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Abstract

Topical photodynamic therapy (PDT) with 5-aminolevulinic acid (ALA) is an alternative therapy for many non-melanoma skin cancers. The
major limitation of this therapy, however, is the low permeability of ALA through the stratum corneum (SC) of the skin. The objective of the present
work was to characterize ethosomes containing ALA and to enhance the skin production of protoporphyrin IX (PpIX), compared to traditional
liposomes. Results showed that the average particle sizes of the ethosomes were less than those of liposomes. Moreover, the entrapment efficiency
of ALA in the ethosome formulations was 8—66% depending on the surfactant added. The particle size of the ethosomes was still approximately
<200 nm after 32 days of storage. An in vivo animal study observed the presence of PpIX in the skin by confocal laser scanning microscopy (CLSM).
The results indicated that the penetration ability of ethosomes was greater than that of liposomes. The enhancements of all the formulations were
ranging from 11- to 15-fold in contrast to that of control (ALA in an aqueous solution) in terms of PpIX intensity. In addition, colorimetry detected
no erythema in the irradiated skin. The results demonstrated that the enhancement ratio of ethosome formulations did not significantly differ
between the non-irradiated and irradiated groups except for PE/CH/SS, which may have been due to a photobleaching effect of the PDT-irradiation

process.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Skin cancer is the most common cancer of all patholo-
gies related to cancerous disease (Lopez et al., 2004), which
is divided into melanoma and non-melanoma skin cancers
(NMSCs). In fact, NMSCs include basal cell carcinomas (BCCs)
and squamous cell carcinomas (SCCs) (McGillis and Fein,
2004). Traditionally, several therapeutic approaches have been
used, those of surgery, radiation therapy, and topical chemother-
apy. However, these approaches generally entail problems
including scarring of sensitive areas, producing painful lesions,
and not being amenable to or suitable for elderly patients
(Chakrabarty and Geisse, 2004). Over the past decade, top-
ical photodynamic therapy (PDT) with 5-aminolevulinic acid
(ALA) has been an alternative option for dermatologists treat-
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ing NMSCs. PDT is a non-invasive treatment and has proven to
have several benefits involving low morbidity, minimum func-
tional disturbance, better cosmetic outcomes, good tolerance,
and the ability to repeatedly be used many times at the same site
(Hopper, 2000).

Fundamentally, PDT is a composite technique which requires
three basic elements: a photosensitizer, light irradiation, and
singlet oxygen. The mechanism of ALA-PDT employs a pho-
tosensitizer which is activated by a suitable wavelength, and
consequently singlet oxygen is generated by a cascade of reac-
tions. The cytotoxic activity occurs by two pathways: destruction
of tumor cells by necrosis or apoptosis and the failure of
tumor vascularization by a decline in oxygen-carrying blood
(Henderson and Dougherty, 1992; Szeimies et al., 2005). Indeed,
ALA is a precursor of the photosensitizer, protoporphyrin IX
(PpIX), formed in vivo after the exogenous application of ALA
(De Rosa and Bentley, 2000). In addition, ALA molecules are
zwitterions which carry both a positive charge at the amine ter-
minal and a negative charge at the carboxylic terminal. These
characteristic compounds have limited capacities to reach and
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ultimately enter target cells within a biological environment
(Fotinos et al., 2006). Thus, the major limitation of this therapy
is the poor penetration of ALA through biological barriers like
cell membranes or the skin, due to its hydrophilic characteristic
and charge (Peng et al., 1997a,b).

In the last two decades, a considerable number of studies have
been conducted on the development of carriers, the synthesis
or modification of valuable photosensitizers, and the enhance-
ment of ALA by physical methods (Lopez et al., 2004). To date,
many carriers have been used to deliver ALA including emul-
sions, liposomes, a lipid sponge form, and a nanocolloid lotion
(Casas et al., 2002; Hiirlimann et al., 1998; Merclin et al., 2004).
Liposome carriers are generally accepted in various delivery
strategies for the systemic or topical administration of drugs.
Liposomal delivery systems can enhance the capillary perme-
ability of hydrophilic drugs and localize them to target tissues
(Loan Honeywell-Nguyen and Bouwstra, 2005). Phospholipids
are recognized as being non-toxic and biodegradable, and they
can prolong the half-life of a drug to attain a sustained-release
effect (Oku, 1999). On the other hand, previous studies demon-
strated that phospholipids can exhibit their enhancing effect on
the skin in the presence of organic solvents such as propylene
glycol, tertraglycol, and ethanol (Mahjour et al., 1990; Valjakka-
Koskela et al., 1998). Ethosome carriers, which were invented
by Touitou et al., are a modified form of liposomes that contain
a relatively high concentration of ethanol. Moreover, that team
discovered that ethosomes are permeation-enhancing carriers,
which significantly promote drug delivery into the skin (Touitou
etal., 1997; Dayan and Touitou, 2000). To put it more concretely,
ethosomes are more efficient at delivering topical agents to the
skin, in terms of quantity and depth, than either liposomes or
hydroalcoholic solutions (Ting et al., 2004). The unique prop-
erties of ethosomes allow their easier penetration into deeper
layers of the skin due to the soft, flexible characteristics of the
vesicles. By contrast, there are differences in the depths of pen-
etration of the skin between liposomes and ethosomes (Touitou
et al., 2000a).

To date, several studies have been performed to create liposo-
mal formulations in attempts to overcome the poor penetration
of ALA; however, very few attempts have been made to optimize
the formulations. Hence, this study focused on modification for-
mulations so that ALA can be delivered into the skin more
efficiently by liposomes/ethosomes. An in vivo animal study
was carried out to evaluate the relationship of the depth of the
skin with the concentration of PpIX by confocal laser scanning
microscopy (CLSM). Colorimetry was used to confirm the status
of the skin when exposed to PDT.

2. Materials and methods
2.1. Materials

ALA (approximately 98% pure), phosphatidylethanolamine
(PE, commercial grade), and cholesterol (CH) were purchased
from Sigma Chemical (St. Louis, MO, USA). Sodium stearate
(SS) was obtained from Nippon Shinyaku Kogyo (Osaka,
Japan). Other chemicals used in the study were of reagent grade.

2.2. Preparation of vesicles (ethosomes vs. liposomes)

Ethosomes and liposomes were prepared according to the
thin-film hydration method. Phosphatidylethanolamine, choles-
terol, and a surfactant (sodium stearate) were dissolved in
chloroform and methanol (2:1, v/v) in a 250-ml round-bottomed
flask. The mixture was evaporated in a rotary evaporator above
the transition temperature of the phospholipids (60 °C for PE),
and solvent traces were removed under vacuum overnight. The
film was hydrated with 0.1% ALA dissolved in 15% (v/v)
ethanol solution or aqueous solution above the lipid transition
temperature for 30 min. The vesicle suspension was dispersed
by a probe sonicator (UP50H, Dr. Hielscher, Germany) at 50%
amplitude for 1 min.

2.3. Vesicle size and zeta potential

The vesicle size and zeta potential were measured by laser
light-scattering (LLS) with a helium—neon laser at 630 nm (Zeta-
sizer 3000HS 5, Malvern, UK). The polydispersity index (PI)
was used as a parameter of the size distribution. All vesicles
were diluted 100-fold with deionized water before the size and
zeta potential measurements. The determination was repeated
three times per sample for three samples. All particle sizes and
zeta potentials were measured at 25 °C. In order to evaluate the
stability of ethosomes during storage, the size and zeta potential
of vesicles were also monitored after being stored at 4 °C for 32
days.

2.4. Determination of the ALA entrapment efficiency

The entrapment efficiency of ALA in vesicles was determined
by high-performance liquid chromatography (HPLC) (Fang et
al., 2006a). A centrifugation method was used to separate the
incorporated drug from the free form. Vesicle suspensions were
centrifuged at 48,000 x g and 4 °C for 30 min. Following cen-
trifugation, the supernatant and pellet were separated, and the
concentration of ALA was analyzed by HPLC.

2.5. HPLC analytical conditions for ALA determinations

The fluorescence derivation of ALA samples was based on
a modification of the Hantzsch reaction, in which amine com-
pounds react with acetylacetone and formaldehyde (Oishi et al.,
1996). The acetylacetone reagent was prepared by the addition of
15 ml acetylacetone, 10 ml ethanol, and 75 ml deionized water.
The acetylacetone reagent at 3.5 ml, 0.45 ml of a 10% formalde-
hyde solution, and 50 .1 of the ALA sample were vortex-mixed
for about 3s. The mixture was heated in an aluminum-block
heater to 100 °C for 15 min, and then cooled in an ice bath.

The ALA content of the various samples was analyzed with an
HPLC system consisting of a Waters 515 HPLC pump, a Waters
715 sample processor, and a Waters 474 fluorescence detector
(Waters Co. MA, USA). A reverse-phase column (Lichrospher
RP-18, 250 x 4 mm, 5 pm, (Merck, Darmstadt, Germany)) was
used, with the column oven set to 40 °C. The mobile phase
consisting of methanol-water—acetic acid (50:50:1) was used
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at a flow rate of 0.7 ml/min. The wavelength of the fluorescence
detector was set to excitation at 378 nm and emission at 467 nm.
All samples were allowed to stand in the dark.

2.6. In vivo topical delivery of ethosomes and liposomes

Female nude mice (ICR-Foxnl) at 7-8 weeks old were used
for the experiments. A glass cylinder with an available area of
0.785 cm? was placed on the dorsal skin of a mouse with glue.
Ethosomes or liposomes (100 wl) were added to each cylinder,
which was covered with parafilm. After being applied for 4 h,
each skin site was wiped 10 times using a cotton-tipped stick
with distilled water, and the mice were divided into two groups:
irradiated and non-irradiated groups. At the end of the irradiative
protocol, the treated area was excised. The amount of ALA-
induced PpIX retained in the skin was measured by CLSM. All
procedures were carried out in the dark to prevent the influence
of ambient light.

2.7. PDT instrumentation

A PDT instrument (Omnilux-Red, Photo Therapeutics, UK)
was used for the skin irradiative protocol. The device includes
dimensions of light active area (L x W: 225 mm x 210 mm) with
a light-emitting diode (LED) a red light source at 633 &3 nm.
A light dose of 120 J/cm? was delivered with an output intensity
of 80 mW/cm? over 25 min. The energy intensity of the LED
was pre-measured with a light meter (TES 1339, TES Corp.,
Taiwan).

2.8. Confocal laser scanning microscopy

Skin samples obtained following in vivo treatment were
examined for PpIX fluorescence images by CLSM. Each full
skin sample was sliced in sections of 6—13 wm in thickness
through the Z-axis and examined with CLSM (FV 500, Olym-
pus, Japan). Optical excitation was carried out with a 488 nm
argon laser beam, and the fluorescence emission was detected at
590 nm. According to the CLSM image of the skin, we used flu-
oview software to quantify PpIX fluorescence. The enhancement
ratio (ER) =ratio of (PpIX intensity of the modified formula-
tion)/(PpIX intensity of ALA in aqueous solution).

2.9. Skin irritation evaluation by colorimetry

The skin irritation level in terms of erythema color was mea-
sured by colorimetry (Chroma Meter-CR 221, Minolta, Japan).
The instrument records three-dimensional color reflectance
(including L*, a*, and b*), as recommended by the Commis-
sion International del’Eclairage (CIE). The definitions are as
follows: L* is the relative brightness ranging from total black
(0) to total white (+100), a* is the balance between red (+100)
and green (—100), and b* is the balance between yellow (+100)
and blue (—100). The total difference in color between the light-
treated site and untreated site as the control is defined as follows:
AC=(Ad%+ Ab*)2? and AE=(AL? + Ad® + Ab?)V2.

Table 1

Physicochemical characteristics of ethosome-encapsulated ALA

Ethosome Entrapment (%) Size (nm) Zeta (mV)
composition

(molar ratio)

PE 857 £22 163.5 £ 0.9 —535+19
PE/CH (2:1) 9.09 £ 4.02 132.6 £ 1.9 —53 £ 0.8
PE/CH/SS 66.42 £ 0.34 1264 £ 2.8 —70.06 + 6.9
(2:1:2.5)

Each data represents the mean + S.D. (n=3). PE, phosphatidylethanolamine;
CH, cholesterol; SS, sodium stearate.

2.10. Statistical analysis

Data were analyzed by WINKS software. Statistical com-
parisons between data were made using analysis of variance
(ANOVA). Subgroups were compared using the Newman—Keuls
multiple comparisons. A 0.05 level of probability was taken as
the level of significance.

3. Results
3.1. Characterization of vesicles (liposomes vs. ethosomes)

3.1.1. Preparation and characterization of vesicles

The particle size and zeta potential of ethosomes were mea-
sured by LLS, and the results are shown in Table 1. Data on
the particle size showed corresponding decreases depending
on the additives, and the results obtained were in the order
of PE >PE/CH > PE/CH/SS (p <0.05). Moreover, results of the
polydispersity index (PI; representing the distribution of par-
ticle size) were <0.48. Incidentally, the average particle sizes
of ethosomes were less than those of the liposomal group.
The zeta potentials of the PE and PE/CH vesicles were about
—53.54+1.9 and —53.0 £0.8 mV, respectively. The addition of
sodium stearate caused a higher negative surface charge to a
value of —70.06 £ 1.9 mV.

3.1.2. Entrapment efficiency of ALA in vesicles

Table 1 shows that the entrapment efficiency did not signifi-
cantly differ (p>0.05) regardless of whether or not cholesterol
was entrapped. The results also showed that adding both choles-
terol and sodium stearate to PE vesicles significantly increased
the entrapment efficiency. This was revealed by the entrapment
efficiency of PE/CH/SS being raised about sevenfold in compar-
ison with PE or PE/CH. Additionally, the influence of additives

Table 2
Stability test by measuring both ethosomal size and zeta potential after 32 days
Formulation 0 Day 32nd Day

Size (nm) Zeta (mV) Size (nm) Zeta (mV)
PE 163.5+£09 —-535+£19 1589+41 —471+18
PE/CH 1326 £ 1.9 —-53.0+08 2050+09 —48.6+29
PE/CH/SS 1264 £28 —706+69 2335+48 —-709+93

Each data represents the mean £+ S.D. (n=3). PE, phosphatidylethanolamine;
CH, cholesterol; SS, sodium stearate.
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Table 3
Skin irritant evaluation of PDT-irradiated by colorimeter
Control® Light

L* 55.41 £2.99 55.04 £ 1.65 AL* —0.37

a* 4.16 + 1.04 3.66 £+ 1.08 Aa* —0.50

b* 4.81 £ 1.25 3.22 £ 049 Ab* -1.59
AC* 1.67
AE* 1.71

Each data represents the mean = S.D. (n=4).
2 Control group is the neighboring non-irradiated site.

to ethosomes produced the same effects in liposomes. However,
the incorporation of cholesterol and sodium stearate into lipo-
somes resulted in two to fourfold gains in entrapment efficiency.
Taken individually, the entrapment efficiencies of ethosomes
and liposomes prepared with PE/CH/SS were 66.42 + 0.34 and
29.37 £ 1.21, respectively.

3.1.3. Stability of ALA in vesicles

The stability of ethosomes was tested using the LL.S method.
Table 2 shows that during 32 days of storage at 4 °C, PE alone in
ethosomal system resulted in a slight change of particle size and
an increase of PI after storage. In addition, our previous study
showed that the physical stability of liposomes could be main-
tained by adding cholesterol (Fang et al., 2008). By contrast,
the addition of cholesterol significantly increased the vesicle
size of ethosomes after storage. Moreover, incorporation of an
anion surfactant (sodium stearate) increased the vesicle sizes of
both the liposomal and ethosomal systems by 35.32 and 45.87%,
respectively (Table 2).

3.2. Penetration behavior by CLSM studies

To elucidate differences in the skin penetration behavior
between liposomes and ethosomes, we observed the PpIX level
using the CLSM method. Confocal images were acquired after
both liposomes and ethosomes had been applied to the back skin
of nude mice for 4 h. The skin thickness was optically scanned
at 6—13 wm increments for nine fragments from the surface of
the skin (left to right, top to bottom).

Fig. 1 shows the results for liposomes in the CLSM studies.
It was found that the control group (ALA dissolved in H,O)
presented a weak PpIX signal. By contrast, PE/CH/SS showed
a significantly higher intensity of PpIX than the control group
(p <0.05); however, the delivery depth was only about 60 pm.
On the other hand, the results for ethosomes showed that a higher
amount of ALA was delivered when dissolved in a 15% ethanol
solution (Fig. 2A) than when dissolved in HyO (Fig. 1A), and the
result was similar to that of PE/CH/SS (Fig. 1B). Moreover, PE in
15% ethanol (Fig. 2B) clearly resulted in a broad distribution of
PpIX intensity that extended from the stratum corneum to upper
epidermis in comparison with ALA dissolved in either H>O or
15% ethanol. Because the PpIX intensity of penetration in the
PE/CH/SS (ethosome) was lower than that of PE (ethosome),
the figure of PE was cited. Overall, the penetration behavior of
liposomes differed from that of ethosomes. The intensities of

Table 4
The enhancement ratio of the formulation to PpIX in the skin with or without
PDT-irradiated

Enhancement ratio (ER)?

Non-light PDT-irradiated
15% EtOH 9.00 £+ 2.42 8.51 £ 0.87
PE 15.36 &+ 6.51 12.51 £+ 3.50
PE/CH 14.68 &+ 9.14 14.90 £ 2.37
PE/CH/SS 11.20 £+ 1.15 9.80 &+ 1.29

Each data represents the mean = S.D. (n=3-4).
2 Enhancement ratio (ER) = ratio of PpIX intensity of the modified formulation
to PpIX intensity of ALA in aqueous solution.

PpIX delivered by of liposome were in the increasing order of
H>O < PE < PE/CH/SS (Fig. 1). In contrast, the delivery of ALA
by ethosomes revealed that PE/CH/SS reduced the PpIX found
in the skin.

3.3. Effect of light

After the free form of ALA or the various formulations were
removed from the treated site on mice skin, the skin was irra-
diated by Omnilux-red with a fluence rate of 80 mW/cm? for
25 min, with a total light dose of 120 J/cm?. Fig. 3 shows the
influence of light on the fluorescence of PpIX. As shown by
the results of ALA dissolved in 15% ethanol, no difference was
apparent between the non-irradiated (Fig. 2A) and irradiated
groups (Fig. 3A); moreover, the intensity of PpIX of the etho-
somal formulation (PE) was obviously higher than that in 15%
ethanol.

Table 4 summarizes the results of PpIX intensity in the
skin under different conditions. The results show that the
enhancement ratios of the modified formulations increased
from 8.51- to 15.36-fold in contrast to ALA in an aqueous
solution. In the irradiated group, the enhancement ratios of dif-
ferent formulations decreased in the order of PE = PE/CH < 15%
ethanol = PE/CH/SS. Moreover, the data also showed that the
enhancement ratio of the non-irradiated PE/CH/SS group was
significantly higher than that of the irradiated group (p <0.05).

3.4. Skin irritant evaluation by colorimetry

For the colorimetric evaluation, there were many parame-
ters including AL*, Aa*, Ab*, AC*, and AE*. As shown in
Table 3, the data revealed that the indicators did not signif-
icantly differ between the control and PDT-irradiated groups
(p>0.05). Taken individually, the value of L*, the luminance
of the relative brightness, was about 55 in both the control and
PDT-irradiated groups. The values of a*, the balance between
red and green, were 3.66 in the control and 4.66 in the PDT-
irradiated groups. The values of b*, the balance between yellow
and blue, were 4.81 in the control and 3.22 in the PDT-irradiated
group. In general, differences in color between the control and
experimental groups were expressed as AE*, which had a value
of 1.71.
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(A)

(B)

Fig. 1. CLSM micrographs of nude mouse skin after in vivo application of liposomal formulation for 4 h. (A) liposome-free (ALA in aqueous solution); (B) liposome
(PE/CH/SS) in aqueous solution. The skin was visualized by CLSM at 6—13 um increments through the Z-axis. The full thickness was divided to nine fragments
from the surface of the skin (left to right, top to bottom). The right figure is the sum of above fragments.

4. Discussion

4.1. Comparison of the physicochemical properties
between liposomes and ethosomes

In past research, a considerable number of studies have
attempted to improve ALA skin permeation. Because of the spe-
cial structure of the skin and the hydrophilic properties of ALA,
a major limitation of PDT is drug delivery. Several approaches
have been used for transdermal drug delivery (Barry, 2001), one
of which uses vesicle formulation (Loan Honeywell-Nguyen
and Bouwstra, 2005). Due to the hydrophilic properties of ALA,
it might be difficult to entrap ALA by either the liposomal or
ethosomal system (Yatvin and Lelkes, 1982; Choi and Maibach,
2005). We attempted to characterize ethosome containing ALA
and to compare the physicochemical properties and penetration
behaviors of PpIX delivery between conventional liposomal and
deformable ethosomal systems.

Vesicle size influences topical drug delivery; vesicles smaller
than 300 nm are able to deliver their contents to some extent into

deeper layers of the skin (Verma et al., 2003; du Plessis et al.,
1994). In the cases of ethosomes and liposomes with average
diameters of <200 nm, there is the potential for delivery through
the skin. Our study showed that the vesicle size of the ethosomal
system was significantly smaller than that of the liposomal sys-
tem (p <0.05), with sizes ranging from 126.4 to 163.5nm and
133.6 to 196.0 nm, respectively. This phenomenon was reported
in previous studies, and it suggests that ethanol has a fluidizing
effect on phospholipid bilayers (Touitou et al., 2000a,b). In other
words, ethanol has a predominant role in ethosomal systems, in
that adding ethanol to conventional liposomes produces com-
pact, soft, deformable vesicles (Touitou et al., 2000b). On the
other hand, the evidence indicated that ethanol probably has a
steric stabilization effect due to modification of the net charge
of the ethosomal system which is relevant to a decrease in vesi-
cle size (L6pez-Pinto et al., 2005). In the present study, there
was no significant difference between liposomal and ethosomal
systems in terms of the zeta potential, except for the PE/CH/SS
group. However, the notion of steric stabilization might not cor-
respond with most of the present data. It was assumed that
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(A)

(B)

Fig. 2. CLSM micrographs of nude mouse skin after in vivo application of ethosomal formulation for 4 h. (A) ethosome-free (ALA in 15% ethanol solution); (B)
ethosome (PE) in 15% ethanol solution. The right figure is the sum of above fragments.

steric stabilization distinguished between phosphocholine and
phosphoethanolamine due to the different head groups of phos-
pholipids.

Particle size showed a corresponding decrease with the
addition of additives, and results were in the order of
PE>PE/CH>PE/CH/SS (p<0.05). Here, we discuss the
aspects of the effects of CH and SS. First, the size after adding
CH with PE was smaller than that with PE alone, and this
was apparently due to the influence of CH. It is now generally
accepted that the addition of CH to phospholipid films causes
the membrane to be more compact (Vemuri and Rhodes, 1995).
The results of our study corresponded to this concept not only
for the liposomal but also for the ethosomal system. Second,
adding SS to PE/CH showed a tendency for the vesicle size to
be smaller than other formulations in both the liposomal and
ethosomal systems. This phenomenon presumes that the carbon
chain of stearate was inserted into the lipid bilayer (Fang et al.,
2008).

Theoretically, liposomes and ethosomes can entrap both
hydrophobic and hydrophilic drugs (Vemuri and Rhodes, 1995;

Touitou et al., 2000a). However, evidence from a previous study
demonstrated that the entrapment of hydrophilic molecules was
less efficient than that of hydrophobic molecules (Touitou et
al., 2000b). Due to its hydrophilic properties, ALA limits the
entrapment efficiencies of liposomes and ethosomes (Yatvin and
Lelkes, 1982). Table 1 shows that regardless of whether choles-
terol was incorporated, no significant difference was noted in
terms of entrapment efficiency (p >0.05). Moreover, our find-
ings indicated that PE/CH/SS had high entrapment efficiencies
in both the ethosomal and liposomal systems. In our previous
study (Fang et al., 2008), the enriched entrapment efficiency
may be attributed to interactions between SS and ALA, when
the complex was inserted in the lipid bilayer. Overall, the results
showed that the entrapment efficiency of PE/CH/SS in ethosome
system (with 15% ethanol) was about two orders of magnitude
higher than that of the PE/CH/SS group in liposome system
(without 15% ethanol). This tendency can be explained by the
influence of the surface potential. Yamaguchi showed that high
zeta potentials in ethosomes increase the interbilayer distance
owing to electrostatic repulsion (Yamaguchi, 1996). Moreover,
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(A)

(B)

Fig. 3. CLSM micrographs of nude mouse skin after in vivo application of ethosomal formulation for 4 h and irradiated with the fluence rate of 80 mW/cm? for
25 min, and the total light dose of 120 J/cm?. (A) ethosome-free (ALA in 15% ethanol solution); (B) ethosome (PE) in 15% ethanol solution. The right figure is the

sum of above fragments.

Barry (2001) investigated the detailed mechanisms to clarify the
role of ethanol by using *H and 3! P nuclear magnetic resonance
(NMR) spectroscopy. They demonstrated that ethanol binds
strongly to the bilayers in the region of the lipid—water inter-
face with little or no interaction with the hydrocarbon interior.
Several studies also reported the same tendency of ethosomes
to load significantly more than liposomes with the same com-
ponents but without ethanol (Dayan and Touitou, 2000; Maurer
et al., 2001).

In the stability study, PE alone in ethosomal system resulted in
aslight change of particle size and an increase of PI after storage.
On the other hand, the result also showed a decreased in entrap-
ment efficiency (data not shown). In terms of chemical properties
of ALA, it may be stable in strongly acidic solution (pH 3). How-
ever, we couldn’t employ acidic solution to animals in clinical
application which may cause more side effects. Briefly, the pH
problem might partially contribute to the phenomenon (Elfsson
etal., 1999). In order to retain the ALA loaded, the technique of
freeze drying should be used in the stored process.

4.2. Penetration behavior by CLSM studies

Visualization of PpIX by CLSM images showed differences
in the skin penetration behavior between liposomes and etho-
somes (Figs. 1 and 2). The drug penetration behavior was diverse
due to the physicochemical properties including particle size,
zeta potential, thermodynamic phase, lamellarity, and bilayer
elasticity of vesicles; these characteristics are influenced by the
components (Loan Honeywell-Nguyen and Bouwstra, 2005).

Overall, our findings indicated that the penetration ability
of ethosomes was grater than that of liposomes, and that both
ethanol and the surfactant were key factors. Basically, ethanol
is an enhancer that interacts with the skin and extracts lipids of
the SC, and fluidized SC lipids create channels which allow the
increased delivery of a drug (Berner and Liu, 1995). In order
to enhance the transdermal delivery efficiency, many strategies
attempt to both disrupt/weaken the structure of the skin and
increase the driving force for delivering a drug through the skin
barrier (Loan Honeywell-Nguyen and Bouwstra, 2005). Touitou
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et al. developed an ethosomal system that can transport sev-
eral drugs across the skin more efficiently. Ethosomes, a unique
carrier, simultaneously influence the vesicle characteristics and
skin. The team suggested a model of ethanol which exerts a
fluidizing effect on both the ethosomal lipids and on the lipid
bilayer of the SC (Touitou et al., 2000b).

The result demonstrated that the penetration behavior of PpIX
was similar between PE and PE/CH formulation and showed
that the enhancement ratios were increased 14- to 15-fold in
comparison with that of ALA dissolved in HyO. However, this
phenomenon did not occur when ALA was dissolved in 15%
ethanol alone. Actually, the ethosomal suspension used in this
study contained less than 10% entrapped and 90% untrapped
drug. Hence, the high deposition in the skin might be attributed
to the properties of ethosomes and the effect of phospholipids.
By the characteristics of ethosome, it may be assumed that the
entrapped can be transport to the skin by its flexible properties
and the other free form (unentrapped part) might be facilitated
by the ethosome itself.

On the other hand, the data also showed that the PE/CH/SS
composition was the best at achieving a high entrapment effi-
ciency of about 66%; however, the penetration studies indicated
that the PpIX intensity of PE/CH/SS was similar to that in 15%
ethanol alone. On the basis of the heme synthesis pathway, free
heme can inhibit the synthesis of ALA by a negative freedback
mechanism. Indeed, ALA is a precursor of the photosensitizer,
protoporphyrin IX (PpIX), formed in vivo after the exogenous
application of ALA. After exogenous ALA topical applied to
skin, PpIX is converted within mitochondria. The process may
accumulate due to the limited capacity of ferrochelatase to con-
vert it to heme. Here, we discussed two sets of penetration
behaviors of PpIX: first, how drugs were released from the vesi-
cles; and second, how PpIX was transformed from ALA. The
phenomenon implies that the amount of PpIX in the skin was sig-
nificantly lower and might be confined to the release stage from
the ethosomal system. The phenomenon could be interpreted as
follows: first, phospholipids form an extra lipid barrier at the skin
surface; second, the drug is slowly released from the liposomes,
or interactions exist between the drug and lipid molecules (Fang
et al., 2006b). Also, evidence supports there being no correla-
tion between the entrapment efficiency and drug delivery (Barry,
2001). The present data support that viewpoint.

4.3. Effect of PDT irradiation

Irradiation plays a particular role in PDT, which involves
activation at a certain wavelength and suitable fluence rate, and
singlet oxygen is generated by a cascade of reactions. PDT effi-
ciency is related to the process of light irradiation (Henderson
and Dougherty, 1992; Szeimies et al., 2005). In brief, light
sources are divided into three types: (a) lasers, such as the gold
vapor laser; (b) the incoherent type, such as a slide projector or
arc lamp; and (c) LED systems. While laser systems are widely
used, the instrument requires proper staff and sufficient space,
and it is more expensive. Incoherent light sources offer such
advantages as being cheaper and simpler, and having similar effi-
cacies as laser systems, although they use broadband excitation

(De Rosa and Bentley, 2000). LED systems have been developed
to overcome the disadvantages of other light sources. These offer
significant benefits including a narrowband light source, less
hyperthermia, and simple, inexpensive handling (Babilas et al.,
2006).

Our work was performed with an LED light delivery sys-
tem; howeyver, little information is available on the effects of the
light dose from LED sources. Previous studies suggested that the
light dose is within a range of 60250 J/cm? for laser sources
and 30-540J/cm? for non-laser sources (Peng et al., 1997a,b).
Omnilux-red, the PDT instrument, is a product of Photo Ther-
apeutics, and its overall safety is thought to be good. In order
to confirm the safety in the present circumstances, we used a
colorimeter to evaluate irritation to the skin. Overall, there were
no significant differences between the non-irradiated and irradi-
ated groups in terms of the indicators of erythema (p >0.05). In
other words, skin erythema was not significantly influenced by
irradiation in this study.

In the data of the irradiated group, the enhancement
ratio with different formulations decreased in the order of
PE=PE/CH>15% ethanol =PE/CH/SS. The tendency was
similar to that of the non-irradiated group. This implies that
the enhancement behavior was related to the formulation. The
enhancement ratios of PpIX in the skin with 15% ethanol and
PE/CH/SS were equivalent because the release of PpIX might
have been restricted in the step from the ethosomal system to
the skin. On the other hand, PE and PE/CH showed marked
PpIX intensities in the skin in that phospholipids as a carrier
increase the penetration ability into the skin. This is in accor-
dance with previous studies which demonstrated that ethosomes
can deliver drugs deep into the SC layer of the skin (Choi and
Maibach, 2005).

In particular, the enhancement ratios showed significant dif-
ferences between the non-irradiated and irradiated groups with
the PE/CH/SS formulation (p <0.05). It is possible that a pho-
tobleaching effect occurred during the PDT-irradiation process.
Photobleaching, or photochemical degradation, causes a loss of
fluorescence intensity due to photon-induced chemical damage
and irreversible covalent modifications by light exposure. Our
results are in agreement with previous studies on the concept
of photobleaching in animal experiments (Ericson et al., 2003).
The phenomenon assumes that the absorption spectrum of PpIX
fluorescence is similar to that of the PDT irradiation (Nadeau et
al., 2004).

5. Conclusions

In summary, ethosomal formulations containing ALA were
characterized in this study. The results indicated that there was
no correlation between the entrapment efficiency and penetra-
tion of PpIX into the skin. This phenomenon implies that PpIX
is retarded in the skin possibly due to restrictions at the release
stage from the ethosomal system. Results of CLSM indicated
that the penetration ability of ethosomes was greater than that of
liposomes in terms of PpIX deposition in the skin, and ethanol
played a particular role in the ethosomal system. Ethanol exist a
fluidizing effect on both lipids of the ethosomal and lipid bilayer
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of the SC. In the evaluation of erythema due to the irradiation
process, no redness was observed in the skin using a colori-
metric method. The penetration behavior of the irradiated group
with the ethosomal formulation showed no significant difference
except with PE/CH/SS, and we assumed that this was associated
with a photobleaching effect.
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