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Abstract 
 
Photodynamic therapy (PDT) induced by protoporphyrin IX (PpIX) has been widely used in 

dermatological practices such as treatment of skin cancers. Clearance rate depends on 

different factors such as light irradiation, skin oxygenation and drug penetration. The poor 

penetration of 5-aminolevulinic acid (5-ALA) with topical application is limited and restrains 

the production of PpIX which could restrict PDT outcomes. This review will focus on 

techniques already used to enhance drug penetration in human skin, and will present their 

results, advantages, and drawbacks. Chemical and physical pretreatments will be discussed. 

Chemical pre-treatments comprise of drug formulation modification, use of agents that 

modify the heme cycle, enhance PpIX formation, and the combination of differentiation-

promoting agent prior to PDT. On the other hand, physical pretreatments affect the skin 

barrier by creating holes in the skin or by removing stratum corneum. To promote drug 

penetration, iontophoresis and temperature modulation are interesting alternative methods. 

Cellular mechanisms enrolled during chemical or physical pretreatments have been 

investigated in order to understand how 5-ALA penetrates the skin, why it is preferentially 
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metabolized in PpIX in tumour cells, and how it could be accumulated in deeper skin layers. 

The objective of this review is to compare clinical trials that use innovative technology to 

conventional PDT treatment. Most of these pretreatments present good or even better 

clinical outcomes than usual PDT. 

 
 

1. Introduction 
 
Protoporphyrin IX-induced PDT has been widely used in dermatological practice such as 

treatment of skin cancers [1]. 

 
Historically, treatments using light appeared during antiquity and were used by the Egyptians, 

Indians, Greeks and Chinese to treat skin diseases. Therapy using an exogenous substance 

reacting with sun’s photons was observed duringthe 15th century BC in India. At the end of 

the 19th century, interaction between light and molecules was considered for medical 

treatment. The concept of PDT was first introduced by Van Tappeiner who mentioned the 

necessity of oxygen to obtain a chemical reaction over a century ago [2]. When PDT depends 

on the combination of three components to induce tumour destruction : a photosensitive 

drug, light, andoxygen (Fig.1). None of these elements is individually toxic, but together they 

produce a photochemical reaction that generates singlet oxygen which is a highly reactive 

product causing cell death [3]. (Fig.2) displays the different energy states andthe different 

pathways leading to fluorescence and other photochemical process. First the photosensitizer 

(PS) at its ground and singlet state absorbs a photon and moves to its excited energy state. 

Because of the internal conversion the PS energy decreases and reaches the lower allowed 

transition of its excited state. Inter-system conversion causes this singlet state to become a 

triplet state. The singlet state relaxation produces fluorescence, and the triplet produces 

phosphorescence. A molecule with high triplet energy quantum yield can initiate chemical 

reactions(typeI) that produce free radicals, and then could react with oxygen to form singlet 

oxygen. Singlet oxygen is a reactive oxygen species that is reponsible for degradation of 

several cell components, and induce cell death by type II chemical reactions [4].  

 



PDT treatment in dermatology consists of the administration of a non-toxic drug known as a 

photosensitizer (PS) to a patient presenting a lesion, which is frequently, but not always 

cancerous [5].  

Photosensitizers should have characteristics such like being nontoxic, water soluble, having a 

chemical and physical stability, being selective for neoplastic tissues with the quickest time 

interval between administration and maximal accumulation, and able to be eliminated by the 

body in a short time in order to avoid photoreactions [5]. Historically, hematoporphyrin and 

hematoporphyrin derivative (HpD) were the first PS to be studied in detail [6]. However these 

compounds present photosensitivity after a long time (8weeks), so patients had to avoid 

sunlight which was very constraining. Moreover, tumour-localizing properties of these PSs 

were not as pronounced as first thought [7].  

 

Figure 1 : Synergy between three parameters produces PDT. 

 
These deficiencies and the fact that these products were orally administered made their use 

difficult for dermatology. So a new kind of PS has been developed : endogenous 

photosensitizers. Endogenous PS are synthetized in the body from non photosensitizing 

precursors (also called prodrugs). A precursor’s chemical conversion is established by 

metabolic pathways and particularly by the heme cycle. 

Nowadays in the field of dermatology, topical application of 5-aminolevulinicacid (5-ALA) (a 

non-photosensitizing precursor) isused to induce in situ synthesis of endogenous PS according 

to the heme cycle [8]. (Fig.3) displays the heme cycle where 5-ALA is the first metabolite in 



the heme biosynthesis pathway in humans. 5-ALA-when not voluntary added-is originallly 

produced by glycine and succinyl coenzyme A, and then migrates to the cytosol. From there, 

porphobilinogen is formed due to the condensation of two molecules of 5-ALA. Four 

molecules of porphobilinogen are connected together, and after porphibilinogen deaminase 

they form the cyclic uroporphyrinogen III. Decarboxylation of uroporphyrinogen leads to 

coproporphyrinogen III which then generates within mitochondria proporphyrinogen IX after 

coproporphyrinogen oxidase (CPO) acts upon coproporphyrinogen III. This last molecule is 

further oxidized to form PpIX. PpIX is subsequently chelated with iron to form heme [9]. 5-ALA 

is also valuable for PDT because it has the possibility to be preferentially accumulated in 

tumour cells. This fact could be explained by a change in mitochondrial function (lack of 

energy), alteration in porphyrin transporters, or a perturbation in heme biosynthetic enzyme 

in tumour cells. Indeed individual steps of the heme cycle are delayed by an high 

concentration of porphobilinogen deaminase and low concentration of ferrochelatase (FC). 

More over the enzyme responsible for converting protoporphyrin IX (PpIX) in heme has been 

found in reduced levels in a variety of tumour tissues including liver, bladder, colorectal, 

esophageal, gastric, andrectal [9]. This deregulation causes the accumulation of various 

intermediate products leading to PpIX accumulation [8]. This accumulation has been also 

show in different skin lesions (psoriatic plaques, actinic keratosis, and basal cell carcinoma) 

where PpIX fluorescence was at higher levels as compared to healthy skin. [10,11]  

 
For most clinical trials [12–15], 5-ALA was administrated at a high dose (≈80mg) as a cream on 

the lesion to promote PpIX accumulation [16]. After an incubation period1, lesions were 

illuminated with a special wavelength (usually 635 nm) appropriate for tissue transmission 

and able to stimulate the PS [1,3]. Stimulated PS (PS*) follow the process presented in Fig.2 

and PDT occurs.  

 
PDT efficiency depends on several parameters such as light dosimetry, fluence rate, time 

between PS administration and irradiation (also called incubation period), exposure time, rate 

of oxygen, kinetic distribution of PS in tissues, PS selectivity, and concentration [3,18,19] 

 

 

 



 

 

 

Table 1 : Prodrugs used for enhancing photodynamic therapy. 

 

Type of Lesions Prodrugs Method Efficacy Ref. 

 

 

Superficial BCC (sBCC) and 

Bowen disease (BD) on 40 

human patients 

 

 

 

 

MAL 

 

 

Application of 5-ALA (20%) 

or MAL (16%) cream on 

lesions after surface 

preparation. 

No significant difference 

was found between 5-ALA 

or MAL. PpIX fluorescence 

induced in lesions of sBCC 

and BD was similar and 

secondly, 

patientspainwasnotdifferent 

with one or another 

prodrug. 

 

 

[33] 

 

 

Extensive AK on 16 human 

patients 

 

 

MAL 

 

Visible layer of 5-ALA cream 

(20%) or MAL cream (20%) 

was applied on lesions 

Both 5-ALA-PDT and 

MALPDT result in a 

significant reduction in scalp 

AK. 5-ALAPDT was more 

painful than MAL-

PDTinthetreatmentof 

extensive scalp AK. 

 

 

[34] 

 

 

Healthy excised human 

stratum corneum 

 

 

ButylALA 

Ex vivo Franz cell. ButylALA 

(10%) in 4 different 

creamformulation,5-ALA 

(10%)in5differentcream 

formulation. 

Permeation coefficient 

butylALA in SC was higher 

that of 5-ALA, no matter the 

cream formulation. 

 

[35 , 36] 

 

Actinic keratosis (AK) Grade 

I, II, III on human patients 

(200 lesions) 

 

 

HexylALA 

Daylight PDT study 

compared 0.2% hexyl-ALA 

and 16% MAL in the 

treatment of AK. 

Hexyl-ALA was less effective 

for grade II-III AKs 

compared with MAL. For 

grade I AKs the clearance 

was equal. 

 

[37] 

 

PDT optimization is difficult because all parameters are correlated. Production and 

distribution of PS remains the most important parameters since there after photodynamic 

therapy (PDT) result on it. Photosensitizer formation and epidermal penetration depth 

represent basic predictors of drug efficacy in dermatological PDT [20]. Concentration, 

distribution, aggregation, and accumulation of PS modifies the photobleaching2 kinetic [20]. 

  
Despite progress concerning few parameters, PDT is currently limited by poor tissue 

penetration of the porphyrin precursor 5-aminolevulinic acid. This review will focus on one of 

the three important parameters needed for PDT. Lack of 5-ALA penetration through the skin 



is due to molecule hydrophilicity that prevents it to cross the stratum corneum (SC) [21]. The 

aim of this review is to present the chemical and physical methods to increase drug 

penetration before PDT. To increase penetration of 5-ALA in to deep epidermal regions 

different adaptations to standard PDT treatment have been considered. Proposals have been 

made concerning chemical modification of the drug precursor that could lead to a better 

penetration. Others strategies have been developed to control the heme cycle by adding 

special agents in order to promote PpIX accumulation. Modification of the skin surface has 

been researched by physical pretreatment such as creating holes, changing the temperature, 

or a voltage shocks have been proposed [22]. 

 
 

2. Chemical Methods 
 
Althought 5-ALA has been widely use for PDT treatment, the preparation is quite difficult 

because of its properties. 5-ALA-stability with in solution or topical formulation is low because 

of 5-ALA dimerization to2,5-pyrazinedipropionic acid (PY) which makes its formulation quite 

challenging. 

 
 

2.1 Extrinsic Parameters 
 
To overcome 5-ALA-degradation, pH range, concentration and appropiate temperature 

should be well controlled [23]. According to [24], stability of 5-ALA was maintained at low pH. 

Solutions of 5-ALA in buffer (0.060 molL−1) were investigated at 50∘C. At pH = 2.53 no 

degradation was observed for 37 days where as at pH = 4.81 and pH =7.42 after respectively 

257 h and 3 h half of the 5-ALA compound was degraded [24]. Similarly, [25] showed a 

decrease of 5-ALA-degradation when pH values were lower. A solution of 5-ALA at 0.1%  was 

investigated at 21∘C. These solutions were stable for 128 days at pH≤6 where as at pH≥7, 5-

ALA content declined below 90% within a few days (≈10 days) [25]. Nevertheless, for some 

applications it is sometimes necessary to work with a physiological pH (pH≈7). So it was 

recommended to decrease the 5-ALA concentration to increase its stability according to a 

kinetic equation proposed by Elfsson et al. [24]. De Blois et al. [25] had proven that a solution 

of 5-ALA at pH=5 at 0.5% could be stable for 178 days where as solutions with initial 

concentrations of 2, 5 and 10% had an 5-ALA content which dropped below 90% respectively 



after 150, 94, and 29 days [25]. Finally to overcome 5-ALA degradation temperature should 

be controlled too, because an increase of temperature enhanced 5-ALA degradation which 

followed Arrhenius law [25]. 

 

2.2 Intrinsic Parameters 

 
Once a stable formulation is developed, there is still the problem of poor penetration of 5-ALA 

through the skin. This fact is accounted for by the physicochemical properties of 5-ALA. The 

drug is highly hydrophilic with an octanol : water partition coefficient at −1.5 (logP) which 

does not match with the lipophilic character of the skin surface. 

 

 

Figure 2 : Jablonski diagram representing the diferent processes leading to singlet oxygen 
production responsible for cell death. 

 
 
Therefore, no interaction between the skin and the prodrug that could initiate 5-ALA 

penetration occurs. Moreover, this drug has a zwitterionic nature which means that at any pH 

the molecule is charged and it is wellknown that charged molecules do not cross the stratum 

corneum (SC) easily because they could interact with components from skin [26,27]. Although 

5-ALA has a low molecular weight (131 gmol−1) penetration through the stratum corneum is 



limited to a maximum depth of 1 mm and is nonhomogenous [28]. To overcome these 

limitations different strategies have been developed such as using others prodrugs 

Instead of 5-ALA, or making new drug delivery system to ensure 5-ALA penetration in to the 

skin.   

 
 

2.3. Use of Different Prodrugs 

 
Because of 5-ALA properties and in order to enhance drug penetration through the stratum 

corneum, other prodrugs with longer carbon chains, more lipophilic, have been developed 

[29,30]. Chemical structures of these prodrugs are presented in Fig. 4 and their use in clinical 

trials on human patients is presented inTable1. 

 

 

Figure 3 : Heme cycle 



 
 
Figure4 : Chemical structure of the different prodrugs used for enhancing drug penetration and 

PDT outcomes. 

Methyl-5-aminolevulinate (MAL) is currently used in clinic similarly to 5-ALA [36]. Due to its 

methyl group, methyl-5-aminolevulinate (MAL) is more lipophilic and has better selectivity for 

tissue. MAL-PDT could be more effective than 5-ALA-PDT in the case of deep lesions 

(squamous cell carcinoma (SCC)) [37]. Overall 5-ALA-PDT and MAL-PDT are both successful 

dermatologic therapies with high clearance rates 3 from 75% to 80% [32,36]. In order to 

increase the penetration of drug through the stratum corneum, ethyl-ALA, propyl-ALA, butyl-

ALA have been produced. These prodrugs improved PpIX penetration after topical application 

to skin in vivo [30], but their formulation (esterification) required numerous chemical steps 

[33,38,39]. Similarly, hexyl-ALA and octyl-ALA have been developed and tested in vitro [29] 

and in vivo [35]. These two prodrugs have great penetration and could be utilized in smaller 

concentrations than5-ALA or MAL [35]. Nevertheless, these prodrugs are too lipophilic, and 

can be accumulated in the scwhich compromises their biological action [40]. So 5-ALA and 

MAL remain the most used drugs. To enhance their penetration through the SC new vehicles 

or drug delivery systems have been developed. 

 

2.4. Skin Penetration of 5-ALA with Different Vehicles 

 



Due to the difficulties encountered with long carbon chain prodrugs 5-ALA and MAL remain 

the two most used PSs for PDT on skin cancers, despite their limited penetration through the 

skin. Therefore, new vehicles for drug administration have been developed in order to 

enhance drug permeation and promote improved PpIX formation. Topical delivery is 

considered to be the delivery route of choice, and is the most adequate for skin cancer since 

it localizes the photosensitizer to the site of application and avoids skin photosensitivity 

everywhere in the body [36]. So different vehicles such as creams4, gels5, patch systems, 

lotions, liposomes, nanoparticles, powders and microemulsions have been developed to be 

applied on skin lesions to overcome the penetration issue [43,44]. Each formulation was 

developed in an environment favorizing 5-ALA stability. 

 

 

 

 

 

2.4.1. Cream Formulations  

 
5-ALA has been clinically used as a cream formulation. Lipophilic cream can enhance drug 

affinity with skin and increase the penetration of 5-ALA.The most employed formulation 

consists of 5-ALA at 20% wv in acid solution with 48% ethanol, water, laureth-4, 

isopropylalcohol, and polyethylene glycol [36,44]. This composition is FDA-approved and 

commercialized as Levulan® KerastickTM in the U.S. This product has been principally used in 

the U.S [45]. In Europe, a similar cream composed of 16% ww MAL in a solution containing 

different excipients such as cetostearyl alcohol, peanut oil, glycerol, methylparaben, 

propylparaben, and water is mainly used. This formulation is employed as frequently as the 

one composed of 5-ALA, and is commercialized by Galderma under the trademark Metvix®. 

Although crossing the SC is not fully overcome, Levulan® and Metvix® have been widely used 

and has acceptable clearance rates and cosmetic out comes. However, someside effects such 

as burning, stinging, itching, erythema, or even oedema have been detected during light 

exposure and could become more intense after few minutes of light exposure [46,47]. 

 

2.4.2. GelFormulations  



 
In order to avoid side effects during 5-ALA-PDT and MAL-PDT, some gel formulations 

containing the drug have also been developed. To enhance the physical stability of a cream 

for the treatment of AKs, Risaliti et al. [43] developed three galenic gel formulations (named 

Natrosol, Sepigel and Carbopol) each containing 10% ww of 5-ALA. In terms of viscosity, 

microbiological stability and storage stability, the Sepigel formulation composed of 10% of 5-

ALA, 87% of water and 3% of polyacrylamide, isoparaffin and laureth-7 displayed the best 

results for skin cancer treatment. Comparison between this gel and alipophilic cream used in 

the study on 15 patients proved that Sepigel caused less unpleasant effects than a cream 

during coating and during irradiation. This formulation also has the advantage to be better 

absorbed by the skin [43]. This improved penetration was also observed in the other gel 

formulations. One was prepared by mixing surfactant, water, cetylstearyl-2-ethylhexanoate, 

and 1.5% (w/w) of 5-ALA and displayed excellent skin permeation [48]. Another gel composed 

of isopropyl alcohol, dimethylisosorbide, medium chain triglycerides, water, Pluronic F127, 

and 10% w/w of 5-ALA presented better permeation coefficient through human stratum 

corneum than German Pharmacopoeia creams [49]. On the other hand, a 5-ALA 

nanoemulsion gel was compared to a MAL cream on pig skin. A nanoemulsion of 5-ALA 

penetrated deeper skin layers and produced higher fluorescence signals (5fold) than MAL 

cream [50]. Since 5-ALA stability was increased due to the presence of the nanoemulsion, this 

formulation was used for AK treatment on 122 patients to test the efficacy and safety of this 

product. At the end of the study (12 weeks), lesions complete clearance rate was 81% with 

the nano emulsion gel, where as it was 22% with the placebo treatment. This study proved 

that the nanoemulsion gel was well suited for PDT of AK with high efficacy despite the low 5-

ALA concentration (10%) [51]. Another study with 630 enrolled patients proved the efficacy of 

the 5-ALA nanoemulsion by comparing it with the MAL cream. At a long follow-up (12 

months), the proportion of patients fully cleared was, respectively, 47% for the 5-ALA 

nanoemulsion and 36% for the MAL treatment [52]. Since these results, the 5-ALA 

nanoemulsion formulation has been FDA – approved and put on the marketas Ameluz® in 

2016. The efficacy was established on AKs, and is under clinical investigation on 186 patients 

suffering from superficial basal cell carcinoma (BCC) (NCT03573401). To facilitate geluse, they 

canal so be integrated into patches. 

 



2.4.3. Patches 

 
Patches are small, soft and adhesive devices that contain a drug which could be delivered 

when applied onto the surface of the skin. Patches containing 5-ALA were developed to 

facilitate classical PDT that consisted of applying a cream on neoplastic lesions and keeping 

them under occlusion. The patch is able to adhere to the skin, allow to deliver a precise 5-ALA 

dose, and blocking the lesion due to a backing layer. A schematic representation is presented 

in Fig.5 [53]. 

 
Different compositions were developed. For instance, a solution was first prepared by mixing 

cetylsteryl-2-ethylhexanoate, water, surfactant, and 1.5%w/w of 5-ALA. Then itwas mixed 

with a carrageenan hydrogel and freeze-dried to form a homogenous aerogel (film). 

Permeation of 5-ALA was investigated by using porcine abdominal skin in Franz diffusion cells. 

After 48 h, diffusion was improved with the patch than with ahydroxyethylcellulose gel 

containing 1.5% w/w of 5-ALA. Nevertheless, a degradation of 5-ALA was detected in the 

patch after14 days which make its use impossible after a long term storage [48]. 

 
A second example is a square, self-adhesive patch (PD P 506 A®) containing 8 mg of 5-ALA for 

4 cm2 tested on 25 patients during a clinical phase I study. The aim of the study was to 

evaluate PpIX fluorescence corresponding to patch application duration and the 5-ALA 

pharmacokinetics. Maximum fluorescencewas observed after 4h of patch application, and 

was more intense in AK lesions than in normal skin. Pharmacokinetics study revealed a small 

increase of 5-ALA in the blood, but normal values returned rapidly after patch removal. These 

experiments had proven that use of patches for skin cancer was safe and tolerable [54]. This 

same patch was clinically used on 218 patients suffering from AKs. Efficacy rate on a lesion 

was superior to 82% when 3 to 8 patches were applied per patient. The use of this patch was 

favorable because it was easy to handle, apply (no skin preparation was necessary), and 

induced very good efficacy and cosmetic results comparedtoplacebo-PDT or cryosurgery [55]. 

Because of these satisfactory clinical outcomes, this patch was then commercialized as 

Alacare®. Alacare®-PDT has the potential to become the first-line treatment in the therapy of 

AK. However, in case of thick lesions and without a skin surface pretreatment, this therapy 

might be less efficient. Also the patch area is quitesmall (32 cm2) which limits itsuse for large 

skin lesions [56]. 



 

 

2.4.4. Drug Delivery Systems 

 
Micro or nanocarriers are commonly used as drug delivery systems since they can penetrate 

through small capillaries and are taken up by cells, which allows efficient drug accumulation in 

certain locations. Their use in topical formulation for 5-ALA delivery is very attractive since 

they might easily cross the SC. Some of these different vehicles (liposomes, nanoparticles, 

micelles, nanofibers, patches) are presented in Fig.6. 

 

 

 

Fig.5. Patch formulation and its in vivo use on nude mouse. PpIX fluorescence was observed 4h 
after patch removal [53] 

 
 

2.4.4.1. Liposomes. 

 
Liposomes are spherical vesicles with a diameter from 70 nm to few micrometers. Liposomes 

are formed by one or more lipid concentric bimolecular layers often made of phospholipids 

and present an aqueous core (Fig. 6a) [41]. Liposomes have been used in vitro and ex vivo in 

topical photodynamic therapy [60]. This drug delivery system has the advantage to 

encapsulate lipophilic molecules within the lipid bilayers or hydrophilic drugs such as 5-ALA 

within the aqueou score. [61] reviewed the use of different types of liposomes for 

encapsulating 5-ALA for topical PDT [61]. In most presented studies, 

Liposomes promote higher 5-ALA penetration in to skin than free 5-ALA. Phospholipids 

present on the particule surface could interact with the SC and act as penetration enhancers. 

This accumulation of 5-ALA in the skin enhanced PpIX formation which should lead to better 



PDT efficacy and enable topical PDT of deep skin lesions [61,62]. Liposomes are extensively 

used as controlled and targeted drug delivery systems which allow to use a low concentration 

of 5-ALA [63]. Compared to free 5-ALA, liposomes can reduce drug absorption into systemic 

circulation, limit its cytotoxicity, the risk of photosensitivity after the treatment, and could 

possibly avoid pain and side effects (itching, burning) induced bythe use of an high 5-ALA 

concentration [61]. To our knowledge, except for a study on tumour mouse models [60] and a 

study on patients suffering from acne [64,65], no in vivo studies on patients suffering from 

skin cancer have been conducted. 

 

 

Fig.6. Representation of the different vehicles used for topical delivery of 5-ALA. (a) Scheme of 

a liposome encapsulating 5-ALA. (b) Scheme of polymeric PLGA nanoparticles loaded with 5-

ALA [57] and scanning electron microscope (SEM) observations of nanoparticles [58]. (c) 

Scheme of a 5-ALA loaded micelle. (d) SEM observations of electrospun nanofibers from 25% 

w/w PMVEMA-ES solutions in ethanol combined with 5-ALA (16.7%w/w) [59]. 

 



 
 

Fig.7. Representation of iron-complex involved to promote PpIX accumulation. 
(a) CP94 and its iron-complex. (b) DFO and its iron-complex. 

 

2.4.4.2. Polymer Nanoparticles.  
 
Nanoparticles are colloidal systems with a diameter between 10 nm and 1000 nm. They are 

generally composed of biodegradable polymers or lipids and are able to entrap drugs by 

adsorption or encapsulation [41]. A new 5-ALA delivery approach using poly (lactic- co-glycolic 

acid) (PLGA) nanoparticles has been investigated (Fig.6b). Due to their size the drug have the 

ability to go through the skin pores and penetrate more easily the epidermis [62]. An in vitro 

experiment on human epidermoid squamous cells carcinoma revealed that 5-ALA loaded in 

nanoparticles induced more PpIX fluorescence and a higher photocytotoxicity than free 5-ALA 

at the same concentration (0.1 mM) [58]. PLGA nanoparticles provided a promising 5-ALA 

delivery strategy for topical PDT on SCC but in vivo investigations should be pursued. 

 

2.4.4.3. Polymeric Micelles.  

 
Polymeric micelles are composed of a core and a shell formed by the self-assembly of block 

copolymers. They have a spherical shape with a particle diameter from10 nm to 100 nm. 

Their composition and size enhance their permeation through the skin. Polymeric micelles are 

starting to be used to encapsulate 5-ALA (Fig. 6c). Tong et al. [66] chose to study the 

interaction between αcyclodextrin and a poly (ethylene glycol) (PEG) conjugated to form a 



pseudopolyrotaxane for entrapping 5-ALA. The produced micelles were stable in a 

physiological environment, were able to release 5-ALA, and enhanced cellular uptake. 

Therefore, a PpIX accumulation was observed and a higher photodynamic cytotoxicity than 

free 5-ALA [66]. Such prodrug micelles may provide new opportunities for the development of 

5-ALA-based photodynamic cancer therapy and further investigation on in vivo systems might 

be interesting. 

 
 

2.4.4.4. Nanofibers. 

 
Nanofibers can be generated from different polymers, and hence have different physical 

properties. Nanofibers possess extremely high specific surface area that can be use full for 

drug delivery due to their nanoscale diameter. The method most commonly used to produced 

nanofibers is electrospinning. This technique consists of applying a high electric force to a 

polymer solution to form charged threads. Electrospun nanofibers with 5-ALA (Fig. 6d) were 

first synthetized with poly (methyl vinyl ether-alt-maleic acid) (PMVEMA) and poly (methyl 

vinyl ether-alt-maleic ethyl monoester) (PMVEMAES), and 5-ALA was incorporated within 

these nanofibers. The prodrug was stable in this conformation. Franz cells were used to 

evaluate the kinetic release of 5-ALA, and showed that nanofibers loaded with 5-ALA were 

able to deliver the drug and served as a substrate for the production of PpIX [59].  

A combination of 5-ALA and micro or nanocarriers might provide an interesting strategy to 

enhance clinical out comes with PDT, but in some drug delivery systems in vivo investigations 

are necessary to conclude their safety and therapeutic efficacy [61]. 

 

2.5. Agents that Control Heme Cycle and Promote PpIX Accumulation  

 
Some prodrugs pass through the stratum corneum, but sometimes the amount is not 

sufficient to produce enough PpIX for PDT treatment. Other strategies have been developed 

to control the heme cycle in order to ensure enough PpIX production. To make sure that PpIX 

will accumulate in cells it is important that PpIX does not convert in to heme (Fig.3). An iron-

chelating agent can be used to inhibit the conversion of PpIX to heme by removing Fe2+ from 

the cellular system which will result in a temporary increased accumulation of PpIX (3-5 fold) 

[67] (Fig.3).  



 
The adding of iron chelators like desferrioxamine (DFO) or hydroxypyridinone (HPO) can act 

on heme cycle and increase amount on PpIX in cells. DFO and HPO are ligands able to bind 

with iron as central metal atom to form a coordination complex. The binding involves 

donation of electrons. DFO and CP94 complex are presented in Fig.7 [68]. Other strategies for 

iron chelating are reported inTable2 [69].  

 
The hydroxypyridinone iron chelator CP94 (1,2-diethyl-3hydroxypyridin-4-one hydrochloride) 

has been used in vivo with human cells [67] or on patients [73]. Comparison studies between 

CP94+MAL-PDT and MAL-PDT highlighted that use of an iron chelator was useful to obtain 

PpIX accumulation and caused a better clearance rate as presented in Table2 [71]. DFO was 

also used, but Curnow et al. Have recently reported that CP94 was a more efficient enhancer 

of PpIX-induced PDT in vitro than DFO [1].  

 
It is also important to note that iron has other functions than converting PpIX in heme. Iron is 

necessary for a number of important cellular functions such as DNA synthesis. Decreasing iron 

concentration in the cell due to iron-chelators results in antiproliferative effects via inhibition 

of DNA synthesis. 1,2-diethyl-3-hydroxypyridin-4-one (CP94) can particularly induce these 

effects due to faster access into intracellular iron pools [71]. Even if CP94 has a proven good 

efficacy in treatment of skin cancer with PDT, to our knowledge there has been no more 

clinical trial on patients since 2008. 

 

Table 2 : Iron chelators used for enhancing photodynamic therapy. 

 

Type of Lesions Prodrugs Method Efficacy Ref. 

Human 
epidermoid 
squamous 

carcinoma cells 

 
 

CP94 

Comparison of MAL PDT (500 
µmolL−1) and MAL + CP94 PDT 
(500µmolL−1 + 150µmolL−1) 

Addition of CP94 
increased PpIX 

accumulation. Necrosis 
increased with 

MAL+CP94. 

 

[66] 

 
Nodular BCC 
(nBCC) on 36 

human patients 

 
 

CP94 

Topical formulation of 5ALA (20%) 
was mixed 

withanincreasingconcentration of 
CP94 (from O% 

to40%)beforePDTtreatment 

40% CP94 resulted in 
significantly greater 

clearance rates in nBCC 
than with 5-ALA (20%) 

alone. There was also no 
apparent increase in pain 
noticed during irradiation. 

 

 

[69] 

 
nBCC on 12 

human patients 

 
 

CP94 

Topical formulation of MAL (Metvix® 
16%) was mixed with an increasing 
concentration of CP94 (from O% to 

40%) before PDT treatment. 

CombiningCP94withMALis 
a safe and effective way 
of increasing the efficacy 

of MALPDT. 

[70] 



 

49 patients with 

superficial or nBCC, BD 

or AK. 

 

 

DFO 

 

 

Topical formulation of 20% 5-ALA and 3% DFO 

DFO increased the selectivity of 

the 5-ALA-induced porphyrin 

synthesis in neoplastic. Clearance 

rates were interesting: sBCC 

(88%), nBCC (32%), AK (81%) and 

BD (30%). 

 

[71] 

 

2.6. Chemical Enhancers for PpIX Accumulation 

 
Instead of influencing the heme cycle, some chemical products such as methotrexate (MTX), 

5-fluorouracil (5-FU), and tazarotene (TZ) act directly on the cell process as will be presented 

in the further paragraphs. They are called differentiation-promoting agents6. They can 

improve PDT due to their selectivity by preferentially enhancing PpIX accumulation in a 

variety of preneoplastic and neoplastic epithelial cancer cells while causing very little damage 

to non-cancerous cells. [74].  

MTX is an antifolate which inhibits cell proliferation and triggers cellular differentiation. 

Presence of MTX activates the first apoptosis signal (FAS) which is a receptor on the surface of 

the cells that leads to programmed cell death [75]. MTX can be used as an oral pretreatment 

before ALA-PDT as presented in Table 3, and it results in the improvement of cell death [76]. 

Moreover, pretreatment with MTX is selective since the presence of MTX stimulates 

mitochondrial CPO activity. CPO is particularly present in malignant cells, and its stimulation 

leads to a hyperproduction of PpIX (Fig.3) [77]. Even if a low dose of methotrexate renders 

PDT more effective, MTX is a toxic chemical compound with a lot of side effects and 

contraindications [78]. PDT has to be easy, patient-friendly treatment and use of this chemical 

enhancer is not fully in agreement with this.  

 
Vitamin D is a differentiation-promoting hormone with six different forms (including 

cholecalciferol which is present in food, and calcitriol which plays a role in PDT. The goal of 

vitamin D in the body is to maintain a normal range of calcium and phosphorus in fluids. 

Calcitriol is the most potent and active hormonal form of vitamin D that maintains calcium 

homeostasis by its actions in bones, kidneys, intestines, and parathyroid glands. Calcitriol and 

its receptor are also present in a wide variety of cells and tissues, including cancer cells. Its 

goal is to regulate cellular proliferation and differentiation. Concentration of calcitriol in the 

body is very important since at a concentration smaller than nanomolar, it promotes cell 



proliferation whereas at higher concentrations it inhibits proliferation. Also, whatever the 

concentration, cell differentiation still occurs [83]. Anand et al. [84] showed that 

coproporphyrinogen oxidase and ferrochelatase were increased and decreased respectively 

after vitamin D pretreatment (oral administration) which promoted formation of PpIX and 

inhibited its transformation into heme (Fig. 3). Calcitriol pretreatment caused a marked 

increase in PpIX accumulation in the tumour site. Yet, pretreatment with vitamin D induced a 

small increase (2-fold) in tumour necrotic factor (TNF) and after PDT-irradiation TNF levels 

were highly elevated (70 fold above baseline). High TNF levels promoted an activation of the 

extrinsic apoptotic pathway, and enhanced 5-ALA-PDT-mediated cell death. In addition, 

markers of cellular differentiation and proliferation were increased (4–6 folds) in tumours 

compared to normal skin. Tumours cell proliferation might be more susceptible to PDT in the 

presence of vitamin D [85], but it could be a problem if some cells are not destroyed by the 5-

ALA-PDT-treatment and continue to proliferate after [83]. Nevertheless, some studies have 

been conducted on cell cultures [86,87] and principally on small animals. They are presented 

in Table 3. Despite some disadvantages such as hyper proliferation or hypercalcemia, some 

clinical trials are under investigation in order to establish whether oral Vitamin D/5-ALA-PDT is 

an interested innovative combination therapy for 50 patients with BCC skin cancer. 

(NCT03483441orNCT03467789)  

 

Table 3 : Combination of a differentiation-promoting agent with PDT. 

 

Type of Lesions Prodrugs Method Efficacy Ref. 

 
 

Skin carcinoma 
cells in vitro and 
in vivo. Cultured 

human cells, 
normal 

keratinocytes, 
and in vivo skin 
tumor models. 

 
 
 
 
 

MTX 

 
 
 
 
 
 

Préincubation with methotrexate for 
72h then incubation with ALA for 4h. 

Intracellular PpIX was 
increased (2 to 4 fold) in 
carcinoma cells versus 
normal keratinocytes. 

Photodynamic killing was 
enhanced by the combined 
therapy compared with PDT 
alone. In vivo, methotrexate 
preconditioning enhanced 

PpIX accumulation in 
cultures of keratinocytes, 
skin tumors in mice and 
human squamous cell 

tumors implanted in mice 

 

 

 

 

[75] 

Basal cell 
carcinoma (BCC) 
and squamous 
cell carcinoma 

on mice. 

 
 

Natural vitamin 
D 

(cholecalciferol) 

 
 

Mice were fed for 10 days with 
vitamin D or vitamin was applied 

topically on mice. 

Oral Vitamin D improved 
PpIX accumulation in SCC. 

Topical application of active 
vitamin D enhanced PpIX 

accumulation in BCC in mice. 

 

 

[78] 



Human SCC cell 
line implanted 

in a 
subcutaneous 

tumor model in 
nude mice. 

 
 

Vitamin D 
(calcitriol) 

 
 

Systemic calcitriol (0.5µg/kg to 
10µg/kg daily) was given for 3 days. 

Systemically administered 
vitamin D enhanced PpIX 

levels in subcutaneous 
tumors in mice by 

decreasing FC levels and 
increasing cell 
differentiation. 

 

 

[79] 

 

 

Actinic 

keratosis. 

 

 

5-FU 

 

 

Patients applied 5-FU cream once 

daily for 6 days, prior to the PDT 

treatment visit (Application of MAL 

for 3 hours then illumination). 

PpIX accumulation was 

higher when the lesions 

were pretreated with 5-FU. 

Clinical response measured 

at 3 months after PDT was 

better after 5-FU 

pretreatment. 

 

[80] 

 

24 patients with 

AKs on the 

hands. 

5-FU Lesions were pretreated for seven 

days twice daily with5-

FUbeforedaylightPDT. 

Response rate was higher for 

the combination of 5-FU and 

daylight-PDT (63%) than for 

daylight-PDT alone (52%) 

 

[81] 

 

 

 
Contrary to MTX, 5-fluorouracil (5-FU) is FDA-approved and can be used topically. 5-FU is a 

drug developed in the 1960s and has been widely used alone especially for dermatology and 

skin cancer as a neoadjuvant7 cream [74,88]. Logically, 5-FU can be used in PDT. 5-FU is able 

to rapidly enter the cell and is converted to several active metabolites. One metabolite is a 

thymidylate synthase inhibitor that interrupts the synthesis of pyrimidine thymidine, which is 

a nucleoside required for DNA replication [89]. Lack of pyrimidine thymidine causes growth 

arrest and apoptosis. In addition, upregulation of coproporphyrinogen oxidase and 

downregulation of ferrochelatase were observed and lead to PpIX accumulation [88]. 

Combination of 5-FU with PDT has been extensively studied and is an effective method to 

improve clearance rate as presented with some examples in Table3. 5-FU seems to be a good 

candidate and its combination with PDT improve treatment outcome. Contrary to MTX 

andcalcitriol, 5-FU does not present huge disadvantages except that sometimes severe 

inflammatory and erosive reactions can appear [90].  

 
Retinoid prodrugs are also used prior to PDT. Tazarotene (TZ) is part of the acetylenic class of 

retinoids and is known to be converted by deesterification in cognate carboxylic acid that is its 

active form. Then it is able to disrupt gene expression, modify cell differentiation, and 

modulate cell proliferation or hyperplasia [91]. TZ on human BCC cells has shown an 



activation of caspases8 due to reactive oxygen species. In parallel, a decrease of anti-

apoptosis proteins and cell cycle arrest have also been detected. These observations 

contributed to apoptosis of human BCC cells [92]. Use of TZ alone on 109 patients suffering of 

sBCC or nBCC was effective with regression of tumour size (upto50%) which was possibly due 

to antiproliferative and proaptotic actions [93]. So TZ has a metabolic effect and a 

dermabrasion effect too. These previous clinical studies show favorable clinical outcomes and 

the production of reactive oxygen species lead researchers to believe that TZ administration 

prior to PDT might enhance lesion clearance rate. [94] conducted a clinical study on 10 

patients with at least 4 AK lesions. The pretreatment consisted of applying TZ gel 0.1% twice 

daily on lesions 1week before 5-ALA-PDT. Eight weeks after 5-ALA-PDT treatment, more 

subjects (8 vs. 3) achieved higher clearance rate (lesion count reduction ≥ 50%) in the TZ 

pretreatment than in the control group. These results suggest a slight tendancy toward 

enhancement of 5-ALA-PDT outcome when lesions were pretreated with TZ [94]. Oral retinoid 

delivery prior to PDT has been investigated as well. A daily dose of 0.5mg/kg of etretinate 

during 2 months led to thinner and less keratotic tumours that allowed a better 5-ALA 

penetration and a potential increase of PpIX [95]. As the other alternatives proposed for 

pretreatments, tazarotene has also side-effects and may increase erythema, dry skin, burning, 

craking of skin, or itchiness [91]. 

 



 

 

Fig.8. Principle and results of AFL on skin tissues. (a) Skin was pulverized and microchannels 

were created where AFL was applied. (b) The depth of microchannels created with ablative 

fractional laser (AFL) depends on laser energy. Vertical section of frozen biopsies [97]. 

 
 

3. PhysicalMethods 
 
Physical pretreatments of the skin help the penetration of the photosentizing agent and then 

promote better outcomes for treatment of skin cancers with PDT.  Several techniques will be 

presented and each affects the skin barrier differently. Holes can be created with a laser or 

microneedles, or SC removal can take place with curettage or microdermabrasion. 

Temperature modification or application of a voltage gradient on the skin can also increase 

skin permeability and enhance drug penetration [22]. 

 
 

3.1. Skin Puncture  

 

3.1.1. Ablative Fractional Laser (AFL)  

 
This technique affects the skin barrier as presented in Fig.8 a. The laser beam strikes the skin 

surface and creates vertical, ablated channels by vaporizing a small column of tissue. [96]. The 

depth of the microchannels created can be controlled by changing the laser energy. When the 



energy was between 32 mJ and 380 mJ, microchannels depth was between 300 μm and 2100 

μm (Fig.8 b) [97].  

 
Lasers with wavelenght in the far infrared spectrum are particularly used since they are 

strongly absorbed by tissue water (human skin is composed of 70% by water) [98–100]. Their 

use started around 2007 [101] and three groups of AFL are currently used : CO2-laser (10600 

Nm), Er : YAG-laser (Erbium yttrium aluminium garnet, 2940 nm), and Er:YSSG-laser (Yttrium 

scandium gallium garnet, 2790nm).  

 
The creation of vertical micropores facilitates the photosensitizing agent uptake and may 

improve PDT efficacy [102]. Moreover, modification of the skin barrier increases drug delivery 

and then could decrease the incubation time and gives similar treatment efficacy as 

compared to conventional PDT [103]. Because drug penetration is enhanced, PpIX 

fluorescence is more intense and is more homogeneous in deeper skin regions [103]. The 

fluorescence intensities could be controlled by choosing an adequate laser density [104]. The 

combination of skin pretreatment with AFL followed by PDT has been studied in clinical trial 

and some results are presented in Table 4.  

Althought AFL seems to be a reliable and effective method, it remains an ablative method and 

is aggresive. Therefore it presents a high risk of potential skin damage with scarring, 

discoloration and skin infection [101]. In addition, the device is large and costly which make its 

use quite restrictive and not allowed in all medical facilities. 

3.1.2. Microneedles(MNs)  

 
Needles and especially microneedles represent a unique technological approach to enhance 

drug permeation through the stratum corneum. Infact, it is not necessary to use needles with 

large dimensions because drugs to deliver have microsize [105]. Microneedle (MN) have been 

developed with lengths inferior to 900 μm which could limit pain because they do not 

penetrate in deep vascular and nervous regions [106]. Due to their micro size MN cannot be 

seenby patients and reduce needle phobia [107]. The small length improves patient 

compliance and safety because length is adequate enough to successfully reach the dermal 

layers without inducing bleeding and touching active immune cells. Design of MNs with 

special materials can have strong mechanical properties to enable disruption and penetration 

through the stratum corneum. More over they can exist in a few shapes : tetrahedron [108], 



pyramidal, conical [109], beveled tip, or tapered cone [110] which promote different insertion 

pathways and permeation in the skin [111]. So hydrophilic or high molecular weight drugs can 

be diffused in skin tissues [112]. There are four types of MNs : solid, coated, hollow and 

dissolving MNs [113,114] and they can be assembled as a roller (Fig.9a) [115] or as low cost 

patches (Schema9b). These noninvasive transdermal patches can be used easily by anyone 

[111] and make skin pretreatment rapid.  

 
Solid MNs have been commonly used for skin pretreatment before conventional PDT. They 

improve the cutaneous delivery of 5-ALA or MAL [106], and could reduce incubation time 

about 20 min [117]. Some clinical studies are presented inTable 4. 5-ALA-coated MNs have 

also been studied on mouse skin tumour model. An higher formation of PpIX (×3.2) and PpIX 

in deeper skin regions (480 μm vs 150 μm) were observed with coated MNs compared to 

topical application [16]. To our knowledge hollow MNs and dissolvable MNs have not been 

part of clinical or preclinical studies yet.  

 
MNs promote good PDT-out come for actinic keratosis and have also good cosmetic outcome 

since they create small holes that stimulate collagen and elastin production [118,119]. They 

also up regulate the expression of genes which promote extracellular matrix production and 

remodeling [28,120]. Although MN have displayed promising results (Table4), their use for the 

treatment of basal cell carcinoma (BCC) or squamous cell carcinoma (SCC) have not been 

investigated yet. 

3.2. Stratum Corneum Removal  

 
Removal of stratum corneum (SC) can be done by abrasion, curettage, debulking, or tape 

stripping. In each technique the objective is to disrupt or reduce thickness of the SC by 

removing hyperkeratosis layers. [69,125] 

 

3.2.1. Curettage  

 
It consists of using a sharp curette ring to remove hard keratotic tissue. To minimize the 

possibility of recurrences, the practician needs to remove 5 mm of the surrounding tissue 

with normal appearance [125]. This technique has been recommended for skin preparation 

since it delineates well the tumour [126], it is effective, acceptable, and quite inexpensive 



[127]. This gentle removal is often used for superficial basal cell carcinoma (sBCC) treatment 

and consists of scraping crust and scale [128]. Curettage increased PpIX fluorescence [129] 

and according to [130] MAL-PDT with prior curettage was a promising method for the 

treatment of BCC with a clearance rate of 91% for sBCC (131 lesions treated), 93% for thin 

nBCC (82 lesions) and 86% for thick nBCC (86 lesions treated). Cosmetic out comes were 

excellent (i.e lesion area not visible) and recurrence rate after ALA-PDT with prior curettage 

was low which make it a good skin pretreatment method [126,130]. Nevertheless some 

authors report that curettage may damage surrounding healthy tissue and cause pain for 

patients [126,129]. 

 
 

3.2.2. Abrasion  

 
This technique also called microabrasion uses a pad made of aluminium oxide crystals 

[127,131]. When a pressure is exerted, it will remove hyperkeratosis layers, crusts and the 

stratum corneum (SC) in order to improve transdermal skin delivery of 5-ALA or MAL cream 

[125]. This technique has proved to enhance absorption of 5-ALA. The method could avoid 

the use of high drug concentration, and reduce incubation times from hours to minutes. 

Those evolutions may enhance the efficacy of PDT [132]. 

 



 

 

Fig.9. Microneedles systems to create holes in the skin. (a) Schematic presentatio nof a 

Dermaroller® [116]. (b) Microneedles patch is applied on skin thanks to finger pressure then is 

removed and creates holes in the skin. 

 
 

3.2.3. Debulking  
 
It is a surgical act used when the lesions are large. It consists of reducing as much as possible 

the bulk of the tumour. This technique is often used for thicker lesions such as nBCC [125]. 

After this partial removalitisnecessarytotreattheedgewithPDT.Threeweeksbefore 5-ALA-PDT, 

[133] had chosen to debulk nBCCs (24) on 23 patients. 92% of the nBCC showed a complete 

response on clinical and histopathological examination with excellent cosmetic outcomes and 

no serious side effects. nBCC are difficult to treat with only PDT since either photosensitizer or 

light can not penetrate deep enough. Debulking could be used prior to PDT to enhance 

clinical response [133]. 

 
 

3.2.4. Tape Stripping  

 
It can be used for the treatment of AK on the lips and in the preparation of large skin areas. 

Tape is applied on to the skin lesions and is then pulled off sharply which can reduce 

uniformaly SC by 30% [125,134]. This technique does not require effort, is inexpensive, safe, 

and minimally invasive. 

 
 



3.3. Other Methods  
 
 

3.3.1. Temperature  
 
Hyperthermia consists of elevating temperature in a body region. Contrary to the previous 

physical techniques presented in this review, this method is known to be slightly invasive and 

without large side effects [135]. Historically (5000 years ago) this technique was used to treat 

diseases or to cauterize tumours by using a metal heated stick. With the evolution of 

medicine and emergence of precise surgery, radiotherapy, chemotherapy, etc. this technique 

was put aside [136]. Nowadays hyperthermia is experiencing a resurgence and is used as a 

complement to standard cancer treatments, and is particularly combined with PDT for skin 

cancer treatment.  

 
Increase of a temperature to a body area can lead to cell alteration. Protein and DNA 

synthesis can be disrupted or inactivated. The cell membrane can be destabilized which 

causes a burst release of chemicals in the intracellular structures. Inhibition of cell 

proliferation could occur which inactivates the development of cancer cells [135,136]. 

 
Elevating temperature may also enhance PDT. First, an increase of temperature led to an 

improved penetration of 5-ALA in mice skin [137]. Secondly, conversion of 5-ALA to PpIX was 

higher when the skin was heated during 5-ALA incubation. Increase of PpIX level was detected 

when temperature was elevated. After 4h, the fluorescence ratio (between the mean of PpIX 

fluorescence and autofluorescence) was equal to 1, 2, 7 when the temperature was 

respectively 26∘C, 28.6∘C, and 40.8∘C. Like many metabolic pathways in the body and 

according to the Arrhenius law, the conversion of ALA is modulated by temperature 

[137,138]. This large amount of PpIX led to an elevation of the photobleaching rate in human 

cells during light exposure [139]. Thirdly, 5-ALA uptake in cells was better when the skin was 

warmed due to a disruption is the cell membrane [140,141]. Finally, increasing temperature 

led to the vasodilation of skin vessels which increased the amount of oxygen in the skin. 

Photodynamic therapy (PDT) generates singlet oxygen to kill cancerous cells. The more 

oxygen, the higher chances of inducing cell death. An increase of apoptotic cell death was 

observed due to an increased of superoxide singulet oxygen during a thermal PDT on in vitro 

human skin fibroblasts [142].  



 
All the above reasons cause an increase in PDT efficiency when combined with thermal 

treatment as long as the temperature is well controlled to prevent damage to surrounding 

tissues [140]. Willey et al. tried thermal-PDT on 18 patients suffering of AK on the extremities 

(head, fingers, toes). Warming the skin during 5-ALA incubation was well tolerated, did not 

create side effects, improved PDT efficacy even at 1 year follow-up with a medium clearance 

rate of 90% [138,143]. 

 
 

Fig.10.Transport of ionic drug through the skin thanks to iontophoresis 
 
 
While highly increased temperature treatments have been effective other studies have 

indicated that temperatures greater than 10∘C can be used effectively in PDT [144,145]. This 

necessity has been showed during daylight PDT treatment which consists in not using a laser 

with a special wavelength that could be costly or painfull but rather using the sunlight which 

allows to excitate PpIX continuously [146]. Daylight MAL-PDT (Metvix® cream) is starting to be 

used for actinic keratosis and displays good clearance rate after three months, 77% when 

sunexposed 244 min (30 patients) [147] or 77% when sun-exposed 150 min (120 patients) 

[148]. Daylight MAL-PDT is a convenient and effective treatment but presents some 

disadvantages since its arrangement is dependant on weather and especially on temperature. 

This treatment could be difficult to perform in northern countries [149] contrary to southern 

countries [150]. 

 
 

3.3.2. Iontophoresis  
 



Iontophoresis is a method to improve transdermal drug delivery and is based on the use of a 

voltage gradient applied to an electrolytic formulation, using a positive (anode) and a negative 

(cathode) electrode on the skin (Fig.10) [151]. This technique is known to facilitate the 

transport of ionic species. In addition, drugs transport should be well controlled since drugs 

should cross the SC, and reach the viable epidermis in the desired amounts but not enter into 

the circulatory system. [152]  

 
Two mechanisms are involved for 5-ALA penetration and are dependent on pH. At 

physiological pH (pH≈7) 5-ALA is a zwitterion and its transport into skin layers is due to 

electroosmosis. At acidic pH=4, the acidic groups of 5-ALA are ionized and the transport is 

linked to electromigration because 5-ALA has greater cationic character [152,153].  

 
Iontophoresis on skin excised from porcine ears showed that 5-ALA was delivered in higher 

concentrations (6 fold) than with a conventional topical application [153,154]. This technique 

should also reduce the incubation time before PDT treatment. Therapeutic levels of PpIX in ex 

vivo human stratum corneum were achieved faster with the use of iontophoresis than 

without [152]. After 10 min iontophoresis with a 2% 5-ALA solution, an amount of 0.065 

μmol/cm2 was transported across the SC whereas the same amount was obtained by passive 

topical diffusion after 6.5 h with a 20% 5-ALA solution [155].  

 
Clinical trials on human patients with the comparaison of iontophoresis and no pretreatment 

prior to 5-ALA-PDT were not extensively investigated on skin cancers. One study was 

conducted by [156] on 5 patients suffering from solar keratosis lesions and Bowen disease 

showed a PpIX production after delivery of 5-ALA by iontophoresis. One or 2weeks after PDT 

treatment, histological examinations confirmed the complete dissaperance of tumour cells 

[156]. Although Iontophoresis-PDT is not usually compared to conventional PDT, this is a 

technique that could be combined with PDT. For example, iontophoresis-assisted AFL prior to 

PDT on 41 patients suffering of AK has been compared to AFL-PDT. Group A received 

iontophoresis-assisted AFL-PDT with a 2h incubation time. Group B and group C received AFL-

PDT 2 or 3h incubation time, respectively. After 12 months, complete response rate was 

evaluated to be 83%, 66%, and 86% for group A, group B and group C, respectively. These 

results proved that the adding of iontophoresis in the clinical protocol is effective and reduces 

the incubation time by 1h [157].  



 
Iontophoresis’s advantages are numerous. This is a non-invasive technique that keeps the skin 

intact, controls and targets drug delivery. These points and the previous investigations should 

motivate researchers to use this technique in clinical trials more frequently. However, special 

attention should be taken to ensure drug accumulation in the tumour without entering the 

systemic circulation which can cause side effects [152]. 

 
 

4. Conclusion  
 
Skin cancers are the most common malignancy of humans and particularly for caucasians with 

an increasing incidence rate. According to the World Health Organization, between 2 and 3 

million cases of non melanoma skin cancers are diagnosed each year in the world. PDT 

appears to be a safe treatment, simple to set up, efficient, and favorable cosmetic outcomes 

which could make PDT a routine technique widely used in the world. Unfortunately, a lack of 

5-ALA penetration through the skin has been observed during the treatment and reduces PDT 

benefits. Throughout the last decade, it has been proven with the above mentioned studies 

that drug chemical modification or skin pretreatment may optimize the efficacy of PDT by 

allowing better drug penetration and better PpIX metabolisation. Despite of the presented 

studies not having been conducted in large randomized clinical trials, the results up till now 

are promising. These new perspectives may allow better patient compliance by reducing drug 

incubation period and better clearance rates.  

Among al lthese techniques some of them seem to be very promising since they present good 

efficiency with encouraging risk-benefit balance and they can be easily implemented. For 

instance, the application of TZ cream prior to PDT could be performed by the patient itself. 

Adjusting the temperature may also be easily performed during PDT treatment and does not 

present adverse side effects. The use of microneedles to create holes in the SC could be done 

rapidly prior to PDT, it is painless and allow sa more rapid and efficient treatment. In the 

future, it would be also interesting to combine different pretreatments (like pairing 

iontophoresis-assisted AFL prior to PDT as presented in the above results) to evaluate if there 

is synergy between them. It would be also possible to create heated microneedles that could 

deliver 5-ALA or a dermoabrasive and dissolvable patch containing an iron chelator and the 

prodrug. A lot of pretreatment combinations may be imagined, but to be routinely used in 



hospitals clinician standardized PDT protocols are needed. These new and future protocols 

should be largely and randomly tested to evaluate which is the most safe, effective, easily to 

perform, and less costly. Bibliometric analysis and clinical trials still under investigation show 

an increasing interest of researchers to improve conventional PDT for skin cancers and in the 

next years the previous difficulties encountered may disappear and be replaced by a better, 

complete, and simple PDT protocol that could be standardized and used all over the world. 
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