Microneedle is a minimally invasive technique applied to the 

skin surface so that they pierce the upper epidermis deep enough to allow 

drug delivery.  These microdevices tend to reduce the pain associated with 

hypodermic needle injections by only penetrating the very top layer of 

skin, thus conveniently delivering larger molecules across the skin barrier.  

Microneedles are needle-like structures with an approximate external 

diameter of not more than 300 μm and lengths up to 1.5 mm [45].  This 

device successfully increases drug penetration into the skin [46-48]. 

                  2.3.2.2  Stratum corneum ablation 

                  As stratum corneum is the excellent barrier of drug penetration, 

various techniques have been used to eliminate this barrier layer such as 

short exposure (< 1s) to high temperature (>100 °C) or thermal ablation 

[49], microdermabrasion [50] and photothermal ablation [51].  

                  2.3.2.3 Follicular delivery 

                  The pilosebaceous unit (hair follicle, hair shaft and sebaceous 

gland) also provides a route to bypass intact stratum corneum.  The hair 

follicle gland cells are more permeable than corneocytes and thus drug can 

penetrate via the follicle into deeper layer of the skin [52].  Amphoteric 

and cationic liposomes have been reported as higher efficacy of follicular 

penetration than anionic liposomes [53].  

       2.3.3  Ellectrically assisted methods 

                  2.3.3.1  Iontophoresis  

                  This technique uses a small electrical current (usually < 500 

microamperes per cm2) to facilitate the penetration of drug through the 

skin.  Ionized molecules are penetrated into the skin as a result of an 

electrical potential across the skin. Three main mechanism of penetration 

enhancement are a) charged molecules are driven primarily by electrical 

repulsion from the driving electrode b) the flow of electric current may 

increase the permeability of the skin and c) electroosmosis may affect 

uncharged molecules and large polar peptides [6, 18, 54].  
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                  2.3.3.2  Ultrasound (phonophoresis, sonophoresis) 

                  This method uses ultrasound energy in order to enhance the 

skin penetration of drug. The low frequency ultrasonic energy (~ 20 kHz) 

disturbs the lipid packing in stratum corneum by cavitation creation 

(formation and oscillation of microbubbles in the coupling medium).  The 

collapse of these microbubbles on the surface of skin (stratum corneum) 

leads to skin permeabilization [55-56]. 

Figure 4 Skin penetration enhancement techniques 

Source: Barry, B.W. (2001). “Novel mechanisms and devices to enable successful 

transdermal drug delivery.” Eur. J. Pharm. Sci. 14: 101–114.   

 

                  2.3.3.3  Electroporation 

                  Electroporation creates transient aqueous pores in the lipid 

bilayer by application of short (micro to millisecond) electrical pulses of 

high voltage approximately 100-1,000 V/cm.  These pores provide 

pathways for drug penetration through stratum corneum.  This technique 

has also been successfully used to increase skin penetration of drugs with 

different lipophilicity and size (small molecules, proteins, peptides and 

oligonucleotides), including biopharmaceutical drugs with molecular 

weight greater than 7 kDa [57, 58]. 
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                  2.3.3.4  Magnetophoresis 

                 Magnetophoresis is a method of enhancement of drug 

permeation across the biological barriers by application of magnetic field 

around 30-300 mT.  This technique could enhance skin penetration of 

naltrexone and terbutaline sulfate [59, 60]. The predominant mechanism 

responsible for magnetically mediated drug permeation enhancement was 

found to be “magnetokinesis” [61]. 

       2.3.4  Stratum corneum modification 

                 2.3.4.1  Hydration 

                   Hydration of stratum corneum increases the penetration of most 

substances.  Occlusive films, humectants, hydrophobic ointment and 

transdermal patches can enhance drug penetration into the skin [18].  

However, the increased hydration may not always enhance drug 

penetration. 

                 2.3.4.2  Chemical penetration enhancers  

                   To reach systemic effect, transdermal drug delivery requires 

appropriate amount of drug transported through the skin.  This has led to 

many researches about using chemical as skin penetration enhancer for 

various drugs.  Penetration enhancers are substances that facilitate the 

absorption of molecule through the skin by temporarily diminishing its 

impermeability.  Ideally, these materials should be pharmacologically inert, 

non-toxic, non-irritation, non-allergenic, compatible with the drugs and 

excipients, odorless, colorless and cosmetically acceptable.  The reported 

chemical penetration enhancers are summarized in Table 1. 
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Table 1 Selected skin penetration enhancers 

Class Suggested mechanism Tested drugs Ref. 

Water

Hydrates the stratum corneum, 

increases fluidity of lipid 

bilayer 

- 62 

Sulfoxides

Dimethylsulfoxide 

(DMSO) 

DMSO changes keratin 

conformation from alpha to 

beta helical and interacts with 

lipid domain in stratum 

corneum 

Diclofenac sodium 63 

Surfactants 

Sodium lauryl 

sulfate (SLS) 

Interacts with protein and lipid 

lamellae of stratum corneum Lorazepam 64 

Alcohols

Ethanol 

Increases solubility of 

lipophilic drug and 

extracts lipid in stratum 

corneum 

Mefenamic acid 65 

Glycols 

Propylene glycol 

Solvates the keratins in 

stratum corneum, resulting in 

occupation of hydrogen 

binding sites 

Bupranolol 66 

Urea and 

derivatives 

 

 

Urea is a hydrating agent and 

has keratolytic property which 

resulting in diffusion channel 

creation 

hydrocortisone 67 

Vitamin E 

( -tocopherol) 

Intercalates the lipid bilayer in 

stratum corneum 
hydrocortisone 

 

68 
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Table 1 Selected skin penetration enhancers (continued) 

Class Suggested mechanism Tested drugs Ref. 

Chitosan and 

derivatives 

Changes the secondary 

structure of keratin in stratum 

corneum leading to more loose 

accumulative structure of 

keratin and a larger degree of 

freedom for carbon movement 

testosterone 69, 70 

Cyclic amides 

Azone and 

analogs 

Partitions into the lipid 

bilayers, disrupts their packing 

and increases membrane 

fluidity 

5-fluorouracil 71 

Fatty acids 

Oleic acid and 

oleic acid based 

dendritic 

heterolipids 

Increases fluidity of 

intercellular lipid  

Melatonin, 

Diclofenac sodium 
72, 73 

Terpenes

Limonene, 

carvone, cineole, 

menthol, thymol 

Disrupts intercellular lipid 
Nicardipine HCl, 

tamoxifen 
74, 75 

 

                              2.3.4.2.1  Proposed mechanism of skin penetration enhancers [42] 

                  2.3.4.2.1.1  Penetration enhancers can act on stratum 

corneum intracellular keratin, denature it or modify its 

conformation resulting in swelling and increased hydration.  

                  2.3.4.2.1.2 Penetration enhancers affect the 

corneodesmosomes which maintain cohesion between corneocytes. 

                  2.3.4.2.1.3  Penetration enhancers modify the 

intercellular lipid domain to reduce the barrier resistance of lipid 

bilayers. 
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                  2.3.4.2.1.4  Penetration enhancers alter the solvent 

nature of stratum corneum to modify partitioning of drug or co-

solvent into tissue. 

                  The suggested mechanism of chemical penetration 

enhancers also summarized in Figure 5. 

 

 

Figure 5 Different mechanisms of action of skin penetration enhancers 

A. Action at intercellular lipid domain of stratum corneum.  B. Interaction with 

protein structures leads to a splitting of stratum corneum.  C. Action within 

corneocytes leads to swelling, keratin denaturation and vacuolation within each horny 

layer of stratum corneum 

Source: Barry, B.W. (2004). “Breaching the skin’s barrier to drugs.” Nat Biotechnol.  

22: 165-167. 

 

                  2.3.4.2.2  Terpenes 

      Synthetic chemicals (solvents, azones, pyrrolidones, 

surfactants etc.) generally used for this purpose are rapidly losing 

their value in transdermal patches due to reports of their absorption 
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into the systemic circulation and subsequent possible toxic effect 

upon long term application.  Terpenes have many advantages over 

another skin penetration enhancer because of natural origin source 

and Generally Regarded As Safe (GRAS) status by US FDA.  They 

are carbon, hydrogen and oxygen containing nonaromatic 

compounds found in essential oils, flower extraction, fruits and 

other natural products.  Table 2 shows examples of plants and their 

main terpene constituents. 

 

Table 2 Essential oils and terpenes 

Terpenes Source 

D-limonene Orange 

Cineole Eucalyptus 

Ascaridole Chenopodium 

Geraniol and linalool esters Ylang ylang 

Terpineol and acetyl terpineol Cadamon seeds 

Menthone Peppermint oil 

Eugenol Clove oil 

Carvone Spearmint oil 
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                              2.3.4.2.2.1  Structural classification 

                  Struturally, terpenes consists of a number of repeated 

isoprene (C5H8) units, which is used to classify terpenes.  Thus, 

monoterpenes have two isoprene units (C10), sesquiterpenes have 

three (C15), and diterpenes have four (C20), etc.  Terpenes may also 

be classified as acyclic/linear, monocyclic and bicyclic [34].  

Monoterpenes and some sesquiterpenes are the chief constituents 

of the essential oils and have been extensively studied as 

transdermal penetration enhancer.  Monoterpenes are divided in 2 

groups: hydrocarbon terpenes and oxygen containing terpenes.  

The oxygen containing monoterpenes can also be classified by 

their functional groups as shown in Table 3. 
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Table 3 Claassification of monoterrpenes by thheir functionnal groups 
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terpenes (cineole and carvone) enhanced the percutaneous 

absorption by perturbing the barrier integrity of the epidermis.   

                  Yamane et al. [77] investigated the mechanism of 

limonene, cineole, menthone and nerolidol on skin penetration 

enhancement of 5-fluorouracil using differential scanning 

calorimetry (DSC).  They found that all of terpenes reduced the T2 

and T3 endotherm which involve the melting of stratum corneum 

lipid bilayer.  They therefore concluded that terpenes increased 

skin penetration by disruption or fluidization the stratum corneum 

lipid bilayers.   

      According to the lipid protein and partitioning (LPP) 

theory [78], penetration enhancers may act by one or more of the 

three main mechanisms: disruption of the highly ordered lipid 

structure, interaction with intracellular protein to promote 

permeation through the corneocytes, and increased partitioning.  As 

terpenes are highly lipophilic, it is less likely that they interact with 

keratin, which has been proven by calorimetric studies that they did 

not alter the protein endotherm [79].  

      The skin penetration enhancement of terpenes also 

resulted from the formation of new polar pathways.  The 

interactions between terpenes and stratum corneum lipids were 

studied with molecular modeling [80]. The results found that 

terpenes form hydrogen bonds (bond lengths < 2 A°) with 

ceramide head groups.  The breaked interlamellar hydrogen 

bonding network of lipid bilayer by terpenes resulted in the 

disruption of barrier property of stratum corneum.  Furthermore, as 

interlamellar hydrogen bonding network is breaked, the distance 

between two opposite lamellae increases (Figure 6) and therefore 

new polar pathways or channels are formed. 
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Figure 6 Effect of terpenes on stratum corneum lipid bilayer  

Without terpenes, lipids are held together in lamellae by lateral and transverse 

hydrogen bonding.  Terpenes break transverse hydrogen bonding leading to widening 

of aqueous region near head groups thereby increasing diffusivity of polar molecules. 

Source: Narishetty, S.T.K. and Panchagnula, R. (2004). “Transdermal delivery of 

zidovudine: effect of terpenes and their mechanism of action.”  J. Control. Release 

95: 367– 379. 

 

       2.3.5  Vesicle drug delivery systems 

                Vesicular systems have attracted a great deal of attention in the 

transdermal delivery field because of many advantages, for instance 

biodegradability, non-toxicity, amphiphilic nature and possibility to modulate 

drug bioavailability.  Moreover, they can be modified in their structural 

characteristics like size, shape and lamellae nature modifying their composition.  

They may serve as a solubilizing matrix, local depot for sustained release, 

permeation enhancers of active compounds or as a rate-limiting membrane for 

the modulation of systemic absorption of drugs via the skin.  Many vesicular 

systems have been studied to enhance transdermal drug delivery such as 
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niosomes [81], PLGA nanoparticles [82], liposomes [83, 84], nano-structures 

lipid carrier and solid lipid nanoparticles [85].    

                  2.3.5.1  Liposomes 

                              Liposomes are structurally spherical particles consisting of one 

or more bilayer membrane.  Commonly, liposomes are composed of 

phospholipid and cholesterol dispersed in aqueous medium.  Drug 

molecules can either be encapsulated in the aqueous space or intercalated 

into lipid bilayer depending on their physicochemical properties. 

                   Lipid molecules used for liposomal formulation consisting of 

hydrophilic head group and lipophilic tail.  The lipid head groups are 

exposed to the aqueous phase, and the lipophilic hydrocarbon moieties are 

arranged into lipid bilayer.  The most commonly utilized lipids are 

phospholipids which provide different surface charge of liposomes.  

Cholesterol improves bilayer characteristics by raising the fluidity of 

membrane, reducing the leakage of entrapped molecules and increasing 

stability of the bilayer in the presence of biological fluids. 

                              2.3.5.2  Type of liposomes 

                             Many types of liposomes can be formulated depending on their 

lipid composition, methods and encapsulated drugs.  According to 

liposomal size, a small and large single bilayer enclosing an aqueous 

compartment is referred as small unilamellar vesicles (SUV) and large 

unilamellar vesicles (LUV) respectively.  If more bilayers are presented, 

they are referred as multilamellar vesicles (LMV).  

                              Due to their entrapping ability, biodegradability and safety, 

liposomes have been widely studied and developed for transdermal drug 

delivery [13, 14, 16, 19, 20, 21, 23-25, 28, 29, 31, 33, 45, 46].  

                              2.3.5.3  Advantages of liposomes 

                  The advantages of liposomes for dermal and transdermal drug    

carriers are  

                               2.3.5.3.1 Liposome components similar to biological membranes 

 2.3.5.3.2 Liposomes can entrap both hydrophilic and lipophilic 

drugs 
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2.3.5.3.3 The phospholipid in liposomes can act as penetration 

enhancer and facilitate dermal drug delivery 

2.3.5.4  Mechanisms of action of liposomes as transdermal drug delivery 

systems 

                  Various mechanisms have been proposed for transdermal drug 

delivery enhancement of liposomes [86].  These mechanisms can be 

illustrated in Figure 7.  
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Figure 7 Possible mechanisms of action of liposomes as transdermal drug delivery 

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

liposomes components. (C) is vesicle adsorption to and/or fusion with stratum 

corneum. (D) is intact vesicle penetrates into intact skin. (E) is delivery through hair 

follicle. 

Source: El Maghraby, G.M. and Williams, A.C. (2009). “Vesicular systems for 

delivering conventional small organic molecules and larger macromolecules to and 

through human skin.” Expert Opin. Drug Deliv. 6: 149-163.   
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                               2.3.5.4.1  Free drug mechanism 

                  According to this process (Figure 7 (A)), drug 

molecules permeate the skin independently after being released 

from the vesicles.  In this case, vesicles are considered only as 

carriers that can control drug release, with drug permeation 

depending on its physicochemical characteristics. 

                               2.3.5.4.2  Penetration enhancing mechanism 

                   According to this mechanism (Figure 7 (B)), vesicle 

components may enter the skin and disrupt the packing 

characteristic of stratum corneum lipid bilayer.  

                               2.3.5.4.3 Vesicle adsorption to and/or fusion with stratum corneum 

                   According to this mechanism (Figure 7 (C)), the 

vesicles may adsorb to stratum corneum surface and gradually 

release drug from vesicle to the skin.  Vesicles may fuse and mix 

with stratum corneum lipid matrix, increasing drug partitioning 

into the skin. 

                               2.3.5.4.4  Intact vesicle skin penetration mechanism 

                  According to this mechanism (Figure 7 (D)), the 

vesicle can penetrate through stratum corneum as intact vesicle 

via intercellular pathway.  Ultradeformable liposomes or 

Transfersomes proposed by Cevc and Blume [22] are claimed to 

be able to squeeze themselves through small pores such as 

intercellular lipid of stratum corneum. 

                                2.3.5.4.5  Transappendageal penetration 

                  According to this mechanism (Figure 7 (E)), the 

vesicles penetrate through skin appendages such as hair follicles 

and sweat ducts. 
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2.4  Novel liposomal systems for transdermal drug delivery 

     Although some authors suggested conventional liposomes as suitable 

carriers for transdermal delivery of some drugs [87], it is generally agreed that 

conventional liposomes have little or no value as carriers for transdermal drug 

delivery.  The specially designed liposomes have been developed by adding some 

penetration enhancers such as ethosomes, transfersomes and invasomes. 

       2.4.1  Ethosomes 

                 Ethosomes was firstly proposed by Touitou et al. [19, 88], consisting 

of  phospholipid (2-5%) and high amount of ethanol (20-50%).  The ethosomal 

vesicle size ranged from 100 to 400 nm [89, 90] and revealed multilamellar 

vesicles as visualized by transmission electron microscopy [19, 91].  Ethosomes 

significantly enhanced in vitro skin penetration of minoxidyl [19], testosterone 

[19], 5-fluorouracil [90] and methotrexate [91] as well as in vivo skin penetration 

of valsartan [92].  The novel ethosomes called SPACE-ethosomal system (SES) 

creating by conjugation of phospholipid with SPACE peptide could significantly 

enhance dermal delivery of hyaluronic acid [93].  However, this system used 

very small amount of ethanol (0.1%) compared to previously described study.  

The skin penetration enhancement mechanism of ethosomes is a synergistic 

effect of ethanol and ethosome vesicles [19, 94].  Ethanol interacts with lipid 

molecules in intercellular lipid bilayers of stratum corneum, resulting in lipid 

fluidity enhancement.  The intercalation of ethanol into the polar headgroup also 

results in an increase of membrane permeability.  Ethanol also provides the 

vesicles with soft flexible characteristics which allow them to penetrate easily 

into deeper layers of the skin. 

       2.4.2  Ultradeformable liposomes (ULs)  

                 These novel liposomes are also known as ultraflexible liposomes, 

elastic liposomes or Transfersomes.  ULs was first introduced by Cevc and 

Blume [22], consisting of phospholipid and edge activator.  An edge activator is 

often being a single chain surfactant, having a high radius of curvature that 

stabilizes lipid bilayers of the vesicles and increases deformability of the bilayers.  

Due to the flexibility of this elastic vesicle, it is claimed to squeeze themselves 

through channels one-tenth the diameter of the ULs [95].  Cevc et al. suggested 
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that the driving force for penetration of Transfersomes into the skin is the 

osmotic gradient causing by the difference of water content between the 

relatively dehydrated skin surface and the aqueous viable epidermis [22].  Thus, 

the authors concluded that Transfersomes enhanced skin permeability only when 

applied with non occlusive condition.  ULs were reported to increase skin 

penetration of diclofenac [13, 24], hydrocortisone and dexamethasone [14], 

triamcinolone [25], bleomycin [28], colchicines [96], dipotassium glycyrrhizinate 

[97], 5-fluorouracil [98], ketoprofen [99] and gap junction protein [100].  ULs 

also have been reported to penetrate intact skin in vivo, carrying therapeutic 

concentrations of peptide drug such as insulin and interferon alpha [23, 29, 101] 

with an efficiency similar to subcutaneous administration.  

                  Two mechanisms were proposed for skin penetration enhancement of 

deformable vesicles.  The first mechanism proposed that vesicles act as drug 

carrier systems [13, 22, 102-106], whereby intact vesicles enter stratum corneum 

carrying vesicle bound drug molecules into the skin, under the influence of the 

naturally occurring in vivo transcutaneous hydration gradient [13, 22].  Cevc et 

al. [30] also reported that deformable liposomes penetrate the skin into systemic 

circulation without permanent disintegration.  However, Honeywell-Nguyen et al 

have described the drug carrier mechanism of surfactant based elastic vesicles 

differed from Cevc et al.  According to the results of transport studies using 

pergolide [104] and visualization studies [105,106], a little of vesicle material 

was found in the deepest layers of stratum corneum.  They, therefore, concluded 

that vesicles rapidly enter the stratum corneum but do not penetrate as intact 

vesicles into the viable epidermis. 

                  The second mechanism proposed that vesicles act as penetration 

enhancer, whereby vesicle bilayer enter stratum corneum and subsequently 

modify the intercellular lipid lamellae.  This will facilitate the penetration of free 

drug molecules into and across the stratum corneum [31, 98].  
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        2.4.3  Invasomes 

                  Invasomes is a type of deformable liposomes which was first reported 

by Verma et al [33].  It consists of phosphatidylcholine, ethanol and terpene 

mixture (cineole:citral:d-limonene = 45:45:10) as penetration enhancer.  

Invasomes containing cyclosporin A successfully used for treatment of alopecia 

areata in Dundee experimental bald rat model compared to conventional 

liposomes and alcoholic solution [33].  Invasomes significantly enhance skin 

penetration and stratum corneum deposition of the highly hydrophobic 

photosensitiser temoporfin (mTHPC) when compared with liposomes without 

terpenes and conventional liposomes.  Invasomes were also shown to be efficient 

in delivering of mTHPC to deeper skin layers [20].  Successively, the same 

authors developed new mTHPC-loaded invasomes to further enhance the drug 

penetration. 

                  The ratio between d-limonene, citral and cineole was varied in the 

standard terpene mixture, and single terpenes were also used.  Invasomes 

containing 1% cineole provided the highest drug deposition in stratum corneum 

and deeper skin layers, indicating that incorporation of a single terpenes into 

invasomes could also give efficient nanocarriers for mTHPC delivery [21]. 

                  The mechanism of invasomes in skin penetration enhancement might 

result from the synergist effects of phospholipid, ethanol and terpenes.  As one 

part of the vesicle is fragmented during their penetration into the upper skin 

layers, the released terpenes, as well as phospholipids, also act as penetration 

enhancers by fluidizing the intercellular lipids.  Ethanol in the invasomes 

dispersion fluidizes the intercellular stratum corneum lipids, disturbing the 

organization of the bilayer structure of the intercellular lipid matrix of stratum 

corneum [20].  

                  According to electron spin resonance spectroscopy and differential 

scanning calorimetry, the addition of terpenes led to significantly increased 

fluidity around the C16 atom of phospholipid acyl chains [107].  Trauer et al 

[108] also studied the effect of massage and occlusion on the ex vivo skin 

penetration enhancement of invasomes. The application of massage increased 

follicular penetration of invasomes while the occlusion did not. 
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            2.5  Techniques for investigation of penetration enhancement mechanisms 

                    2.5.1  Differential scanning calorimetry (DSC) 

                              Differential scanning calorimetry is the most frequent technique of 

thermal analysis using for determining the thermal effects of a variety materials 

including biologically relevant systems that are characterized by an enthalpy 

change by the temperature range.  The DSC thermogram of human stratum 

corneum typically shows four major endothermic transitions.  T1 at around 37 

°C, T2 at around 72 °C, T3 at around 83 °C and T4 at around 100 °C.  According 

to the study of human stratum corneum using DSC [79], the first three 

thermograms were lost following treatment of stratum corneum with lipid-

extracting solvents, suggesting that they derive from thermal events within the 

stratum corneum lipids.  While T4 was heat irreversible and remained after lipid 

extraction, suggesting that it arises from a protein component.  The transition 

peaks of human stratum corneum are also summarized in Table 4  

            Table 4 Transition temperatures in human stratum corneum 

Endotherm Changes in stratum corenum Temperature (°C) 

T1 

Lipid melting, possibly arising from the 

sebaceous lipids together with cholesterol 

side chain motion 

37-45 

T2 

Lipid melting of the lipid chain portion 

buried within the bilayer structure, together 

with some non polar material 

68-74 

T3 

Break up of associations between lipid 

polar head groups together with disruption 

of cholesterol-stiffened regions 

77-86 

T4 Protein denaturation of intracellular keratin 100-102 

 

                              The effect of species difference on the thermal behavior was reported 

by Al-Saidan et al. [109].  The authors investigated the thermal transitions of 

adult abdominal human skin and animal stratum corneum, namely neonatal rats, 
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mice and rabbits.  Four endothermic transitions at 39-45 °C (T1), 55-58 °C (Tx), 

68-74 °C (T2) and 77-86 °C (T3) were observed.  Tx is a weak transition which 

the origin have not been known.  The DSC results indicated that the temperatures 

of lipid transitions of human and animal tissues were different although the 

patterns of their thermograms were similar.  The temperatures of T2 and T3 of 

human stratum corneum were higher than those of the animals while the 

thermograms of neonatal rabbit stratum corneum showed a lipid transition not 

seen in stratum corneum of human or other animal species.  The DSC 

thermogram of human stratum corneum treated with penetration enhancers such 

as Azone is shown in Figure 8.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 The DSC thermogram of untreated human stratum corneum and human 

stratum corneum treated with Azone  

Source: Barry, B.W. (1987). “Mode of action of penetration enhancers in human 

skin.” J. Control. Release 6: 85–97. 

 

                  All three lipid transition peaks (T1, T2 and T3) disappeared from the 

thermogram (Figure 7) while protein peak still existed indicating that Azone 

dramatically affected lipid structure except intracellular keratin.  Thus Azone 
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enhanced skin penetration by disrupting the lipid structure of the intercellular 

region in stratum corneum. 

 

2.5.2  Fourier transform infrared spectroscopy (FTIR) 

                  FTIR can be used to determine molecular vibration of biomaterial in 

stratum corneum, many studies, therefore, employ FTIR to evaluate the 

functional group interaction of intercellular lipids in stratum corneum and to 

elucidate mechanism of action of penetration enhancers [110-112].  Because of 

the complex composition of stratum corneum such as lipids, proteins and amino 

acids, many infrared absorption bands appear in the spectrum obtained from 

stratum corneum.  The molecular vibrations of lipids and proteins are related to 

various peaks in the infrared spectrum of stratum corneum.  The bands at 2920 

and 2850 cm-1 are due to the asymmetric CH2 and symmetric CH2 vibrations of 

long-chain hydrocarbons of lipids.  The shift of CH2 stretching peaks to higher 

wavenumber (trans to gauche conformation) and the increase in their peak widths 

indicating the fluidization of stratum corneum lipids [112].  The bands at 1650 

and 1550 cm-1 are amide I and amide II stretching vibrations of stratum corneum.  

The amide I band arises from C=O stretching vibration while the amide II band 

arises from C-N stretching and N-H bending vibration.  The amide I band 

represents various secondary structure of keratin.  Between these two amide 

bands, the amide I band is more sensitive than amide II and usually shifts to 

higher or lower frequencies according to the change in protein conformation.                      

                  According to the study of infrared absorption of delipidated and 

extracted lipid rat stratum corneum by Obata et al [111], the authors suggested 

that asymmetric and symmetric CH2 vibrations were derived from methylene 

groups on the acyl side chain of intercellular lipids (ceramides and fatty acids) in 

stratum corneum.  While the amide I and II vibrations belonged to the amide 

bonds of the keratin in corneocytes.  The frequencies of all utilized bands are also 

summarized in Table 5. 

 

 

 
 
 



37 

 
 

Table 5 Interpretation of infrared spectrum of stratum corneum 

Approximate Frequencies (cm-1) Interpretation 

1550 
Amide II (C-N stretching and N-H bending 

vibration) 

1650 Amide I (C=O vibration) 

2850 Symmetric CH2 

2920 Asymmetric CH2 
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3.3.5.1.3  Attenuated total reflectance fourier transform infrared 

spectroscopy (ATR-FTIR) 

      3.3.5.2  Receiver medium  
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       3.3.6  Data analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 

3.1  Materials 

               1)  Non-hydrogenated egg phosphatidylcholine (PC) (Coatsome NC-50, PC 

purity  95%, NOF Corporation, Tokyo, Japan) 

       2)  Cholesterol from lanolin (Chol) (Chol purity  95%) (Fluka, Tokyo, Japan) 

       3)  Tween 20 (Ajax Finechem, Auckland, New Zealand) 

       4)  Fluorescein sodium (NaFl) (Sigma Aldrich, MO, USA) 

       5)  R (+) limonene (97%) (Sigma Aldrich, MO, USA) 

       6)  1, 8 cineole (99%) (Sigma Aldrich, MO, USA) 

       7)  R (-)  carvone (98%) (Sigma Aldrich, MO, USA) 

       8)  R (+) pulegone (Sigma Aldrich, MO, USA) 

       9)  5-doxyl stearic acid (5-DSA) (Sigma Aldrich, MO, USA) 

     10)  16-doxyl stearic acid (16-DSA) (Sigma Aldrich, MO, USA) 

            11)  Lissamine™ rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-     

phosphoethanolamine triethylammonium salt (Rh-PE) (Invitrogen, CA, USA) 

     12)  0.5 % Trypsin EDTA (No phenol red) (Gibco® , NY, USA) 

     13)  4, 6-diamino-2-phenylindole dihydrochloride (DAPI) (Invitrogen, CA, USA) 

     14)  Frozen section medium (Neg 50, Microm International, Waldorf, Germany) 

     15)  Adhesion slides (MENZEL-GLÄSER® SuperFrost™ Plus, Braunschweig,   

Germany) 

     16)  All other reagents were of analytical grade and were commercially available 

            - Disodium hydrogenphosphate dodecahydrate; Na2HPO4.12H2O (Ajax  

Finechem, Australia) 

            - Potassium dihydrogenphosphate; KH2PO4 (Ajax Finechem, Australia) 

            - Sodium chloride; NaCl (Ajax Finechem, Australia) 

            - Potassium chloride; KCl (Ajax Finechem, Australia) 

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

              17) Abdominal part of neonatal porcine skin (Obtained from the pigs that died 

naturally from pig farm in Nakhon Pathom) 
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3.2  Equipments 

       1)  1.5 mL Microcentrifuge tube; Eppendorf  tubes (CORNING ; Corning 

Incorporated, NY, USA) and holder 

       2)  Analytical balance (Model CP224S and CP3202S, SARTORIUS, Germany) 

       3)  Kimwipes  disposable wipers (Kimberly-Clark Professional, Australia) 

       4)  Micropipette 20–200 L, 100–1000 L, 1–5 ml, and micropipette tip 

       5)  Parafilm (BEMIS , WI, USA) 

       6)  Test tube (PYREX , USA) 

       7)  Vortex mixer (VX100, Labnet) 

       8)  Centrifuge (Sorvall® Biofuge Stratos, Kendro laboratory product, Hanau,        

Germany) 

       9)  Centrifuge (MULTIFUGE 1S-R, Kendro laboratory product, Hanau, 

Germany) 

     10)  N2 gas in larminar hood 

     11)  Dessiccator 

             12)  Fusion Universal Microplate Analyzer, Model A153601 (Packard Bioscience 

Company, PerkinElmer instrument, CT, USA) 

     13)  Probe sonicator (Sonics Vibra CellTM, Newtown, CT, USA) 

     14)  Franz diffusion cells 

     15)  Circulating  water bath (WiseCircu WCH-8, Witeg®, Wertheim, Germany ) 

     16)  Magnetic stirrer (RO 10 power IKAMAG®, IKA, Germany) 

     17)  Transmission electron microscope (TEM) (JEM-1230, JEOL, Tokyo, Japan) 

             18)  Confocal laser scanning microscope (CLSM) (Zeiss 510 Meta, Carl Zeiss, 

Jena, Germany) 

     19)  Amicon® Ultra-0.5 centrifugal devices (Millipore Corporation, MA, USA) 

     20)  Forceps and scissors 

     21)  Cryomicrotome (Leica 1850, Leica Instruments GmbH, Nussloch, Germany) 

             22)   Fourier transform infrared spectroscope equipped with attenuated total 

reflectance (ATR-FTIR) (Nicolet 6700, Nicolet Instrument, Madison, WI, USA)  

     23)  Differential scanning calorimeter (DSC) (Netzsch204 F1 Phoenix®, Selb, 

Germany) 
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     24)  Probe sonicator (Sonics Vibra CellTM, Newtown, CT, USA) 

     25)  VertiPureTM NYLON Syringes Filter, 13 mm, 0.45 μm (Vertical 

Chromatography, Nonthaburi, Thailand) 
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3.3  Methods 

       3.3.1  Preparation of NaFl entrapped in liposomes 

      Liposomes containing PC, Chol, terpenes and various concentrations 

of NaFl were formulated. The liposome composition formulas are shown in 

Table 6. The NaFl concentration used ranged from 0.01 to 40.00 wt. % of lipid. 

Liposomal formulations were prepared by the sonication method. NaFl solution 

was prepared by dissolving NaFl in phosphate buffer (PBS), at pH 7.4. A mixture 

of PC and Chol, dissolved in chloroform:methanol (2:1 v/v), was added to a test 

tube, and then the solvent was carefully evaporated using a stream of nitrogen 

until a thin, homogeneous lipid film was formed. The thin lipid film was placed 

in a desiccator connected to a vacuum pump for at least 6 h.  Afterwards, the 

dried lipid film was hydrated with PBS and NaFl in PBS. The dispersion was 

then sonicated in a sonicator bath for 30 min. To avoid interaction between PC 

and monoterpenes during the sonication bath process, Tween 20 and individual 

monoterpenes (d-limonene, 1,8-cineole, carvone or pulegone) were mixed 

together in another container and then added to the liposomal dispersion. The 

generated liposomes were then sonicated using a Vibracell™ (VCX 130 PB, CT, 

USA) for 1 h to reduce the size of the liposomes.  

      NaFl-loaded conventional liposomes and ultradeformable liposomes 

were   prepared using the same procedures as described above.  
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Table 6 Compositions of NaFl-entrapping formulations 

Formulation (Code) NaFl 
(%w/v) 

PC 
(%w/v) 

Chol 
(%w/v) 

Tween 20 
(%w/v) 

Terpenes 
(%w/v) 

PBS qs. to 
(%w/v) 

Solution (Sol) 0.21 - - - - 100 ml 
Conventional liposomes 
(CL) 0.21 0.77 0.07 - -  100 ml 

Ultradeformable 
liposomes (UL) 0.21 0.77 0.07 2 -  100 ml 

UL with 0.5% d-limonene 0.21 0.77 0.07 2 0.5  100 ml 

UL with 1% d-limonene 0.21 0.77 0.07 2 1  100 ml 

UL with 2% d-limonene 0.21 0.77 0.07 2 2  100 ml 

UL with 0.5% cineole 0.21 0.77 0.07 2 0.5  100 ml 

UL with 1% cineole 0.21 0.77 0.07 2 1  100 ml 

UL with 2% cineole 0.21 0.77 0.07 2 2  100 ml 

UL with 0.5% carvone 0.21 0.77 0.07 2 0.5  100 ml 

UL with 1% carvone 0.21 0.77 0.07 2 1  100 ml 

UL with 2% carvone 0.21 0.77 0.07 2 2  100 ml 

UL with 0.5% pulegone 0.21 0.77 0.07 2 0.5  100 ml 

UL with 1% pulegone 0.21 0.77 0.07 2 1  100 ml 

UL with 2% pulegone 0.21 0.77 0.07 2 2  100 ml 

 
       3.3.2  Characterization of liposomes 

                 3.3.2.1  Particle size, size distribution and surface charge 

      Each liposomal formulation was diluted with an appropriate 

amount of distilled water and subsequently measured for particle size, size 

distribution and zeta potential using a Dynamic Light Scattering (DLS) 

particle size analyzer (Zetasizer Nano-ZS, Malvern Instrument, 

Worcestershire, UK) with a 4 mW He-Ne laser at a scattering angle of 

173°.  All of the measurements were carried out under ambient conditions 

and in triplicate. 

                3.3.2.2  Transmission electron microscopy (TEM)  

      The samples were visualized to analyze their shape by 

transmission electron microscope (TEM). A droplet containing vesicles was 

dried on a copper grid, and the excess sample volume was removed by a 

sheet of filter paper. After drying, the samples were visualized under the 

 



45 

microscope at 100 k magnification (JEM-1230, JEOL, Tokyo, Japan). 

Microscopy was performed at 80 kV. 

                3.3.2.3  Entrapment efficiency (%EE) and loading efficiency (%LE) 

      The entrapment efficiency (%EE) of the drug-loaded liposomal 

dispersion was calculated from the ratio of the drug contained within the 

liposomes to the total drug amount added into the dispersion.  The 

liposomal dispersion (0.5 ml) was placed in an ultrafiltration tube with a 

molecular weight cutoff of 3000 Da (Amicon® Ultra-0.5 centrifugal 

devices, Millipore Corporation, MA, USA) centrifuged at 4°C at 10,000 x g 

for 60 min.  The filtrate was discarded, and 0.25 ml of PBS was added to 

the retentate prior to further centrifugation at 4°C at 10,000 x g for 40 min.  

The non-encapsulated NaFl in the filtrate was removed, and the collected 

NaFl-loaded liposomes in the retentate were subsequently disrupted by 

mixing them with 0.2 ml of 0.1% w/v Triton X-100.  The vesicle/Triton X-

100 solution was then centrifuged at 4°C at 10,000 x g for 10 min.  The 

NaFl content in the supernatant was determined by the fluorescence 

detection method.  The drug entrapment efficiency (%EE) and loading 

efficiency (%LE) were calculated by the following equations: 

                        %EE =  (CL/Ci) x 100       (1) 

where CL is the concentration of NaFl loaded in liposomal formulation 

obtained from the methods as described above and Ci is the initial 

concentration of NaFl added into the liposomal formulation. 

 %LE =  (Dt/Lt) x 100 (2)                         

where Dt is the total amount of NaFl in the liposomal formulation and Lt is 

the total amount of PC and Chol added into the liposomal formulation. 

 

                    3.3.2.4  Evaluation of liposomal vesicle fluidity using an Electron Spin 

Resonance spectrometer (ESR spectrometer) 

                              3.3.2.4.1  Preparation of Liposomes probed strearic acid spin labels 

     Liposomal formulations without NaFl but with stearic 

acid spin labels (5- or 16-DSA) for Electron Spin Resonance 

spectrometer (ESR) were prepared using a spin label (5-DSA/16-
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DSA)-to-lipid ratio of 1:100 M.  The spin labels were dissolved in 

chloroform: methanol (2:1 v/v) before being added to a test tube of 

PC and Chol followed by thin film formation according to the 

process described in section 3.3.1. 

     Conventional liposomes consisted of PC and Chol were 

used as the control formulation for the fluidity assessment.  The 

conventional liposome was prepared using the same process as 

described in section 3.3.1. 

                              3.3.2.4.2  Fluidity assessment by ESR spectrometer 

      Liposomal vesicles probed with each spin label (5-DSA 

or 16-DSA) were added to a glass capillary tube and subsequently 

sealed with Parafilm®.  The electron spin resonance spectra were 

taken with a Jeol model JES-RE2X, Tokyo, Japan.  The ESR 

spectrometer was equipped with microwave unit X band and a 

frequency of 8.8-9.6 GHz.  The resonator was cylindrical and was 

operated in TE101 mode.  The operating conditions of the 

equipment were as follows: microwave power of 1 mW, 

modulation frequency of 100 kHz, modulation amplitude of 2.5 x 

100 mT, magnetic field scan of 1 x 10 mT, sweep time of 30 s, 

detector time constant of 30 ms and temperature of 24 °C.  

     All parameters were estimated using the ES-IPRIT 

program.  The fluidity of the particle membranes was characterized 

by estimation from the outer-peak separation, the maximum 

hyperfine splitting (2T ) of 5-DSA (Figure 9a) and the rotational 

correlation time ( c) of 16-DSA, which can be calculated from the 

equation of Keith et al. [114] (Eq. 3): 

                                 c  =  (6.5 x 10-10)W                     (3)

      where W0 is the width of the midfield line of the 

spectrum. W0 was converted from millitesla (mT) to Gauss (G)

before the calculation.  h0 is the height of the midfield line of the 

spectrum, and h-1 is the height of the highfield line (Figure 9b).  
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Each sample was analyzed in triplicate. The 2T  and c decreased 

with an increase of fluidity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 a) ESR spectra of ULs with 5-DSA and b) ESR spectra of ULs with 16-DSA 

 

         3.3.2.4.3  Effect of the increase of liposomal fluidity on skin 

penetration enhancing ability 

          In order to assess the effect of the increase of liposomal 

fluidity on skin penetration enhancing ability, the flux from various 

formulations was plotted versus the maximum hyperfine splitting 

(2T ) of 5-DSA or rotational correlation time ( c) of 16-DSA.  

       3.3.3  In vitro skin penetration study 

     3.3.3.1  Preparation of porcine skin 

          Abdominal neonatal porcine skin from naturally died animals 

was used as a model membrane for this experiment.  The newborn pigs (~ 
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1 kg) were provided by a local pig farm in Nakhon Pathom Province.  The 

subcutaneous fat and muscle were carefully removed using medical 

scissors and surgical blades.  The thickness of abdominal skin was 

approximately 0.5 - 0.7 mm.  The skin samples were frozen at -20°C until 

use.  The samples were thawed at room temperature using PBS prior to the 

experiments. 

      3.3.3.2  Skin penetration study 

      The skin penetration study of NaFl through porcine skin was 

performed using Franz diffusion cells with a penetration area of 2.31 cm2.  

The receiver compartment was filled with 6.5 ml of PBS, stirred with a 

magnetic bar at a rate of 500 rpm.  The skin was mounted in the diffusion 

chamber of the cell with the stratum corneum facing the donor 

compartment and the dermis facing the receiver fluid.  Diffusion cells were 

connected with a circulating water bath to maintain the temperature at 

32°C.  Two milliliters of drug formulation were placed into the donor 

compartment.  At the predetermined times of 1, 2, 4, 6, 8 and 24 h, 0.5 ml 

of receiver medium was withdrawn for analysis, and the same volume of 

PBS was added into the receiver compartment to maintain a constant 

volume.  Each sample was analyzed in triplicate.  

      The cumulative amount of NaFl penetrating into the porcine 

skin per unit area was plotted as a function of time.  The flux (J) and lag 

time were determined from the slope and the x-intercept of the linear 

portion, respectively.  The enhancement ratio (ER; ER1
flux and ER2

flux) was 

calculated by the following equations: 

 ER1
flux =  JUL with different terpenes /JUL (4) 

 ER2
flux  =  JUL with different terpenes /JCL   or   JUL/JCL (5) 

      where JUL with different terpenes is the flux of NaFl loaded in UL with 

different terpenes, JUL is the flux of NaFl-loaded UL and JCL is the flux of 

NaFl-loaded CL.  ER1
flux was used to determine the penetration 

enhancement ability of UL with different terpenes compared with UL, 

while ER2
flux was used to determine the penetration enhancement ability of 

UL and UL with different terpenes compared with CL.  
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                  3.3.3.3  Quantitative assay 

      The NaFl concentration was analyzed by the fluorescence 

spectroscopy method.  One hundred microliters of sample was pipetted 

into a black 96-well plate, and the fluorescence was detected in 3 

replicates using a fluorescence spectrophotometer (Fusion™ Universal 

Microplate Analyzer, PACKARD Instrument Company, Inc., Illinois, 

USA).  The excitation wavelength was 485 nm, and the emission 

wavelength was 535 nm.   The calibration curve of NaFl used was in the 

range of 0.5-35 ng/ml.

       3.3.4  Skin penetration pathway investigation 

     3.3.4.1  Preparation of liposomes 

      Liposomes containing PC, Chol, Tween 20 and d-limonene 

were formulated. The liposome composition formulas are shown in Table 

1.  The UL-labeled Rh-PE was prepared by the sonication method.  NaFl 

solution was prepared by dissolving NaFl in phosphate buffer (PBS) at pH 

7.4.  A mixture of PC and Chol was dissolved in chloroform:methanol (2:1 

v/v).  The fluorescent probe, Rh-PE dissolved in organic solvents as stock 

solutions, was added to the test tube of the PC and Chol mixture.  The ratio 

of PC to Rh-PE was 100:1 M, and then the solvent was carefully 

evaporated using a stream of nitrogen until a thin, homogeneous lipid film 

was formed.  The obtained thin lipid film was stored in a desiccator 

connected to a vacuum pump for at least 6 h.  Afterward, the dried lipid 

film was hydrated using PBS and NaFl in PBS.  The dispersion was then 

sonicated in a sonicator bath for 30 min.  Then, the UL dispersion was 

mixed with Tween 20 and d-limonene before sonication using a 

Vibracell™ (VCX 130 PB, CT, USA) for 30 min to reduce the size of the 

liposomes.  

      Nonentrapped drug was separated from UL-labeled Rh-PE by a 

filtration technique using Amicon® Ultra-0.5 centrifugal devices 

(Millipore Corporation, MA, USA).  The UL-labeled Rh-PE dispersion 

(0.5 ml) was added in an ultrafiltration tube with a molecular weight cutoff 
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of 3000 Da and then centrifuged at 4 °C at 14,000 x g for 30 min.  The 

nonentrapped NaFl in the filtrate was discarded, and then the retentate 

device was turned upside down to a new concentrate collection tube and 

centrifuged at 4 °C at 1,000 x g for 2 min to transfer the sample from the 

device to the tube.  The obtained entrapped NaFl-loaded UL-labeled Rh-

PE was immediately used for the skin penetration study. 

                  3.3.4.2  Skin penetration study 

      The skin penetration study of UL with 1% d-limonene was 

performed using Franz diffusion cells with a penetration area of 2.31 cm2.  

The receiver part was filled with 6.5 ml of PBS stirred with a magnetic bar 

at a rate of 500 rpm.  The pig skin was mounted in the diffusion chamber 

of the cell with the stratum corneum facing the donor compartment and the 

dermis facing the receiver medium.  Diffusion cells were connected with a 

circulating water bath to maintain the temperature at 32 °C. The donor 

compartment was filled with 150 μl of NaFl-loaded UL-labeled Rh-PE.  

After the designated application period of 15 min, 30 min, 1, 2, 4 and 8 h, 

each pig skin was removed from diffusion cells, washed with PBS at least 

2 times and stored at -20 °C prior to the CLSM investigation.

      3.3.4.3  Confocal laser scanning microscopy (CLSM)  

      The porcine skin treated with NaFl-loaded UL-labeled Rh-PE 

was divided to visualize ULs and drug penetration in the cross section 

using a cryomicrotome (Leica 1850, Leica Instruments GmbH, Nussloch, 

Germany).  Each tissue sample from various time periods was mounted 

with a sufficient amount of frozen section medium (Neg 50, Microm 

International, Waldorf, Germany) onto a metal sample holder and then 

transferred to a cryomicrotome.  The frozen skin was sectioned into 10 μm 

slices before being placed on adhesion slides (MENZEL-GLÄSER® 

SuperFrost™ Plus, Braunschweig, Germany).  These tissues were stained 

with 3 μM 4’,6-diamino-2-phenylindole dihydrochloride (DAPI) 

(Invitrogen, CA, USA) for 2 min, washed with PBS, mounted with 

mounting medium and finally covered with a cover slip.  DAPI was used 

to stain the nucleic acid to observe the living cell layers of the skin. 
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      CLSM was used to investigate the skin penetration pathway of 

both whole skin and skin cross sections by the co-localization technique.  

The differences in color of the fluorescence compounds—rhodamine (red)-

probed phospholipid vesicles, NaFl (green)-entrapped drug and blue from 

skin autofluorescence—were used to observe the vesicle distribution on 

the treated porcine skin surface.  The tissue was immediately evaluated by 

CLSM after being taken out of the refrigerator.  To obtain x-y plane or top-

view images of the skin, a cover slip of 22 x 50 mm (MENZEL-

GLÄSER®, Braunschweig, Germany) was constructed as a reservoir using 

silicone glue spread around the rim of the cover slip.  A piece of tissue was 

placed on the constructed cover slip with the stratum corneum facing up 

toward the microscope condenser, and then an adequate amount of methyl 

salicylate was added to the constructed cover slip as an immersion oil.  

The observation was performed using the 10x objective lens system of an 

inverted Zeiss LSM 510 META microscope (Carl Zeiss, Jena, Germany), 

equipped with a He-Ne 1 laser (excitation wavelength = 543 nm, emission 

wavelength = 580 nm), Ar laser (excitation wavelength = 488 nm, 

emission wavelength = 514 nm) and diode laser (excitation wavelength = 

358 nm, emission wavelength = 461 nm) for Rh-PE, NaFl and skin 

autofluorescence, respectively.  The DAPI-stained tissue cross section was 

visualized under the same conditions, but blue fluorescence occurred from 

the DAPI. 

      In order to compare the relative skin penetration depths and 

fluorescence intensity of both entrapped drug and UL vesicles at follicular 

and nonfollicular region, these skin regions were scanned with laser using 

20x objective lens to obtained x-z plane images at which the laser could 

scan through the tissue.  The fluorescence intensity was determined at 

middle horizontal line of each image using Zeiss LSM 5 operating 

software.  The mean fluorescence intensity of each image was plotted 

against the different skin penetration depth.  
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       3.3.5  Mechanisms of UL with terpenes on skin penetration enhancement 

                 3.3.5.1  Treated skin samples 

       3.3.5.1.1  Visualization of ultrastructure of skin by TEM 

                  The treated skin samples from section 3.3.3.2 were 

investigated for the ultrastructure changes by visualization using 

TEM. The intact skin was used as control.  The skin samples were 

cut in small piece, fixed at 4°C with 2.5 % v/v gluteraldehyde in 

0.1 M phosphate buffer overnight and 1% w/v osmium tetroxide 

in 0.1 M phosphate buffer for 2 h.  Following fixation, the 

samples were dehydrated in a range of ethanol solutions (35%, 

50%, 70%, 95%, 100%) and infiltrated with Spurr’s resin.  The 

samples embedded in resin were incubated at 70 °C for 8 h. The 

Ultrathin sections were cut by ultramicrotome (Ultratome® V 

2088, LKB Bromma, Stockholm, Sweden) using diamond knife 

(DiATOME ultra45°, Diatome AG, Biel, Switzerland), collected 

on copper grids and intensified with uranium acetate and lead 

citrate.  The samples were visualized with TEM (JEM-1230, 

JEOL, Tokyo, Japan).  The ultrathick sections were cut by 

ultramicrotome, stained with toluidine blue and observed by light 

microscope.  

        3.3.5.1.2  Differential Scanning Calorimetry (DSC)  

     The stratum corneum layer of treated skin obtained 

from section 3.3.3.2 and intact skin was separated using trypsin 

digestion method.  The dermal side of whole porcine skin is 

placed on a filter paper saturated with 0.5% w/v trypsin-EDTA 

solution (Invitrogen, CA, USA) and incubates in a sealed petridish 

at 37°C for 24 h.  The stratum corneum is carefully removed from 

viable epidermis and rinse with distilled water and then stored in a 

desiccator at room temperature until used. 

      The dried stratum corneum sheet was used to 

investigate the mechanism by DSC using intact stratum corneum 

as control.  The sample was weighted approximately 3 - 4 mg and 
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sealed in aluminum pan prior to analyze with differential scanning 

calorimeter (Netzsch204 F1 Phoenix®, Selb, Germany).  The 

transition midpoint temperature (Tm) was defined as the 

temperature at the peak of endothermic curve. The enthalpy of 

transition was calculated from the area under the endothermic 

curve.  The thermal analysis process was performed using the 

empty pan as reference pan under nitrogen condition.  The heating 

rate was at 5 °C/min over the temperature range of 25 to 250 °C. 

Each sample was analyzed in triplicate. 

3.3.5.1.3  Attenuated total reflectance fourier transform infrared 

spectroscopy (ATR-FTIR) 

  The dried stratum corneum sheet was used to 

investigate the mechanism by attenuated total reflectance fourier 

transform infrared (ATR-FTIR) spectroscopy using intact stratum 

corneum as control.  The infrared spectrum was recorded in the 

frequency range of 4000 to 400 cm-1using ATR-FTIR 

spectrometer (Nicolet 6700, Nicolet Instrument, Madison, WI, 

USA).  All data were analyzed by version 8 of OMNIC software 

(Thermo Electron Corporation, Madison, WI, USA).  Each sample 

was analyzed in triplicate. 

      3.3.5.2  Receiver medium  

                   3.3.5.2.1  Visualization by TEM 

      The receiver medium was visualized to assess the 

penetration of vesicles through the skin as intact or disintegrated 

vesicles.  The obtained receiver medium from section 3.3.3.2 was 

filtered through a nylon membrane with 0.45 micrometers pore 

size to remove the contamination.  The filtrate was placed in a 

sonicator bath for 10 minutes before dropped onto a formvar-

coated copper grid. After drying, the sample was visualized under 

the microscope at 50-80 k magnification (JEM-1230, JEOL, 

Tokyo, Japan).  Microscopy was performed at 80 kV. 

        3.3.5.2.2  Visualization by CLSM 
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       The obtained receiver medium from section 3.3.3.2 

was filtered through a nylon membrane with 0.45 micrometers 

pore size to remove the contamination.  The filtrate was dropped 

onto glass slide and dried at room temperature. After drying, the 

sample was mounted with mounting medium and cover with cover 

slip prior to CLSM investigation with the same condition as 

described in section 3.3.4.5.  

        3.3.6  Data analysis 

      All data was statistically analyzed by Student’s t-test and analysis of 

variance (ANOVA), followed by the LSD post hoc test.  Differences of p < 0.05 

were considered statistically significant.  

 

  



 

CHAPTER 4 

RESULTS AND DISCUSSION 

4.1  Preparation of NaFl entrapped in liposomes 

       To obtain the highest amount of NaFl entrapped in liposomes, NaFl 

varying from 0.01% to 40% was loaded in conventional liposomes (CL) formulation.  

The effects of the initial drug concentration, ranging from 0.01% to 40%, on the 

entrapment efficiency and loading efficiency of NaFl in CL are shown in Figure 10.  

The entrapment efficiency slightly increased from 19% to 37%, with an increase in 

the initial loading of NaFl and reached the highest %EE at a 25% initial concentration 

of NaFl (0.21% w/v of formulation).  The entrapment efficiency decreased when the 

initial drug loading concentration rose above 25%.  However, the loading efficiency 

increased with an increase in the initial loading of NaFl.  From these results, the 

optimum entrapment and loading efficiency ratios were obtained with liposomes 

created using 25% initial concentration of NaFl, and this ratio was used for further 

comparison. 
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Figure 10 The effect of initial amount of NaFl on the percentage of entrapment 

efficiency (gray bar) and loading efficiency (fill square) of NaFl loaded in liposomes   

Each value represents the mean±SD (n=3). 

 

4.2  Characterization of liposomes 

       4.2.1  Particle size, size distribution and surface charge 

      The size of the generated liposomes was in the range of 22-98 nm, 

with a narrow size distribution (PDI<0.3) except UL.  Since UL is the only 

liposomal system, consisting of liposomes and micelles.  UL, therefore, exhibited 

highest PDI.  The small particle size of UL with terpenes was of a desirable size 

for the skin penetration of vesicles [113].   

                  The zeta potentials of all formulations were negative and ranged from 

-4.7 mV to -13.23 mV.  In the preliminary study, the zeta potential of liposomes 

composed of only PC and chol was -4.51 mV (data not shown).  PC is a 

zwitterionic compound with an isoelectric point (pI) between 6 and 6.7 [114].  

Under experimental conditions (pH 7.4), in which the pH was higher than the pI, 

the PC vesicles, therefore, had an overall negative charge.  NaFl is a weakly 

acidic (pKa 6.4) anionic drug.  The liposome formulations containing NaFl, 

therefore, exhibited a negative charge under the experimental conditions. 
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Figure 12 Effect of different terpenes on particle size   

Each value represents the mean±SD (n=3).   

*p < 0.05 when compared among d-limonene, cineole, carvone and pulegone. 

**p <0.05 when compared among UL with 0.5%, 1% and 2% terpenes.  
                  

                 4.2.1.3  Effect of amount of terpenes on particle size 

      The average particle size of UL with cineole, carvone and 

pulegone significantly decreased with an increase in the amount of terpenes 

(Figure 13).  In case of d-limonene, the average particle size significantly 

increased when the amount of d-limonene was increased to 1%.  The 

average particle size, however, significantly decreased with an increase in 

the amount of d-limonene to 2%.  Our findings disagreed with the results of 

Dragicevic-Curic et al. [20], which showed that the particle size of 

invasomes increased with increasing the amount of terpenes in vesicles. 

 

 



59 
 

 

0

10

20

30

40

50

60

70
Size (nm)

*

*

*

*

Figure 13 Effect of amount of terpenes on particle size 

Each value represents the mean±SD (n=3).  *p < 0.05. 

        

       4.2.2  Transmission electron microscopy (TEM) observation 

      TEM was used to visualize the shape and size of NaFl-loaded 

liposomes (25% NaFl to lipid).  Figure 14 shows TEM micrographs of CL and 

UL.  Figure 15 shows TEM micrographs of UL with d-limonene and UL with 

cineole.  TEM micrographs of UL with carvone and UL with pulegone are shown 

in Figure 16.  For all liposomal formulations, the vesicles were spherical in shape 

and nano-scale sized (Figure 14-16).  
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Figure 14 Transmission electron microscopy (TEM) images of NaFl loaded in 

ectively. 

 

 

 

different liposomal formulations: a) CL; b) UL 

The scale bars represent 100 nm and 50 nm resp
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Figure 15 Transmission electron microscopy (TEM) images of NaFl loaded in 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

different liposomal formulations: a) UL with 0.5% d-limonene; b) UL with 1% d-

limonene; c) UL with 2% d-limonene; d) UL with 0.5% cineole; e) UL with 1% 

cineole; f) UL with 2% cineole.  Each scale bar represents 50 nm. 

 

 

 

 

 



62 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16 Transmission electron microscopy (TEM) images of NaFl loaded in 

different liposomal formulations: a) UL with 0.5% carvone; b) UL with 1% carvone; 

c) UL with 2% carvone; d) UL with 0.5% pulegone; e) UL with 1% pulegone; f) UL 

with 2% pulegone. Each scale bar represents 50 nm. 
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        4.2.3 Entrapment efficiency and loading efficiency  

          4.2.3.1  Effect of different formulations on entrapment efficiency and 

loading efficiency 

                  Figure 17 shows the entrapment and loading efficiency in 

different liposome formulations.  The entrapment efficiency of UL was 

significantly higher than that of CL, UL with 1% d-limonene, UL with 1% 

cineole, UL with 1% carvone and UL with 1% pulegone.  The loading 

efficiency of UL with 1% carvone was significantly higher than that of CL, 

UL, UL with 1% d-limonene, UL with 1% cineole and UL with 1% 

pulegone.  The entrapment efficiency and loading efficiency of NaFl in the 

vesicles ranged from 20% to 48% and 11% to 41%, respectively.  The 

incorporation of different terpenes into UL resulted in a decrease in 

entrapment efficiency.  The highest entrapment efficiency of NaFl-loaded 

UL might result from micelle formation by Tween 20.  
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Figure 17 Effect of different formulations on entrapment efficiency (gray bar) and 

loading efficiency (fill square) 

*p < 0.05 (entrapment efficiency comparison) 

**p < 0.05 (loading efficiency comparison) 
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4.2.4  Evaluation of liposomal vesicle fluidity using an Electron Spin Resonance 

spectrometer (ESR spectrometer) 

      In this study, 5-DSA and 16-DSA were used as spin labels.  These 

spin labels are oriented similar to the lipids in the vesicle bilayer.  The similared 

orientation pattern can be used to evaluate the local motional profiles in the two 

main regions of the lipid bilayer.  Thus, the motional profiles near the 

phospholipid polar head group can be estimated by the radical in position 5 of the 

phospholipid acyl chain (5-DSA), whereas the motional profile at the end of the 

lipophilic chain can be estimated by the radical in position 16 of the phospholipid 

acyl chain (16-DSA).  The ESR spectra of 5-DSA and 16 DSA of this study are 

presented in Figures 9a) and b).  The 2T  value obtained from 5-DSA and c 

obtained from 16-DSA of all liposomal formulations are presented in Table 7. 

 

Table 7 ESR parameters (maximum hyperfine splitting and rotational correlation 

time) of liposomal formulations 

Formulations 2T  (mT) c (ns) 
1. CL 8.19±0.24 1.76±0.07 
2. UL 4.70±0.01 1.32±0.01 
3. UL with 0.5% d-limonene 4.68±0.06 0.8873±0.0626 
4. UL with 1% d-limonene 4.71±0.25 0.7043±0.0009 
5. UL with 2% d-limonene 4.73±0.09 0.6873±0.1580 
6. UL with 0.5% cineole 4.77±0.23 0.8146±0.0567 
7. UL with 1% cineole 4.68±0.04 0.7190±0.0717 
8. UL with 2% cineole 4.97±0.26 0.5554±0.1161 
9. UL with 0.5% carvone 4.85±0.16 0.8208±0.0804 
10. UL with 1% carvone 4.72±0.08 0.6255±0.0512 
11. UL with 2% carvone 4.79±0.02 0.4723±0.0192 
12. UL with 0.5% pulegone 4.64±0.20 0.7890±0.0729 
13. UL with 1% pulegone 4.48±0.18 0.6136±0.1750 
14. UL with 2% pulegone 5.06±0.14 0.3747±0.0098 

Each value represents the mean±SD (n=3).   
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                     4.2.4.1 Effect of Tween 20 on liposomal vesicle fluidity 

       A decrease of 2T  and c indicates an increase of fluidity.  

The 2T  value of UL decreased significantly when compared with CL, 

while c did not significantly decrease compared with CL (Figure 18).  

From our results, it can be concluded that comparing to CL, the addition 

of Tween 20 did not increase the fluidity of the bilayers near the 

hydrophobic phospholipid acyl chains in UL bilayers, however it 

increased the fluidity of the vesicle bilayers near the polar head groups 

of the phospholipids.  This result indicated that Tween 20 inserted its 

molecules near the polar head group of phospholipid bilayer.  
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Figure 18 Effect of adding Tween 20 on ESR parameters of CL and UL; maximum 

hyperfine splitting (2T ) (gray bar) and rotational correlation time ( c) (fill square) 

Each value represents the mean±SD (n=3).  *p < 0.05 (Student’s t-test).  
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 4.2.4.2  Effect of different terpenes on liposomal fluidity 

      The c value of each UL with 1% of different terpenes 

significantly decreased when compared with UL, while the 2T  value 

did not decrease significantly compared with UL (Figure 19).  Terpenes, 

therefore, increased the fluidity of the bilayers near the hydrophobic 

phospholipid acyl chains in UL bilayers.  This result also indicated that 

terpenes molecules were localized in the hydrophobic zone of the 

bilayers. 
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Figure 19 Effect of different terpenes on ESR parameters of UL and UL with 1% d-

limonene, 1% cineole, 1% carvone and 1% pulegone; maximum hyperfine splitting 

(2T ) (gray bar) and rotational correlation time ( c) (fill square) 

Each value represents the mean±SD (n=3).  *p < 0.05 (Student’s t-test) compared to 

UL.  
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                     4.2.4.3  Effect of amount of terpenes on liposomal fluidity 

      Since the 2T  value of UL with different terpenes was not 

significantly different, the c value was used to evaluate the effect of 

amount of terpenes on liposomal fluidity as shown in Figure 20.  In case 

of UL with d-limonene and cineole, the c value did not significantly 

decrease with increasing in amount of terpenes in UL.  In case of 

carvone, the c value of UL with 1% carvone and UL with 2% carvone 

was significantly lower when compared with UL with 0.5% carvone.  

The c value of UL with 2% carvone, however, did not significantly 

decrease compared to UL with 1% carvone.  In case of pulegone, only 

the c value of UL with 2% pulegone significantly decreased when 

compared to UL with 0.5% pulegone.  Dragicevic-Curic et al. [107] 

reported that invasomes containing 1% of a single terpene/terpene 

mixture could significantly decrease c value compared to invasomes 

containing 0.5% of standard terpene mixture.  Our results indicated that 

the increased amount of terpenes in UL could increase liposomal fluidity 

of the bilayers near the hydrophobic phospholipid acyl chains in UL 

bilayers.  This effect, however, depended on type of terpenes and amount 

of terpenes added in liposomes.  
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4.3 In vitro skin penetration study 

     4.3.1  Effect of different formulations on skin penetration enhancement    

      The effect of the different formulations on the permeation profile and 

the penetration parameters (i.e. flux and lag time) of NaFl are shown in Figure 22 

a) and b) respectively.  The flux of NaFl from UL with 1% d-limonene was 

significantly higher than that from Sol, CL and UL.  UL with 1% d-limonene 

enhanced the skin penetration of NaFl with the enhancement ratio (ER1
flux and 

ER2
flux) around 8-fold and 36-fold respectively (Table 8).  There was no significant 

difference among the flux of Sol, CL and UL. The lag time of UL with 1% d-

limonene significantly decreased compared with UL but was not significantly 

different compared with Sol and CL.  The lag time of CL significantly increased 

compared with Sol but was not significantly different compared with UL.  These 

results indicated the disadvantages of some vesicle carrier systems (i.e. CL and 

UL), as they did not increase the flux of NaFl, however they increased the lag time 

compared with Sol.  Our results indicated that the addition of 1% d-limonene in UL 

not only significantly enhanced NaFl permeation through the skin but also 

decreased the lag time, while CL and UL did not.  

      The incorporation of terpenes into the UL formulation resulted in a 

much higher ER2
flux than that from UL.  These results may be explained by a 

synergistic effect on penetration enhancement from the incorporated terpenes and 

Tween 20.  UL with different terpenes demonstrated greater ability to squeeze 

themselves through intercellular pathways than plain UL, due to the synergist 

effect of two membrane softeners, Tween 20 and terpenes as assessed in section 

4.2.4.1 and 4.2.4.2 respectively.  Tween 20 and terpenes also have fluidizing 

effects on the SC by loosening the horny layer and widening intercellular spaces 

[116].  Moreover, terpenes can interact with stratum corneum lipids and/or keratin 

inside corneocytes and increase the penetration of drugs into stratum corneum 

lipids [116, 117]. 
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Figure 22 a) In vitro cumulative amount-time profiles of NaFl in different 

formulations permeated through the porcine skin. Symbols: Sol ( ), CL ( ), UL ( ) 

and UL with d-limonene ( ), all data represents the mean±SD (n=3); b) flux (blue 

bar) and lag time (fill square) of Sol, CL, UL and UL with d-limonene, all data 

represents the mean±SD (n=3). 

*p < 0.05 (ANOVA). 
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Table 8 Results of the in vitro skin penetration study

Formulations Flux 
(μg/cm2/h) 

Lag time 
(h) ER1

flux ER2
flux 

Sol 0.0057±0.0015 0.29±0.08 - - 
CL 0.0137±0.0080 0.85±0.32 - - 
UL 0.0610±0.0164 1.15±0.40 - 4.45 
UL with 0.5% d-limonene 0.0543±0.0215 4.28±1.32 0.89 3.96 
UL with 1% d-limonene 0.4877±0.0962 0.48±0.21 7.99 35.60 
UL with 2% d-limonene 0.1526±0.0171 1.63±0.90 2.5 11.13 
UL with 0.5% cineole 0.0366±0.0100 1.02±0.53 0.6 2.67 
UL with 1% cineole 0.4653±0.1472 0.65±0.48 7.63 33.96 
UL with 2% cineole 0.2223±0.0547 0.59±0.07 3.64 16.22 
UL with 0.5% carvone 0.0420±0.0138 0.65±0.08 0.68 3.06 
UL with 1% carvone 0.0546±0.0232 0.98±0.45 0.89 3.98 
UL with 2% carvone 0.0336±0.0162 0.83±0.18 0.55 2.45 
UL with 0.5% pulegone 0.0496±0.0258 0.28±0.02 0.81 3.62 
UL with 1% pulegone 0.0516±0.0151 0.29±0.09 0.84 3.76 
UL with 2% pulegone 0.059±0.024 0.77±0.23 0.96 4.3 

Each value represents the mean±SD (n=3). 
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     4.3.2  Effect of different terpenes on skin penetration enhancement 

               4.3.2.1  Effect of d-limonene on skin penetration enhancement 

                 The effect of d-limonene on the permeation profile and the 

penetration parameters (i.e. flux and lag time) of NaFl are shown in Figure 

23 a) and b) respectively.  The flux of NaFl from UL with 1% d-limonene 

was significantly higher than that from CL, UL, UL with 0.5% d-limonene 

and UL with 2% d-limonene.  The flux of NaFl from UL with 2% d-

limonene was significantly higher than that from CL, UL and UL with 0.5% 

d-limonene.  There was no significant difference among the flux of NaFl 

from CL, UL and UL with 0.5% d-limonene.  The lag time of UL with 0.5% 

d-limonene was significantly higher than that of CL, UL, UL with 1% d-

limonene and UL with 2% d-limonene.  The lag time of UL with 1% d-

limonene was not different from CL, UL and UL with 2% d-limonene.  

These results indicated that the addition of d-limonene at the amount of 1% 

and 2% did not affect the lag time.  For ER1
flux, UL with 1% d-limonene and 

UL with 2% d-limonene enhanced the skin penetration of NaFl about 8-fold 

and 2.5-fold, respectively while UL with 0.5% d-limonene did not.  These 

results indicated that d-limonene could improve the penetration of NaFl 

through the skin but only at the amount of 1% and 2%.  Regarding the flux, 

the addition of 1% d-limonene in UL was significantly effective more than 

the addition of 2% d-limonene in UL.  The addition of d-limonene at the 

amount of 1% or 2% also significantly decreased the lag time compared with 

that from 0.5%.  
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Figure 23 a) In vitro cumulative amount-time profiles of NaFl in different 

formulations permeated through the porcine skin. Symbols: CL ( ), UL ( ), UL 

with 0.5% d-limonene ( ), UL with 1% d-limonene ( ), UL with 2% d-limonene 

( ), all data represents the mean±SD (n=3); b) flux (blue bar) and lag time (fill 

square) of CL, UL, UL with 0.5% d-limonene, UL with 1% d-limonene and UL with 

2% d-limonene, all data represents the mean±SD (n=3).  *p < 0.05 (ANOVA). 
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               4.3.2.2  Effect of cineole on skin penetration enhancement 

      The effect of cineole on the permeation profile and the 

penetration parameters (i.e. flux and lag time) of NaFl are shown in Figure 

24 a) and b), respectively.  The flux of NaFl from UL with 1% cineole was 

significantly higher than CL, UL, UL with 0.5% cineole and UL with 2% 

cineole.  There was no significant difference among the flux of CL, UL and 

UL with 0.5% cineole. The lag time of each formulation was not 

significantly different.  For ER1
flux, UL with 1% cineole provided the highest 

enhancement ratio (7.6-fold improvement), followed by UL with 2% cineole 

(3.6-fold).  These results indicated that cineole could enhance NaFl 

permeation through the skin only at the amount of 1% and 2%.  The addition 

of 1% cineole in UL could enhance the penetration of NaFl more than that of 

2% cineole in UL.  The addition of cineole did not affect the lag time of all 

liposomal formulations.  These results indicated that the increase of the flux 

did not correlate with the decrease of the lag time. 
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Figure 24 a) In vitro cumulative amount-time profiles of NaFl in different 

formulations permeated through the porcine skin. Symbols: CL ( ), UL ( ), UL 

with 0.5% cineole ( ), UL with 1% cineole ( ) and UL with 2% cineole ( ), all 

data represents the mean±SD (n=3); b) flux (blue bar) and lag time (fill square) of CL, 

UL, UL with 0.5% cineole, UL with 1% cineole and UL with 2% cineole, all data 

represents the mean±SD (n=3). *p < 0.05 (ANOVA). 

 

               4.3.2.3  Effect of carvone on skin penetration enhancement 

                  The effect of carvone on the permeation profile and the 

penetration parameters (i.e. flux and lag time) of NaFl are shown in Figure 

25 a) and b) respectively.  There was no significant difference among the 
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flux of UL with different amount of carvone.  The flux of NaFl from UL 

with 0.5%, 1% and 2% carvone was not significantly different from UL.  

The lag time of each formulation was also not significantly different.  These 

results indicated that UL with carvone did not enhance the skin penetration 

of NaFl.  
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Figure 25 a) In vitro cumulative amount-time profiles of NaFl in different 

formulations permeated through the porcine skin. Symbols: CL ( ), UL ( ), UL 

with 0.5% carvone ( ), UL with 1% carvone ( ) and UL with 2% carvone ( ), all 

data represents the mean±SD (n=3); b) flux (blue bar) and lag time (fill square) of CL, 

UL, UL with 0.5% carvone, UL with 1% carvone and UL with 2% carvone, all data 

represents the mean±SD (n=3). 
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               4.3.2.4  Effect of pulegone on skin penetration enhancement 

                  The effect of pulegone on the permeation profile and on the 

penetration parameters (i.e. flux and lag time) of NaFl are shown in Figure 

26 a) and b) respectively.  There was no significant difference among the 

flux of UL with different amount of pulegone.  The flux of NaFl from UL 

with 0.5%, 1% and 2% pulegone was not significantly different from UL.  

The lag time of UL with 0.5% pulegone and UL with 1% pulegone was 

significantly lower than CL, UL and UL with 2% pulegone.  The lag time of 

UL with 0.5% pulegone was not significantly different from UL with 1% 

pulegone.  The lag time of UL with 2% pulegone was also not significantly 

different from CL and UL.  These results indicated that the addition of 

carvone in UL could not enhance the skin penetration of NaFl.  Dragicevic-

Curic et al. [21] studied the effect of invasomes containing 1% of single 

terpenes (cineole, citral and d-limonene) on skin penetration enhancement of 

temoporfin by measuring the amount of drug in stratum corneum and deeper 

skin.  They concluded that invasomes with 1% citral significantly increased 

the skin penetration of temoporfin compared to control followed by 

invasomes with 1% cineole while invasomes with 1% d-limonene did not 

increase the skin penetration of temoporfin.  However, their results showed 

that the amount of temoporfin in deeper skin as delivered by invasomes with 

1% cineole and invasomes with 1% d-limonene did not significantly differ.  

The amount of temoporfin in deeper skin as delivered by invasomes with 1% 

cineole and invasomes with 1% d-limonene also significantly higher than 

invasomes with 1% citral.  They also suggested that the lowest accumulation 

of temoporfin in stratum corneum might result from the instability of 

invasomes containing 1% d-limonene.    

                  In summary, their results correlated with our results that d-

limonene and cineole could increase the penetration of drug into deeper skin 

such as viable epidermis and dermis.  Due to the ineffective in skin 

penetration enhancement of NaFl of carvone and pulegone, these results also 

implied that monoterpenes containing ketone groups might not be the 

appropriate skin penetration enhancer for UL.  The use of hydrocarbon 
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terpenes (i.e. d-limonene) and ether terpenes (i.e. cineole) might be an 

appropriate and effective choice for further development of UL containing 

monoterpenes as transdermal drug delivery system.  
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Figure 26 a) In vitro cumulative amount-time profiles of NaFl in different 

formulations permeated through the porcine skin. Symbols: CL ( ), UL ( ), UL 

with 0.5% pulegone ( ), UL with 1% pulegone ( ) and UL with 2% pulegone ( ), 

all data represents the mean±SD (n=3); b) flux (blue bar) and lag time (fill square) of 

CL, UL, UL with 0.5% pulegone, UL with 1% pulegone and UL with 2% pulegone, 

all data represents the mean±SD (n=3). 
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     4.3.3  Effect of amount of terpenes on skin penetration enhancement of NaFl 

      Figure 27 shows the effect of amount of terpenes on the skin 

penetration parameters (flux and lag time).  In case of UL with 0.5% terpenes, the 

flux of NaFl of each formulation was not significantly different, while the lag time 

of UL with 0.5% d-limonene was significantly higher than the others.  For UL with 

1% different terpenes, the flux of NaFl from UL with 1% d-limonene and UL with 

1% cineole was significantly higher than the others, but it was not significantly 

different.  There was no significant difference among the lag time of UL with 1% 

different terpenes.  In case of UL with 2% different terpenes, the flux of NaFl from 

UL with 2% cineole was significantly higher than the others.  The flux of NaFl 

from UL with 2% d-limonene was significantly higher than that from UL with 2% 

carvone and UL with 2% pulegone.  There was no significant difference between 

the flux of NaFl from UL with 2% carvone and UL with 2% pulegone.  The lag 

time of UL with 2% cineole was also significantly lower than UL with 2% d-

limonene, but it was not significantly different among UL with 2% carvone and UL 

with 2% pulegone.  These results showed that UL with 1% different terpenes (i.e. 

d-limonene and cineole) provided the highest flux of NaFl, followed by UL with 

2% different terpenes (i.e. d-limonene and cineole) and UL with 0.5% different 

terpenes.  However, the flux of NaFl from UL with 0.5% different terpenes was not 

significantly different from UL (data not shown),  indicating that the addition of 

terpenes at the amount of 0.5% had no more effective than control (UL) in skin 

penetration enhancement of NaFl.  

 To achieve the highest skin penetration enhancement of NaFl, the most 

optimal amount of terpenes used for incorporating in UL were 1% and 2% 

respectively. However, only d-limonene and cineole were effective for skin 

penetration enhancement of NaFl.   

                  Dragicevic-Curic et al. [20, 21] studied the skin penetration 

enhancement of temoporfin using invasomes, consisting of PC, ethanol and 0-1% 

of terpenes mixtures (cineole:citral:d-limonene = 45:45:10% v/v).  They found that 

invasomes containing 1% terpenes significantly increased skin penetration of 

temoporfin more than liposomes with ethanol and invasomes with 0.5% terpenes.  

Our results correlated with those reported by Dragicevic-Curic et al. that liposomes 
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containing 1% terpenes significantly increased the skin penetration of drug more 

than liposomes containing 0.5% terpenes. 
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Figure 27 Effect of amount of terpenes on the skin penetration parameters (flux and 

lag time) 

All data represents the mean±SD (n=3).  *p < 0.05 (ANOVA). 
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  4.4  Effect of the increase of liposomal fluidity on skin penetration enhancing 

ability

                Since the unique characteristic of UL is the liposomal fluidity as 

previously mentioned in section 4.2.4, the liposomal fluidity was utilized to evaluate 

its effect on skin penetration enhancing ability.   The ESR parameters (i.e. 2T  and c) 

which represent the liposomal fluidity were used to evaluate the effect of liposomal 

fluidity on skin penetration enhancement of NaFl.  Regarding the ESR results in 

section 4.2.4, the 2T  value of UL with different terpenes was not significantly 

different.  The c value, therefore, was selected to plot versus the flux of NaFl from 

CL, UL and UL with different terpenes. 

                 4.4.1  The flux and the c value of UL with d-limonene  

                  Although the flux of NaFl among UL with 0.5% d-limonene, UL with 

1% d-limonene and UL with 2% d-limonene was significantly different, there 

was no significant difference among the c value of UL with 0.5% d-limonene, 

UL with 1% d-limonene and UL with 2% d-limonene (Figure 28).  These results 

indicated that the increase of liposomal fluidity of UL with d-limonene did not 

affect the skin penetration enhancing ability of NaFl. 

Figure 28 The flux (gray bar) and the c value (fill square) of UL with d-limonene 
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                 4.4.2  The flux and the c value of UL with cineole  

      There was no significant difference between the c value of UL with 0.5% 

cineole and UL with 1% cineole (Figure 29).  These results indicated that the 

increase of liposomal fluidity of UL with cineole did not affect the skin 

penetration enhancing ability of NaFl. 

 

Figure 29 The flux (gray bar) and the c value (fill square) of UL with cineole 
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       4.4.3  The flux and the c value of UL with carvone 

      The c value of UL with 0.5% carvone was significantly higher than 

UL with 1% carvone and UL with 2% carvone.  The c value of UL with 1% 

carvone was significantly higher than UL with 2% carvone.  Although the c 

values of UL with carvone were significantly different, there was no significant 

difference among the flux of UL, UL with 0.5% carvone, UL with 1% carvone 

and UL with 2% carvone (Figure 30).  These results indicated that the increase of 

fluidity of UL with carvone did not affect the skin penetration enhancing ability 

of NaFl.  
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Figure 30 The flux (gray bar) and the c value (fill square) of UL with carvone 
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       4.4.4  The flux and the c value of UL with pulegone 

     There was no significant difference among the flux of UL with 0.5% 

pulegone, UL with 1% pulegone and UL with 2% pulegone.  The c values 

between UL with 0.5% pulegone and UL with 1% pulegone were not 

significantly different (Figure 31).  These results indicated that the increase of 

fluidity of UL with pulegone did not affect the skin penetration enhancing ability 

of NaFl.  
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Figure 31 The flux (gray bar) and the c value (fill square) of UL with pulegone 
 

0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

CL UL UL with 0.5% 
pulegone

UL with 1% 
pulegone

UL with 2% 
pulegone

Flux (μg/cm2/h) c (ns)

 

                  Our results correleated well with Dragicavic-Curic et al. [107].  They 

compared the invasomes (liposomes with single terpenes or terpene mixture) 

fluidity, assessing by ESR and their penetration enhancing ability [21].  They 

concluded that there was no direct correlation between the bilayer fluidity of 

different invasomes and their penetration enhancement ability.  However, they 

found that invasomes with 1% citral, which had highest enhancement ratio, had 

the c value lower than the others which had low enhancement ratio.  

       In our study, the increase of the liposomal fluidity did not affect the 

skin penetration enhancing ability; however, in the high enhancement ratio 

formulations such as UL with 1% d-limonene and UL with 1% cineole, the c 

value was lower than the control formulation (CL and UL).  These results also 

implied that the liposomal formulations having high skin penetration 

enhancement tended to have higher fluidity in their bilayers than the lower one.    
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4.5  Skin penetration pathway investigation  

      CLSM was employed to visualize the skin surface distribution and 

penetration from the cross section of tissue using a multifluorescent compound 

technique for qualitative penetration pathway investigation.  A schematic diagram of 

NaFl-loaded Rh-PE–labeled liposomes is illustrated in Figure 32 a), and an intact pig 

skin cross section stained with DAPI is shown in Figure 32 b).  NaFl with green 

fluorescence was trapped inside the hydrophilic compartment of liposomes, whereas 

liposomes were composed of PC and Rh-PE exhibited red fluorescence.  These 

experiments were performed for UL with terpenes including CL and UL as control, in 

order to differentiate the penetration pathways among the difference of liposomal 

formulations.  

Figure 32 a) Schematic representation of NaFl-loaded Rh-PE–labeled liposomes  and 

b) CLSM image of an intact porcine skin cross section stained with DAPI 

(SC=stratum corneum, VE=viable epidermis).  The scale bar represents 50 μm.  
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        4.5.1  Skin penetration pathway investigation of UL with terpenes 

                  Since UL with 1% d-limonene had the highest flux among the UL 

with different terpenes, it was, therefore, selected to assess the UL with terpenes 

penetration pathways.  

      Top view or x-y plane images of pig skin treated with NaFl-loaded 

Rh-PE–labeled UL with terpenes at various time periods are shown in Figure 33.  

Autofluorescence of the skin (blue) is shown in Figure 33a)-1 to Figure 33d)-1.  

At 15 min, NaFl was deposited with a high intensity at the hair shaft and a low 

intensity at the skin surface (Figure 33a)-2), while UL vesicles deposited in both 

the skin surface and the hair shaft (Figure 33a)-3). In the merged image (Fig. 

33a)-4), NaFl deposition was observed only at the hair shaft, whereas most of the 

UL vesicles deposition was spread over the skin surface.  At 30 min, the 

accumulation of UL vesicles was clearly visualized at both the hair follicles and 

at the hair shaft (Figure 33b)-3), whereas NaFl deposited with high intensity at 

the skin surface near the hair follicle regions (Figure 33b)-2).  At 1 h, NaFl 

deposited throughout the skin surface region including around the hair shaft, 

whereas the red fluorescence intensity of UL with terpenes vesicles exhibited low 

intensity.  Since the UL with terpenes vesicles were more lipophilic than NaFl, 

these vesicles could permeate through the skin with a higher skin penetration rate 

than NaFl.  At 4 h, since NaFl could permeate into the skin, the green 

fluorescence intensity of NaFl (Figure 33d)-2) was low, whereas the red 

fluorescence of the UL with terpenes vesicles (Figure 33d)-3) was distributed 

throughout the skin surface.  UL with terpenes vesicles and NaFl deposited 

allover the skin surface had a high intensity in the follicular region (Figure 33b)-

2 and Figure 33b)-3) at a time of 30 min and had a low intensity in the follicular 

region at a time of 4 h.  These results indicated that hair follicles are a major 

pathway for skin permeation of UL with terpenes vesicles.  
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Figure 33 CLSM (x-y plane) images show follicular localization of porcine skin 

treated with NaFl-loaded Rh-PE–labeled UL with terpenes at a time of a) 15 min b) 

30 min c) 1 h and d) 4 h.  Each image is divided into four parts, are 1: blue 

autofluorescence of skin, 2: green fluorescence of NaFl, 3: red fluorescence of Rh-

PE–labeled ULs and 4: overlay of 1, 2 and 3.  The scale bar represents 100 μm. 
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     Figure 34 shows the skin cross-sectional images of NaFl-loaded Rh-

PE–labeled UL with terpenes.  Rh-PE–labeled UL with terpenes exhibited red 

fluorescence, NaFl exhibited green fluorescence and viable skin layers exhibited 

blue fluorescence from DAPI staining.  At 15 min (Figure 34a)-1 and Figure 

34a)-2), only UL with terpenes vesicles were deposited at the skin surface and 

hair root, while NaFl could not be observed.  At 30 min and 1 h (Figure 34b)-1, 

Figure 34b)-2 and Figure 34c)-1, Figure 34c)-2), NaFl slowly permeated into 

viable epidermis and dermis layers with a high fluorescence intensity at the hair 

root, whereas ULs obviously deposited in the stratum corneum, and hair follicles.  

With an increase in the application time (at 2, 4 and 8 h), the fluorescence 

intensity of both NaFl and UL with terpenes vesicles tended to increase in the 

follicular regions as shown in Figure 34d)-1, Figure 34d)-2, Figure 34e)-1, Figure 

34e)-2 and Figure 34f)-1, Figure 34f)-2, respectively.  The fluorescence intensity 

of both UL with terpenes and NaFl was deposited at the hair root in the lower 

dermis before being distributed into the upper dermis and the viable epidermis.  

These results indicated that UL with terpenes and NaFl penetrated into hair 

follicles as the major penetration pathway, and most of them were presented from 

the stratum corneum to the lower dermis.  The fluorescence intensity of UL with 

terpenes vesicles still remained higher in the stratum corneum than in living 

tissues (Figure 34f)-2).  These results might be caused by UL with terpenes 

vesicles having similar lipophilic properties as the stratum corneum components; 

therefore, ULs tended to accumulate in the stratum corneum. 

                         Most NaFl-entrapped UL with terpenes vesicles permeate deeply into 

the hair follicles at the lower dermis, whereas some part of them was localized at 

upper hair follicles and at the hair root.  After the vesicle attachment, the 

entrapped drug was released and further diffused.  The vesicles which could not 

penetrate into the hair follicles might permeate through the skin via intercellular 

and transcellular pathways.  In addition, the difference in the red and green 

fluorescence deposition profile at the hair root (Figure 34d)-1 and 34d)-2) might 

result from the difference in the component of hair, keratin protein.  Since NaFl 

was more hydrophilic than UL, NaFl, therefore, penetrate deeply into the cortex 

 



92 
 

and medulla, whereas the UL with terpenes vesicles could penetrate only at the 

cuticle which is the outermost layer of the hair structure.  

Figure 34 CLSM images show cross-sectional images of porcine skin treated with 

NaFl-loaded Rh-PE–labeled UL with terpenes and stained with DAPI at a time of a) 

15 min b) 30 min c) 1 h d) 2 h e) 4 h f) 8 h. Each image is divided into two parts, with 

1: red fluorescence of Rh-PE and 2: overlay of blue fluorescence of DAPI, green 

fluorescence of NaFl and red fluorescence of Rh-PE.  The scale bar represents 100 

μm. 

 

      Figure 35 shows a serie of follicular and nonfollicular regions from 

the same piece of cross-sectional skin tissue.  Both NaFl (Figure 35a)-2) and UL 

with terpenes (Figure 35a)-3) had a higher fluorescence intensity at follicular 

region than NaFl (Figure 35b)-2) and UL with terpenes (Figure 35b)-3) in the 

nonfollicular region.  Figure 36a)-1 and 36a)-2 show top view images of serie 

follicular and nonfollicular regions from the same skin tissue at 4 h, respectively.  

The marked area of these images (Figure 36a)-1 and 36a)-2) was scanned by 
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CLSM to obtain the highest penetration depths and fluorescence intensity of 

NaFl and UL with terpenes.  Figure 36a)-2 and 36b)-2 show the x-z plane serial 

optical images from different skin depths at follicular and nonfollicular regions, 

respectively.  Both NaFl and UL with terpenes could penetrate to 90 μm at 

follicular region, whereas NaFl and UL with terpenes could penetrate to 75 μm at 

nonfollicular region.  

 

Figure 35 CLSM images show serial follicular (a) and nonfollicular region (b) of 

cross-sectional image of porcine skin treated with NaFl-loaded Rh-PE–labeled UL 

with terpenes and stained with DAPI at a time of 4 h.  Each image is divided into four 

parts, are 1: blue fluorescence of DAPI, 2: green fluorescence of NaFl, 3: red 

fluorescence of Rh-PE and 4: overlay of 1, 2 and 3.  The scale bar represents 50 μm. 
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Figure 36 CLSM images show x-y plane serial follicular (a)-1) and nonfollicular 

localization (b)-1) of porcine skin treated with NaFl-loaded Rh-PE–labeled UL with 

terpenes at a time of 4 h, scale bar represents 100 μm.  The a)-2 and b)-2 are serial x-z 

plane magnification of marked area from follicular and nonfollicular region at 

different skin depths using 20x objective lens, scale bar represents 50 μm.  The a)-3 

and b)-3 are intensity over projection of z-axis images of a)-2 and b)-2 respectively, 

scale bar represents 50 μm.  Blue, green and red fluorescence are autofluorescence, 

NaFl and Rh-PE respectively. 
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      The fluorescence intensity of NaFl (green fluorescence) and UL with 

terpenes (red fluorescence) at different skin penetration depths of follicular and 

nonfollicular regions are shown in Figure 37.  The fluorescence intensity of both 

NaFl and UL with terpenes at follicular region was higher than nonfollicular 

region, indicating that UL with terpenes penetrated via the follicular region more 

than nonfollicular region.       

      Figure 35, 36 and 37 obviously present that UL with terpenes utilized 

hair follicles in the follicular region as a major pathway to release NaFl more 

than the intercellular and transcellular pathways in the nonfollicular region. 
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Figure 37 Comparison of fluorescence intensity profiles of NaFl and Rh-PE at 

different skin depths of Figure 36 a)-2 (  = NaFl,  = Rh-PE) and Figure 36 b)-2 (  

= NaFl, = Rh-PE).  A.U. is arbitrary unit. 

      In order to evaluate the vesicle-skin interaction in terms of the release 

and attachment process, the hypothesis was assumed that if UL with terpenes 

release the entrapped drug before attaching to any part of the skin, the 

fluorescence of the vesicles and NaFl has to deposit in the other region.  If UL 

with terpenes attach to any portion of the skin before releasing the entrapped 

drug, however, the fluorescence of UL with terpenes and NaFl will deposit at the 

same region.  According to the above hypothesis, the fluorescence color 

deposition of UL with terpenes and NaFl are at the same region as shown in top-
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view images from the early time period (Figure 33a)-2, Figure 33a)-3 and Figure 

33b)-2, Figure 33b)-3) and cross-sectional images of Figure 38.  Hence, it could 

be suggested vesicle-skin interactions from the results that the vesicles might 

attach to some region of the skin (i.e. skin surface and hair follicles) before 

releasing the entrapped drug to penetrate through the skin.  

 

Figure 38 CLSM image shows a cross-sectional image of porcine skin treated with 

NaFl-loaded Rh-PE–labeled UL with terpenes and stained with DAPI at a time of 4 h.  

The image is divided in five parts, are a) blue fluorescence of DAPI, b) green 

fluorescence of NaFl, c) bright-field image, d) red fluorescence of Rh-PE and e) 

overlay of a), b), c) and d).  The scale bar represents 100 μm. 
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     The popular technique for penetration pathway investigations are 

human stratum corneum/epidermis sandwich technique introduced by El 

Maghraby et al [118-119], including studies of the influence of the drug partition 

coefficient on follicular penetration [120].  The principle of the sandwich 

technique uses the permeated drug amount to determine the skin penetration 

pathway by comparing the permeated drug amount from normal skin with the 

stratum corneum/epidermis as a follicle-free membrane.  Since the sandwich 

technique cannot provide the vesicle penetration directly, the permeated drug 

amount is used for penetration pathway evaluation.  If the entrapped drug is 

released before the vesicles interact with skin, the obtained result will be the 

penetration pathway of free drug.  Thus, the obtained result will be correct if the 

entrapped drug is released after the vesicles interact with any part of the skin.  El 

Maghraby et al [118] summarized that the shunt route was not the major pathway 

for the delivery of estradiol by UL.  Actually, nonentrapped drug must be 

separated prior to investigation to prevent the effect of nonentrapped drug and 

free drug mechanisms from affecting the interpretation of the result.  

Nonentrapped drug separation and the free drug mechanism, however, were not 

done for these results.  Our results obviously show that the shunt route or 

transappendageal pathway was the major penetration pathway for the delivery of 

entrapped NaFl in UL with terpenes.  Cevc and Blume [22] suggested that UL 

had high deformability; this property facilitated their rapid penetration by 

squeezing themselves through intercellular pathways of the stratum corneum.  In 

the past, it has been generally assumed that the intercellular pathway was the 

only pertinent penetration pathway for UL.  Our results from the CLSM study, 

however, revealed that the transfollicular pathway (pore pathway) was a more 

pertinent penetration pathway than the intercellular and transcellular pathway 

(lipid pathway). 
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        4.5.2  Skin penetration pathway investigation of control groups 

                  4.5.2.1  UL penetration pathway 

      The top view images of sequence follicular and nonfollicular 

regions from the same skin tissue at 4 h are shown in figure 39a)-1 and 

39b)-1 respectively.  The marked area of these images (Figure 39a)-1 and 

39b)-1) was scanned to obtain the greatest penetration depths and 

fluorescence intensity of NaFl and UL. The x-z plane serial optical images 

from different skin depths at follicular and nonfollicular regions are shown 

in Figure 39a)-2 and 39b)-2. Both NaFl and UL penetrated through 

follicular region and nonfollicular region with the same distance around 75 

μm. 

      Figure 40 shows fluorescence intensity of NaFl (green 

fluorescence) and UL (red fluorescence) at different penetration depths 

from follicular and nonfollicular regions.  It was obviously seen that the 

fluorescence intensity of NaFl at nonfollicular region was higher than 

follicular region in the beginning distance (0-30 μm).  In the other distance 

(30-115 μm), the fluorescence intensity of NaFl was not different between 

follicular and nonfollicular region.  The fluorescence intensity of Rh-PE 

was not different between follicular and nonfollicular region.  Our results 

indicated that UL penetrated through the follicular region in similar 

amount as nonfollicular region.      

 

 

 

 

 

 

 

 

 



99 
 

 

Figure 39 CLSM images show x-y plane serial follicular (a)-1) and nonfollicular 

localization (b)-1) of porcine skin treated with NaFl-loaded Rh-PE–labeled UL at a 

time of 4 h, scale bar represents 100 μm.  The a)-2 and b)-2 are serial x-z plane 

magnification of marked area from follicular and nonfollicular region at different skin 

depths using 20x objective lens, scale bar represents 50 μm.  The a)-3 and b)-3 are 

intensity over projection of z-axis images of a)-2 and b)-2 respectively, scale bar 

represents 50 μm.  Blue, green and red fluorescence are autofluorescence, NaFl and 

Rh-PE respectively. 
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Figure 40 Comparison of fluorescence intensity profiles of NaFl and Rh-PE at 

different skin depths of Figure 39 a)-2 ( = NaFl,  = Rh-PE) and Figure 39 b)-2 (  

= NaFl, = Rh-PE).  A.U. is arbitrary unit. 

       

                  4.5.2.2  CL penetration pathway 

      The top view images of sequence follicular and nonfollicular 

regions from the same skin tissue at 4 h are shown in figure 41a)-1 and 

41b)-1 respectively. The marked area of these images (Figure 41a)-1 and 

41b)-1) was scanned to obtain the greatest penetration depths and 

fluorescence intensity of NaFl and CL. The x-z plane serial optical images 

from different skin depths at follicular and nonfollicular regions are shown 

in Figure 41a)-2 and 41b)-2. The results showed that the green and red 

fluorescence of CLSM images of CL were lower than that from UL and 

UL with terpenes.  Both NaFl and CL penetrate through follicular region 

and nonfollicular region with the same distance only around 55 μm.  

                   Figure 42 shows fluorescence intensity of NaFl (green 

fluorescence) and UL (red fluorescence) at different penetration depths 

from follicular and nonfollicular regions. The fluorescence intensity of 

NaFl at follicular region was not different from follicular region. The 

fluorescence intensity of Rh-PE also was not different between follicular 
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and nonfollicular region.  These results indicated that CL penetrated 

through the follicular region in similar amount as nonfollicular region.  

We, therefore, concluded that both pore pathway and lipid pathway were 

the penetration pathways of CL and UL. 
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Figure 41 CLSM images show x-y plane serial follicular (a)-1) and nonfollicular 

localization (b)-1) of porcine skin treated with NaFl-loaded Rh-PE–labeled CL at a 

time of 4 h, scale bar represents 100 μm.  The a)-2 and b)-2 are serial x-z plane 

magnification of marked area from follicular and nonfollicular region at different skin 

depths using 20x objective lens, scale bar represents 50 μm.  The a)-3 and b)-3 are 

intensity over projection of z-axis images of a)-2 and b)-2 respectively, scale bar 

represents 50 μm.  Blue, green and red fluorescence are autofluorescence, NaFl and 

Rh-PE respectively. 
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Figure 42 Comparison of fluorescence intensity profiles of NaFl and Rh-PE at 

different skin depths of Figure 41 a)-2 (  = NaFl, = Rh-PE) and Figure 41 b)-2 ( = 

NaFl, = Rh-PE).  A.U. is arbitrary unit. 

 

                  Regarding the in vitro skin penetration study in section 4.3.1, 

the flux of NaFl from UL with 1% d-limonene was significantly higher 

than from UL and CL.  This might be resulted from that the penetration of 

UL with 1% d-limonene via skin appendages (pore pathway) was greater 

than intercellular and transcellular region (lipid pathway).  The penetration 

via follicular channels as major skin penetration pathway of UL with 1% 

d-limonene would facilitate the penetration of the vesicles by bypassing 

the percutaneous barrier of stratum corneum.   

                  The difference of physicochemical characteristic among UL 

with 1% d-limonene, UL and CL was the size.  The size ranged as was CL 

(98 nm) >UL (52 nm)> UL with 1% d-limonene (37 nm).  We, therefore, 

suggested that particle size as well as functional group of incorporated 

terpenes also affected the affinity for transfollicular pathway penetration.  

      Carrer et al. [122] studied the architecture and physical 

properties of pig skin epidermis, including its permeability to different 

liposomal formulations.  Their study showed that pig skin cells are 
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organized in polygonal clusters or columns which comprise the whole of 

the epidermis and are separated by non-fluorescent regions, called 

intercluster regions or “canyons”.  In stratum corneum, the distance across 

these clusters was varied from 100 to 250 μm.  At skin surface, the 

intercluster regions begin as small wrinkles extending all the way to and 

eventually closing inside the epidermis.  The study also revealed that only 

lipophilic molecules for instance flexible liposomes or UL are highly 

accumulated in the canyons or intercluster pathways, which can be a 

promising alternative pathway for skin penetration of liposomes besides 

the intercellular, transcellular, and transfollicular pathways [86].  

      According to our results, the green fluorescence intensity of UL 

with d-limonene (Figure 36 and 37) was higher than the others (Figure 39, 

40, 41 and 42).  Therefore, we suggested that besides transappendageal 

pathway penetration, the differences in the green fluorescence deposition 

of NaFl in the CLSM images might result from the incorporation of 

lipophilic molecules such as terpenes, which could penetrate into the 

intercluster pathway, allowing greater percutaneous absorption for the 

more lipophilic formulations than for the less lipophilic ones. 

      According to the histology study of intact porcine skin [121], 

the thickness of stratum corneum, viable epidermis and dermis was 

25.74±2.95 μm, 41.49±6.18 μm and 245.74±45.13 μm, respectively 

(Figure 43).  
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Figure 43 Cross section image of intact porcine skin stained with Hematoxylin and 

Eosin (SC=stratum corneum, VE=viable epidermis, PD=papillary dermis, 

RD=reticular dermis).  Scale bar represents 50 μm.  (200x magnifications) 

Source: Subongkot, T. et al. (2012). “Ultradeformable liposomes with terpenes for 

delivery of hydrophilic compound.” J. Liposome. Res. 22: 254-262. 

 

                 Regarding the skin penetration depth from CLSM study, UL 

with 1% d-limonene, UL and CL were shown to penetrate further into the 

skin at 90 μm, 75 μm and 55 μm, respectively.  This indicated that UL 

with 1% d-limonene and UL could penetrate deeply into the dermis layer 

while CL penetrated deeply only to viable epidermis.  Since the vascular 

utilized for transdermal drug absorption process appeared only in dermis, 

these results implied that CL was not effective for transdermal drug 

delivery into blood circulation.  
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4.6  Mechanisms of UL with terpenes on skin penetration enhancement 

                  UL with 1% d-limonene (ULs) provided the highest enhancement ratio; it 

was, therefore, selected as a candidate for skin penetration enhancement mechanism 

evaluation.     

       4.6.1  Visualization of ultrastructure of skin by TEM 

      The prepared skin samples obtained from section 3.3.5.1.1 were 

observed by TEM to investigate the penetration enhancement mechanism of ULs.  

The ultrathick sections of intact skin and pig skin treated with ULs visualised by 

light microscope are shown in Figure 44.  Figure 44a was intact skin while 

Figure 44b and Figure 44c were skin treated with ULs at 4 h from different 

region, follicular and non-follicular region, respectively.  The stratum corneum 

layer of intact skin (Figure 44a) was normal, whereas the treated skin (Figure 44b 

and 44c) were detached. 

Figure 44 Ultrathick sections observed by light microscope of; a) intact pig skin, b) 

and c) pig skin treated ULs at 4h from follicular and non-follicular region 

respectively. SC=stratum corneum, VE=viable epidermis, PD=papillary dermis and 

RD=reticular dermis.  Each scale bar represents 20 μm. 
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      The TEM images of intact skin are shown in Figure 45.  Figure 45a 

and 45b were an overview of the stratum corneum and stratum granulosum in 

epidermis.  Intercellular lipid lamella, presented as electron lucent band, was 

observed in the intercellular space in Figure 45c.  Corneocytes, flattened shape 

cells identified by the absence of nucleus including cellular organelles and the 

presence of the electron dense keratin filaments were observed.  In addition, 

corneodesmosomes, connecting the corneocytes between the stratum corneum 

layers together were visualised.  Corneodesmosomes, connecting between each 

cornified cells in the stratum corneum and between cornified cells in the stratum 

corneum and keratinocyte cells in the stratum granulosum layers are shown in 

Figure 45d.  
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Figure 45 TEM images of intact pig skin. a) Overview of stratum corneum and 

stratum granulosum.  Scale bar represents 2 μm. b) Overview of stratum corneum and 

stratum granulosum.  Scale bar represents 1 μm. c) Magnification of marked area in 

Figure 42a). Scale bar represents 0.2 μm. d) Magnification of marked area in Figure 

42b).  Scale bar represents 0.5 μm.  SC=stratum corneum, SG=stratum granulosum, 

C=corneocyte, ILL=intercellular lipid lamellae, CD=corneodesmosome. 

 

      The TEM images of pig skin treated with ULs from the ultrathick 

section of Figure 44b are shown in Figure 46.  Figure 46a and 46b show the 

upper and lower stratum corneum at the same magnification, respectively.  The 

upper stratum corneum (Figure 46a) had broader shape of corneocytes than the 

lower (Figure 46b).  Figure 46c obviously presents less electron dense keratin 

filaments than the intact skin (Figure 45c), while corneodesmosomes were not 

observed, indicating that keratin filaments inside corneocytes was denatured and 

corneodesmosome was degraded.  The broaden shape of corneocytes in the upper 
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part of stratum corneum caused by the denaturation of keratin protein inside 

corneocytes.  At the same magnification, the intercellular spaces of pig skin 

treated with ULs (Figure 46d) were wider than the intact skin (Figure 45c), 

resulted from corneodesmosomes which connected the corneocytes between each 

stratum corneum layer were degraded.  The corneodesmosome degradation 

resulted in stratum corneum layer detachment of treated skin as seen in ultrathick 

sections of Figure 44b and 44c.  Since hydration effect of PBS resulted in 

corneocyte swelling and intercellular lipid lamellae disruption [123, 124], the 

detachment of stratum corneum layers in Figure 44b and 44c might resulted from 

both liposome induced corneodesmosome degradation and hydration effect.  

Some corneodesmosomes presented in the upper part of Figure 46d, whereas the 

lower part showed the degrading (white arrow) and degraded (black arrow) 

corneodesmosomes.  This result indicated that corneodesmosome degradation 

depended on the permeation rate of ULs into the skin. 
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Figure 46 TEM images of pig skin treated with ULs obtained from ultrathick section 

of Figure 44b).  a) Corneocytes in stratum corneum. Scale bar represents 2 μm.  b) 

Stratum corneum and stratum granulosum.  Scale bar represents 2 μm.  c) 

Magnification of black line marked area in Figure 46a).  Scale bar represents 0.5 μm.  

d) Magnification of white line marked area in Figure 46a).  The black arrow indicates 

degraded corneodesmosome whereas the white arrow indicates degrading 

corneodesmosome in stratum corneum. Scale bar represents 0.2 μm.  e) Vesicle 

penetration into corneocyte. Scale bar represents 0.5 μm.  f) Magnification of Figure 

46e).  Scale bar represents 0.2 μm.  g) Vesicle fragmentation in stratum corneum.  

Scale bar represents 0.2 μm.  h) Magnification of Figure 46g).  Scale bar represents 

0.1 μm.  SC=stratum corneum.  SG=stratum granulosum. C=corneocyte. 

CD=corneodesmosome.  ILS=intercellular space. 

 

      A particle and denatured keratin protein inside the corneocyte is 

shown in Figure 46e.  When observed with higher magnification (Figure 46f); it 

was obviously shown that the particle disintegrated into small pieces.  Plenty of 

disintegrated particles inside corneocytes and intercellular space of stratum 

corneum were shown in Figure 46g and 46h.  The keratin protein inside the 

corneocytes was denatured and corneodesmosomes could not be observed.  

According to Figure 46e-46f, it was suggested that after liposomal particles 

penetrated through the corneocyte, they slowly disintegrated into small 

fragments, subsequently denatured keratin protein and disrupted the 

corneodesmosomes; therefore, the skin penetration of entrapped drugs was 

increased.  Most of particle fragment was confined in the inner cell membrane of 

corneocytes and intercellular lipid of stratum corneum as shown in Figure 46g 

and 46h.  Because inside corneocytes are keratin protein whereas the corneocyte 

inner cell membrane is lipid, most of the lipid vesicles were confined at the inner 

cell envelope and extracellular lipid matrix. 
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Figure 47 TEM images of pig skin treated with ULs obtained from ultrathick section 

of Figure 44c).  a) Corneodesmosome degradation (black arrow) between stratum 

corneum and stratum granulosum.  Scale bar represents 0.5 μm.  b) 

Corneodesmosome degradation (black arrow) and disintegrated particle (white arrow) 

between stratum corneum and stratum granulosum.  Scale bar represents 0.2 μm.  c) 

Desmosome in viable epidermis. Scale bar represents 0.2 μm.   d) Hemidesmosome at 

stratum basale and papillary dermis. Scale bar represents 0.2 μm.  e) ULs penetration 

into the skin (black arrow).  Scale bar represents 5 μm.  f) Magnification of marked 

area in Figure 47e).  Scale bar represents 0.2 μm.  g) Disrupted cell membrane (black 

arrow) from penetration of intact vesicles into stratrum granulosum.  Scale bar 

represents 0.5 μm.  h) Magnification of Figure 47g). Scale bar represents 0.2 μm.  

SC=stratum corneum, SG=stratum granulosum, SB=stratum basale, PD=papillary 

dermis, D=desmosome, CD=corneodesmosome, HD=hemidesmosome, VE=viable 

epidermis.  

 

The TEM images of pig skin treated with ULs from the ultrathick section 

of Figure 44c are shown in Figure 47.  The degraded corneodesmosomes in the 

stratum corneum and stratum granulosum interface region (black arrow) are 

shown in Figure 47a and 47b.  The disintegrated particles were also observed 

near the desmosomes in Figure 47b.  Figure 47c and Figure 47d show the 

desmosomes in viable epidermis and hemidesmosomes connecting between 

stratum basale and papillary dermis, respectively.  Both viable epidermis 

desmosomes and hemidesmosomes were still normal.  According to Figure 47a-

47d, only corneodesmosomes were degraded, while the desmosomes in viable 

epidermis and hemidesmosomes were still normal.  Desmosomes are intercellular 

junctions providing strong adhesion and maintaining the tissue integrity in 

epidermis.  The cheif components of desmosomes are cadherins, armadillo 

proteins and plakins.  Corneodesmosome is regarded as cellular junction, 

deriving from desmosome and providing strong inter-corneocyte cohesion inside 

the stratum corneum.  The extracellular part proteins of corneodesmosome which 

mediate corneocyte cohesion are corneodesmosin, desmoglein 1 and desmocollin 

1 [125, 126].  The corneodesmosome degradation from the liposome interaction, 
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whereas another desmosomes and hemidesmosomes are normal might result 

from the difference of desmosomal protein structure in epidermis and dermis as 

described above. 

      The penetration of ULs from the stratum corneum to viable epidermis 

is shown in Figure 47e.  The penetration area clearly showed the detached 

stratum corneum which caused by corneodesmosome degradation.  Figure 47f 

obviously shows the intact vesicles at the upper part of penetration area.  Because 

of desquamation process, the upper several layers of the stratum corneum were 

loosened.  The intact vesicles were, therefore, observed in the intercellular space. 

  According to the observed intact vesicles in stratum granulosum 

(Figure 47g and 47h) indicated that ULs could penetrate as intact vesicles into 

the viable epidermis.  Figure 47g and 47h also show the disruption of the 

uppermost keratinocyte cell membrane in the stratum granulosum.  As a result of 

keratin denaturation inside corneocytes and corneodesmosome degradation by 

vesicle interaction, the intact vesicles was found in viable epidermis. 

      Figure 46-47 obviously show that ULs increased drug partition by 

acting as penetration enhancer and drug carrier system.  The ULs increased skin 

penetration by penetrating into corneocytes before disintegrating into small 

fragments and then interacting with intracellular protein and intercellular lipid 

barrier of the stratum corneum.  The ULs caused keratin filament denaturation 

inside corneocytes and corneodesmosome degradation, resulting in vesicle and 

drug penetration into viable epidermis and dermis.  Tween 20 and phospholipid, 

the surfactant in ULs may result in intracellular protein and protein structure 

denaturation [127].  The monoterpene incorporation (d-limonene) in ULs could 

also break interlamellae hydrogen bonding of intercellular lipid bilayer.  The 

breaked hydrogen bond resulted in widening of aqueous region near polar head 

groups of ceramide bilayer.  This interaction resulted in increasing diffusivity of 

polar molecules [80].  Our results also agreed with lipid protein partitioning 

theory which penetration enhancer can act by disrupting intercellular lipid 

organization, modifying intracellular protein and increasing drug partitioning to 

viable epidermis [129].  

 



115 
 

      Figure 46g and 46h show plenty of vesicle fragments found in stratum 

corneum which is the distinct difference of vesicle skin interaction between 

follicular and non follicular region.  The plenty of vesicle fragments found in 

follicular region as visualized by TEM in this study confirmed previous 

suggestion (section 4.5.1) that transfollicular pathway was the major penetration 

pathway of ULs. 

 

4.6.2  Differential scanning calorimetry (DSC) 
                  In order to evaluate the mechanism in skin penetration enhancement 

of ULs, DSC was used to investigate the changes in thermal behavior of straum 

corneum lipids and proteins.  The thermograms of pig skin treated with PBS and 

ULs are shown in Figure 48. Both thermograms of skin treated with PBS and 

ULs showed one endothermic peak at 82.2 °C and 73.2 °C.  The Tm of skin 

treated with ULs was significantly lower than that treated with PBS. The 

obtained enthalpies between skin treated with PBS and ULs was not significantly 

different.  The thermogram of human stratum corneum typically shows four 

endothermic transitions; T1,T2,T3 and T4 at around 37°C, 72°C, 83°C and 

100°C respectively [77, 126].  T1, T2 and T3 were associated with phase changes 

in the intercellular lipid bilayers while T4 was resulted from the denaturation of 

intracellular keratin inside corneocytes.  

                  Since the T4 would be appeared only in hydrated stratum corneum 

(>15% W/W) [131], the T4 could not be observed in these experiments (Figure 

48).  Al-saidan et al. [109] studied the thermal transition of desiccated stratum 

corneum from abdominal human skin, neonatal rats, mice and rabbits using DSC, 

the authors reported four endothermic transitions at 39-45°C (T1), 55-58°C (Tx), 

68-74°C (T2) and 77-86°C (T3).  They also concluded that T1, T2 and T3 were 

attributed to phase changes in the intercellular lipid bilayers.  According to the 

study of DSC thermograms as described above, we suggested that the 

endothermic transitions shown in Figure 48 resulted from the melting of 

intercellular lipid in the stratum corneum.   

                  Shifting of the Tm of lipid transitions (T2 and T3) to lower 

temperature was generally resulted from the disruption of intercellular lipid 
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bilayer, while the reduction of enthalpy was associated with fluidization of lipid 

bilayer in the stratum corneum [132].  According to our results, the Tm of treated 

skin was significantly decreased compared to control while the enthalpy did not 

differ.  We, therefore, concluded that ULs enhanced skin penetration by 

disrupting the intercellular lipid bilayer in the stratum corneum.  

                  Several studies reported that d-limonene and cineole could decrease 

T2 and T3 but they did not affect the enthalpy [77, 130].  We, therefore, 

suggested that the disruption of intercellular lipid bilayer in the stratum corneum 

resulted from d-limonene of ULs.  

                  Although the protein peak could not be observed in our thermograms, 

the TEM images (Figure 46e-46h) obviously showed the denaturation of keratin 

inside corneocytes.  Since terpenes did not interact with the protein, we, 

therefore, suggested that the denaturation of keratin inside corneocytes caused 

from Tween 20 in ULs. 
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Figure 48 DSC thermograms of skin treated with PBS (—, black line) and ULs (—, 

gray line 

 

Table 9 Effect of ULs on the transition midpoint temperature and enthalpy 

Skin Treatment Tm (°C) Enthalpy (J/g) 
PBS (Control) 82.2±1.8 147.3±16.3 
UL  with 1% d-limonene (ULs) 73.2±0.4* 162.8±26.7 

*p < 0.05. 
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4.6.3  Attenuated total reflectance fourier transform infrared (ATR-FTIR)  

spectroscopy 

                  Since the intercellular lipid bilayer and keratin filled corneocytes 

inside stratum corneum are the main barriers in limiting the percutaneous 

absorption.  The mechanism of skin penetration enhancer were evaluated by 

targeting to the molecular structure changes of lipid and protein in stratum 

corneum using infrared spectroscopy technique [110].  Theoretically, the changes 

in the absorbance frequency, peak height and peak area reflect the changes in 

conformational arrangement of functional groups.  In this experiment, ATR-

FTIR was used to study the molecular vibration changes in skin treated with ULs, 

focusing on the intercellular lipid and keratin structure affected by ULs 

interaction.  

                  The absorbance frequencies at 2920 and 2850 cm-1 are asymmetric 

and symmetric methylene (CH2) stretching vibration, deriving from methylene 

groups on the acyl side chain of intercellular lipids (ceramides and fatty acids) in 

the stratum corneum [111].  The decrease in peak height and peak area of these 

two bands indicated the intercellular lipid extraction [134].  The shift of CH2 

stretching peaks to higher wave number (trans to gauche conformation) and 

increase in peak width indicated fluidization of stratum corneum lipids [135].  

The absorbance frequencies at 1650 and 1550 cm-1 are amide I and amide II 

stretching vibrations of stratum corneum protein.  The amide I band arises from 

C=O stretching vibration while the amide II band arises from C-N stretching and 

N-H bending vibration.  The amide I and amide II band are sensitive and can be 

shifted to higher or lower frequencies according to the change in protein 

conformation [136].  
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Figure 49 The infrared spectrum of pig skin treated with PBS (blue line) and ULs (red 

line) 

 

                  The spectral absorbance bands of skin treated with PBS and ULs 

are shown in Figure 49.   In case of asymmetric and symmetric CH2 stretching 

peaks (Table 10 and 11), peak height and peak area of skin treated with ULs 

were significantly lower than skin treated with PBS.  Although the peak 

frequency of skin treated with ULs significantly shifted to higher frequency 

than that with PBS, the increased value was very low (0.05 and 0.1 cm-1) when 

compared with previous report (1-6 cm-1)[138, 139].  We, therefore, concluded 

that the peak frequency of asymmetric and symmetric CH2 did not shift to 

higher wave number.  This result indicated that the intercellular lipid bilayer 

was disrupted.  For amide I and amide II stretching vibration peaks (Table 12 

and 13), the peak height and peak area of skin treated with ULs were 

significantly lower than that treated with PBS.  There was no significant 

difference between the peak frequency of skin treated with PBS and ULs.  

This also indicated the conformation changes of protein structure in the 

stratum corneum.  Thus, it can be concluded that ULs enhanced the skin 

penetration by disrupting the intercellular lipid bilayer and denatured the 

keratin in the stratum corneum.  However, Vaddi et al. [136] concluded that 

terpenes (carvacrol, linalool and -terpineol) in ethanol disrupted the lipid 
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bilayer and extracted the lipids without fluidizing the lipid bilayer because the 

frequency was not shifted.  Vaddi et al. [110] also concluded that terpenes in 

propylene glycol did not affect the keratin in stratum corneum because the 

proportion of secondary structure of keratin did not change.  According to our 

study and the others [110, 137], we suggested that stratum corneum lipid 

disruption caused from terpenes of ULs while keratin denaturation caused 

from Tween 20. 

              Since the intercellular lipid in stratum corneum is ceramide bilayer, 

some studies investigated the effect of terpenes on breaking of H-bond 

network between ceramide head groups using stratum corneum lipid model 

(ceramide, fatty acid and cholesterol) [36, 137].  They concluded that terpenes 

mainly act at ceramide polar head groups and break the interlamellar and 

intralamellar hydrogen bonding network.  They also referred their results to 

explain the findings by Cornwell et al. [130] that hydrocarbon terpenes (d-

limonene) had less effective than oxygen containing terpenes (cineole) in 

delivery of hydrophilic drug (5-fluorouracil).  The hydrogen bond accepting or 

donating group was important for H-bond network breaking, thus, 

hydrocarbon terpenes were less effective than oxygen containing terpenes.  

Regarding our in vitro skin penetration studies, UL with d-limonene 

(hydrocarbon terpene) enhanced the skin penetration of NaFl similar to UL 

with cineole (oxygen containing terpene), indicating that those theory could 

not be applied to all cases.  The breaking of H-bond network at ceramide head 

group had minor effect on skin penetration enhancement when compared with 

the keratin denaturation in corneocytes as presented in Figure 46e-46h.  This 

might imply that besides the penetration via transfollicular pathway, the 

enhancement of skin penetration via transcellular pathway plays more 

important role than that via intercellular pathway.  
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Table 10 Peak frequencies, height and areas of asymmetric CH2 obtained from skin 

treated with PBS and ULs 

 

 

 

 

Asymetric CH2 
 

Skin treatment 
PBS ULs 

Peak frequency 2917.83±0.01 2917.88±0.01* 
Peak height 1.13±0.01 0.845±0.006* 
Peak area 69.96±0.96 56.71±0.86* 

*p < 0.05. 

 

Table 11 Peak frequencies, height and areas of symmetric CH2 obtained from skin 

treated with PBS and ULs 

Symmetric CH2 
 

Skin treatment 
PBS ULs 

Peak frequency 2850.01±0.01 2850.117±0.005* 
Peak height 0.893±0.014 0.691±0.007* 
Peak area 41.12±1.04 33.60±0.58* 

*p < 0.05. 

 

 Table 12 Peak frequencies, height and areas of amide I obtained from skin treated 

with PBS and ULs 

Amide I Skin treatment 
PBS ULs 

Peak frequency 1652.03±0.30 1652.15±0.38 
Peak height 1.820±0.006 1.3133±0.0003* 
Peak area 147.32±2.56 111.54±0.56* 

*p < 0.05. 

 

Table 13 Peak frequencies, height and areas of amide II obtained from skin treated 

with PBS and ULs  

Amide II 
 

Skin treatment 
PBS ULS 

Peak frequency 1544.62±2.48 1545.11±1.16 
Peak height 1.32±0.02 1.0037±0.0021* 
Peak area 113.65±2.22 86.01±0.18* 

*p < 0.05. 
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4.6.4  Receiver medium 

      The collected receiver medium was observed by TEM and CLSM to 

assess drug carrier system mechanism.   

                  4.6.4.1  Visualization by TEM 

      The TEM observed receiver medium of ULs, UL and CL from 

section 3.3.3.2 are shown in Figure 50, Figure 51 and Figure 52, 

respectively.  The spherical shape and nanoscale size vesicles in the 

receiver medium indicated that ULs, UL and CL could penetrate as intact 

vesicles to receiver medium.  

 

 

 

 

 

 

Figure 50 Receiver medium of ULs observed by TEM at a time of a) 30 min b) 1 h c) 

2 h and d) 4 h.  Each scale bar represents 100 nm. 
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Figure 51 Receiver medium of UL observed by TEM at a time of a) 30 min b) 1 h c) 2 

h and d) 4 h.  Each scale bar represents 100 nm. 
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Figure 52 Receiver medium of CL observed by TEM at a time of a) 30 min b) 1 h c) 2 

h and d) 4 h.  Each scale bar represents 100 nm. 
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                  4.6.4.2  Visualization by CLSM 

                  Figure 53a-53d show CLSM images of receiver medium of 

ULs from section 3.3.3.2 at a time of 30 min, 1 h, 2 h and 4 h. The red and 

green fluorescence presented in receiver medium indicated that both ULs 

and fluorescein sodium could penetrate into receiver medium.  Since there 

were very low amount of NaFl and Rh-PE in the receiver medium of UL 

and CL, CLSM could not be detected and the images were not presented in 

this study. 

Figure 53 CLSM images show the receiver medium of skin penetration study of the 

NaFl-loaded Rh-PE–labeled ULs at a time of a) 30 min b) 1 h c) 2 h and d) 4 h. Each 

image is divided in four parts, with 1: green fluorescence of NaFl, 2: brightfield 

image, 3: red fluorescence of Rh-PE and 4: overlay of 1 and 3.  Each scale bar 

represents 100 μm. 
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      The ULs found in the receiver medium could be both intact 

vesicles and phospholipid bilayer.   Regarding the presence of intact 

vesicles in receiver medium as observed by TEM (Figure 50), fluorescein 

sodium found in receiver medium could be both entrapped drug and free 

drug.  The presence of fluorescence at the same position could also be used 

to investigate the release behavior of ULs.  Under assumption that red 

fluorescence in receiver medium are intact vesicles.  If green fluorescence 

intensity is less than red fluorescence intensity, the entrapped drug is 

released.  Inside the white circles of Figure 53a-1, 53a-3 and 53a-4, green 

fluorescence intensity was obviously less than red fluorescence intensity, 

indicating that the vesicles released some part of the entrapped drug into 

the skin.  If both green and red fluorescence appear equally; the entrapped 

drug is not released or less released.  In Figure 53b-1, 53b-3, 53b-4 and 

53c-1, 53c-3, 53c-4, both green and red fluorescence presented equally, 

indicated that the entrapped drug was not released or less released.  If 

green fluorescence appears while red fluorescence did not; there is free 

drug. Inside white circle of Figure 53d-1, 53d-3 and 53d-4, green 

fluorescence appeared whereas red fluorescence did not appeared, there is 

free drug in the receiver medium.  As intact vesicles found in receiver 

medium (Figure 50-52), it could be suggested that ULs, UL and CL could 

penetrate to systemic blood circulation as intact vesicles.  Pegylated or 

stealth liposomes should be applied for transdermal drug delivery system 

in place of conventional liposomes to reduce reticiloendothelial system 

uptake and to prolong blood circulation time. 

      Cevc et al. [30] compared particle size of phospholipid 

ultradeformable liposomes between original preparation and collected 

serum of the mice which ultradeformable liposomes were applied on the 

skin using CLSM and size exclusion chromatography.  The obtained 

vesicle size from original preparation and mice serum were not different.  

They concluded that ultradeformable liposomes penetrated the skin to 

circulation system as intact vesicles without permanent disintegration.  

Regarding our TEM images of intact vesicles found in viable epidermis 
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(Figure47g and 47h) and receiver medium (Figure 50) as well as CLSM 

images of receiver medium (Figure 53), we, therefore, agreed with Cevc et 

al. that ultradeformable liposomes could penetrate the skin into blood 

circulation system as intact vesicles.  Loan Honeywell-Nguyen et al. [104, 

105] studied the in vitro and in vivo interaction between non-ionic elastic 

vesicles and human skin using tape stripping technique.  Their TEM 

images showed that only little vesicle material was found in the deepest 

layers of the stratum corneum.  They, therefore, concluded that the 

partition of intact vesicles into viable epidermis might not be possible.  

The opportunity to find the intact vesicles in viable epidermis was very 

low because the specimen used for TEM preparation was very small piece.  

In order to confirm the penetration of intact vesicles into viable epidermis 

or blood circulation system, the receiver medium or collected serum must 

be asssesed as well.  
      Figure 54a and 54b show cross section of porcine skin treated 

with NaFl-loaded Rh-PE–labeled ULs at 2 h.  Both green and red 

fluorescence deposited throughout cross-sectional tissue with high 

intensity at follicular region indicated that NaFl and ULs could penetrate 

from stratum corneum to dermis and accumulated in the hair follicles more 

than the other regions as shown in Figure 54a-2, 54a-3 and 54a-4.  Figure 

54b-2, 54b-3, and 54b-4 show the hair follicle observed with higher 

magnification, the orange fluorescence inside the hair follicle of merged 

image (Figure 54b-4) occurred from the deposition at the same region of 

green and red fluorescence indicated that NaFl was still entrapped in ULs 

while penetrating via the hair follicles.  
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Figure 54 a) CLSM images show cross-sectional images of porcine skin treated with 

NaFl-loaded Rh-PE–labeled ULs at a time of 2 h. Each scale bar represents 50 μm. b) 

magnification of marked area in Figure 54 a). Each scale bar represents 20 μm.  Each 

image is divided in four parts, with 1: blue fluorescence of DAPI, 2: green 

fluorescence of NaFl, 3: red fluorescence of Rh-PE and 4: overlay of 1, 2 and 3. 

 

      Theoretically, molecules penetrated through the skin via 

intercellular, intracellular (transcellular) and follicular (transappendageal) 

pathways [18].  Hair follicles offer a large area for drugs and vesicle 

penetration by bypassing the barrier function of the stratum corneum.  The 

interaction between vesicle and intracellular keratin by transcellular 

pathway led to vesicle fragmentation as observed in Figure 46e-46h.  

Regarding the TEM and CLSM investigation, it could be suggested that 

the intact vesicles found in receiver medium might penetrate via 

transfollicular pathway as major transportation route. 
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CHAPTER 5 

CONCLUSIONS 

                  NaFl-loaded UL, composed of PC, chol, Tween 20 as edge activator and 

terpenes as skin penetration enhancers, were successfully prepared.  The obtained 

vesicles were spherical in shape, with a particle size in range of 22-98 nm, a narrow 

size distribution (PDI<0.3) and a negative surface charge (-4.7 to -13.23 mV).  The 

percent entrapment efficiency and loading efficiency of NaFl loaded in the vesicles 

ranged from 20 to 48% and 11 to 41%, respectively.                     

                  The UL with terpenes were able to significantly enhance NaFl penetration 

through porcine skin.  Among selected terpenes, however, either d-limonene or 

cineole was effective for skin penetration enhancement of NaFl.  Terpenes 

incorporated in UL resulted in the increase of vesicle fluidity near the hydrophobic 

phospholipid acyl chains. The liposomal fluidity tended to decrease in UL with 

terpenes when compared to controls; however, there was no correlation between the 

liposomal fluidity and skin penetration enhancement ability.   

      The CLSM results indicated that the transfollicular pathway was the major 

pathway for percutaneous absorption of UL with terpenes, while the intercellular and 

transcellular pathways were minor pathways. 

      The TEM investigation revealed that UL with terpenes employed both 

penetration enhancing effect and drug carrier system mechanism for skin penetration 

enhancement.  UL with terpenes act as penetration enhancer by denaturing 

intracellular protein and corneodesmosomes, disrupting intercellular lipid 

organization, and resulted in partition enhancement via intracellular and intercellular 

pathway, respectively.  

      The thermal analysis and infrared spectroscopy also revealed that UL with 

terpenes enhanced the skin penetration by disrupting intercellular lipid bilayer of 

stratum corneum including denaturing the keratin structure inside corneocytes.  
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                  Our results led to the better understanding of skin penetration enhancement 

mechanism and also showed the potency of UL with terpenes for applying as 

hydrophilic compound carrier.  
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Standard curve for the in vitro skin penetration study 

 

1.  Determination of the amount of NaFl 

Standard :  NaFl 

Method : Fluorescence spectrophotometry 

Detector : The excitation wavelength at 485 nm 

 The emission wavelength at 535 nm 

Concentration (ng/mL) : 1, 2, 5, 10, 15, 20, 25, 30, 35, 40  
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Figure 55 Standard curve of NaFl for the in vitro skin penetration study 
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Table 14 Effect of initial amount of NaFl on the percentage of entrapment efficiency 
and loading efficiency of NaFl loaded in liposomes.   
 

Percent of NaFl 
loaded in liposomes 
(per lipid weight of 

liposomes) 

Percent entrapment 
efficiency (%EE) 

Percent loading efficiency 
(%LE) 

0.01 19.37±1.63 0.0026±0.0002 
0.1 27.00±2.16 0.0347±0.0020 
1 30.39±2.22 0.40±0.02 
5 33.90±1.41 2.22±0.09 
25 37.29±0.71 11.47±0.14 
30 9.12±0.87 11.86±1.46 
40 9.67±1.48 14.70±2.43 

           Each value represents the mean±SD (n=3). 
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Table 15 Characterization parameters of the different liposomal formulations 

  Each value represents the mean±SD (n=3). 

Formulae Particle size 
(nm) 

Polydispersity 
index (PDI) 

Zetapotential 
(mV) 

% 
Entrapment 
efficiency 

(%EE) 

% Loading 
efficiency 

(%LE) 

1. CL without 
NaFl 122.33±1.24 0.39±0.01 -4.51±0.31 - - 

2. CL 
 98.41±0.65 0.266±0.002 -4.70±1.03 37.28±0.71 11.42±0.19 

3. UL 
 52.43±0.23 0.384±0.004 -13.23±0.90 47.68±5.12 16.41±1.79 

4. UL with 
0.5% d-

limonene 
33.06±0.5 0.219±0.007 -12.36±1.20 25.63±4.24 43.68±9.59 

5. UL with 
1% d-

limonene 
39.45±0.78 0.254±0.010 -9.59±0.69 41.10±0.71 15.63±0.81 

6. UL with 
2% d-

limonene 
30.54±0.04 0.216±0.005 -12.3±0.7 21.00±0.46 36.46±4.54 

7. UL with 
0.5% cineole 48.78±0.46 0.152±0.011 -11.16±1.41 24.11±5.86 37.93±17.03 

8. UL with 
1% cineole 43.70±0.61 0.18±0.01 -8.23±0.31 39.45±1.40 13.56±0.67 

9. UL with 
2% cineole 26.87±1.34 0.183±0.006 -10.36±0.89 27.83±5.37 39.69±5.18 

10. UL with 
0.5% 

pulegone 
51.02±0.24 0.101±0.012 -10.46±1.03 24.76±8.63 29.46±13.19 

11. UL with 
1% pulegone 56.15±0.37 0.125±0.019 -9.83±1.28 20.03±2.55 27.99±3.90 

12. UL with 
2% pulegone 22.06±0.18 0.102±0.005 -8.06±1.08 30.09±4.53 51.24±8.17 

13. UL with 
0.5% carvone 65.31±0.73 0.102±0.001 -8.68±0.20 34.13±6.62 40.78±3.99 

14. UL with 
1% carvone 45.19±0.51 0.104±0.006 -11.97±2.79 20.89±1.69 40.92±2.59 

15. UL with 
2% carvone 27.84±0.98 0.152±0.013 -9.39±1.82 31.51±7.06 53.31±16.94 
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Table 16 Cumulative NaFl permeated at various time of in vitro NaFl solution 
penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.0235±0.0047 
2 0.0141±0.0010 
4 0.0311±0.0167 
6 0.0344±0.0037 
8 0.0484±0.0123 
24 0.1401±0.0331 

               Each value represents the mean±SD (n=3). 

Table 17 Cumulative NaFl permeated at various time of in vitro CL penetration 
Time (h) Cumulative drug permeated ( g/cm2) 

1 0.0117±0.0114 
2 0.0163±0.0104 
4 0.0465±0.0317 
6 0.0734±0.0541 
8 0.1110±0.0737 
24 0.3530±0.1857 

              Each value represents the mean±SD (n=3). 

Table 18 Cumulative NaFl permeated at various time of in vitro UL penetration 
Time (h) Cumulative drug permeated ( g/cm2) 

1 0.0209±0.0145 
2 0.1334±0.1460 
4 0.2694±0.2273 
6 0.4196±0.1899 
8 0.4467±0.0960 
24 1.4681±0.3581 

              Each value represents the mean±SD (n=3). 

Table 19 Cumulative NaFl permeated at various time of in vitro UL with 0.5% d-
limonene penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.0002±0.0004 
2 0.0088±0.0152 
4 0.0314±0.0508 
6 0.0996±0.0824 
8 0.1574±0.0710 
24 1.5035±0.6216 

               Each value represents the mean±SD (n=3). 
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Table 20 Cumulative NaFl permeated at various time of in vitro UL with 1% d-
limonene penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.4559±0.0479 
2 1.0393±0.1927 
4 2.1684±0.3155 
6 3.1351±0.5703 
8 4.1323±0.6919 
24 12.7976±2.3754 

               Each value represents the mean±SD (n=3). 

Table 21 Cumulative NaFl permeated at various time of in vitro UL with 2% d-
limonene penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.0408±0.0366 
2 0.1433±0.1049 
4 0.4670±0.1976 
6 0.7963±0.1484 
8 1.0979±0.1150 
24 3.7931±0.5013 

               Each value represents the mean±SD (n=3). 

Table 22 Cumulative NaFl permeated at various time of in vitro UL with 0.5% 
cineole penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.0242±0.0341 
2 0.0689±0.0599 
4 0.1534±0.0792 
6 0.2452±0.1058 
8 0.3015±0.1236 
24 0.8837±0.2139 

               Each value represents the mean±SD (n=3). 

Table 23 Cumulative NaFl permeated at various time of in vitro UL with 1% cineole 
penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.3373±0.2586 
2 0.8644±0.6117 
4 1.8688±0.5189 
6 2.8846±0.5091 
8 3.8022±0.3278 
24 11.1383±3.9377 

               Each value represents the mean±SD (n=3). 
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Table 24 Cumulative NaFl permeated at various time of in vitro UL with 2% cineole 
penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.2308±0.0484 
2 0.4391±0.0742 
4 0.8322±0.1718 
6 1.5213±0.3721 
8 2.0056±0.5643 
24 5.2092±1.2799 

              Each value represents the mean±SD (n=3). 

Table 25 Cumulative NaFl permeated at various time of in vitro UL with 0.5% 
carvone penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.0456±0.0351 
2 0.0747±0.0662 
4 0.1798±0.1263 
6 0.2296±0.1584 
8 0.2715±0.1598 
24 1.0465±0.2981 

               Each value represents the mean±SD (n=3). 

Table 26 Cumulative NaFl permeated at various time of in vitro UL with 1% carvone 
penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.0356±0.0343 
2 0.0591±0.0356 
4 0.1573±0.0726 
6 0.2552±0.1097 
8 0.3363±0.1309 
24 1.3973±0.5859 

              Each value represents the mean±SD (n=3). 

Table 27 Cumulative NaFl permeated at various time of in vitro UL with 2% carvone 
penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.0274±0.0112 
2 0.0796±0.0299 
4 0.1628±0.0765 
6 0.2207±0.1072 
8 0.2894±0.1351 
24 0.8012±0.3815 

               Each value represents the mean±SD (n=3). 
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Table 28 Cumulative NaFl permeated at various time of in vitro UL with 0.5% 
pulegone penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.0380±0.0168 
2 0.0843±0.0267 
4 0.2589±0.1616 
6 0.2963±0.1189 
8 0.3765±0.1807 
24 1.2072±0.6387 

               Each value represents the mean±SD (n=3). 

Table 29 Cumulative NaFl permeated at various time of in vitro UL with 1% 
pulegone penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.0587±0.0097 
2 0.116±0.034 
4 0.2366±0.0665 
6 0.3438±0.1060 
8 0.4554±0.1793 
24 1.2250±0.3351 

               Each value represents the mean±SD (n=3). 

Table 30 Cumulative NaFl permeated at various time of in vitro UL with 2% 
pulegone penetration 

Time (h) Cumulative drug permeated ( g/cm2) 
1 0.0321±0.0260 
2 0.1006±0.0608 
4 0.1818±0.0927 
6 0.2442±0.1310 
8 0.3314±0.1730 
24 1.5093±0.6271 

               Each value represents the mean±SD (n=3). 
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Table 31 Fluorescence intensity at different skin penetration depth of NaFl and Rh-PE 

at near hair follicle region and non hair follicle region of UL with 1% d-limonene 

Skin depth 

( m) 

Near hair follicle region Non hair follicle region 

NaFl Rh-PE NaFl Rh-PE 

0 385.9±136.5 248.00±191.18 293.05±62.86 124.53±69.28 

5 480.79±304.07 288.1±431.6 316.57±147.06 147.76±144.93 

10 603.12±440.06 366.0±388.9 409.30±460.48 170.88±210.35 

15 683.05±531.48 366.17±320.26 416.15±370.79 198.53±235.72 

20 683.50±468.49 434.66±396.09 395.28±273.25 176.61±187.71 

25 844.76±674.27 571.72±680.76 374.37±190.93 163.21±147.53 

30 938.62±815.36 552.71±544.05 374.37±190.93 163.21±147.53 

35 907.61±723.23 500.09±502.24 411.68±304.46 173.32±173.29 

40 937.76±650.49 538.85±470.45 350.46±128.45 151.86±118.05 

45 983.45±804.93 423.41±363.95 330.87±65.94 138.12±98.64 

50  
845.13±709.88 352.33±335.31 324.3±48.6 154.04±110.55 

55 647.81±444.96 251.64±209.12 324.3±48.6 154.04±110.55 

60 516.39±249.84 210.68±160.59 359.67±155.87 158.17±136.74 

65 443.31±161.23 184.12±137.60 385.11±209.59 178.52±148.33 

70 397.79±110.00 164.57±120.89 396.05±167.94 207.57±200.51 

75 370.91±82.78 146.06±104.05 403.05±109.24 214.38±153.99 

80 350.42±64.12 138.86±98.05  

85 332.43±49.49 136.17±88.32 

90 318.56±39.75 125.99±78.78 

   Each value represents the mean±SD (n=512). 
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Table 32 Fluorescence intensity at different skin penetration depth of NaFl and Rh-PE 

at near hair follicle region and non hair follicle region of UL 

Skin depth 

( m) 

Near hair follicle region Non hair follicle region 

NaFl Rh-PE NaFl Rh-PE 

0 319.11±27.56 113.61±59.57 344.19±27.58 117.39±62.93 

5 341.78±35.37 121.20±70.43 394.05±34.74 133.13±74.04 

10 392.07±56.91 157.89±105.34 585.11±70.86 305.23±327.32 

15 715.29±180.99 457.30±469.96 1555.92±148.30 574.28±492.76 

20 1128.29±556.41 453.49±427.92 1623.87±261.79 440.60±338.47 

25 1112.15±565.20 496.55±389.70 1443.63±320.02 293.11±204.17 

30 1116.44±464.32 567.51±681.04 1230.83±316.46 197.45±142.13 

35 1154.91±507.77 322.52±297.15 1035.58±317.13 169.96±125.15 

40 967.41±448.43 205.91±139.85 902.62±310.81 137.61±89.52 

45 737.24±300.42 140.73±94.61 770.71±267.28 121.17±74.86 

50 597.73±209.48 128.38±74.06 674.85±236.22 116.67±62.19 

55 517.78±162.65 115.37±61.04 598.54±194.14 108.36±54.17 

60 466.78±128.29 106.04±48.17 529.51±145.62 98.04±42.77 

65 432.20±106.72 105.37±59.37 477.03±114.43 104.52±47.70 

70 401.00±87.72 98.83±50.22 444.07±95.63 101.39±42.49 

   Each value represents the mean±SD (n=512). 
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Table 32 Fluorescence intensity at different skin penetration depth of NaFl and Rh-PE 

at near hair follicle region and non hair follicle region of UL (continued) 

Skin depth 

( m) 

Near hair follicle region Non hair follicle region 

NaFl Rh-PE NaFl Rh-PE 

75 378.94±70.36 104.38±52.54 416.52±75.14 96.12±32.63 

80 361.41±58.24 97.64±44.45 393.72±65.71 96.39±41.39 

85 361.41±58.24 97.64±44.45 379.78±56.11 98.37±41.40 

90 332.03±40.38 97.75±42.95 360.14±43.50 96.53±39.72 

95 321.27±32.66 91.68±33.30 347.45±36.43 95.66±31.96 

100 315.01±29.38 91.79±39.46 337.71±33.15 95.23±31.93 

105 307.84±27.23 97.03±40.41 327.88±30.91 94.91±37.34 

110 302.73±26.45 91.83±38.44 319.23±27.21 97.08±37.80 

115 298.7±23.7 89.35±29.42 315.65±24.09 90.38±30.08 

    Each value represents the mean±SD (n=512). 
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Table 33 Fluorescence intensity at different skin penetration depth of NaFl and Rh-PE 

at near hair follicle region and non hair follicle region of CL 

Skin depth 

( m) 

Near hair follicle region Non hair follicle region 

NaFl Rh-PE NaFl Rh-PE 

0 259.91±17.39 83.00±45.32 251.02±14.57 89.07±53.66 

5 276.84±19.55 99.81±79.58 252.92±14.98 88.28±50.30 

10 366.29±37.57 184.35±302.61 254.71±15.53 94.23±65.42 

15 586.70±104.09 265.02±333.65 261.37±17.84 86.95±48.43 

20 583.35±143.91 241.45±205.13 273.06±23.19 94.97±71.92 

25 529.29±162.81 193.76±150.21 319.98±88.43 134.53±127.74 

30 478.71±154.29 158.46±134.54 430.56±168.19 190.20±160.13 

35 430.49±150.72 112.06±76.47 557.95±162.97 253.27±243.83 

40 384.91±123.51 98.46±64.24 518.44±130.88 198.35±154.49 

45 359.24±109.70 95.10±65.49 426.29±108.70 130.46±94.82 

50 338.49±99.05 84.35±54.50 365.19±89.30 104.93±73.11 

55 318.24±78.43 82.93±49.99 323.91±62.71 97.17±58.88 

    Each value represents the mean±SD (n=512). 
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