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Introduction: Topical photodynamic therapy (PDT) refers to topical applica-
tion of a photosensitizer onto the site of skin disease which is followed by
illumination and results in death of selected cells. The main problem in topical
PDT is insufficient penetration of the photosensitizer into the skin, which
limits its use to superficial skin lesions. In order to overcome this problem,
recent studies tested liposomes as delivery systems for photosensitizers.
Areas covered: This paper reviews the use of different types of liposomes for
encapsulating photosensitizers for topical PDT. Liposomes should enhance
the photosensitizers’ penetration into the skin, while decreasing its absorp-
tion into systemic circulation. Only few photosensitizers have currently been
encapsulated in liposomes for topical PDT: 5-aminolevulinic acid (5-ALA),
temoporfin (MTHPC) and methylene blue.

Expert opinion: Investigated liposomes enhanced the skin penetration of
5-ALA and mTHPC, reduced their systemic absorption and reduced their
cytotoxicity compared with free drugs. Their high tissue penetration should
enable the treatment of deep and hyperkeratotic skin lesions, which is the
main goal of using liposomes. However, liposomes still do not attract enough
attention as drug carriers in topical PDT. In vivo studies of their therapeutic
effectiveness are needed in order to obtain enough evidence for their
potential clinical use as carriers for photosensitizers in topical PDT.
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1. Photodynamic therapy

Photodynamic therapy (PDT) represents a minimally invasive therapeutic approach
used for various neoplastic and non-neoplastic diseases [1-3]. The advantages of PDT
over conventional therapies are that it is minimally invasive, lacks systemic toxicity,
shows selectivity, has a better functional and cosmetic outcome and can be repeated
many times at the same site [2,3].

PDT requires the presence of a photosensitizing agent, oxygen and light of
a specific wavelength which matches the absorption characteristics of the
photosensitizer [1-3]. This combination leads mainly to the formation of the highly
cytotoxic singlet oxygen (type 2 photo-oxidation, dominant mechanism), but also
to generation of reactive oxygen species (ROS) (type 1 photo-oxidation), which
cause tumor cell death [1-3].

Due to the drawbacks of the first-generation photosensitizers (such as porfimer
sodium (Photofrin®, Axcan Pharma, Birmingham, AL, USA)), that is, long
period of photosensitivity and limited depth of light penetration into tissue,
second-generation photosensitizers have been developed 3]. These photosensitizers,
including chlorines, purpurins, phthalocyanines, texaphyrins and 5-aminolevulinic
acid (5-ALA) produce shorter periods of photosensitivity, have longer activation
wavelengths and thus increased depth of effect (except 5-ALA), higher quantum
yields of singlet oxygen and higher tumor to normal tissue concentrations [3,4].

10.1517/17425247.2012.697894 © 2012 Informa UK, Ltd. ISSN 1742-5247 1015

Al rights reserved: reproduction in whole or in part not permitted

RIGHTS LIRMI

b

-:1;



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

N. Dragicevic-Curic & A. Fahr

Article highlights

¢ 5-Aminolevulinic acid (5-ALA) has been almost
exclusively used for topical photodynamic therapy (PDT)
of skin diseases (actinic keratoses (AK), Bowen'’s disease
(BD), basal-cell carcinoma (BCC), acne, viral warts, etc.).
* 5-ALA due to its hydrophilic and charge characteristics
shows poor penetration into the skin, which limits the
use of 5-ALA-PDT to only superficial malignant and
non-malignant skin diseases; in favor to this is also the
fact that the penetration depth of red light, used to
activate 5-ALA (A = 630 nm) into the skin is limited.
Temoporfin (MTHPC) is activated with red light of longer
wavelength (A = 652 nm), which overcomes the
problem of limited light penetration into tissue
associated with 5-ALA-PDT; however, mTHPC shows
also poor penetration into the skin due to its high
molecular weight and extremely
hydrophobic characteristics.
The use of liposomes as delivery systems for 5-ALA and
mTHPC enhances photosensitizers penetration and
accumulation in the skin compared with that of the free
photosensitizer, which should lead to higher PDT
efficacy and enable topical PDT of deep and
hyperkeratotic skin lesions.
Liposomes reduce the absorption of the photosensitizer
into systemic circulation compared with the free drug
minimizing the risk of generalized photosensitivity.
In most studies, liposomal 5-ALA induced higher
protoporphyrin IX (PpIX) synthesis than free 5-ALA.
As liposomes have shown to be a promising tool for
delivering photosensitizers in topical PDT, they are
supposed to attract more attention in
foreseeable future.

This box summarizes key points contained in the article.

2. Topical PDT of the skin

For most indications the photosensitizer is administered
systemically by intravenous injection [4]. In the case of cutane-
ous malignant (basal-cell carcinoma (BCC), squamous-cell
carcinoma (SCC), Bowen’s disease (BD), actinic keratoses
(AK), etc.) or non-malignant diseases (psoriasis, acne, viral
warts, etc.), a topical application of the photosensitizer onto
the site of disease followed by illumination would be advanta-
geous. Topical PDT would simplify the therapy, since the
skin is readily accessible for topical treatment, increase the
drug concentration in the skin, enhance patient compliance
and restrict the residual photosensitivity only to the site
of application. Topical PDT showing beneficial cosmesis
(no scar formation) and no functional impairment would be
an attractive treatment option for BCC, which arises on
sun-exposed skin areas (such as the face) and is the most com-
mon cancer in white population, causing considerable patient
morbidity [5]. Guidelines for topical PDT recommend its use
in AC, BD, superficial and thin nodular BCC, as it shows
recurrence rates equivalent to standard therapies, while
its use in nodular BCC is less effective than surgery [6]. There

is insufficient evidence to support the use of PDT in invasive
SCC and in psoriasis, but there is an accumulating evidence
base showing its high potential in treating inflammatory
acne (although an optimized protocol is required), viral and
genital warts and photorejuvenation [6].

However, the major obstacle in topical PDT, especially in
PDT of thicker lesions (such as in nodular BCC), is the low
permeability of the most apical layer of the skin, the stratum
corneum (SC), to exogenous molecules (such as drugs). The
low penetration of photosensitizers into the skin results
in low doses reaching the site of action and therefore limited
local activity [67]. In addition to limited photosensitizers’
penetration into the skin (to only 1 - 2 mm depth (7.8)), the
penetration depth of the red light into the skin is limited [3].
As a consequence, therapeutic effectiveness of PDT is reduced
in BCC with lesions thicker than 2 mm [9,10] and the use of
topical PDT is limited only to superficial skin lesions.

Skin penetration of photosensitizers can be increased by the
use of different techniques developed to overcome the barrier
properties of the SC [11-13]. They include the use of chemical
penetration enhancers (CPEs) [13], different drug carrier
systems [14-16], iontophoresis [17], sonophoresis [18], electropo-
ration [19], microporation [20] and others. The problem of
inefficient skin delivery of photosensitizers, as well as limited
light penetration into the tissue, can be solved by pre-PDT
deep curettage of the tumor in BCC, leading to high complete
response rate in nodular (82 - 93%) and superficial
(91 - 97%) BCC [9.2122]. The limited penetration depth of
light (used to activate the photosensitizer) into the skin can
be overcome by the use of light of longer wavelengths to acti-
vate the same photosensitizer, as some photosensitizers have
several absorption peaks, or by using photosensitizers that
have longer activation wavelengths and thus increased depth
of effect [4,6].

Topical PDT of superficial skin lesions has been, due to
the high molecular weight of the aforementioned second-
generation photosensitizers, mediated almost exclusively
with semisolid dosage forms and emulsions containing
5-ALA or its methylester (MAL), which is more lipophilic
and may penetrate more deeply into lesions [6,23,24].

3. Liposomes in enhancing drug penetration

Among different penetration enhancing methods, liposomes
have been extensively studied for topical drug delivery [25-27].
Liposomes are colloidal particles, typically consisting of phos-
pholipids, cholesterol (CH) and other possible ingredients.
These lipid molecules form one or more concentric bimole-
cular layers enclosing an equal number of aqueous compart-
ments. Liposomes can encapsulate hydrophilic drugs within
the aqueous regions, and lipophilic molecules within the lipid
bilayers [25].

Increasing attention has been paid over the last few decades
to the use of liposomes as delivery systems for photosensitizers
in systemic PDT, which has become a common practice, as
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Figure 1. Chemical structure of 5-aminolevulinic acid
(5-ALA).

liposomes improve the PDT efficacy as well as the photosen-
sitizers’ safety and selectivity [28]. In recent years, liposomes
have been studied also as carrier systems for photosensitizers
in topical PDT, since liposomes generally have the potential
to enhance drug penetration into the skin [14,20), improve
therapeutic effectiveness of the drug (30, decrease side
effects (30] and act as a local depot for sustained release
of active components [31]. As most photosensitizers are
hydrophobic, liposomes serve also to solubilize them [2s].
Depending on their composition, liposomes (i.e., vesicles)
may be used for dermal (topical) and transdermal drug
delivery [26].

The key parameter affecting the drug permeation across the
SC and the interactions with the SC is the thermodynamic
state of the vesicles’ bilayers. Bilayers of vesicles are, depen-
ding on their lipid composition, either in a liquid crystalline,
which is characterized by the fluid state of bilayers, or in a gel
thermodynamic state, which is characterized by rigid bilayers.
Thus, ‘conventional’ or ‘traditional’ liposomes, which are
composed only of lipids (e.g., different phospholipids, CH,
etc.), can be in fluid (liquid) or rigid (gel) thermodynamic
state. Liposomes of liquid thermodynamic state have been
proven to be superior to liposomes of gel thermodynamic
state in terms of enhanced drug penetration [14,32,33]. Recently,
a series of novel liposomes, that is, liquid-state vesicles with
elastic (deformable) bilayers were developed, which have
been shown to be superior to both gel and even liquid
thermodynamic state conventional liposomes regarding
interactions with human skin (3435] and enhanced drug
penetration [14,25,36,37].

Elastic vesicles include Transfersomes® (Idea AG, Germany),
that is, vesicles containing besides phosphatidylcholine (PC)
also edge activators (e.g., sodium cholate, polysorbate 80 or poly-
sorbate 20) in their bilayers, which impart deformability to
vesicles, being responsible for improved drug delivery [36,38,39].
Further, elastic vesicles are also vesicles composed of the
bilayer-forming surfactant 1-595 (sucrose laurate ester) and the
micelle-forming surfactant PEG-8-L (octaoxyethylene laurate
ester) [34], as well as ethosomes (as termed by the inventors [40])
containing phospholipids and high amounts of ethanol which
increase the vesicles fluidity and deformability (39-411. Recently,
invasomes were introduced, which contain besides PC ethanol
and terpenes being responsible for their high fluidity [42-441, and
diethylene glycol monoethyl ether (Transcutol®)-containing
vesicles, which have shown to be effective as dermal drug
delivery systems [45]. In contrast to conventional liposomes,
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which can only be used for topical drug delivery, elastic vesicles
have also been used for transdermal drug delivery [26).

The high penetration enhancing ability of deformable
vesicles has been explained by their different mechanism of
action compared with conventional liposomes. One proposed
theory is that deformable vesicles penetrate as intact vesicles
acting as ‘carriers’ for incorporated drugs. According to
Cevc et al. 138, when Transfersomes are applied onto the
skin under non-occlusive conditions, excess water starts to
evaporate immediately. Then these ultradeformable and very
hydrophilic aggregates begin to experience osmotic stress
and the ‘hydrational driving force’ across the primary skin
barrier in the SC builds up. Due to their high deformability
and hydrophilicity, as well as the existing ‘hydrational driving
force’, Transfersomes can overcome pores much narrower
than their own diameter without changing their size signifi-
cantly in order to avoid dry surroundings (skin surface) and
to remain maximally swollen [38]. Hence, the drug-loaded
ultradeformable vesicles are ‘pulled’ across the skin barrier
along the transepidermal hydration gradient until they reach
the viable epidermis where water abounds [38]. According to
these authors, the vesicles penetrate intact into the deeper skin
layers and even further [36,38.46l. Moreover, the same authors
reported that intact vesicles penetrate into the SC through
pre-existing channels with low penetration resistance [47]. This
is supported by studies of Honeywell-Nguyen ez 4/, (35. How-
ever, Honeywell-Nguyen ¢t al. [35] demonstrated partitioning
of intact vesicles into the deeper layers of the SC, but not
into the viable epidermis. The second theory proposed that
elastic vesicles or vesicle constituents disorganize and disrupt
intercellular lipid lamellae forming channel-like penetration
pathways which are different from the aforementioned,
through which drug molecules penetrate [34]. Regarding etho-
somes, their inventors propose a synergistic effect of ethanol
and vesicles on the skin lipids, where ethanol disturbs the
organization of the SC lipid bilayers enhancing their fluidity,
and it enhances the vesicles’ fluidity. In addition, flexible
ethosomes can penetrate the disturbed SC bilayers and even
forge a pathway through the skin by virtue of their particulate
nature [40]. A similar mechanism has been assumed for
invasomes [42].

4. Photosensitizers used in topical PDT

4.1 5-Aminolevulinic acid
Topical PDT employing 5-ALA (Figure 1) has become a
promising approach to treat superficial malignant and
non-malignant skin lesions, such as BCC [21.48], AC [48-51],
BD [48,52], psoriasis [23,53], viral warts [54,55] and acne [56].
5-ALA is the precursor of the potent endogenous photosen-
sitizer protoporphyrin IX (PpIX) and on 5-ALA application
cells generate PpIX through the heme biosynthetic pathway.
Due to exposing cells to excess of exogenous 5-ALA, the
first rate-limiting step in biosynthesis of heme (i.e., synthesis
of ALA from succinyl-CoA and glycine by the enzyme
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ALA synthetase) is bypassed, which causes synthesis and accu-
mulation of PpIX [24. Further, as the capacity of ferrochela-
tase to convert PpIX into heme (second rate-limiting step in
heme biosynthesis) is limited, PpIX is accumulated in the
cells 241. PpIX represents a potent photosensitizer, activated
on exposure to light with a wavelength ranging from 405 to
635 nm (blue to red light), with peak tumor fluorescence
occurring 3 - 5 h after 5-ALA administration (3,50]. For tumor
treatment the absorption peak of the longest wavelength
(630 or 635 nm) is usually used for excitation due to highest
tissue penetration [24]. The main advantage of PpIX compared
with other photosensitizers is the short half-life of its photo-
sensitizing effects, that is, PpIX is almost completely cleared
from the body within 24 h (324]. As it gives no rise to cutane-
ous phototoxicity, it can be repeated often, which is especially
important in palliative treatment. As PpIX is synthesized in
mitochondria where it accumulates selectively, it is pro-
posed that the primary cause of cell death after PDT is
mitochondrial phototoxicity [24].

However, 5-ALA is a hydrophilic molecule with a mole-
cular weight of 167.6 Da, octanol/water partition coefficient
of 0.03 [57) and a SC/water partition coefficient of 0.1 [24].
Further, 5-ALA molecules are present as zwitterions at physi-
ological pH, which carry a positive charge at the amine
terminal and a negative charge at the carboxylic terminal.
Such compounds show a limited capacity to reach and ulti-
mately enter a target cell within a biological environment [58].
Therefore, the major limitation of PDT with 5-ALA is the
poor penetration of 5-ALA through biological barriers like
skin or cell membranes, due to its hydrophilic and charge
characteristics [59]. Fortunately, 5-ALA-induced PpIX shows
preferential accumulation in (pre)cancerous lesions, as well
as in benign skin lesions (e.g., psoriasis and viral warts), which
has been confirmed by fluorescence spectroscopy, fluores-
cence microscopy, fluorescence imaging and biochemical
analysis [53.60.61]. This selectivity may be augmented by an
increased permeability of the compromised barrier which is
frequently associated with cutaneous diseases [62]. Using
chronically UVB-exposed hairless mice skin as a skin model
for (pre)cancerous lesions (since (pre)cancerous lesions may
originate from chronically sun-exposed skin), it has been
recently confirmed that the permeability properties of the
SC overlying the (pre)cancerous lesions are indeed different
from those of normal skin [63]. Thus, according to van den
Akker et al. (63, the greater accumulation of PpIX in such
lesions compared with the surrounding normal skin is the
result, or at least partly the result, of a higher penetration
rate of 5-ALA into (pre)cancerous lesions than into normal
skin. However, debates still exist about the exact reason for
the selective accumulation of 5-ALA in skin lesions. One of
the reasons could be the lower levels of iron or reduced ferro-
chelatase activity in tumors compared with normal skin or a
combination of both, which would lead to PpIX accumula-
tion in tumors, since both are required for the conversion of
PpIX to heme [64. Due to higher 5-ALA penetration into

(pre)cancereous lesions and hence selective PpIX accumula-
tion and fluorescence, 5-ALA-PDT may also be used in the
early detection of some malignancies [63].

Due to its low lipophilicity, 5-ALA does not show an effec-
tive penetration into hyperkeratotic lesions 48] and may even
facilitate efflux via the microcirculation from deep nodular
lesions [57]. Hence, the treatment of nodular or nodular-
ulcerative tumors represents a problem in topical PDT with
5-ALA. In favor of this is the fact that despite PpIX being
activated with the light of 630 nm wavelength (in order to
maximize tissue penetration), this light still shows limited
depth of tissue penetration [6,50]. Therefore, tumors deeper
than 2 mm are not consistently cured. Thicker tumors can
be successfully treated with more powerful photosensitizers
activated at longer wavelengths, like temoporfin (mTHPC)
(A = 652 nm) [3,4].

5-ALA is usually applied in the form of 20% w/w oil-in-water
emulsion or cream under occlusion [6,23.24]. In 1999, the US
Food and Drug Administration (FDA) approved 5-ALA-PDT
using Levulan® Kerastick, (20% 5-ALA hydrochloride topical
solution, DUSA Pharmaceuticals, Wilmington, MA, USA)
and the Blue-U® lamp for the treatment of AK of the face and
scalp [6,50). Later, MAL has also been approved as a 16% wi/w
cream (Metvix®, Photocure ASA, Norway and Galderma,
France) for PDT of AK, BD and BCC [g].

Since low lipid solubility limits the clinical application of
5-ALA in thicker tumors or deeper skin lesions, different
approaches are used to enhance the penetration of 5-ALA
into the skin in order to enhance the PpIX accumulation in
the skin [65]. Chemical methods include the use of 5-ALA
esters [65], CPEs [24,60,66], microemulsions [67], cubic phase-
(68] and sponge-phase delivery systems [69], liposomes [70,71]
and others. Physical methods that have been used to enhance
the 5-ALA skin penetration are: curettage (debulking) of nod-
ular lesions [21], microdermabrasion [72], tape-stripping [61,62],
sonophoresis [73], iontophoresis [17,74,75], microneedles [76) and
needle-free jet injections [77]. Techniques that increase 5-ALA
concentration in the target skin layers may improve the effi-
cacy of topical PDT with this drug, since the PpIX accumu-
lation is directly related to the presence of 5-ALA in the
skin [24]. The results of only the most frequently used methods
will be presented briefly in this review, as the purpose of
present review is to concentrate on the use of liposomes.

Most in vitro results revealed that increased amounts of
5-ALA esters penetrate the SC only after long application times,
and there was no significant difference between the amount of
5-ALA or 5-ALA esters penetrated 77 vitro into the SC after
application times of 4 or 6 h (clinically relevant application
times), regardless of the ester chain length (reviewed in [57)).
Moreover, in vivo significant lag times were observed before
PpIX fluorescence was induced by 5-ALA esters and they were
longer than those induced by 5-ALA (reviewed in (57]). However,
MAL has been shown to be effective in nodular BC (7] and it is
approved as Metvix cream [6]. It has to be pointed out that in
this study curettage/debulking was used before PDT in order
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to remove the SC and some of the carcinoma. Regarding CPE,
it has been reported that the association of 10% w/w 5-ALA
with 3% w/w ethylenediaminetetraacetic acid disodium
salt (Na,EDTA) and 20% w/w dimethylsulfoxide (DMSO)
enhanced in wvitro the penetration of 5-ALA into the skin
and increased by 2.5-fold the PpIX fluorescence in vivo [67);
the sentence should be: 10% w/w DMSO showed the highest
enhancing effect among different enhancers (1-[2-(decylthio)-
ethyl]azacyclopentan-2-one (HPE-101%), caprylic/capric trigly-
ceride (Labrafac CC®), Labrafil®, caprylocaproyl macrogol-8
glycerides (Labrasol®) and Transcutol®) also for MAL [s6).

As to the physical methods, pre-PDT deep curettage of
tumors has already been mentioned to be successful in PDT
of even nodular BCC [9.2122). Further, the transport of
5-ALA across the skin and its amount delivered into the
skin were approximately fourfold greater with iontophoresis
as compared with the passive 5-ALA application with added
DMSO to the formulation [11]. Sonophoresis has also been
reported to be successful in increasing the production of
PpIX (73]. An important finding was that microneedle punc-
ture could reduce the application time and the 5-ALA dose
required to induce high levels of the photosensitizer proto-
porphyrin IX in the skin, these being notable advantages.
However, puncture enhanced 5-ALA delivery to the upper
skin regions, to mean depth of 1.875 mm [76].

In summary, the approach of using penetration enhancers
in order to increase the 5-ALA skin penetration and accumu-
lation of PpIX is feasible. However, penetration enhancers
have yet to demonstrate enhanced therapeutic effectiveness
in patients relative to conventional 5-ALA application,
especially regarding PDT of deep skin tumors.

4.1.1 Liposomes as delivery systems for 5-ALA
The use of liposomes as potent delivery systems is expected
to enhance the accumulation of 5-ALA in the deeper skin
layers and, thus, the efficiency of PDT. Additionally, encap-
sulation into liposomes should enable the use of lower
5-ALA concentrations for PDT and thereby decrease the
risk of skin photosensitzation, as well as the pain and pruri-
tus associated with the use of high 5-ALA concentrations.
Formulation issues should be kept in mind regarding the
hydrophilic properties of 5-ALA, which make it difficult to
entrap 5-ALA into liposomes with high entrapment effi-
ciency [25]. This, however, might not be an obstacle, since
Verma et al. [29] reported that liposomes enhanced the
penetration of both encapsulated and non-encapsulated
hydrophilic carboxyfluorescein into the skin. In addition,
Barry (78] found no correlation between the entrapment
efficiency and drug delivery. Consequently, there were
many attempts to enhance the skin delivery of 5-ALA
by using different types of liposomes, that is, conventional
liposomes as well as novel elastic vesicles [70,71,79-83].

Pierre er al. [79] entrapped 5-ALA in liposomes having a
lipid composition similar to the mammalian SC (stratum
corneum lipid liposomes (SCLLs)). The in vitro 5-ALA
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permeation study showed that these liposomes increased the
retention of 5-ALA in the target skin layers (dermis and
epidermis without SC) compared with aqueous solution,
while they decreased the amount of 5-ALA permeated
through hairless mice skin. This favorable behavior can be
explained as a consequence of the SCLLs-skin interaction,
providing a deposit effect for 5-ALA in the skin [79]. SCLLs
have already been proposed to act as skin ‘drug localizers’
due to their lipid composition [84].

Han et al. (80 entrapped 5-ALA in two types of liposomes,
dimiristoyl-PC  (DMPC) liposomes and glycerol dilaurate
(GDL) liposomes to improve 5-ALA topical delivery. Both for-
mulations increased PpIX expression in dorsal rat skin and
pilosebaceous units compared with free 5-ALA. Moreover, the
expression pattern and intensity of 5-ALA-induced PpIX in
pilosebaceous units changed in a hair cycle-dependent manner.

Fang et al. (71 evaluated 77 vitro liposomes of various lipid
composition (phosphatidylethanolamine (PE), PE/CH and
PE/CH/sodium stearate (SS)) as carriers for 5-ALA, using
intact rat skin, SC-stripped skin and delipidized skin.
PE/CHY/SS liposomes, being the best formulation, significantly
increased 5-ALA skin penetration compared with other lipo-
somes, and they provided an even 18-fold higher flux than
that obtained with free 5-ALA. This was attributed to the
presence of SS in the liposomes, which together with PE
and CH exerts a penetration enhancing effect, while applied
alone as a pretreatment followed by the application of
5-ALA aqueous solution, it did not enhance the penetration
of 5-ALA. According to van Kuijk-Meuwissen ez al. (33,
phospholipids  and/or  surfactants  being  molecularly
dispersed in the SC could act as penetration enhancers.
In addition, it has been shown that the addition of dioleoyl-
phosphatidylethanolamine (DOPE) (321 and surfactants
(sodium cholate, polysorbates) [36,38] to liposomes enhanced
the skin penetration of a fluorescence marker and drug,
respectively. Additionally, confocal laser scanning micros-
copy (CLSM) [71], performed #7 vitro using sulforhodamine B
as a fluorescent marker, confirmed the high potental of
liposomes to deliver 5-ALA into the skin. The total fluores-
cence intensity of sulforhodamine B in the skin was 2.5-fold
higher when it was encapsulated in PE/CH/SS liposomes
compared with liposome-free formulations. Regarding the
penetration depth, a broad distribution of red fluorescence
that extended from the epidermis to the upper dermis was
seen for sites treated with PE/CH/SS liposomes. The lipo-
somes provided a maximum of fluorescence intensity at the
depth of 72 = 96 pm, and the signal decreased from 108 pm
to the skin bottom, showing its maximum possible depth at
180 pm of skin depth. These findings showing the potential
of liposomes to deliver 5-ALA to the epidermis and dermis
were encouraging and should lead in future to iz vivo therapies
using liposomal 5-ALA formulations.

Ethosomes, being more efficient vesicles, regarding the
quantity and depth of drug penetration compared with either
liposomes, aqueous or hydro-alcoholic solutions [39-41], were
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also used as carriers for 5-ALA. Fang ez al. (81] employed etho-
somes of different composition (PE or PE/CH or PE/CH/SS
and 15% ethanol) containing 5-ALA in order to enhance the
skin production of PpIX. In an in vive study in mice using
CLSM, a higher PpIX-induced fluorescence was observed in
the epidermis after the application of ethosomes compared
with liposomes, indicating a greater penetration enhancing
ability of ethosomes. The enhancement of PpIX intensity of
all ethosome formulations was in the range of 11- to 15-fold
in relation to that of the control (5-ALA in aqueous solution)
and there was no correlation between the 5-ALA entrapment
efficiency and PpIX accumulation in the skin.

Ethosomes loaded with 5-ALA were also investigated in a
hyperproliferative murine skin model used to mimic diseased
skin (i.e., psoriasis-like skin) with disordered SC and compro-
mised barrier function [82]. In both the normal and diseased
skin, it was shown that ethosomes significantly increased
in vitro the skin delivery of 5-ALA and 77 vivo the fluorescence
intensity of PpIX. The cumulative amounts of 5-ALA deli-
vered by ethosomes 77 vizro in normal and hyperproliferative
murine skin samples were 5- and 26-fold higher when com-
pared with 5-ALA aqueous solution. The PpIX intensity in
hyperproliferative murine skin obtained with 5-ALA-loaded
ethosomes increased about 3.64-fold compared to that of
the 5-ALA aqueous solution, while the maximal penetrated
depth of PpIX was 30 pm and it extended to 80 pm (showing
broad fluorescence distribution from 20 - 50 pm). These
results indicated that PpIX remained in the lower epidermis
and the upper dermis, or more precisely, only in the epider-
mis, as the epidermis is twofold thicker in hyperproliferative
skin than in normal skin. Since most skin diseases, such as
BCC and SCC, are located in the lower epidermis, this study
confirmed the ability of ethosomal carriers to deliver 5-ALA
to the target. Further, the ethosomes did not decrease the
cell viability 7z vitro despite containing ethanol in contrast
to the 5-ALA aqueous solution showing a slight decrease of
the fibroblasts viability. In addition, the expression level of
TNEF-o, which plays an important role in psoriatic skin,
was reduced after the application of 5-ALA-loaded etho-
somes onto hyperproliferative murine skin, indicating that
ethosomes recovered the skin.

Since ultradeformable vesicles have been shown to possess
capability to carry the drug into the deep skin layers [36-38],
Oh ez al. 183 developed 5-ALA-loaded ultradeformable lipo-
somes (containing polysorbate 20 in addition to lipids), with
different surface charges and compared them with conventional
neutral liposomes and solution. The cationic ultradeformable
vesicles delivered 77 vitro the highest amount of 5-ALA into
the viable hairless mice skin (dermis and epidermis without
SC) and induced in vivo the highest accumulation of PpIX in
the viable skin, which is an important prerequisite for an
efficient topical PDT. This result is in accordance with the
results obtained for cationic ultradeformable vesicles loaded
with low-molecular-weight heparin [85,86] and with dexametha-
sone [87], showing higher drug delivery than neutral and anionic

deformable vesicles, possibly because the cell surface of the skin
bears a net negative charge [88]. Due to this fact, it was proposed
that positive charges on the surface of cationic vesicles bind to
the negative charges of the skin, thereby enhancing the penetra-
tion of liposomal particles into the skin. However, these results
were inconsistent with the results obtained in studies of
Manosroi et al. [89] and Ogiso et al. [90], where negatively
charged (conventional) liposomes delivered the highest drug
amounts into the deeper skin layers. Further, Kosobe
et al. 191] reported that no significant changes were found in
PpIX accumulatdon and PDT efficacy with increasing positive
surface charges of liposomes. The higher effectiveness of
cationic ultradeformable vesicles compared with conventional
5-ALA-liposomes can be explained by the presence of the sur-
factant polysorbate 20 in the lipid bilayers, which gives rise to
the deformability of vesicles [36,38,92] enabling them to penetrate
into pores smaller than their diameter (such as the pores in the
SC) and carry the drug to the deep skin layers [92]. As the con-
version of 5-ALA into PpIX occurs preferentially in the
epidermis, these results suggested that cationic ultradeformable
vesicles could optimize topical PDT with 5-ALA [83].

In contrast to the aforementioned publications, there are
also some which did not report the superiority of liposomally
encapsulated photosensitizers compared with free photosensi-
tizers. Casas ez al. [93] investigated the effects of topical appli-
cation of 5-ALA in various formulations (saline lotion with
and without DMSO, cream, conventional PC liposomes
and vaseline) on the synthesis of porphyrins in vivo in a
murine subcutaneous adenocarcinoma model. 5-ALA in
saline lotion, alone or with 10% DMSO, proved to be the
most efficient vehicle, whereas liposomes induced lower levels
of porphyrin accumulation (93). However, it should be kept in
mind that liposomes of extremely large particle size were used
(1 pum), which could limit the 5-ALA skin penetration and
hence the porphyrin synthesis. Verma e al. [94] demonstrated
in vitro in human skin that a small particle size of liposomes is
necessary for an efficient drug delivery to the skin. Kosobe
et al. 1911 showed in vitro in cultivated cancer cells that the
PDT efficacy increased with decreasing particle size of
5-ALA liposomes, and in particular liposomes smaller than
63.5 nm in diameter enhanced PDT efficacy compared with
free 5-ALA.

Casas et al. [70) combined two approaches to improve the
transmembrane access of 5-ALA, that is, they used both
5-ALA and its hexyl ester in their free form and encapsulated
in conventional PC liposomes. It was found using tumor
(M2 mammary adenocarcinoma) explant cultures that
neither the use of hexyl ester nor the entrapment of either
5-ALA or hexyl ester into liposomes increased the rate of
tumor porphyrin synthesis compared with that obtained
with free 5-ALA (70}, indicating no potential increase of
PDT efficacy with the use of esters or liposomes. Moreover,
exposure of the tumor cell line LM2 derived from this
M2 mammary adenocarcinoma to liposomal 5-ALA or
5-ALA-hexyl ester produced less PpIX compared with their
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free formulations [95]. This is in contrast with findings
obtained in vivo, where 5-ALA-loaded liposomes induced
an increased porphyrin accumulation in the tumor [96]. It
should also be mentioned that liposomes used were of
extremely large particle size (1 pm), which could limit their
efficacy since Kosobe e al. [91] showed that the PDT efficacy
increased with decreasing particle size of 5-ALA liposomes.
However, employing the cell line LM2 it was found that
for the synthesis of the maximum amount of porphyrins
a 60-fold lower concentration of 5-ALA-hexyl ester was
needed compared to that of 5-ALA [97]. These significant
differences between results obtained with cell lines and
parental tumors may be due to a large number of factors [97].
Regarding the use of the hexyl ester, it did not improve
porphyrin synthesis either, which was instead significantly
lower compared with the use of 5-ALA [70). In addition, it
has been shown that the exposure of tumor explants to
either free or liposomal 5-ALA followed by illumination
induces the same type of subcellullar damage (70].

The undecanoyl ester of 5-ALA (Und-5-ALA) was designed
as a lipophilic 5-ALA derivative to enhance its skin penetra-
tion ability [98]. Since, Und-5-ALA induced low porphyrin
content after being applied topically onto the skin over the
tumor, it was encapsulated into PC/phosphatidylglycerol
(PG) or PC/phosphatidic acid (PA) liposomes. Liposomal
Und-ALA induced lower intracellular porphyrin content
compared with free ALA in vitro, although their total por-
phyrins contents (intracellular + media) were the same, due
to induction of porphyrins release induced by liposomes [98].
Moreover, topical application of Und-5-ALA in same lipo-
somes 772 vivo onto the skin over the mammary adenocarci-
noma LM3 subcutaneously injected in mice induced equal
total amount of tumor porphyrins as compared with free
Und-5-ALA [98]. Thus, the use of Und-5-ALA liposomes did
not improve porphyrin synthesis either iz vitro or in vivo,
due to a massive release of extracellular porphyrins and a
poor cytoplasmatic release of the liposome content. These
results explain the behavior of highly lipophilic 5-ALA deriv-
atives and show the limitations of liposomes. Therefore, lipo-
somes of special composition are desired, which would be able
to prevent Und-5-ALA interaction with cellular membrane
and to overcome intracellular porphyrin release. The high
cytotoxicity of free Und-5-ALA at concentrations above
0.3 mM was overcome by the use of liposomes [98].

As to the therapeutic effectiveness of liposomally encapsulated
5-ALA, there are only a few case studies on their use in PDT of
skin diseases. Regarding acne vulgaris, it has already been shown
that topical PDT with a 10 - 20% 5-ALA cream is very
successful (99-103]. However, PDT with such high 5-ALA concen-
trations shows side effects at skin and mucosae level (pain,
itching, erythema, crustae and pustules, as well as the
post-treatment photosensitivity) which limits its use [56,104].
Therefore, soy PC liposomes with a 40-fold lower 5-ALA con-
centration were introduced, and indeed PDT of acne vulgaris

with this 0.5% 5-ALA liposomal spray (Ellipse Photo Spray,

Liposomes in topical photodynamic therapy

Ellipse A/S, Denmark) and intense pulse light (IPL) in combina-
tion with topical peeling agents was shown to be safe and effica-
cious, even in patients with acne recalcitrant to standard
therapy [104]. The mean improvement in total acne lesions was
high (68.2%), the post-treatment fluorescence was low (i.e.,
reduced risk of phototoxicity) and the side effects were minimal
after liposomes application. The obtained effectiveness was com-
parable with the effectiveness of 20% 5-ALA creams [100,101,103],
but surpassed those reported in 16% MAL-PDT studies [105).

An er al. 1106] reported that PDT using soy PC liposomes
loaded with 0.5% 5-ALA (Ellipse Photo Spray, Ellipse A/S)
was able to improve inflammatory acne even without the use
of peeling agents, that is, the mean reduction in acne grade
at the end of the treatment was 43.2%, and the side effects
were minimal. A similar study using this 0.5% 5-ALA lipo-
somal spray with IPL (emitting wavelengths from 400 to
720 nm) reported reduced inflammatory facial acne in Asians,
with no noticeable side effects and a low risk of post-
treatment phototoxic effects [107). The mean reductions in
inflammatory lesions were 52% at 1 month and 65% at
6 months after treatment.

Christiansen ez al. [108] studied in normal skin the fluores-
cence distribution patterns and found that the average skin
fluorescence after 30 min of incubation time with a 20%
5-ALA cream was comparable with that after 1 h of spraying
with the aforementioned liposomal 0.5% 5-ALA spray at
5-min intervals. Moreover, fluorescence decays linearly within
15 min after spraying and returns to baseline within 8 h [109).
Thus, the use of liposomally encapsulated 5-ALA allows the
concentration of 5-ALA to be reduced by a factor of 40, while
inducing the same skin fluorescence (without the need of
occlusion), and it was hypothesized that the short duration of
fluorescence using liposomes with low 5-ALA concentration
may result in short duration of phototoxicity.

As to PDT of acne and liposomes, methylene blue was also
encapsulated into liposomes and afterward formulated in a
hydrogel. The obtained liposomal hydrogel selectively deli-
vered the drug to sebaceous glands and was effective in PDT
of mild-to-moderate acne vulgaris. After only two treatments
(once a week), the reduction in the number of inflammatory
acne was 83.3%, while the reduction in the number of non-
inflammatory acne was 63.6%. After 12 weeks, 90% of the
patients showed a moderate to marked improvement of
treated acne and no serious side effects were recorded [110].

The reported successful use of PC liposomes (conventional)
with lower 5-ALA concentration in acne vulgaris is assumed to
be due to the ability of liposomes to enhance 5-ALA skin
penetration and its accumulation in the pilosebaceous units.
Liposomes have been successfully employed in the treatment
of hair follicle- and sebaceous gland-associated disorders
because of their potential to carry lipophilic and hydrophilic
drugs (such as 5-ALA) into the pilosebaceous units [111-113].
Moreover, a lot of studies demonstrated high therapeutic
effectiveness of liposomally encapsulated drugs in the
treatment of acne vulgaris [114-116).
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PDT with 5-ALA or MAL has proven to be effective
also for the treatment of photoaging [117,118]. Guidelines
for topical PDT recommend PDT for photorejuvenation [g].
In order to overcome the side effects associated with the use
of 20% 5-ALA creams under occlusion, PDT with the afore-
mentioned 0.5% 5-ALA liposomal spray (Ellipse Photo
Spray, Ellipse A/S) and IPL was used for the reduction of
periorbital and nasolabial wrinkles [119]. The average overall
improvement was significant for both the periorbital and the
nasolabial wrinkles (but higher for periorbital wrinkles) in
patients with type 2 photoaging, and the overall improvement
was scored as excellent by 47% of the volunteers, while no
side effects were observed during the treatment and afterward.
In another study, same soy PC liposomes loaded with 5-ALA
induced a significant improvement in wrinkle reduction and
skin texture, being equivalent to that obtained with a 20%
5-ALA cream, although with fewer side effects [109). Thus,
the use of these 0.5% 5-ALA liposomes composed of soy
PC has shown to be safe and effective for the treatment of
acne, as well as for reducing wrinkles.

4.2 Temoporfin
mTHPC (Figure 2) is one of the most potent second-
generation synthetic photosensitizers for PDT in present
use [3,120. Iz vivo studies have shown that PDT of the murine
RIF-1 tumor with porfimer sodium required a light dose
4 - 13 times higher when compared with mTHPC for a similar
antitumor effect [121. This higher cytotoxicity presumably
would lead to shorter treatment times for the same effect.
The very potent chlorine mTHPC (with a quantum yield
of singlet oxygen of about 0.87) is activated at 652 nm wave-
length, showing a depth of light penetration of at least 1 cm,
which enables the treatment of larger solid tumors [2]. Animal
studies confirmed high tumor selectivity of mTHPC
showing a ratio of 20:1 of tumor to normal tissue concen-
tration [122]. Further, the residual skin photosensitivity after
the treatment with mTHPC lasts only 2 weeks [2]. The afore-
mentioned characteristics make mTHPC an almost ideal
photosensitizer.

mTHPC has been shown to be effective in PDT of the
SCC of the head and neck, that is, in the treatment of early
or recurrent oral carcinomas and for the palliative treatment
of refractory oral carcinomas [4,2,123]. On the basis of these tri-
als, mTHPC, clinically used as a formulation in ethanol and
propylene glycol (Foscan®, Biolitec Pharma Ltd., UK), has
been approved in 2001 in the EU, Norway and Iceland for
the palliative treatment of patients with advanced head and
neck cancer who have failed prior therapies and are unsuitable
for radiotherapy, surgery or systemic chemotherapy [124].
Clinical trials have also reported mTHPC to be effective in
PDT of primary non-melanomatous tumors of the skin of
the head and neck [4]. For all the aforementioned treatments
mTHPC was used intravenously. Due to its high hydropho-
bicity, mTHPC has also been incorporated into conventional
(Foslip®, Biolitec AG, Germany) and pegylated (Fospeg®,

Biolitec AG) liposomes, and intensively investigated for
intravenous administration [125,126].

mTHPC is also an interesting candidate for topical
PDT of cutaneous malignant and non-malignant diseases.
Unfortunately, mTHPC has a molecular weight of 680 Da,
and is a highly hydrophobic drug (octanol/water partition
coefficient of 9.4 [127]), being practically insoluble in all aque-
ous media, while it is soluble in alcohol, acetone and ethyl
acetate [124]. Thus, mTHPC exhibits low percutaneous
absorption and there are no formulations with mTHPC for
topical use at the market. Since, mMTHPC has been applied
only intravenously to date in PDT of skin cancers, there are
data available only on the mTHPC amount required to be
present in the tumor to induce its necrosis on illumination,
after intravenous application of mTHPC. It was shown in
human colon carcinoma HT29-bearing mice that the
mTHPC amount in the subcutaneously located tumor,
required to induce tumor necrosis, was in the range
0.105 - 0.050 ng mTHPC/mg wet tissue weight, depending
on the light dose used in PDT, that is, the amount decreased
with increasing the light dose from 10 to 50 J/cm? [125]. How-
ever, these reported mTHPC amounts were necessary to
induce necrosis of the very invasive HT29 tumor, showing
only medium sensitivity against PDT, but there are no avail-
able data on mTHPC amounts required for a positive PDT
outcome in any skin disease being less invasive and more
sensitive to PDT.

There are only few published studies on the topical use of
mTHPC. The first investigated topical formulation of
mTHPC was a 2% mTHPC gel formulation, which was
applied in patients with BD and BCC. Surprisingly, a low
pathological clearance rate was obtained with this mTHPC
gel [129]. The authors suggested that the limiting factor was
the application method or the formulation of mTHPC.
Therefore, in the case of drugs which have unfavorable
penetration characteristics (such as mTHPC), it is of crucial
importance to select and develop a suitable carrier system
which will positively affect drug release and increase
percutaneous penetration.

4.2.1 Liposomes as delivery systems for mTHPC
Liposomes have been investigated as delivery systems for
mTHPC for both systemic and topical PDT [42-44,125,126].
Regarding topical PDT, the encapsulation of mTHPC into
liposomes and their application in a murine skin tumor model
revealed significant selectivity between lesion and normal
surrounding, high mTHPC amounts within lesions and
undetectable levels of generalized photosensitivity [130].
Further, in another stcudy mTHPC was incorporated into
two different kinds of conventional liposomes in liquid ther-
modynamical state (each composed of non-hydrogenated
soy lecithin, but with different PC content), which were
tested in vitro in human skin for their penetration enhancing
ability. These liposomes enabled a satisfactory penetration of
mTHPC into the skin delivering amounts which are supposed
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Figure 2. Chemical structure of temoporfin (mTHPC).

to be sufficient for a successful PDT [131]. Since the disadvan-
tage of using liposomes topically, could be their liquid state of
matter (i.e., they represent liquids which may leak from the
application site), liposomes were further mixed with carbomer
hydrogels of different viscosity (i.e., polymer content) in order
to obtain semisolid formulations of mTHPC [131,132].
Obtained liposomal mTHPC-loaded gels of different poly-
mer content (0.5, 0.75 and 1.0% w/w) decreased significantly
(from 1.5- to 2.9-fold) the penetration of mTHPC into the
skin compared with liposome dispersions [131]. The mTHPC-
liposome gels showed an inverse relationship between the
polymer content and mTHPC amount in the SC. The lipo-
somal gel containing the mTHPC-loaded liposome dispersion
(of higher PC content) and 0.75% w/w carbomer was consi-
dered to be the optimum formulation delivering an mTHPC
amount into the SC and deeper skin layers, which was sup-
posed to be sufficient for PDT, and showing also desirable
rheological properties [131].

Since elastic vesicles are superior to conventional liposomes,
elastic (deformable) vesicles named invasomes were used to
enhance the skin penetration of mTHPC [42]. The first investi-
gated mTHPC-loaded invasomes contained in addition to
unsaturated soybean PC, also 3.3% w/v ethanol and 0.5 or
1% wiv of a terpene mixture composed of citral, cineole
and D-limonene (cineole:citral:D-limonene = 45:45:10 v/v =
standard mixture). The invasomes with 1% terpenes delivered
a 2.1, 3.8-, 2.3- and 1.6-fold higher amount of mTHPC
(expressed as cumulative % dose applied/cmz) to the skin
compared with ethanolic solution, conventional liposomes,
liposomes containing 3.3% ethanol and invasomes with 0.5%
terpenes (showing a direct relationship between the amount
of terpenes and the penetrated mTHPC amount), respectively.
Obtained data revealed that invasomes containing 1% terpene
mixture are highly effective in delivering the hydrophobic
mTHPC into the SC and deeper skin layers being a prerequi-
site for a successful topical PDT (42]. The higher penetration
enhancing ability of invasomes compared with conventional
liposomes is proposed to be due to the presence of terpenes
and ethanol in the carrier, which increase their fluidity and

Liposomes in topical photodynamic therapy

thus deformability being responsible for enhanced drug pene-
tration. In order to further enhance the skin penetration of
mTHPC, the same group of authors (43] varied the ratio
between D-limonene, citral and cineole in the standard terpene
mixture and used also single terpenes as invasomes constituents.
As a result, seven new mTHPC-loaded invasome dispersions
were developed. Among them, mTHPC-loaded invasomes
containing 1% citral delivered the highest total amount of
mTHPC to the skin, that is, a 4.6-fold higher amount than
the conventional liposomes. However, in contrast to invasomes
with 1% citral, which delivered a high amount to the SC, but a
very small amount to the deeper skin layers, invasomes contai-
ning 1% cineole (delivering a 3.6-fold higher total amount of
mTHPC than conventional liposomes) provided high amounts
of mMTHPC in the SC and also sufficient amounts in the deeper
skin layers. This study showed that the incorporation of a single
terpene into liposomes, in order to formulate invasomes, could
also provide efficient nanocarriers for mTHPC. On the other
hand, an important observation was that not all invasomes rep-
resent efficient delivery systems for mTHPC, that is, some of
them (e.g., invasomes containing high amounts of D-limonene)
did not provide sufficient mTHPC amounts in the skin for a
successful PDT. Thus, the composition of the terpene mixture
in invasomes determines the efficiency of the obtained
invasome carrier system.

mTHPC-loaded invasomes containing 1% standard terpene
mixture and invasomes with 1% citral were tested for their
therapeutic effectiveness after topical application onto the skin
of mice bearing the subcutaneously implanted human colorec-
tal tumor HT?29 followed by photoirradiation with 20 J/cm®
(133]. The question was whether mTHPC-loaded invasomes
can induce tumor necrosis or reduce tumor size by PDT or at
least slow down tumor growth in mice compared with no treat-
ment (control). mTHPC-loaded invasomes containing 1%
standard terpene mixture significantly slowed down the tumor
increase in mice during PDT not only compared with the
control, but also compared with mTHPC-loaded invasomes
with 1% citral and the ethanolic solution of mTHPC. How-
ever, invasomes were not able to reduce the size of the HT29
tumor. All features of the HT29 tumor (i.e., high invasiveness,
intermediate sensitivity against PDT, subcutaneous location)
limited the success of the therapy [133]. Despite the finding
that invasomes do not provide sufficientdy high mTHPC
amounts in the subcutaneously located tumor being able to
induce its necrosis, the results of this pilot study are very
promising. They indicate the potential of invasomes to be
used for the PDT of other skin diseases which are more sensi-
tive to PDT, less invasive and for which there is no need for
the drug to penetrate subcutaneously, like psoriasis, acne or
different skin tumors (AK, BD, BCC). It is supposed that for
these indications a smaller mTHPC amount would probably
be sufficient for PDT, since different lesions do not require
the same amount of photosensitizer to be present.

Moreover, mTHPC-loaded invasomes containing 1% stan-
dard terpene mixture, mMTHPC-loaded invasomes containing
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1% citral and mTHPC-ethanolic solution were tested for
their PDT effectiveness in wvitro in two cell lines, the
tumor cell line HT29 and the epidermoid tumor cell line
A431, in order to compare the sensitivity of these two carci-
noma cell lines against PDT with these formulations [134].
The results revealed that mTHPC-loaded invasomes and
mTHPC-ethanolic solution used at a 2 pM mTHPC con-
centration and photoirradiation with 20 J/cm® were able to
reduce survival of HT29 cells and especially of A431 cells
which are significantly more sensitive to PDT. In contrast to
HT?29 cells, where there was no significant difference between
cytotoxicity of mTHPC-ethanolic solution and mTHPC-
invasomes, in A431 cells mTHPC-invasomes were more
cytotoxic. The 2 pM mTHPC-invasomes dramatically
decreased the survival of A431 cells to about 16%, which
was very promising, since it demonstrated invasomes’ high
potential for the use in topical PDT of cutaneous malignant
diseases [134].

In addition to invasomes, mTHPC-loaded liposomes con-
taining 3.3 - 20% w/v ethanol (i.c., ethosomes) were devel-
oped and evaluated iz wvitro in human skin for their
penetration enhancing ability (135]. The increment of the
amount of ethanol in mMTHPC-liposomes increased the skin
deposition of mMTHPC. Conventional liposomes without eth-
anol (control) delivered the lowest absolute amount of
mTHPC to the skin, while liposomes containing 20% etha-
nol delivered a 2.5-fold higher amount showing the highest
penetration enhancement. The results indicated that these lip-
osomes of high fluidity (due to high amounts of ethanol)
could be a promising tool for delivering mTHPC to the
skin in PDT of cutaneous diseases [135].

Chen et al. [44] found that most of mTHPC was accumu-
lated in superficial skin layers on application of both inva-
somes and ethosomes, as well as of non-vesicular systems
regardless if finite or infinite dose application was used.

Further, surface-charged flexible mTHPC-loaded liposomes
which contain in the bilayers in addition to PC and other lipids
(used to impart a surface charge to vesicles) the surfactant poly-
sorbate 20, which provides deformability of vesicles, were
developed as potential vehicles for mTHPC [136]. Neutral,
anionic and cationic flexosomes induced a 2.2-, 1.9- and
2.6-fold higher mTHPC accumulation in the skin than con-
ventional liposomes (expressed as cumulative % of the dose
applied/cmz), indicating a positive effect of the surfactant
present in the membranes of liposomes on the penetration of
mTHPC. They delivered amounts of mTHPC which are
supposed to be sufficient for PDT not only to the SC, but
also to the deeper skin layers [136]. The highest amount of
mTHPC was delivered by cationic flexosomes to both the SC
and deeper skin layers. However, there was no statistically
significant difference in the penetration enhancing ability
between these vesicles and the other flexosomes. This study
implies that flexosomes, especially cationic flexosomes (due to
their high stability), could be used as an efficient drug delivery
system for the photosensitizer mTHPC.

Regarding the reviewed in vitro penetration studies on
mTHPC, a very important finding was that mTHPC was
not found in the acceptor compartment of the Franz cells
during the 7z vitro penetration studies performed in human
skin [42,43,131,135,136] regardless of the applied vesicle type, indi-
cating no risk of systemic absorption of mTHPC and there-
fore no risk of systemic side effects, such as general
photosensitivity. Further, it was obvious that all liposomes
delivered significantly lower mTHPC amounts to the deeper
skin layers than to the SC. However, this is not a drawback
since mTHPC amounts delivered by selected invasomes,
ethosomes and flexosomes are supposed to be sufficient for
PDT according to previously mentioned unpublished results
from Biolitec AG (Section 4.2 [128]).

Regarding therapeutic effectiveness, a topical 0.5 mg/ml
mTHPC liposomal (dipalmitoyl-PC (DPPC)) thermosensi-
tive gel formulation was studied in connection with PDT
of non-pigmented skin malignancies (BCC and SCC) in
humans, and no pain or swollen tissue or reddening of
the treated area occurred during and after treatment, as is
often seen in PDT using topical 5-ALA. One week after
treatment, healing progress was observed in several patients
and no complications were registered, indicating high
therapeutic effectiveness of the used mTHPC-liposomal
gel [137).

5. Conclusion

5-ALA has been almost exclusively used for topical PDT of
superficial malignant and non-malignant skin diseases, while
its efficacy in treating deeper skin lesions is limited. Thus,
photosensitizers which would show higher therapeutic effec-
tiveness in PDT of deep skin lesions were searched for, and
in recent years a lot of attention has been paid to the use of
mTHPC in PDT.

Unfortunately, both aforementioned photosensitizers
exhibit unfavorable properties to penetrate the skin well and
the selection/development of a suitable vehicle, which can
affect drug release and percutaneous penetration, is in cases
of such drugs of great importance.

The aim of this article was to review studies investigating
the use of liposomes as carrier systems for 5-ALA and
mTHPC. Most of the reviewed studies confirmed the ability
of liposomes, both conventional liposomes and elastic vesicles,
to enhance 5-ALA penetration into the skin and the accumu-
lation of higher PpIX amounts in the target skin layers,
inducing higher PpIX fluorescence compared with that of
free 5-ALA. This is a prerequisite for a positive outcome of
PDT, as the amount of PpIX in tumor tissue is directly corre-
lated to the PDT efficacy. Moreover, the superiority of elastic
vesicles over conventional liposomes in delivering the photo-
sensitizer into the skin was reported in vitro and in vive. In
addition, it has been shown that the encapsulation of 5-ALA
into liposomes decreases the cytotoxicity of 5-ALA. Regarding
therapeutic effectiveness, soy PC liposomes enabled a 40-fold
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reduction of the used 20% 5-ALA concentration, while
ensuring the same clinical outcome in treating acne vulgaris.

Conventional liposomes and elastic vesicles also enhanced
the skin penetration of mTHPC. Promising results were,
however, obtained with elastic vesicles, that is, invasomes,
ethosomes and flexosomes (vesicles containing polysorbate 20).
The best results were obtained with invasomes, providing a
high mTHPC amount in the SC and a smaller amount in the
viable skin, which are assumed to be sufficiendy high for
PDT. As to the therapeutic effectiveness iz vivo, mTHPC-
loaded invasomes were unfortunately not able to decrease the
size of the subcutaneously implanted HT29 tumor in mice,
but they slowed down its increase compared with no treatment
and treatment with the mTHPC-ethanolic solution. On the
other hand, invasomes significantly decreased in vitro the
survival of A431 carcinoma cells demonstrating their high
potential to be used in PDT of cutaneous malignant
diseases. This was a very promising finding indicating that
mTHPC-loaded invasomes might be a promising tool for
PDT of skin diseases which are more sensitive to PDT, less
invasive than the HT29 malignant tumor and for which there
is no need for the drug to penetrate subcutaneously, like
psoriasis, acne or different superficial skin tumors.

Moreover, the mTHPC-liposomal thermosensitive gel has
proven to be effective iz vivo in PDT of non-pigmented
skin malignancies in humans.

6. Expert opinion

The main problem in topical PDT is the insufficient photo-
sensitizers’ penetration into the skin, which limits its use to
only superficial skin lesions. In order to overcome this
problem, different penetration enhancement techniques
have been used, especially for increasing the skin penetration
of 5-ALA. Among these techniques, the use of various types
of liposomes as delivery systems for photosensitizers has been
explored in recent years. In contrast to systemic PDT, the
use of liposomes in topical PDT is rather new and
based on positive results obtained with both conventional
liposomes and elastic vesicles as delivery systems for topical
(dermal) drug delivery, such as enhanced drug penetration
into the viable skin, accumulation of the drug at the site
of action and reduction of systemic absorption. The high
accumulation of the photosensitizer in the target skin
layers would ensure a high PDT efficacy, while its reduced
absorption into systemic circulation would decrease the
risk of generalized photosensitivity. In contrast to conven-
tional liposomes, elastic vesicles may also be used for trans-
dermal drug delivery as they possess a higher penetration
enhancing ability. Their penetration enhancing ability
depends on their composition and the properties of the
incorporated drug. However, since for topical PDT
enhanced dermal drug delivery is desired (not transdermal
drug delivery), conventional liposomes as well as elastic
vesicles can be employed.

Liposomes in topical photodynamic therapy

In addition to representing potent penetration enhancers,
liposomes are harmless, that is, they are biodegradable, non-
toxic, with low allergenic potential and generally recognized
as safe (GRAS) by FDA, which is advantageous for topical
PDT, since it is used in skin diseases, where the SC is already
disordered and possesses decreased barrier properties. In
addition, most of the vesicles investigated in the reviewed
articles contain soy PC, which is rich in linoleic and linolenic
acid, essential fatty acids possessing a critical role in the
skin barrier function [138]. Linoleic acid has also been shown
to be beneficial in the treatment of acne and even psoriasis
(which are indications for PDT), since it restores the skin
barrier function and reduces the scaling and epidermal hyper-
proliferation [138,139]. The aforementioned properties of lipo-
somes represent an important advantage over other passive
or active enhancement techniques, since they should be used
in PDT in patients with acne, psoriasis and other benign or
malignant skin diseases where the use of aggressive formula-
tions/approaches could further worsen the condition of the
diseased skin. CPEs are being intensively investigated as they
may represent very potent enhancers for photosensitizers.
However, they can cause skin irritancy, which is not surpri-
sing as they act by disrupting organized lipid structures in
the SC and cell membranes. Thus, their toxicity often limits
their usefulness for clinical application.

Further, an advantage of liposomes is also their simple and
reproducible preparation and application to the skin. By con-
trast, electrically assisted methods (such as sonophoresis and
iontophoresis) being very potent enhancers for 5-ALA, require
specialized equipment, while curettage of tumors is usually
not reproducible. The use of microneedles is, however, prom-
ising as it is minimally invasive and does not need advanced
microelectronics. It will open a new frontier, in foresecable
future, for the delivery of drugs which cannot be delivered
into/through the skin passively. However, at this stage there
are hurdles to overcome in scaling up operations for the
commercialization of their technology.

Keeping in mind the techniques used to enhance the skin
penetration of photosensitizers, liposomes (due to their
advantages) represent a promising approach.

The results reviewed in this manuscript indeed confirmed
the ability of different liposomes to enhance the skin penetra-
tion of 5-ALA and mTHPC, reduce their systemic absorption
and reduce their cytotoxicity compared with free drugs. It
should be pointed out that elastic vesicles induced a signifi-
cantly higher penetration of the photosensitizers into the
skin than conventional liposomes. The high tissue penetration
of the photosensitizers should enable PDT of benign and
malignant skin diseases, especially of deep or hyperkeratotic
skin lesions, which is the main goal of using both conven-
tional liposomes and elastic vesicles. The reviewed studies
confirmed the high effectiveness of 5-ALA liposomes in
treating acne and photorejuvenation, and the ability of
mTHPC-liposomes to slow down the increase of the tumor
HT?29 subcutaneously implanted in mice (but not to reduce
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the tumor size) and to reduce significantly the cell viability of
the epidermoid tumor cells A431 in vitro compared with
other formulations. Unfortunately, there are no published
results regarding the iz vivo therapeutic effectiveness of lipo-
somal photosensitizers in PDT of skin diseases (except of
acne). Based on the reviewed results it can be assumed that
PDT of superficial skin conditions could be feasible with cer-
tain types of investigated liposomes (especially elastic vesicles)
loaded with 5-ALA and mTHPC. However, further studies
investigating the effectiveness of liposomal photosensitizers
are needed in order to give statements to whether or not
PDT of deep skin lesions or hyperkeratotic skin lesions is
manageable with these photosensitizer-loaded liposomes.

Thus, the main drawback of the reviewed studies is that
most of them investigated in vitro the skin penetration of
5-ALA and mTHPC from different vesicles, as well as the
production of 5-ALA-induced PpIX iz vivo, while studies
on their therapeutic effectiveness in skin diseases are rare. As
to penetration studies, in most in vivo and in vitro studies
healthy skin was used, which cannot predict precisely a drug’s
behavior in disordered skin. Therefore, instead of healthy
skin, in future studies skin models should be used which
mimic skin diseases, being potential indications for PDT.
Regarding in witro PDT effectiveness of 5-ALA and
mTHPC-loaded liposomes, as it was tested only in few cell
lines, future studies should involve different skin tumor cell
lines and other relevant cell lines. /7 vivo studies of their ther-
apeutic effectiveness are of crucial importance, and they are
missing not only in humans, but also in animal models. These
studies should be initially performed in relevant and estab-
lished skin diesease (benign and malignant) models in ani-
mals, as well as in benign skin disease models (such as
psoriasis) in animals. This has to be pointed out since the
effectiveness of mTHPC-loaded invasomes was tested only
in the HT29 tumor, which due to its high invasivity, as well
as intermediate sensitivity against PD'T and the subcutaneous
location was not quite appropriate for evaluating their poten-
tial effectiveness in skin diseases. Afterward, PDT effectiveness
of liposomal photosensitizers should be assessed iz vivo in
benign (especially psoriasis) and malignant (especially deep
tumors) skin diseases in humans.

Keeping in mind all available data, there is no sufficient
evidence on the therapeutic effectiveness of different vesicles
loaded with mTHPC and 5-ALA in PDT of skin diseases to
support their clinical use in topical PDT. /n vivo studies are
needed in order to obtain enough evidence for potential
clinical use of liposomally encapsulated photosensitizers.

Stability issues may also be one of the reasons why liposomes
are not extensively used in PDT. The shelf life of liposomes
may be limited due to their potential physical or chemical
instability, which is not rare. mTHPC-loaded invasomes, for
example, are physically stable only when stored at 4°C [42]. In
the case of SALA-loaded liposomes, there is a further concern
as 5-ALA and its derivatives exhibit instability when they are
not in acidic environment [140]. However, due to the risk of

cutaneous irritation as well as instability of liposomes at pH
values lower than 6.5 [141], liposomes containing 5-ALA and
its derivatives (and generally their formulations) are usually
not formulated at low pH values, which may also lead to short
shelf lives. Thus, even conventional formulations like Porphin®
cream (20% w/w 5-ALA cream, Crawford Pharmaceuticals,
UK) and Metvix cream (16% w/w MAL) must be discarded
6 months after their production.

Additionally, different application doses of liposomes were
used in the reviewed articles, which may significantly influ-
ence the results of the performed studies. This specifically
refers to the studies with 5-ALA-loaded liposomes, since in
the case of mTHPC-loaded vesicles the same finite dose
(10 pl/cm2 or 10 mg/cmz) was used in most studies. Thus,
the comparison of results from different studies on 5-ALA
liposomes, as well as finding optimal doses, is very difficult.

A further very important reason why liposomes, despite
their valuable properties confirmed in dermatopharmaco-
therapy (in the laboratory and in the clinic), have still not
attracted enough attention for topical PDT as they should,
could be the fact that PDT is managed by clinicians using
conventional formulations (such as Levulan and Metvix)
and not pharmaceutical technologists involved in the
development of innovative drug formulations. Since the
development or selection of a suitable vehicle for a specific
drug is of great importance to attain the therapeutic aim,
pharmaceutical technologists should be more involved in
defining case studies in PDT.

To summarize, to date only few photosensitizers (5-ALA,
mTHPC and methylene blue) have been investigated as
encapsulated in different types of liposomes as potential tools
for topical PDT. As the aforementioned findings are very
encouraging, both conventional liposomes and elastic vesicles
are supposed to enjoy in the near future a period of intense
investigation as carriers for photosensitizers.

On one hand, these positive results will hopefully lead in
future to the development of commercial liposomal formula-
tions of mTHPC and 5-ALA for in vive topical PDT of
benign and malign skin diseases. However, in order to achieve
this, future studies must be undertaken to fill in the gaps in
the knowledge on the PDT therapeutic effectiveness of lipo-
somes loaded with these photosensitizers in different skin
diseases (especially in deep skin lesions). Currently, there is
one liposomal formulation of 5-ALA available on the market
(Ellipse Photo Spray, Ellipse A/S, Denmark) for the treatment
of acne and wrinkles with the use of IPL.

On the other hand, these positive results should encourage
future studies regarding development of different vesicles
encapsulating other preformed photosensitizers (such as
phthalocyanines) which are activated with light of even longer
wavelength than mTHPC, showing an increased penetration
depth into tissue.

In conclusion, as liposomes (especially elastic vesicles) were
able to enhance the skin penetration of mTHPC and 5-ALA
and may improve, thus, the PDT efficacy of photosensitizers,
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they are supposed to be an objective of intense investigation in
foreseeable future. This review highlights that mTHPC in
addition to 5-ALA (and its methyl ester) could also be used

for topical PDT.
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