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Investigation of the mechanism of enhanced skin 
penetration by ultradeformable liposomes

Abstract: This study aimed to determine the mechanism by which ultradeformable liposomes 

(ULs) with terpenes enhance skin penetration for transdermal drug delivery of fluorescein 

sodium, using transmission electron microscopy (TEM) and confocal laser scanning microscopy 

(CLSM). Skin treated with ULs containing d-limonene, obtained from in vitro skin penetration 

studies, was examined via TEM to investigate the effect of ULs on ultrastructural changes of 

the skin, and to evaluate the mechanism by which ULs enhance skin penetration. The receiver 

medium collected was analyzed by TEM and CLSM to evaluate the mechanism of the drug 

carrier system. Our findings revealed that ULs could enhance penetration by denaturing intra-

cellular keratin, degrading corneodesmosomes, and disrupting the intercellular lipid arrange-

ment in the stratum corneum. As inferred from the presence of intact vesicles in the receiver 

medium, ULs are also able to act as a drug carrier system. CLSM images showed that intact 

vesicles of ULs might penetrate the skin via a transappendageal pathway, potentially a major 

route of skin penetration.

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

electron microscopy, confocal laser scanning microscopy

Introduction
A transdermal drug delivery system utilizes skin to deliver drug into the circulation 

system. The main obstacle in this system is poor percutaneous absorption, because 

the uppermost layer of the skin (the stratum corneum) acts as a barrier. To improve 

percutaneous absorption of drug, many techniques have been applied, such as iontop

horesis,1 sonophoresis,2 microneedles,3 and lipid vesicle carriers.4,5 Among the group 

of lipid vesicle carriers, ultradeformable liposomes (ULs) have received considerable 

attention in transdermal drug delivery research. Introduced by Cevc and Blume,6 ULs 

are a type of elastic liposome, created by incorporating edge activators into liposomes. 

ULs have been shown to be effective for transdermal delivery of macromolecules, 

which are difficult to permeate through the skin.7–11

Two possible mechanisms proposed for the enhancement of skin penetration by 

ULs are a penetration-enhancing effect and a drug carrier system. The first mecha-

nism suggests that ULs increase drug penetration into the skin by acting as a penetra-

tion enhancer.12,13 The second mechanism proposes that ULs act as a drug carrier 

system.6,14–18 To investigate the penetration-enhancing effect, various techniques have 

been used, such as infrared spectroscopy, differential scanning calorimetry, and skin 

penetration study. Although these techniques proved to be convenient and simple, they 

could not reveal the ultrastructural changes in skin caused by penetration enhancers. 

To assess the drug carrier system mechanism, drug-loaded vesicles must be able to 

pass through the skin into systemic circulation as intact vesicles. Cevc et al15 reported 

the presence of drug-loaded vesicles in the blood of mice after fluorescently-labeled 
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transfersomes were applied to the skin. This finding was 

evidence that ULs penetrated the skin and entered the sys-

temic circulation as intact vesicles. Regarding in vivo and in 

vitro experiments of human skin treated with elastic vesicles, 

Honeywell-Nguyen et al16 suggested that penetration of intact 

vesicles into viable epidermis is unlikely to happen, because 

little vesicle material was found in the deepest layers of 

stratum corneum.

Understanding the mechanism of action of vesicle–skin 

interaction is a prerequisite for transdermal drug delivery 

development and optimization. However, the mechanism 

of action of vesicle–skin interaction has not been clearly 

investigated. Therefore, we performed an in vitro skin 

penetration study, using porcine skin treated with ULs to 

evaluate the penetration enhancement mechanism, focusing 

on changes in the ultrastructure of skin affected by vesicle 

interaction. A UL with d-limonene was selected as a candi-

date to examine both proposed mechanisms.19,20 Transmission 

electron microscopy (TEM) was used to visualize changes 

in cellular components caused by UL interaction, inside 

both stratum corneum and viable tissues, in order to assess 

the penetration-enhancing mechanism. TEM and confo-

cal laser scanning microscopy (CLSM) were also used to 

investigate vesicle penetration and drug entrapment in tissue 

cross-sections and in receiver medium. Vesicles were probed 

with 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine 

triethylammonium salt (Rh-PE) and fluorescein sodium  

(NaFl) – which fluoresce red and green, respectively – to deter-

mine the penetration of ULs into tissue and receiver medium.

Materials and methods
Materials
Non-hydrogenated egg phosphatidylcholine (PC), Coatsome® 

NC-50, (with 95% purity) was obtained from NOF Corp 

(Tokyo, Japan). NaFl and d-limonene were purchased from 

Sigma-Aldrich Corp (St Louis, MO, USA). Tween® 20 was 

obtained from Ajax Finechem Pty Ltd (Auckland, New 

Zealand). Lissamine™ rhodamine B (Rh-PE) and 4′,6-diamino-

2-phenylindole dihydrochloride (DAPI) were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). Cholesterol 

(Chol) was obtained from Carlo Erba Reagents (Cornaredo, 

Italy). All other reagents were of analytical grade.

Preparation of liposomes
The UL formulation (consisting of PC, d-limonene, Chol, 

Tween 20, and NaFl) was prepared using a sonication 

method, as described in our previous study.20 Briefly, PC and 

Chol were dissolved in a mixture of methanol and chloroform 

(1:2, by volume). The mixture of PC and Chol was dried, 

using nitrogen stream, until a thin, homogeneous film was 

created. The thin film obtained in a test tube was then stored 

for 6 hours in a desiccator connected to a vacuum pump. 

Afterwards, the dried thin lipid film was hydrated with 

phosphate buffered saline (PBS) and NaFl solution. Then, 

the hydrated lipid film was dispersed, using a sonicator bath, 

for 30 minutes. Tween 20 and d-limonene were added to the 

dispersion before sonication with a probe sonicator, for size 

reduction of the liposomes.

Size and shape of the liposomes
Particle size and surface charge
Distilled water was used to dilute the ULs. Then, the particle 

size, size distribution, and zeta potential were measured using 

a photon correlation spectroscopy particle size analyzer 

(Zetasizer Nano ZS, Malvern Instruments Ltd, Malvern, 

UK) with a 4 mW helium–neon laser at a scattering angle 

of 173  degrees. All measurements were performed under 

ambient conditions, in triplicate.

Transmission electron microscopy
The ULs were observed using TEM for particle size and 

shape assessment. The sample was diluted with distilled 

water, then placed in sonicator bath for 10  minutes. The 

sample was then dropped onto a formvar-coated copper 

grid. The excess liposome sample on the copper grid was 

gently removed using filter paper. Afterwards, the sample 

was observed using an 80 kV microscope (JEM 1230, JEOL 

Ltd, Tokyo, Japan).

In vitro skin penetration study  
for TEM investigation
Skin preparation
Abdominal porcine skin (obtained from intrapartum stillbirth 

animals provided by a farm in Nakhon Pathom) was used 

as a barrier membrane in this study. Subcutaneous fat was 

removed using surgical blades and scissors. The thickness 

of the abdominal skin was about 0.6–0.7 mm. The prepared 

porcine skin was then stored in a refrigerator at -20°C until 

use. Prior to the experiments, the skin was thawed using PBS 

at room temperature.

Skin penetration study
The skin penetration study was conducted using a 

2.31 cm2 penetration area of Franz diffusion cells, connected 
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to a circulating water bath. The temperature of the water 

bath was maintained at 32°C. The porcine skin was 

mounted between the donor and receptor compartments of 

the diffusion chamber, with the stratum corneum facing the 

donor compartment. PBS was used as the receiver medium, 

filling the receiver compartment with 6.5 mL. The receiver 

medium was stirred with a magnetic bar at a rate of 500 rpm. 

Two milliliters of ULs were placed into the donor compart-

ment. The experiment was performed under occlusive condi-

tions. At predetermined times of 30 minutes, 1 hour, 2 hours, 

and 4  hours, 0.5  mL of receiver medium was withdrawn 

for vesicle visualization, and the same volume of PBS was 

added to the receiver compartment, to maintain a constant 

volume. At the end of the skin penetration experiment, the 

skin samples were taken from the diffusion cells and washed 

with PBS. The skin samples were stored at -20°C prior to 

TEM investigation.

Skin preparation for TEM
The treated skin samples were investigated for ultrastruc-

tural changes using TEM visualization. Intact skin was used 

as a control. The skin samples were cut into small pieces 

and fixed overnight (at 4°C) with 2.5% glutaraldehyde (by 

volume), and 1% osmium tetroxide (weight to volume) in 

0.1 M PBS for 2 hours. After fixation, the samples were 

dehydrated in a range of ethanol solutions (35%, 50%, 

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

The resin-embedded samples were incubated at 70°C for 

8 hours. Ultrathin sections were cut using an ultramicro-

tome (2088  Ultrotome V; LKB-Produkter AB, Bromma, 

Sweden) using a diamond knife (Ultra 45°, Diatome AG, 

Biel, Switzerland), collected on copper grids, and intensified 

with uranium acetate and lead citrate. The samples were 

visualized using TEM (JEM 1230). Ultrathick sections were 

cut by an ultramicrotome, stained with toluidine blue, and 

observed by light microscope.

Receiver medium visualization by TEM
The receiver medium was visualized to assess the penetra-

tion of vesicles through the skin – as intact or disintegrated 

vesicles. The receiver medium was filtered through a nylon 

membrane (0.45 µm pore size) to remove contaminants. The 

filtrate was placed in a sonicator bath for 10 minutes before 

being dropped onto a formvar-coated copper grid. After dry-

ing, the sample was visualized under the microscope (JEM 

1230) at 100 K magnification. Microscopy was performed 

at 80 kV.

Confocal laser scanning microscopy study
Liposome preparation
The fluorescent probe, Rh-PE, was dissolved in a mixture 

of methanol and chloroform (1:2, by volume) before being 

added to a test tube containing a mixture of PC and Chol. 

The ratio of PC to Rh-PE was 100:1  M. The mixture of 

Rh-PE, PC, and Chol was then prepared for thin film forma-

tion, according to the process described above.

Separation of non-entrapped NaFl from ULs
A filtration technique using Amicon® Ultra-0.5 centrifugal 

devices (Millipore Corporation, Billerica, MA, USA) 

was utilized to separate non-entrapped drug from UL-

labeled Rh-PE. The UL-labeled Rh-PE (0.5 mL) was 

added into an ultrafiltration tube, with a cut-off molecular 

weight of 3,000 Da, and then the mixture was centrifuged 

at 14,000×  g, at 4°C, for 30  minutes. The filtrate was 

removed, and then the retentate tube was inverted in a new 

collection tube, to collect the entrapped NaFl-loaded, UL-

labeled Rh-PE via centrifugation at 1,000× g, at 4°C, for 

2 minutes. The entrapped NaFl-loaded, UL-labeled Rh-PE 

obtained was immediately used in the skin penetration  

experiments.

Skin penetration study
The skin penetration of NaFl-loaded, UL-labeled Rh-PE 

was studied using the method described above. The donor 

compartment was filled with 150 µL of the entrapped NaFl-

loaded, UL-labeled Rh-PE. The receiver medium and the 

treated skin samples were collected for analysis.

Skin histology preparation
The cross-sectional tissue samples of skin treated with 

NaFl-loaded, UL-labeled Rh-PE were prepared using a cryo-

microtome (CM1850, Leica Microsystems GmbH, Wetzlar, 

Germany). Each treated skin sample was embedded in cryo-

section embedding medium (Neg 50™, Microm International 

GmbH, Waldorf, Germany) onto a metal sample holder 

inside a cryomicrotome, at -30°C. The embedded skin was 

sectioned into 10  µm slices by microtome blades (High-

profile Disposable Blade 818, Leica Microsystems GmbH, 

Wetzlar, Germany) before being placed onto adhesion slides 

(SuperFrost® Plus, Menzel-Gläser, Braunschweig, Germany). 

These sectioned tissues were stained with 3 µM DAPI for  

2 minutes (to stain the living cell layer of the skin), washed 

with PBS, mounted with mounting medium, and covered 

with a cover slip.
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Receiver medium preparation
The receiver medium was filtered through a nylon membrane 

(0.45 µm pore size) to remove any contaminants. The filtrate 

was dropped onto a glass slide and dried at room tempera-

ture. After drying, the sample was mounted with mounting 

medium and covered with a cover slip, prior to investigation 

with CLSM. 

CLSM imaging
CLSM, using a colocalization technique, was employed to 

analyze the presence of NaFl-loaded, UL-labeled Rh-PE in 

the receiver medium, to elucidate the skin penetration route 

of ULs in tissue cross-sections. Different fluorescence colors 

of compounds among rhodamine-probed liposomes (red), 

NaFl as entrapped drug (green), and from living cells (blue) 

were applied to visualize the vesicle and drug distribution 

in the treated skin sample. The 10× objective lens of an 

inverted Zeiss LSM 510 Meta confocal microscope (Carl 

Zeiss Microscopy GmbH, Jena, Germany) equipped with 

a helium–neon laser (excitation wavelength: 543  nm) for  

Rh-PE, an argon laser (excitation wavelength: 488  nm)  

for NaFl, and a diode laser (excitation wavelength: 358 nm) 

for DAPI was used for receiver medium and cross-sectional 

tissue visualization. To investigate the possible skin pen-

etration pathways of ULs, the mean fluorescence intensities 

from follicular and nonfollicular regions were compared. 

The fluorescence intensities obtained from the middle verti-

cal line of each image were calculated using Zeiss LSM 

5 operating software.

Data analysis and statistics
Statistical significance of differences was examined using 

the Student’s t-test. The significance level was set at 

P0.05.

Results and discussion
Size and shape of ULs
The size, shape, and surface charge of ULs were measured 

using a particle size analyzer. The average size of ULs 

was 37.23±0.2 nm, with a narrow size distribution (poly-

dispersity index: 0.22). The zeta potential was negative 

(-10.6±0.65 mV). The zeta potential of liposomes composed 

of PC and Chol only was -3.78±0.11 mV (data not shown). 

NaFI is an anionic compound. PC is a zwitterionic com-

pound, with an isoelectric point (pl) between 6–6.7.21 The 

pH in our experimental conditions (pH: 7.4) was higher 

than the pI. Therefore, the PC vesicles had negative charge; 

therefore, NaFI-loaded ULs exhibited a negative charge.  

A TEM image of the ULs (Figure 1) shows that UL vesicles 

were nanospheres. The average size of ULs, as determined by 

TEM, was 34.08±2.96 nm. The average size of ULs obtained 

from dynamic light scattering and TEM techniques was not 

significantly different. A small UL particle size is desired 

for vesicle penetration of skin.22

Mechanism of enhanced skin penetration
TEM study of treated skin
The prepared skin samples were observed via TEM, to 

evaluate the mechanism of enhanced penetration by ULs. 

The ultrathick sections of intact skin and skin treated with 

ULs, observed via light microscopy, are shown in Figure 2. 

Figure 2A shows intact skin; Figures 2B and 2C show regions 

of follicular and nonfollicular skin, respectively, treated 

with ULs, at 4 hours. The stratum corneum of intact skin 

(Figure 2A) was normal. In the treated skin, it was detached 

(Figures 2B and 2C).

Figure 3 shows TEM images of intact skin. Figures 3A  

and 3B show an overview of the stratum corneum and stra-

tum granulosum in the epidermis. In Figure 3C, intercellular 

lipid lamellae were observed in the intercellular space as 

electron lucent bands. Corneocytes were visualized by their 

characteristic flattened shape, absence of organelles, and 

presence of electron-dense keratin filaments. Moreover, 

corneodesmosomes were observed, connecting corneocytes 

between layers of the stratum corneum. Figure 3D shows 

corneodesmosomes connecting cornified cells in the stratum 

corneum to one another, as well as to keratinocyte cells in 

the stratum granulosum.

Figure 4  shows TEM images of ultrathick sections 

of porcine skin treated with ULs (from Figure 2B). 

50 nm

Figure 1 Transmission electron microscopy images of ultradeformable liposomes.
Notes: Magnification: 200 K. Scale bar represents 50 nm.
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Figures 4A and 4B show the upper and lower stratum 

corneum, respectively, at the same magnification. The 

upper stratum corneum (Figure 4A) had broader-shaped 

corneocytes than in the lower stratum corneum (Figure 4B).  

Figure 4C shows that porcine skin treated with ULs had 

obviously less electron-dense keratin filaments, compared 

against intact skin (Figure 3C). The broad shape and the 

fewer electron-dense keratin filaments of the corneocytes in 

A B C

SC SC

SCVE VE

VE

PD
PD

PD

RD RD

RD

Hair shaft
Hair 
follicle

20 μm 20 μm 20 μm

Figure 2 Ultrathick sections observed by light microscopy.
Notes: (A) Intact pig skin, (B) and (C) pig skin treated with ultradeformable liposomes at 4 hours, from follicular and nonfollicular regions, respectively. Each scale bar 
represents 20 µm.
Abbreviations: SC, stratum corneum; VE, viable epidermis; PD, papillary dermis; RD, reticular dermis.

A

C

B

D

2 µm

0.2 µm
0.5 µm

1 µm

Figure 3 Transmission electron microscopy images of intact pig skin.
Notes: (A) Overview of SC and SG; scale bar represents 2 µm. (B) Overview of SC and SG; scale bar represents 1 µm. (C) Magnification of marked area in (A); scale bar 
represents 0.2 µm. (D) Magnification of marked area in (B); scale bar represents 0.5 µm.
Abbreviations: SC, stratum corneum; SG, stratum granulosum; C, corneocyte; ILL, intercellular lipid lamellae; CD, corneodesmosome.
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the stratum corneum resulted from denaturation of keratin 

inside the corneocytes. At the same magnification, the inter-

cellular spaces of porcine skin treated with ULs (Figure 4D) 

were wider than those of intact skin (Figure 3C), because the 

corneodesmosomes that connected the corneocytes between 

each stratum corneum layer were degraded. As a result of 

the degradation of corneodesmosomes, the stratum corneum 

layers of treated skin were detached, as seen in ultrathick 

sections (Figures 2B and 2C). Since the hydration effect of 

PBS resulted in corneocyte swelling and intercellular lipid 

lamellae disruption,23,24 the detachment of the stratum cor-

neum layers in Figures 2B and 2C might result from both 

liposome-induced corneodesmosome degradation and the 

hydration effect. Some corneodesmosomes are present in 

the upper part of Figure 4D, whereas the lower part shows 

degrading (white arrow) and degraded (black arrow) cor-

neodesmosomes. These images indicate that the degradation 

of corneodesmosomes depends on the rate at which ULs 

penetrate the skin.

Figure 4E shows a UL particle and denatured keratin 

inside a corneocyte. When observed at higher magnification 

(Figure 4F), it was obvious that the particle was disintegrating 

into smaller pieces. Figures 4G and 4H show many disin-

tegrated particles inside corneocytes and in the intercellular 

space of the stratum corneum. Keratin inside corneocytes 

was denatured, and no corneodesmosomes were observed. 

Figures 4E and 4F reveal that when particles penetrated the 

corneocyte, they gradually disintegrated into smaller pieces 

of phospholipid bilayer, denatured keratin, and disrupted 

corneodesmosomes – thereby enhancing the penetration 

of entrapped drugs. Figures 4G and 4H also show particle 

fragmentation to be mostly confined to the inner cellular 

membrane and intercellular lipid of corneocytes. Because 

the inside of corneocytes contains keratin, while inner and 

outer cellular membranes of corneocytes are lipid and protein, 

respectively, most of the lipid vesicles were confined to the 

inner cellular envelope and extracellular lipid matrix.

Figure 5 shows TEM images of ultrathick sections of por-

cine skin treated with ULs (from Figure 2C). Figures 5A and 

5B show the degraded corneodesmosomes at the interface of 

the stratum corneum and stratum granulosum (black arrow). 

In Figure 5B, disintegrated particles were observed near the 

desmosomes. In viable epidermis (Figure 5C), desmosomes 

and hemidesmosomes, which connect stratum basale and 

papillary dermis (Figure 5D), were normal. From Figures 5A  

through 5D, it is apparent that only corneodesmosomes were 

degraded, whereas the desmosomes in viable epidermis and 

hemidesmosomes in the epidermis–dermis interface were 

normal. Desmosomes are intercellular junctions that maintain 

tissue integrity of the epidermis. The main components of 

desmosomes are cadherins, armadillo proteins, and plakins. 

Corneodesmosomes are cellular junctions, derived from 

desmosomes, that provide strong intercorneocyte cohesion 

within the stratum corneum. The extracellular proteins of 

corneodesmosomes, which mediate corneocyte cohesion, 

are desmoglein 1, desmocollin 1, and corneodesmosin – a 

secreted glycoprotein that is incorporated into desmosomes 

prior to their conversion to corneodesmosomes in the 

A B C D

E F G H

2 µm 2 µm 0.5 µm 0.2 µm

0.2 µm0.2 µm0.5 µm 0.1 µm

Figure 4 Transmission electron microscopy images of pig skin treated with ultradeformable liposomes obtained from ultrathick section of pig skin treated with ultradeformable 
liposomes at 4 hours.
Notes: (A) Corneocytes in SC; scale bar represents 2 µm. (B) SC and SG; scale bar represents 2 µm. (C) Magnification of area in (A) marked with black rectangle; scale 
bar represents 0.5 µm. (D) Magnification of area in (A) marked with white rectangle; black arrow indicates degraded corneodesmosome; white arrow indicates degrading 
corneodesmosome in SC; scale bar represents 0.2 µm. (E) Vesicle penetration into corneocyte; scale bar represents 0.5 µm. (F) Magnification of (E); scale bar represents 
0.2 µm. (G) Vesicle fragmentation in SC; scale bar represents 0.2 µm. (H) Magnification of (G); scale bar represents 0.1 µm.
Abbreviations: SC, stratum corneum; SG, stratum granulosum; C, corneocyte; CD, corneodesmosome; ILS, intercellular space.
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stratum corneum.25,26 We suggest that corneodesmosomes 

are degraded by their interaction with UL vesicles. Other 

desmosomes and hemidesmosomes are unaffected, which 

may be due to the difference in desmosomal protein struc-

tures between the stratum corneum and viable epidermis, as 

mentioned above.

Figure 5E shows the penetration of ULs through the stra-

tum corneum into viable epidermis. The area of penetration 

shows obvious detachment of the stratum corneum, which 

resulted from corneodesmosome degradation. In the upper 

portion of the penetrated area, intact vesicles were observed, 

as shown in Figure 5F. Several upper stratum corneum layers 

were loosened, due to a desquamation process. As a result, 

intact vesicles were found in the intercellular region.

The presence of intact vesicles in the stratum granulosum 

(Figures 5G and 5H) indicates that ULs can penetrate viable 

epidermis as intact vesicles. The uppermost keratinocyte 

membrane in the stratum granulosum was disrupted by the 

penetration of ULs (Figures 5G and 5H). The presence of 

intact vesicles found in viable epidermis may be caused by the 

denaturing of keratin inside corneocytes and the degradation 

of corneodesmosomes by interactions with UL vesicles.

From our TEM images (Figures 4 and 5), it is apparent 

that ULs increase drug penetration by acting as a penetration 

enhancer and drug carrier system. The ULs enhanced skin 

penetration by entering corneocytes before disintegrating 

into small fragments and interacting with the protein and 

lipid barrier structure of the stratum corneum. The vesicles 

denatured keratin filaments inside corneocytes and degraded 

corneodesmosomes, resulting in vesicle and drug penetra-

tion into viable epidermis and dermis. Intracellular proteins 

and protein structures may become denatured as a result of 

their interactions with the surfactants in vesicles (Tween 

20 and phospholipid).27,28 d-limonene is a monoterpene skin 

penetration enhancer, incorporated in ULs, that could break 

interlamellar hydrogen bonding within the lipid bilayer. 

This interaction leads to widening of the aqueous region 

near polar head groups, and results in increased diffusion 

of polar molecules.29  Our findings also support the lipid 

protein partitioning theory, which proposes that penetration 

enhancers act by disrupting intercellular lipid organization, 

modifying intracellular proteins, resulting in increased drug 

penetration into viable epidermis.30

A distinct difference between follicular and nonfollicular 

regions of skin interacting with vesicles was that there were 

more vesicle fragments found in the stratum corneum of the 

follicular region, as shown in Figures 4G and 4H. The pres-

ence of more vesicle fragments in the follicular region, as 

observed by TEM, confirmed our previous suggestion that 

the follicular pathway was the main permeation pathway 

of ULs.21

Receiver medium observation and CLSM study
The collected receiver medium was investigated using TEM 

and CLSM, to determine the mechanism of the drug carrier 

system.

A B C D

E F G H

0.5 µm 0.2 µm 0.2 µm0.2 µm

5 µm 0.2 µm 0.2 µm0.5 µm

Figure 5 Transmission electron microscopy images of pig skin treated with ultradeformable liposomes, obtained from ultrathick section of pig skin treated with ultradeformable 
liposomes at 4 hours.
Notes: (A) Corneodesmosome degradation (black arrow) between SC and SG; scale bar represents 0.5  µm. (B) Corneodesmosome degradation (black arrow) and 
disintegrated particle (white arrow) between SC and SG; 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) Ultradeformable liposome penetration into the skin (black arrow); scale bar represents 5 µm.  
(F) Magnification of marked area in (E); scale bar represents 0.2 µm. (G) Disrupted cell membrane (black arrow) from penetration of intact vesicles into SG; scale bar 
represents 0.5 µm. (H) Magnification of (G); scale bar represents 0.2 µm.
Abbreviations: SC, stratum corneum; SG, stratum granulosum; SB, stratum basale; PD, papillary dermis; D, desmosome; CD, corneodesmosome; HD, hemidesmosome; 
VE, viable epidermis.
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TEM was used to investigate the receiver medium from 

TEM visualization, at time points of 30  minutes, 1  hour, 

2 hours, and 4 hours; those images are shown in Figures 6A 

through 6D, respectively. The receiver medium showed the 

spherical shape and nanoscale of vesicles, indicating that 

ULs could penetrate through skin to the receiver medium 

as intact vesicles.

Figures 7A through 7D show CLSM images of receiver 

medium at time points of 30 minutes, 1 hour, 2 hours, and 

4 hours. The presence of red fluorescence and green fluores-

cence in the receiver medium indicated that both ULs and 

NaFl could penetrate through skin. The ULs found in the 

receiver medium could be both intact vesicles and phospho-

lipid bilayer. Regarding the presence of intact vesicles in the 

receiver medium, as observed by TEM (Figures 6A–6D), NaFl 

found in the receiver medium could be both entrapped drug 

and free drug. The presence of both colors of fluorescence at 

the same point could also be used to investigate the release 

behavior of ULs. It is assumed that red fluorescence in receiver 

medium is intact vesicle. If the green fluorescence intensity 

is less than the red fluorescence intensity, the entrapped drug 

was released. Inside the white circles of Figures 7A-1, 7A-3, 

and 7A-4, the green fluorescence intensity was markedly 

less than the red fluorescence intensity, indicating that the 

vesicles had released some part of the entrapped drug into 

the skin. If both the green fluorescence and red fluorescence 

appeared equal, the entrapped drug was not released, or a 

significant amount was not released. In Figures 7B-1, 7B-3, 

7B-4, 7C-1, 7C-3, and 7C-4, both green fluorescence and red 

fluorescence were equal, indicating that the entrapped drug 

was not released, or a significant amount was not released. If 

green fluorescence appears while red fluorescence does not, 

there is free drug. Inside the white circles of Figures 7D-1, 

7D-3, and 7D-4, green fluorescence appeared, whereas red 

fluorescence did not appear, indicating there was free drug 

in the receiver medium. Supported by the presence of intact 

vesicles in the receiver medium (Figures 6 and 7), we suggest 

that ULs might penetrate through skin to the systemic blood 

circulation as intact vesicles. Pegylated or stealth liposomes 

should be applied for transdermal drug delivery, instead of 

conventional liposomes, to reduce reticuloendothelial system 

uptake and to prolong circulation time in blood.

Using CLSM and size exclusion chromatography, Cevc 

et al15 compared the vesicle size of phospholipid ULs from 

A B

C D

50 nm 50 nm

0.1 µm 0.1 µm

Figure 6 Transmission electron microscopy images of the receiver medium after skin penetration study of the NaFl-loaded, Rh-PE-labeled ultradeformable liposomes at 
different time points.
Notes: (A) 30 minutes; scale bar represents 50 nm. (B) 1 hour; scale bar represents 50 nm. (C) 2 hours; scale bar represents 100 nm. (D) 4 hours; scale bar represents 100 nm.
Abbreviations: NaFl, fluorescein sodium;  Rh-PE,  rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium salt.
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their original preparation with those collected from the serum 

of mice who had the ULs applied to their skin. The size of 

vesicles from the original preparation did not differ from 

those obtained from the mouse serum. The authors concluded 

that ULs penetrated through the skin to the circulation system 

as intact vesicles, without permanent disintegration. There-

fore, based on our TEM images of intact vesicles found in 

viable epidermis (Figures 5G and 5H) and receiver medium 

(Figures 6A through 6D), as well as CLSM images of receiver 

medium (Figures 7A through 7D), we agreed with Cevc  

et al7 – that ULs could penetrate the skin and enter the blood 

Figure 7 Confocal laser scanning microscopy images of receiver medium from the skin penetration study of NaFl-loaded, Rh-PE-labeled ultradeformable liposomes at 
different time points.
Notes: (A) 30 minutes; (B) 1 hour; (C) 2 hours; (D) 4 hours. Each image is divided into four parts: -1, green fluorescence of NaFl; -2, bright field image; -3, red fluorescence 
of Rh-PE; -4, overlay of -1 and -3. Scale bars represent 100 µm.
Abbreviations: NaFl, fluorescein sodium; Rh-PE, rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium salt.
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100 µm

100 µm

100 µm

100 µm 100 µm 100 µm 100 µm

100 µm 100 µm 100 µm

100 µm 100 µm 100 µm

100 µm 100 µm 100 µm

circulation system as intact vesicles. Honeywell-Nguyen  

et al16,17  studied in vivo and in vitro interactions between 

nonionic elastic vesicles and human skin, using tape stripping 

techniques. TEM images revealed that little vesicle material 

was found in the deepest layers of the stratum corneum. Thus, 

the authors suggested that penetration of intact vesicles into 

viable epidermis might not be possible. Because the speci-

men used for TEM preparation was a very small piece, the 

probability of finding intact vesicles in viable epidermis was 

also very small. To confirm the penetration of intact vesicles 

into viable epidermis or into the blood circulation system, 
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the receiver medium (or collected serum) also should be 

investigated.

Figures 8A and 8B show cross-sections of skin treated 

with NaFl-loaded, Rh-PE-labeled ULs at 2 hours. Both green 

fluorescence and red fluorescence were seen throughout the 

tissue cross-section, with high-intensity deposits in the fol-

licular region, indicating that NaFl and ULs could permeate 

from the stratum corneum to the dermis and accumulate in 

the hair follicles, more than in other regions, as shown in  

Figures 8A-2, 8A-3, and 8A-4. Figures 8B-2, 8B-3, and 

8B-4  show the hair follicle at higher magnification. The 

orange fluorescence inside the hair follicle, seen in the 

merged image (Figure 8B-4), occurred due to green fluo-

rescence and red fluorescence at the same region, which 

indicated that NaFl was still entrapped in ULs when it had 

penetrated via the hair follicles.

Sequential cross-sectional images of follicular and non-

follicular regions of porcine skin treated with NaFl-loaded, 

Figure 8 Confocal laser scanning microscopy cross-sectional images of porcine skin treated with NaFl-loaded, Rh-PE-labeled ultradeformable liposomes, at 2 hours. 
Notes: (A) Scale bars represent 50 µm. (B) Magnification of marked area in (A); scale bars represent 20 µm.  Each image is divided into four parts: -1, blue fluorescence of 
DAPI, -2, green fluorescence of NaFl; -3, red fluorescence of Rh-PE; -4, overlay of -1, -2, and -3.
Abbreviations: NaFl, fluorescein sodium; Rh-PE, rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium salt; DAPI, 4′,6-diamidino-2-
phenylindole.

A-1 A-2

A-3 A-4

B-1 B-2
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50 µm

50 µm 50 µm 20 µm 20 µm

50 µm 20 µm 20 µm

Figure 9 Confocal laser scanning microscopy cross-sectional images of porcine skin treated with NaFl-loaded Rh-PE–labeled ULs and stained with DAPI, at 4 hours.
Notes: (A) Follicular region; (B) nonfollicular region. Each image is divided into four parts: -1, blue fluorescence of DAPI; -2, green fluorescence of NaFl; -3, red fluorescence 
of Rh-PE; -4, overlay of -1, -2, and -3. Scale bar represents 50 µm.
Abbreviations: ULs, ultradeformable liposomes; NaFl, fluorescein sodium; Rh-PE, rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium 
salt; DAPI, 4′,6-diamidino-2-phenylindole.
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Rh-PE-labeled ULs (at 4 hours) are shown in Figures 9A 

and 9B. Both green fluorescence and red fluorescence inten-

sities at follicular regions (Figures 9A-2 and 9A-3) were 

significantly higher than at nonfollicular regions (Figures 

9B-2  and 9B-3) (Table 1), indicating that NaFl and ULs 

penetrated via the follicular region more than via the non-

follicular region.

Theoretically, molecules permeate the skin through 

intercellular, intracellular (transcellular), and follicular (transap-

pendageal) pathways.31 Follicular channels offer a large space 

for drug and vesicle transportation, bypassing the barrier func-

tion of the stratum corneum. The interaction of vesicle and intra-

cellular protein in the transcellular pathway resulted in vesicle 

fragmentation, as shown in Figures 4E through 4H. Regarding 

our TEM and CLSM investigation, we suggest that the intact 

vesicles found in receiver medium might penetrate skin using a 

transappendageal pathway as the main transportation route.

Conclusion
Our TEM investigation revealed that ULs employed both 

a penetration-enhancing effect and a drug carrier system 

mechanism for enhancement of skin penetration. ULs act 

as penetration enhancers by denaturing intracellular protein 

and corneodesmosomes, and disrupting intercellular lipid 

organization, which results in enhancement of penetration 

via intracellular and intercellular pathways, respectively. ULs 

also act as a drug carrier system, by penetrating through skin 

into receiver medium as intact vesicles, as observed by TEM 

and CLSM. We suggest that a transappendageal pathway is 

the major penetration route of intact vesicles.
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