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Introduction 

 

 

Although light was used for therapeutic purposes since centuries, the first cornerstone for 

photodynamic therapy (PDT) was set in 1900 by Oscar Raab. He reported that the chemical 

compound acridine orange destroys microbial organisms under irradiation with light [1]. A 

decade later, Friedrich Meyer-Betz demonstrated the photosensitizing effect of a porphyrin 

mixture in a self-experiment [2]. Today, PDT is effectively used in the treatment of 

inflammatory, neoplastic, microbial, viral and helminthic diseases [3], wound healing and 

plastic surgery. PDT is also used for cosmetic purposes such as skin rejuvenation [4] and was 

proposed for  hair removal [5], water disinfection [6, 7] and insecticidal procedures [8].  

 

Fig. 1. Principle of PDT and PD. After application, the photosensitizer (PS) accumulates in 

the target tissue. Subsequent irradiation with light induces PS fluorescence and highly 

reactive singlet oxygen (
1
O2), which induces cell death by necrosis, apoptosis or autophagy. It 

also triggers an inflammatory response that induces a process similar to wound healing and 

the creation of a tumor specific immune memory.  
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In distinction to phototherapy that uses only light, photodynamic therapy is based on three 

individually non-toxic components: a photosensitizer (PS), light and oxygen. Irradiation of the 

photosensitizer with light of an appropriate wavelength “activates” the photosensitizer. 

Subsequently, it reacts with oxygen to create highly cytotoxic reactive oxygen species (ROS) 

that damage the target tissue lethally (Fig.1). Policard established the link between 

fluorescence photodetection (PD) of malignant tissue and PDT in 1924 [9]. He observed an 

intrinsic fluorescence in certain tumors of humans and animals as the result of an 

accumulation of porphyrins. PD takes advantage of the fluorescent properties of most PSs, 

making it applicable as fluorescent marker for neoplastic cells [10]. The fluorescence can be 

detected in situ by optical means that are extremely sensitive, while instrumentation is simple 

and cost-effective. These attributes give PD a major advantage over often time-consuming 

conventional and/or costly modern techniques such as computerized tomography or magnetic 

resonance imaging. 

 

Photosensitizers 

Photosensitizers may be classified according to their historical standing, the chemical 

structure or the mechanism of fluorescence induction. Historically, three photosensitizer 

generations are distinguished. The first generation specifically comprises haematoporphyrin 

(HP) and haematoporphyrin derivative (HpD, Photofrin®). Both are mixtures of porphyrin 

mono- and oligomers. The major drawback of these poorly defined compounds is their skin 

photosensitizing effect.  This inconvenience was resolved by designing second generation 

photosensitizers such as temoporfin (m-THPC, meso-tetrahydroxyphenylchlorin, Foscan®) or 

verteporfin (BPD-A, benzophorphyrin derivative-monoacid A, Visudyne®) aiming at 

improved selectivity and defined chemical and pharmacokinetic profiles.  In attempt to further 

increase selectivity, third generation photosensitizers are under ongoing development. They 

usually display an active targeting moiety for the site of interest. This may imply the 

conjugation of the PS with a specific substrate, e.g. a monoclonoal antibody, that interacts 

with a tumor antigen [11-14], or the attachment of several PS to a polymer backbone 

susceptible to a specific enzyme at the site of interest as in the case of protease-sensitive 

photosensitizer prodrugs (see below) [15-17]. 
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Tab1. Classification PS according to the chemical structure 

Chemical Class Basic structure Example 
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Natural and synthetic fluorescent dyes of various chemical classes can function as 

photosensitizers. Tab. 1 shows examples of photosensitizers classified according to their 

structure. The largest group is based on the scaffold of porphyrins and related structures such 

as chlorins, bacteriochlorins, phtalocyanines or texaphyrins. However, phenothiazines 

(methylene blue), xanthenes (fluorescein) and naphtodianthrones (hypericin) are also used in 

clinical treatment.  

 

Fig. 2. Possibilities to design a PS for specific delivery and activation. PS may be 

administered as free compound or photo-immunoconjugate, with instant ability to fluoresce 

(A) or as a prodrug that is transformed by cellular enzymes into the fluorescent compound 

(B).  PS fluorescence may also be suppressed upon administration, e.g. by attaching a 

chemical moiety that modifies the fluorophore or by quenching the PS.  Enzymatic cleavage in 

the cell or disassembly of micellar structures restores PS fluorescence (C).  Nanoparticles 

may function as carriers for PS.  Adsorption of a lipophilic PS to the nanoparticle may 

enhance the PS fluorescence (D).  

 

Alternatively, PS can be classified according to their mechanism function. Fig. 2 illustrates 

possibilities to engineer PS mediated fluorescence at the molecular level. In reality, a PS may 

be designed to follow multiple mechanisms. Therefore, the scheme should be considered as a 

theoretical approach. The simplest way is the application of a molecule with intrinsic 

fluorescence as in the case of the free PS or photo-immunoconjugates [18] (Fig. 2 A). A 
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second approach is to use a non-photosensitizer pro-drug such as the heme precursor 5-

aminolevulinic acid (5-ALA) or its derivatives (Fig. 2 B). In eukaryotic cells and some 

proteobacteria, 5-ALA emanates as first building block of the heme biosynthesis from the 

enzymatic reaction of succinyl-CoA with glycine (Shemin-pathway) (Fig. 3). An alternative 

pathway is found in most bacteria, where 5-ALA is synthesized from glutamate (C5-pathway) 

[19]. For the formation of heme, eight 5-ALA molecules are assembled enzymatically to yield 

the penultimate precursor of heme, protoporphyrin IX (PPIX). PPIX and earlier tetrapyrrolic 

heme precursors lack the ferrous iron of heme; therefore, they emit red fluorescence and act 

as endogenous PS. Since the heme biosynthesis is tightly regulated by a negative feedback of 

heme on the enzyme catalyzing 5-ALA synthesis, accumulation of these PS does not occur 

physiologically. However, the control mechanism can be by-passed by administering 

exogenous 5-ALA. 5-ALA enters the heme cycle and is enzymatically converted. A 

bottleneck at the level of iron incorporation into the tetrapyrrol skeleton, in combination with 

up-regulation of early heme biosynthetic enzymes, leads to the accumulation of the 

photosensitizing porphyrin intermediates, notably PPIX (Fig.3). 

Chapter 1 provides a literature review of the history and in situ generation of endogenous PS 

using 5-ALA and attempts improve to this methodology. A successful concept has been 

implemented by the esterification of 5-ALA with short- to medium length aliphatic alcohols. 

The most prominent derivatives, 5-ALA methyl ester (MAL) and 5-ALA hexyl ester (HAL), 

show an improved local bioavailability with respect to the parent compound, while conserving 

strong fluorescence induction, an effect attributed to the higher lipophilicity of the esters. The 

hydrophilic molecule 5-ALA requires active transporters to reach the cytosol, a process 

susceptible to protein saturation. In contrast, MAL is believed to follow active and passive 

transport mechanisms, while the higher lipophilicity (logP 1.8) [20] and amphiphilic character 

of HAL enable it to diffuse through the cell membrane into the cytosol. This may explain why 

HAL induces cellular PPIX concentrations up to 50 fold above those reached with 5-ALA 

[21, 22].  

The first part of the thesis focuses on the formulation of HAL into nanoparticles and the 

impact on the generation of fluorescence in two human cancer cell lines, T24 and A549, as 

well as a tumor model on the chorioallantoic membrane of the chicken embryo. 
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Fig. 3. Heme biosynthesis of prokaryotic (mostly C5-pathway) and eukaryotic cells (Shemin 

pathway). 5-ALA represents the first building block. Eight 5-ALA molecules are enzymatically 

assembled to PPIX. Ferrochelatase (FC) catalyzes the ferrous iron complexation by PPIX to 

heme.  The heme cycle is regulated by a negative feedback mechanism of heme onto the 

synthesis of 5-ALA. The mechanism can be by-passed by applying exogenous 5-ALA and 

derivatives thereof. PBG: porphbilinogen, UROgenIII: uroporphyrinogen III, COPgenIII: 

coproporphyrinogen III, PPgenIX: protoporphyrinogen IX, ALAS: 5-ALA-synthase, ALAD: 5-

ALA-dehydratase, PBGD: PBG-deaminase, UROS: UROIII synthase, UROD: UROIII 

decarboxylase, COPO: COPIII oxidase, PROTO: PPgenIX oxidase 

Another means for selective fluorescence generation is followed by PS prodrugs bearing the 

PS in a non-fluorescent/quenched form. Enzymatic cleavage at the target site “switches” the 
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molecule on for light emission. The PS can bear a functional group modifying the fluorophore 

as in the case of γ-glutamyl residue attached to hydroxymethyl rhodamine green. The 

fluorescence is restored upon cleavage of the γ-glutamyl residue by γ-glutamyl 

transpeptidases, which are overexpressed in some tumors [23]. 

PS molecules may also be closely assembled by attachment to a polymeric backbone or 

micelle forming phospholipids resulting in a self-quenching effect [15-17] [24]. Fluorescence 

is re-established once the target site is reached and the PS is cleaved enzymatically from the 

backbone. In the case of micelles disassembly into monomers, can be triggered through 

increased interstitial pressure or a change of pH.  

 

 

Fig. 4. Jablonski scheme of PS excitation. Absorption (A) of light energy transfers the 

molecule from the level of lowest energy (ground state, S0) into a higher excited state (S1, 

S2). The PS relaxes into the excited level of lowest energy (S1) by releasing excess energy as 

heat. The process is called internal conversion (IC). From the S1 level the PS can relax into 

the ground state by IC, light emission (fluorescence, F) or it may undergo intersystem 

crossing (ISC) into a triplet state (T1). Relaxation from T1 to S0 through light emission is 

called phosphorescence (P). Excess energy may also be transferred to a cellular substrate 

and trigger a Type I photoreaction or to triplet oxygen (
3
O2). Energy transfer (A) to 

3
O2 leads 

to highly reactive singlet state oxygen (
1
O2) that oxidizes cellular components (Type II 

photoreaction). Depending on the PS and light dose, the photoreactions potentially lead to 

cell death.  
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Photosensitizers have a delocalized π-electron system capable of absorbing light of a certain 

wavelength. The process raises one valence electron of the chromophore from the ground 

state (S0) to a singlet state of higher energy (e.g. S1, S2) (Jablonski scheme, Fig. 4). Each 

singlet state is further divided into several vibrational and rotational energy levels. The 

excited state of a molecule is unstable and requires energy to be maintained. Therefore, the 

molecule tends to return to the ground state by releasing excess energy. Immediately after 

light absorption, the excited electron undergoes internal conversion, i.e. it relaxes into the 

excited state of lowest energy (and thus higher stability) by releasing non-radiative energy 

(heat). From the S1 level, the photosensitizer may reach the ground state in three different 

ways. The simplest one is non-radiative internal conversion. In fluorescence (F) energy is 

released by emission of a photon. The process marks the base for PD. Finally, the molecule 

can change its multiciply from the singlet to a triplet excited state (T1). This step, referred to 

as intersystem crossing, involves a change of electron spin direction.  From the metastable 

triplet state, the molecule may reach the ground state by photon emission (phosphorescence) 

or by transferring energy another molecule. This triggers two types of photoreaction and 

represents the underlying mechanism for PDT. Type I reactions describe the electron- or 

hydrogen transfer from a triplet state photosensitizer to another molecule in the tissue. This 

causes highly cytotoxic intermediates such as superoxides, hydroperoxyls, hydrogen peroxide 

or hydroxyl radicals (reactive oxygen species, ROS). In type II reactions, an energy transfer 

between the triplet PS and the ground-state triplet oxygen generates singlet oxygen. The 

singlet state of molecular oxygen is unstable and extremely reactive. Therefore, it forms 

adducts with cellular components such as lipids. The oxidative damage leads to a cascade of 

intra- and extra-cellular responses that trigger cell death and eventually the destruction and re-

absorption of damaged tissue. PDT induced phototoxicity is regarded to occur mainly via type 

II reactions. The lifetime of singlet oxygen in cellular systems is considered to be 100-500 

nanoseconds [25] with a diameter of action of up to 50 nm, depending on the cellular 

environment [26, 27]. This property of PDT is advantageous, since the damage to surrounding 

tissue is limited.  

Ideally, a PS has no intrinsic toxicity, shows low skin photosensitization and is stable before 

and during application. It should absorb light distinctively to endogenous fluorophores such as 

collagen, ceroids and aromatic amino acids to maximize light penetration into the tissue. This 

can usually be avoided with photosensitizers absorbing light above 400 nm and having an 

emission maximum above 620 nm [10]. A long living triplet state is important to enable 

interaction with the surrounding tissue when the photosensitizer is used for PDT. Minimal 
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amounts of the agent should remain in the tissue after light treatment. For PD a high 

fluorescence yield and good selectivity are crucial. Depending on the irradiation time and 

light intensity, fluorophores lose their ability to absorb and emit light, a process called 

photobleaching. Even though it may be advantageous to limitation of prolonged skin 

photosensitization, it is important that photobleaching occur minimally during PD.   

 

Cellular mechanism 

Today, three mechanisms of cell death are discussed in association with PDT: necrosis, 

apoptosis and autophagy [28]. Necrosis is defined as uncontrolled, accidental cell death, 

where severe physical or chemical damage and acute cell injury disable the adenosine 

triphosphate (ATP)-production of the cell. Apoptosis is a programmed, ATP-driven cell death 

characterized by a series of changes in cell morphology and activation of caspases that cleave 

cellular substrates. Eventually the cell dissociates into membrane bound apoptotic bodies and 

is engulfed by neighbouring cells. Autophagy may be regarded as a recycling mechanism that 

helps to maintain the equilibrium between synthesis and degradation of cell components. The 

autophageal process is somehow ambiguous for the outcome of PDT. On one hand it 

exonerates the cell from cytotoxic ROS, on the other hand it may lead to cell death, depending 

on the extent of previous cell damage and the ability of the cell to undergo apoptosis. The 

main mechanism of cell death through PDT is assumed to be mitochondrially controlled 

apoptosis. However, it may differ according to the cell type, light dose, PS concentration and 

localization, as well as partial oxygen pressure [28-30].  

Apart from instant cell eradication, PDT has a positive influence on the long-term tumor 

control by promoting auxiliary anti-tumor immune reactions [31, 32]. Hypoxic stress (due to 

vascular shutdown and oxygen consumption) initiates the release of inflammatory mediators. 

Such factors can also damage epithelial cells in tumor vasculature and promote vascular shut 

down. Finally, detrital cells and cell fragments stimulate the adaptive immune system. They 

may be phagocytosed, notably by dendritic cells that expose the tumor associated antigens to 

antigen recognising helper T-lymphocytes. This process initiates the development of immune 

memory against the tumor. 
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Nanoparticles for drug delivery 

The therapeutic effect of a photoreactive compound in PDT can be modulated by the drug and 

the light dose, and the drug light interval. The development of easy-to-handle diode lasers and 

the use of optical fibres in combination with diffusers nowadays allow adequate delivery of 

light to almost any part of the body in a minimally invasive manner. All the same, it is pivotal 

for the PS to preferentially accumulate in the target tissue and only minimally in healthy 

tissue at a given time. The intrinsic tissue selectivity of a drug is dictated by its 

physicochemical properties, such as lipophilicity, molecular size, ionic charge and/or the 

presence of functional groups. Most hydrophobic PS collocate in cytosolic sites, i.e. Golgi, 

endoplasmic reticulum, mitochondria, lysosomes and membranes, making these structures the 

main targets for damage through PDT. Hydrophilic PSs lead to tumor ablation by vascular 

shut-down as they accumulate in the vasculature. Protein binding properties of the PS and the 

physiological environment of the target, for example pH and high metabolic turnover in 

neoplastic tissue, further broaden the selectivity criteria. For example, hydrophobic PSs bind 

to low density lipoproteins and may thus be transported into the cell through the membranous 

LDL receptor. Finally, due to physiological changes, neoplastic tissue  acts as a “trap” for 

some therapeutic drugs [33]. Microenvironmental changes of tumor tissues are discussed in 

the literature review following this introduction.  

It is widely accepted that the selectivity of a drug may be influenced by the vehicle in which it 

is formulated. During the past three decades major attention was given to the development of 

biodegradable polymeric nanoparticles for drug delivery [34], an idea first addressed in the 

1960’s by Speiser et al. [35, 36]. Today, several nanoparticulate formulations are marketed for 

per-oral, topical and systemic administration. They include nanocrystals, consisting of a  

water-insoluble drug milled to nano-sized particles (e.g. Ritalin LA®, Novartis), drug-albumin 

agglomerates (Abraxane®, Celgene), liposomes (Myocet®, GP Pharm) and dendrimers 

(Vivagel, Starpharma Holdings) [37].   

In recent years extensive research has been performed on the development of nanoparticles 

made from biodegradable polymers destined for various applications, such as the intraocular, 

inhalative or parenteral route.  

According to the definition of the Encyclopedia of Pharmaceutical Technology, polymeric 

nanoparticles are “solid colloidal particles ranging in size from 10 to 1000 nm. They consist 

of macromolecular materials in which the active principle (drug or biologically active 
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material)  is dissolved, entrapped, encapsulated and/or to which the principle is adsorbed or 

attached” [38]. These subcellular sized entities can be engineered in such way that the 

pharmacokinetic characteristics of the active principle may vary considerably. Thus, an active 

compound with adequate pharmacodynamic properties, but unsatisfying pharmacokinetic 

characteristics (e.g low water solubility, insufficient cell penetration) may be rendered 

suitable for application by nanoencapsulation. Owing to their size, nanoparticles 

predominantly extravasate into tissues with fenestrated vasculature (e.g. neoplasms). This 

diminishes the probability of adverse effect and increases patient compliance. In the lung the 

small size promotes penetration of the thick mucus and diminishes the fast clearance by 

expectoration. The large surface area of nanoparticles allows the attachment of functional 

moieties to further improve tissue selectivity. Hydrophilic molecules, such as polyethylene 

glycol (PEG), reduce the recognition by macrophages. This increases the circulation half time 

of the particles in the blood or retention time in the lung. The attachment of active targeting 

moieties such as antibodies enhances the interaction with cellular receptors [39].  

Until now the United States Food and Drug Administration (FDA) has approved four 

biocompatible polymers, polylactic acid (PLA), polyglycolic acid (PGA), polylactic-co-

glycolic acid (PGLA), and polycaprolactone (PCL) for the use as suture material or implants 

[40]. The polymers are suitable for the formation of nanoparticles by various techniques. The 

protocol for particle preparation needs to be adapted to the drug of interest. Thus, drug 

loading and loading efficiency are strongly dependent on the type of the polymer, the organic 

solvent, the type of surfactant, if any, as well as pH- and ion-strength regulating substances in 

the aqueous or organic phase [41-45]. The miscibility of the organic and aqueous phase 

dictates the applied production method. One can distinguish three main mechanisms of 

nanoparticle formation in an oil-in-water system [46]. In all three processes the polymer and 

the drug are dissolved in the organic phase. This solution is dispersed into an aqueous phase 

optionally containing a surfactant such as polyvinyl alcohol or poloxamers. A drug may be 

encapsulated with higher efficiency, when the affinity of the drug to the polymer is higher 

than to the aqueous phase [43, 47].  

A simple and cost effective method is the solvent displacement technique (nanoprecipitation). 

As described above, it implies the use of a water miscible solvent such as acetone or ethanol. 

The water miscibility leads to the spontaneous emulsification of the polymer containing 

organic solution into the aqueous phase. Subsequent interfacial turbulences, driven by 
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interfacial tension differences and local supersaturation of droplets containing the dissolved 

polymer, result in the nucleation of polymer precipitates [46, 48].  

Emulsion-evaporation is used when the organic solvent (e.g. dichloromethane) is not miscible 

with water. It implies the emulsification of the organic phase by high mechanical impaction 

using a homogenizer or a sonicator probe to create nano-droplets. The emulsion is stabilized 

with high concentrations of surfactant during solvent evaporation. Nano-encapsulation by 

emulsion evaporation is generally limited to lipophilic drugs. However, hydrophilic drugs 

have been encapsulated by adding an emulsification step prior to formation of the oil in water 

emulsion. The hydrophilic drug is dissolved in an aqueous medium and emulsified in the 

organic phase. The water-in-oil (W/O) emulsion is subsequently dispersed into an aqueous 

outer phase, resulting in a water-in-oil-in-water (W/O/W) emulsion [49, 50].  

When using a solvent of partial water miscibility and low volatility (e.g. benzyl alcohol) 

particle formation may be provoked by extracting the organic solvent into a large volume of 

the aqueous phase as in the emulsification-diffusion method [51]. The solvent diffusion is 

controlled by gradual addition of the aqueous phase. The method may be applied in a varied 

form, referred to as salting-out method, with water miscible solvents, e.g. acetone. The 

miscibility of acetone with water is initially prevented by the saturation of the aqueous phase 

with an electrolyte such as magnesium chloride. By adding water to the external phase the 

electrolyte concentration is lowered and allows the acetone to diffuse slowly from the organic 

phase into the aqueous medium. As a result the solvent concentration in the aqueous phase 

remains low. This is of interest, when a water insoluble drug is rendered soluble by the 

presence of the solvent [47]. 

Efficient encapsulation of hydrophilic and amphiphilic drugs into polymeric nanoparticles 

remains challenging when using the above described methods, as the compounds readily leach 

into the dispersing aqueous phase. Recently, new bottom-up approaches based on the spray 

drying technique have been developed that generate particles of down to several 100 nm [52]. 

The key element is the formation of solute nano-droplets from which solid nanoparticles 

emerge during solvent evaporation. In the aerosol flow reactor method (Fig. 5), the solution is 

atomized with a highly pressurized nitrogen carrier gas air jet. The droplets are then directed 

through a heated tubular laminar flow reactor for controlled solvent evaporation. At reactor 

downstream, the aerosol is strongly diluted with nitrogen gas (e.g. 25 L/min) to avoid 

nanoparticle deposition on the tubing wall before sampling for size measurement and/or 

collection for further processing (Fig. 6). Since the dispersion medium consists of an inert gas, 
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the drug entrapment during particle formation is maximal. Consequently, entrapment 

efficiency is close to 100%.  

 

Fig. 5. Schematic set-up of the aerosol flow reactor for nanoparticle formation. The organic 

solution is atomized with a highly pressurized nitrogen carrier gas air jet. Subsequently, the 

solvent evaporates in the heated reactor tube. The evaporation generates a highly dispersed 

nanoparticle aerosol. The aerosol is diluted with nitrogen gas to prevent particle deposition 

on the tubing wall before particle collection and size measurement with a differential mobility 

analyzer (DMA) connected to a condensation particle counter (CPC).   

 

Chapter 2 describes the preparation of HAL-laden nanoparticles by nanoprecipitation. The use 

of such a formulation on a T24 human bladder carcinoma and other cell lines induces higher 

porphyrin fluorescence compared to the free compound. Interestingly, the effect was found to 
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be due to an interaction of PPIX with the nanoparticles rather than higher porphyrin 

accumulation. To improve the drug loading of nanoparticles was applied the aerosol flow 

reactor method (chapter 3) [53].  

 

PDT of bacteria 

Although the effect of light on photosensitized microorganisms formed the starting block of 

PDT, interest in this application in microbiology lost attraction with Alexander Fleming’s 

discovery of penicillin in 1928. However, bacteria have the ability to rapidly adapt to their 

environment. Excessive prescription of antibiotics, their misuse in animal husbandry and 

inappropriate treatment of patients have fostered a racing duel between the emergence of 

multi-resistant bacterial strains and the development of new anti-bacterial strategies, returning 

the interest towards antibacterial PDT, usually referred to as photodynamic inactivation (PDI) 

of bacteria.  

 

 

Fig. 6. Bacterial cell wall of Gram negative and Gram positive bacteria. 

 

Similarly to eukaryotic cells bacteria accumulate porphyrins after treatment with 5-ALA 

and/or derivatives (Fig. 3) [54]. Chapter 4 describes a newly found enzymatic system 

generating PPIX by iron extraction from heme. The system was assessed with respect to 

bacterial photosensitization and the role of TolC, a bacterial multidrug efflux pump, for the 

export of PPIX was investigated. The results are presented in chapter 5.  
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Gram-positive and Gram-negative bacteria differ in their cell-wall architecture (Fig. 6). The 

cell wall of Gram-negative bacteria is made up of an inner and outer cell membrane separated 

by a peptidoglycane containing periplasmic space. From the outer cell membrane protrude 

negatively charged lipopolysaccharides stabilized by magnesium and calcium ions. The 

alternating lipophilic and hydrophilic layers of the Gram-negative cell wall impede the 

penetration of extrinsic molecules. The structure of the  cell wall of  Gram-positive bacteria is 

simpler with only one lipid bilayer followed by a peptidoglycan layer containing lipoteichoic 

and teichoic acids (teichos = wall, greek). It is therefore not surprising, that PDI has so far 

been more successful on Gram-positive bacteria [55]. A prerequisite for PS for PDI on Gram-

negative bacteria is a cationic charge to allow tight interaction with the lipopolysaccharides. 

Destabilizing agents such as polymyxin may interfere with the structure of the lipid bilayer or 

complex Mg2+ and Ca2+ (EDTA), which triggers the release of lipopolysaccharides. The PS 

may also be conjugated to a positively charged polymer backbone (e.g. poly lysine) to 

improve the cell wall affinity [55, 56].  

 

Objective of the thesis 

The objective of the present work was to explore possibilities for the induction of porphyrins 

in eukaryotic and prokaryotic cells. The literature review following this introduction describes 

the concept of endogenously induced photosensitizer generation and depicts the numerous 

approaches devoted to improve tumor selectivity and bioavailability of the PPIX precursors.  

Part A (chapter 2 and 3) focuses on the formulation of HAL into polymeric nanoparticles in 

order to make HAL suitable for systemic applications, e.g. by injection or inhalation.  

Part B (chapters 3 and 4) describes the finding of a new PPIX generating mechanism, namely 

deferrochelation, in E.coli., mediated by the bacterial dye decolorizing peroxidase, YfeX. 

Deferrochelation implies the inversion of the ultimate heme synthesis step of incorporation of 

iron into the PPIX skeleton [57]. Moreover, we investigated the efficacy of the mechanism for 

the use in antibacterial photodynamic activation (PDI) as well as the role of the multi-drug 

efflux pump TolC for accumulation of PPIX in E.coli. 
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ABSTRACT. The photosensitizing properties of endogenous porphyrins have been discov-

ered about 100 years ago. Since then they have become an attractive means to detect and treat 

neoplastic tissue by fluorescence photodetection (PD) and photodynamic therapy (PDT), re-

spectively. The probably most important endogenous photosensitizer is protoporphyrin IX 

(PPIX), the direct precursor of heme. It accumulates preferentially in neoplastic cells upon 

administration of 5-aminolevulinic acid (5-ALA). 5-ALA is an early precursor of heme, when 

applied exogenously it takes up the function of a prodrug, which is converted into PPIX by 

the enzymes of the heme biosynthetic pathway. Numerous approaches have been undertaken 

to improve the pharmacodynamics and pharmacokinetics of 5-ALA PDT with respect to tis-

sue selectivity and biocompatibility. This chapter shall give an overview of the methods used 

to optimize 5-ALA PDT and PD. 

 

Keywords: 5-aminolevulinic acid, cancer, drug delivery, fluorescence photodetection, heme, 
hexyl ester, photodynamic therapy, protoporphyrin IX 
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Introduction  

Life on our planet as it exists today would probably not be possible without  porphyrins. The 

wide distribution of these tetrapyrrol structures in fossil sediments attests their existence da-

ting back as far as the first appearance of oxygen in the earth’s atmosphere.  

The benefit of porphyrins for medical purposes was discovered only in the second half of the 

20th century, although their pathological manifestation was already noticed in ancient Greece 

by Celsus, Galen and Hippocrates. The latter described a patient having peculiar symptoms: 

“fears and much rambling, depression and light feverishness. Early in the morning frequent 

convulsion, whenever these frequent convulsions intermitted, she wandered and uttered ob-

scenities; many pains, severe and continuous.” Towards the end of the episode, her urine 

turned black [1]. The statement appears to be the first record of a group of diseases which 

much later, in the 19th century, will be known as porphyrias [2-4]. The characteristic symp-

toms of some of these disorders, notably the purple/red coloured stool and urine (porphurous 

= greek for purple) in combination with psychotic attacks led scientists and historians to retro-

spective diagnoses in various subjects, going as far as making porphyrias responsible for po-

litical turnovers. An example is the case of King George III, who was known for his “mad-

ness” [5]. The probability, that George III’s attacks originated from porphyria is supported by 

the fact that two living descendants of the king suffer from variegate porphyria [6]. Symptoms 

of the extremely rarely occurring congenital erythropoietic porphyria, notably the pale, yellow 

skin, red teeth, skin aberrations, protruding teeth, avoidance of sunlight and blood thirst often 

accompanied by psychotic attacks and sometimes hypertrichosis (see Fig. 1), has even led sci-

entists to explain the occurrence of werewolves and vampires [7;8]. Admittedly, the resem-

blance between the disease and descriptions in historical reports, together with the independ-

ent appearance of these legendary creatures in different areas on the globe give an attractive 

basis for such a hypothesis. Nevertheless, porphyria as possible explanation for the occur-

rence of legendary creatures is a step too daring. 

Scherer was the first to describe the chemistry of endogenous porphyrins in 1841 [9]. He 

treated a dried blood sample with sulfuric acid, removed the free iron, and dissolved the wa-

ter-insoluble product in ethanol. He obtained a substance of blood-red colour, which he called 

“iron-free hematin”. Hoppe-Seyler later gave the compound the name “hematoporphyrin” 

[10]. 
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In 1913, the German physician Meyer-Betz used hematoporphyrin in a self-experiment and 

injected himself 200 mg of the substance. When exposing parts of his skin to sunlight, he ob-

tained lesions that remained for several weeks (Fig. 2). Meyer-Betz’ experiment provided ev-

idence for the close relationship between the red pigments in the urine of patients with certain 

forms of porphyria and their sensitivity to light [11]. 

In 1924 Policard observed that tumor tissue intrinsically exhibited more fluorescence than 

normal tissue [12]. The underlying cause, namely the preferential accumulation of porphyrins 

in neoplastic tissue, was identified by Auler and Banzer [13]. They also observed that injec-

tion of exogenous hematoporphyrin increased tumor fluorescence. The findings were con-

firmed by several studies until the mid nineteen fifties [14-16]. However, the application of 

hematoporphyrin for the cancer detection by fluorescence came along with a pronounced pho-

totoxic effect. This inconvenience was due to the need of high drug doses, in order to obtain a 

satisfying fluorescence signal.  

Schwartz et al. compared purified with raw hematoporphyrin material. To their surprise they 

observed stronger tumor fluorescence and higher response to x-ray radiation using the impure 

compound, rather than with the purified hematoporphyrin [17]. Although Schwartz did not 

identify the exact nature of the impurity fraction, it can be assumed that it consisted of a com- 

Fig. 1. Photo showing a patient with congenital 

erythropoietic porphyria featuring severe mutila-

tions as well as hypertrychosis. 
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plex mixture of porphyrin monomers and oligomers. Lipson et al. treated crude hematopor-

phyrin with glacial acetic acid and sulfuric acid and obtained hematoporphyrin derivative 

(HpD). Detection and treatment of cancer with HpD was superior to treatment with crude 

hematoporphyrin [18;19]. Also, lower doses of HpD could be applied [18]. In 1972 Diamond 

et al. observed an increase of tumor cell death in vitro and in vivo upon pre-treatment with 

HpD and after irradiation with cool light [20].  

Three years later Dougherty et al. succeeded in the complete tumor removal in mice after ap-

plication of HpD and subsequent exposure to red light [21]. Dougherty further optimized the 

HpD formulation by removing the monomers in the mixture, which were attributed the part 

for phototoxicity due to their high water solubility. The final compound, now called Porfimer 

sodium, obtained marketing authorization as Photofrin®. It is probably still the most widely 

used photosensitizer in medical care. Nevertheless, a major drawback remains the low selec-

tivity of the substance, leading to skin photosensitization of subjects treated with this drug. 

The gravity of this adverse effect becomes even more important, when considering that cancer 

therapy is most often of palliative rather than curative matter. The necessity to prevent the ex-

posure of patients to light annihilates the primary aim of palliative cancer treatment, which is 

the improvement of quality of life.  

Realizing this problem, research focused on more selective ways of treatment in the field of 

photodynamic therapy (PDT) and fluorescence photodetection (PD). A breakthrough was 

achieved by Kennedy et al. who exogenously applied the heme precursor 5-aminolevulinic ac-

Fig. 2. Photo of Friedrich Meyer-Betz featur-

ing lesions on face and hands after self-

injection of 200 mg hematoporphyrin and ex-

posure to sunlight. 
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id (5-ALA) [22]. He hypothesized that PPIX, the penultimate precursor of heme with photo-

sensitizing properties, would accumulate in the cell, if the negative feedback of heme on the 

biosynthesis of the early heme precursor 5-ALA is by-passed. If now the production of PPIX 

is faster than its transformation into heme, then PPIX will accumulate. Effectively, Kennedy 

found a particularly high accumulation of protoporphyrin IX (PPIX) in tumor tissue after ad-

ministration of 5-ALA [22].  

Tab.1. Commercialized products containing 5-ALA or derivatives 

Name Compound Formulation Indication Country of 

 licence 

Levulan® 

Kerastick®  

(Dusa) 

5-ALA 

Alcoholic solu-

tion with appli-

cation stick 

Treatment of        

actinic keratosis 
USA 

Metvix® 

(Photocure) 

5-ALA  

methyl es-

ter 

Cream 

Treatment of 

precancerous 

and skin cancer 

lesions, e.g. ac-

tinic keratosis 

A, AUS, B, D, DK, E, 

F, I, N, NZ, USA, S 

Hexvix® 

(Photocure) 

 

5-ALA 

hexyl ester 

Powder for so-

lution  

Detection of 

bladder cancer 
A, D, E, F, N, S 

Gliolan®  

(Photonam-

ic) 

5-ALA  
Powder for oral 

solution 

Fluorescence 

guided resection 

of malignant gli-

oma  

D 

Effala ® / 

Alacare®  

(Intendis) 

 

5-ALA 
Medicated plas-

ter 

Treatment of ac-

tinic keratosis 

A, D, DK, E, F, FIN, 

IRL, I, N, PL, P, S 

Cysview® 

(Photocure) 

5-ALA 

hexyl ester  

Powder for so-

lution 

Detection of 

bladder cancer 
USA 

 

The pharmacokinetics of 5-ALA together with the particular physiology of tumor cells pro-

vide the heme precursor with the attribute to accumulate preferentially in neoplastic tissue and 
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to be cleared within hours instead of days or weeks. This in turn reduces skin photosensitiza-

tion and gives 5-ALA a major advantage over preformed photosensitizers. Today, 6 products 

containing 5-ALA and two of its derivatives are authorized on the market for the visualization 

or treatment of malignant tissue (see Table 1). 

 

The heme biosynthetic pathway and pathological implications 

Heme is essential for many processes in living organisms. Apart from its role as oxygen bind-

ing unit in red blood cells in mammals and invertebrates, it is an important metabolic co-

factor in cytochrome associated enzymes. The pivotal function of heme in a living organism 

explains why it was found to be one of the earliest biomolecules. Palaeo-chemical investiga-

tions led to the conclusion that living organisms produced heme already four billion years 

ago. Its formation takes place in virtually all nucleated cells and particularly in tissues with 

high metabolic turnover, such as bone marrow and the liver.  

The biosynthesis of heme includes eight consecutive steps, each one involving a different en-

zyme (see Fig. 3). Four enzymes are located in the mitochondria, while the other four en-

zymes operate in the cytoplasm. They are kept under strict feedback control to prevent the 

overproduction of intermediate products during heme biosynthesis. Genetic mutation, and/or 

enzyme malfunction may disturb the equilibrium, which may result in the accumulation of cy-

totoxic byproducts. This is why diseases involving a malfunction of the heme cycle have been 

grouped as porphyrias. Depending on the type of mutation and the involved enzyme, different 

forms of porphyria may develop. 

The biochemistry of the heme biosynthesis has been reviewed in detail elsewhere [23-25]. 

Therefore the following intercept shall only shortly recall the respective steps to provide a 

better understanding of the pharmacodynamics of 5-ALA.   

The basis of all biologically produced tetrapyrrols, be it in bacteria, mammals or plants, is the 

onset of 5-ALA and its subsequent transformation into uroporphyrinogen III (UROgenIII) 

[26]. While most bacteria and plants biosynthesize 5-ALA from glutamic acid in a two-step 

reaction, eukaryotes form 5-ALA by condensation of glycine with succinyl-CoA. The reaction 

takes place in mitochondria and is catalyzed by ALA-synthase (ALAS) [27]. There are two 

isoforms of ALAS: ALAS I, the housekeeping enzyme, is expressed throughout the body, 

whereas the erythropoietic ALAS II only occurs in bone marrow. Mutation of the ALAS II 
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encoding gene, which is located on the X-chromosome, leads to x-linked sideroblastic anae-

mia [23]. 

 

Fig. 3. The heme biosynthesis pathway. The first step, catalyzed by ALA-synthase (ALAS), 

consists of the mitochondrial synthesis of 5-aminolevulinic acid (5-ALA) from glycine and 

succinyl CoA. In the cytosol eight 5-ALA molecules are condensed in four consecutive steps to 

coproporphyrinogen III (COPgenIII). Each reaction is catalyzed by the corresponding en-

zyme. The formation uroporphyrinogen III (UROgenIII) involves the asymmetric condensa-

tion of 4 porphobilinogen molecules (PBG). Non-enzymatic, symmetric condensation leads to 

biologically inactive uroporphyrin I (UROI). COPgenIII is translocated into mitochondria, 

where its structure is transformed to protoporphyrin IX (PPIX). Subsequently, ferrochelatase 

(FC) mediates the complexation of Fe
2+ 

by this tetrapyrrol skeleton, resulting in the formation 

heme. Heme regulates the synthesis of 5-ALA through a negative feedback mechanism. ALAD, 

ALA dehydratase; PBGD, porphobilinogen deaminase; UROS, uropophorphyrinogen III syn-

thase; UROD, uroporphyrinogen III decarboxylase; MBR, mitochondrial benzodiazepine re-

ceptor; COPO, coproporphyrin III oxidase; PPgenIX, protoporphyrinogen IX; PROTO, pro-

toporphyrinogen IX oxidase 
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After its formation, 5-ALA is translocated into the cytoplasm, where it is transformed into 

UROgenIII. The reaction is the same in all porphyrin producing organisms and implies three 

steps: First, two 5-ALA molecules are asymmetrically condensed to yield the pyrrol structure 

of porphobilinogen (PBG). This reaction is catalyzed by ALA–dehydratase (ALAD), a zinc 

containing enzyme, which is synonymous to porphobilinogen-synthase (PBGS). Patients with 

a deficiency of ALAD accumulate 5-ALA. The similarity of 5-ALA to the neurotransmitter γ-

amino butyric acid (GABA) allows it to bind to GABA-ergic receptors [28]. As a conse-

quence the patients suffer from neuropathies, typically characterised by abdominal pain, dys-

function in the extremities and, sometimes, psychotic attacks. In lead (Pb)-poisoning the cen-

tral Zn atom in ALAD is replaced by Pb resulting in an inactivation of the enzyme. The 

symptoms of Pb-poisoning are the same as in the disease developing from a mutation of the 

enzyme. Therefore ALAD-associated porphyria is also called plumboporphyria (plumbum = 

latin: lead).  

The following two steps in the formation of UROgen III are catalyzed by two closely associ-

ated enzymes [29]: Porphobilinogen deaminase (PBGD) condenses four PBG molecules to 

pre-uroporphyrinogen, a the linear tetrapyrrol. This molecule may cyclize spontaneously to 

uroporphyrin I, which has a symmetric tetracyclic structure and is biologically inactive. The 

active isomer UROgen III, in contrast, necessitates the action of uroporphyrinogen III syn-

thase (UROS). UROS catalyzes the inversion of one of the four pyrrols (the D-ring) in the 

porphyrin skeleton. The transformation results in the final asymmetric structure of UROgen 

III [30]. A deficiency of PBGD leads to acute intermittent porphyria (AIP). With 300 muta-

tions the disorder is the most frequent form of porphyria. It may be triggered by enzyme-

inducing drugs, such as barbiturates and sulphonamides, which enhance the expression of 

ALAS. The symptoms of AIP are of neurovisceral nature and treatment is well elaborated 

[31]. 

A defect in UROS causes congenital erythropoietic porphyria. In this rare but severe form of 

porphyria the accumulation of tetrapyrrols such as uroporphyrin I and its de-carboxylized 

form coproporphyrin I lead to discolouring of urine, hypertrichosis and skin photosensitiza-

tion with subsequent mutilation [32]. Since photosensitization is caused by the reaction of 

tetrapyrrols to UV-radiation, the symptom is typically found in porphyrias accumulating por-

phyrins in the blood. Porphyrias accumulating porphyrin precursors, i.e. featuring a deficiency 

at the beginning of the heme cycle, are limited to neurovisceral symptoms.  

After the synthesis of UROgen III the side chains of the tetrapyrrol skeleton are modified. The 
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first step implies the decarboxylation of UROgen III to coproporphyrinogen III (COPgenIII) 

through the action of uroporphyrinogen III decarboxylase (UROD). COPgenIII  is translocat-

ed to the mitochondria in an ATP dependent step. It involves the mediation of the mitochon-

drial benzodiazepine receptor (MBR) [33;34], a small protein of 18 kD anchored in the outer 

mitochondrial membrane [35;36]. The MBR can be over-expressed in neoplastic tissues, such 

as breast [37], endometrium [38], ovary [39], liver [40], brain [41] and colon [42] cancer. It is 

therefore conceived to hold a key role for the tumor selectivity of 5-ALA mediated PPIX gen-

eration. 

In the mitochondrial inter-membrane space, two of the four remaining carboxylate groups of 

the porphyrin are reduced to vinyl-residues, resulting in the water insoluble protoporphyrino-

gen IX. The reaction is catalyzed by coproporphyrinogen III oxidase (COPO), which is locat-

ed at the outer surface of the mitochondrial membrane [43]. Protoporphyrinogen IX (PPge-

nIX) is then aromatized to protoporphyrin IX (PPIX) by the inner mitochondrial membrane 

bound protoporphyrin IX oxidase (PROTO) [44]. Mutation of PROTO causes variegate por-

phyria, a disease with a particularly high incidence in South Africans. The disorder spread 

from descendants of an immigrant in the 17th century. For this reason it is sometimes referred 

to as South African genetic porphyria [45]. 

The synthesis of heme is accomplished with the incorporation of ferrous iron into the PPIX 

skeleton through the enzymatic action of ferrochelatase (FC), which is also located on the in-

ner mitochondrial membrane [46]. According to Grandchamp et al. [43], the close mitochon-

drial location of the enzymes for the distal steps of heme biosynthesis, COPO, PROTO and 

FC, removes the obstacle of translocating water-insoluble porphyrins through an aqueous en-

vironment. The acquirement of lipophilicity, in turn, seems to be necessary for the porphyrin 

to cross the mitochondrial membrane for the final transformation into heme. Heme acts as 

regulator of its own biosynthesis through a direct negative feedback on ALAS in the mito-

chondrial matrix [46;47].   

5-ALA is an endogenous molecule. The major reason for administering an endogenous mole-

cule as drug to a patient is to compensate a deficiency, e.g. insulin in diabetes, or to increase 

its physiological activity, e.g. prostaglandins as contracting agents for the uterus. Rather than 

compassing the replacement or increasing the physiological function of the endogenous mole-

cule the exogenous administration of 5-ALA aims at the induction of an extrinsic effect, i.e. 

the controlled accumulation of the photosensitizing porphyrin, PPIX. As the direct precursor 
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of heme, the physiological relevance of PPIX as well as that of other porphyrins is restricted 

to its role as intermediate of the heme biosynthetic pathway. In a normal functioning organism 

PPIX concentrations are kept to a minimum. Its phototoxic effect becomes clinically relevant 

only in the case of intracellular accumulation as in the case of porphyrias or the targeted in-

duction by 5-ALA.  

In the context of PDT and PD, 5-ALA takes up the function of a prodrug for PPIX. Prodrugs 

are defined as inactive precursors of a drug, which are enzymatically or non-enzymatically 

transformed by the organism into the active compound. The derivation into a prodrug is gen-

erally used to obtain an increased bioavailability and/or to decrease adverse side effects. 

Levodopa, for example, the prodrug of dopamine, is used for the therapy of Parkinson’s dis-

ease. In contrast to dopamine, Levodopa is able to cross the blood brain barrier. In the brain, it 

is subsequently decarboxylated to the active compound dopamine. In the case of 5-ALA, the 

transformation into PPIX is carried out by the enzymes of the heme cycle.  

 

Alteration in neoplastic tissue – implications for preferential PPIX induction by 5-ALA  

Enzymes of the heme biosynthetic pathway 

While intracellular porphyrin concentrations are strictly controlled by heme biosynthetic en-

zymes in physiologically healthy tissue, this is not necessarily the case in neoplastic tissue, 

where levels of PPIX are sometimes elevated [2]. An explanation for the observed phenome-

non is a dysfunction of tumor proteins. Effectively, tumors may over-express PPIX preceding 

enzymes and/or feature down-regulation of ferrochelatase.  

In an early study, Kondo et al. investigated the enzyme activities of ALAD, PBGD and 

UROD, as well as FC in 5 normal epithelial cell lines of rat liver and 5 cell lines derived from 

hepatoma. The study revealed an increased activity of PBGD in all cancer lines [48]. Navone 

et al. compared ALAD, PBGD and UROD activity in cells derived from human breast cancer 

tissue to normal mammary tissue and noticed an up-regulation of PBGD and UROD. When 

undertaking the same investigations in vivo on mice, however, they did not observe any sig-

nificant changes in enzyme activity [49]. Gibson et al. examined the enzymatic activity of 

ALAD, PBGD and FC in a tumor rat model and 4 tumor cell lines with the addition of exoge-

nous 5-ALA. They could report an increase in PBGD activity for their in vitro and in vivo ex-

periments [50]. Levels furthermore correlated with the mitochondrial content of the cells [51]. 
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To study the key-role of PBGD in more detail Hilf et al. successfully transfected a mammary 

carcinoma cell line and a mesothelioma cell line with a PBGD encoding plasmid. Incubation 

with 5-ALA triggered the expression of PBGD by up to three times, but against all expecta-

tions, no increase in PPIX production was observed in PBGD transfected cells [52].  

From Hilf’s observations Gibson et al. concluded that PBGD was lacking its substrate PBG 

and that ALAD, the enzyme immediately preceding PBGD and synthesizing PBG, must ac-

count for a rate limiting step in the production of PPIX. They tested their hypothesis in three 

breast cancer cell lines, as well as a human mesothelioma cell line [53]. To prevent any accu-

mulation of PBG and thus a negative feedback on the expression of ALAD, they over-

expressed PBGD in all cell lines. Upon addition of excessive amounts of 5-ALA, however, 

ALAD levels remained unchanged. The observation supported the hypothesis that ALAD is a 

possible rate-limiting factor in the production of PPIX.  

In agreement with other studies [54;55] Krieg et al. found that PBGD activity is dependent on 

the proliferation stage of cells. It was significantly higher in cancerous cell lines than in the 

corresponding stromal cell line. However, PBGD activity of poorly differentiated colon carci-

noma cells (SW480) was higher during the plateau phase rather than during exponential 

growth. The opposite observation was made in moderately well differentiated HT29 cells and 

in normal fibroblasts (CCD18). In well differentiated CaCo2 cells PBGD activity did not 

seem to be affected by the growth stage [56]. It was not so for human bladder carcinoma cells 

when compared to urothelial cells [57]. In fact, the main responsible factor for higher PPIX 

accumulation in bladder carcinoma cells seemed to be a down-regulation of the “post-PPIX”-

enzyme FC. Bartosova et al. found similar results using leukemic cells [58]. 

Hinnen et al. concluded that PPIX accumulates as a result of an imbalance between PBGD 

and FC expression. They introduced a so-called power index, which represents the activity ra-

tio of PBGD to FC. The purpose of the index was to predict porphyrin concentrations in tis-

sues after administration of 5-ALA and hence to evaluate the susceptibility of the tissue to 

photosensitization. Results, however, could only partially confirm this hypothesis [59]. This 

may be due to the fact that they were not aware of the role of ALAD.  

 

Alteration of the iron pool 

FC requires two substrates to form heme: one is PPIX; the other one is ferrous iron (Fe2+). 

The cellular uptake of iron for the biosynthesis of heme has been extensively studied by Mor-
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gan et al. [60;61]. Iron reaches the cell bound to its carrier protein, transferrin (Tf). This rela-

tively small glycoprotein of 80kDa binds two Fe3+ ions with high affinity (Kd = 10-23) at pH 

7.4 [62]. The binding of ferric iron, in turn, raises the affinity to a transferrin receptor (TfR) at 

the cell surface. TfR is made up of two subunits of 94 kDa. Each subunit can bind one trans-

ferrin molecule. The Tf-iron -TfR complex is internalized by endocytosis. In the endosome, a 

proton influx provokes the dissociation of iron from the receptor-protein-complex. Tf and its 

receptor are recycled to the cell surface, while Fe3+ may be transferred to sites of gene regula-

tion in the nucleus or heme synthesis in mitochondria. Mitochondrial iron is bound to FC. It is 

therefore likely that FC acquires the metal directly from the mitochondrial membrane or is 

even involved in the iron transfer. However, further studies need to be undertaken to confirm 

this hypothesis.  

In case of excess, iron may also be incorporated into ferritin, a storage protein composed of 

24 subunits, with a molecular weight of 430-460 kDa and a capacity to store 4500 iron atoms.  

The expression TfR seems to be a characteristic feature of proliferating cells. In normal tissue, 

it is particularly abundant in hemoglobin synthesizing tissues and cells, such as erythroblasts 

and reticulocytes. During erythropoiesis the FC-mediated insertion of iron into PPIX to form 

heme occurs in the erythroblast stage. The need for iron explains why erythroblasts express 

abundant concentrations of TfR at their cell surface. After formation of heme, TfR is no more 

required. Therefore erythroblasts release TfR into the blood plasma (soluble TfR). The sur-

face-bound concentration of TfR is lower in reticulocytes, and erythrocytes virtually have no 

TfR. The measurement of the soluble TfR concentration is used as estimate for erythropoiesis.  

Kearsley et al. observed in human squamous head and neck cancers that TfR was highly ex-

pressed in the invading margin, which mainly consists of proliferating cells [63]. TfR was not 

expressed inside the tumor, where cells were mostly well differentiated. In accordance with 

these findings, Parodi et al. reported, that TfR expression correlated negatively with the dif-

ferentiation status of erythroleukemia cells K562 after treatment with the chemical differentia-

tion inducer cis-platin [64]. Prutki et al., however, observed the contrary in tissues obtained 

from colon carcinoma patients, where the TfR expression was high in differentiated cells, but 

low or absent in poorly differentiated cells [65].  

As shown by Page et al. [66], rat hepatocytes and some neoplastic tissues exploit additional 

mechanisms to internalize iron-transferrin through non-specific endocytosis. Small lung can-
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cer cells on the other hand can express their own Tf and human melanoma cells express a cell 

membrane based Tf homologue [67]. 

The high metabolic turnover and the increased expression of receptors such as TfR make it 

conceivable that certain neoplastic tissues feature increased iron acquisition [68]. Neverthe-

less, other factors may explain why the availability of Fe2+ for heme biosynthesis may be re-

stricted in the same neoplastic tissue. Considering that iron binding to transferrin is pH de-

pendent, the typically lower pH of tumor tissue may account for a pre-mature release of iron 

from Tf into the interstitium.  

Another factor can be explained by the hosts’ own protection mechanisms against neoplastic 

growth. During inflammation the human body reduces its total plasma iron through a self-

generated iron-scavenging mechanism in addition to a reduction of iron mobilization: On one 

hand Tf expression from the liver is reduced. On the other hand the increased production of 

cytokines during inflammatory processes and tumor growth augments the expression of mac-

rophageal ferritin in liver and spleen. One function of these macrophages is to phagocytose 

and digest aged erythrocytes. Iron from hemoglobin decomposition is then usually recycled, 

e.g. by re-introduction into the heme cycle. High ferritin levels in the macrophages, however, 

create a virtual iron sink and prevent the release of iron into the blood plasma.  

Another macrophage-associated mechanism for the withdrawal of iron from tumor cells was 

proposed by Hibbs et al., who demonstrated that tumor cells released iron upon co-cultivation 

with activated macrophages [69]. Macrophages release unstable compounds that generate re-

active nitrogen oxide (NO) intermediates. It was proposed that this may trigger the release of 

iron from the cells. 

Finally, it is tempting to speculate that the characteristically big size of the nucleus of tumor 

cells and the small cytosolic volume may abet transport of iron into the nucleus for gene regu-

lation, to the disadvantage of the iron level in mitochondria. 

In conclusion, iron does not necessarily reach FC for the final step of heme biosynthesis in 

mitochondria despite the effort of tumor tissue to take up high concentrations of iron, thus 

leading to a higher accumulation of PPIX in these cells upon administration of 5-ALA. 
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Transporter systems for 5-ALA  

Exogenous 5-ALA enhances PPIX formation in neoplastic tissue. As summarized above, a 

reason for this may lie in the altered kinetics of the heme biosynthesis in neoplastic cells. 

However, it does not explain the preferential uptake of exogenous 5-ALA by cancer cells.  

Cancer cells cover their high demand for metabolites through an increased expression of nu-

trient transporters in tumors, such as amino acid transporters and/or their isoforms. The simi-

larity to α-amino acids makes 5-ALA (a δ-amino acid) a candidate for competitive transport. 

For instance, neutral α-amino acids, and the structurally related amino acids, in particular β-

alanine, taurine and GABA, inhibit the uptake of 5-ALA into WiDr tumor cells [70]. The 

three amino acids are substrates for the system BETA, an Na+/Cl- dependent transporter of 

broad specificity in epithelial cells of the intestine [71]. The fact that 5-ALA is translocated 

into the cytosol by this transporter is in accordance with the finding that cellular 5-ALA ac-

cumulation correlates with extracellular Na+ and Cl- concentration [70;72]. Brennan et al. 

showed that 5-ALA is a substrate for the neuronal GABA transporter [73], which may ac-

count for the GABA-like systemic adverse effects, such as bradykardia and decrease of blood 

pressure. The competitive uptake of 5-ALA instead of the neurotransmitter by GABA trans-

porters in peripheral nerves may explain the greater sensation of pain in patients treated with 

5-ALA compared to patients treated with 5-ALA esters that do not interact with the GABA 

transporters [70;74-76].   

The competitive interaction of 5-ALA with compounds that are not substrates for the system 

BETA provides evidence that 5-ALA can also bind to other receptors. Döring et al., for ex-

ample, showed that 5-ALA is translocated by the proton dependent intestinal PEPT1 and renal 

PEPT2 transporter [77]. This explains the efficient intestinal uptake and the renal re-

absorption of 5-ALA from the proximal tubule. Di- and tri-peptides such as Gly-Gly and Gly-

Gly-Gly, but not GABA and the other structurally related amino acids glutamate, glycine 

(Gly), or lysine inhibit 5-ALA uptake in both transporter systems. 

5-ALA interacts with the glutamergic system in brain synaptosomes and glycine has been 

shown to induce renal 5-ALA excretion in patients with acute porphyria [78;79] and to inhibit 

5-ALA uptake into amelanotic melanoma cells [80]. This observation points to a further 

transport system for 5-ALA.Two research groups recently proposed the amino acid trans-

porter SLC36A1 (PAT1) as carrier for 5-ALA [81;82]. SLC36A1 is expressed in the gastroin-

testinal tract and mainly in the small intestine. It is an H+-dependent carrier for small amino 
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acids, such as GABA, glycine, proline and alanine, but also for numerous drugs [83;84]. 5-

ALA uptake of the physiological substrates into frog oocytes and Caco2 cells decreased upon 

co-incubation with 5-ALA. Inversely, 5-ALA uptake into SLC36A1 transfected COS-7 cells 

was inhibited by glycine, proline and GABA.  

The choroid plexus represents an exceptional part of the blood-cerebrospinal fluid (CSF) bar-

rier, lining the blood capillaries with normal (fenestrated) endothelium on one side (basolat-

eral side) and the CSF containing brain ventricles with fenestrated ependyme on the other (ap-

ical side). It allows small molecules such as vitamins and nucleotides to penetrate into the 

brain, but also represents the “weak point” for the influx of drugs. PEPT2 seems to play a role 

in 5-ALA transport in the choroid plexus. Its seems to function as an efflux pump rather than 

an uptake mechanism, to keep 5-ALA concentrations low in the CSF [85-87].  

It is difficult to tell, whether accumulation of 5-ALA in brain tumors is a consequence of se-

lective interaction of 5-ALA with cell transporters or the ability of the drug to diffuse passive-

ly through the blood brain barrier (BBB), or if the passage into tumor invaded areas is facili-

tated after disruption of the BBB. In an in vitro experiment, Correa Garcia et al. did not see 

any uptake of 14C-5-ALA into epithelial cells of isolated capillaries of the BBB [88]. Similar 

results were obtained by Terr et al., who analyzed the uptake of radio-labelled 5-ALA by var-

ious parts of the brain after systemic application. They found exogenous 5-ALA only in struc-

tures lacking the BBB, notably the choroid plexus, whereas other areas did not feature any 5-

ALA uptake [89]. Most probably the intact BBB is impermeable for 5-ALA. In agreement 

with other studies [90-92] Hebeda et al. failed to detect PPIX in brains of healthy rats after 

systemic 5-ALA administration, but observed elevated PPIX in experimentally induced brain 

tumors of rats. Interestingly, the animals had higher PPIX concentrations in intact brain tissue 

than the control group. The decrease of fluorescence correlated with the distance from the tu-

mor. No PPIX fluorescence was observed in the plexus region. It is likely that the brain tu-

mors impaired the protective function of the BBB and thereby enhanced the permeation of 5-

ALA into the diseased tissue [93]. 

 

Altered morphology of tumors 

The vascular system of tumors exhibits alterations in the morphology of endothelial tissue, 

which favour the retention of large molecules in the neoplasm. This feature is referred to as 
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the enhanced permeability and retention (EPR) effect [94;95]. In tumors oxygen pressure is 

reduced and gene expression is switched to adapt to the hypoxic environment, notably 

through anaerobic glycolysis. The prevailing anaerobic conditions favor lactic acid formation 

with concomitant pH decrease in the interstitial fluid. Recent findings suggest that low extra-

cellular pH in neoplastic tissue is also mediated by the over-expression of tumoral carboanhy-

drases. These enzymes catalyze the reaction of a physiologic buffering system by generating 

bicarbonate and protons from CO2 and water. Formed bicarbonate is shovelled into the cell to 

ensure neutral pH for enzyme functioning, thus leading to elevated extracellular proton con-

centrations [96]. The pH in tumors is about 0.2-0.4 units lower than in normal tissue. The 

change of pH has been considered to have an effect on the supply of iron for FC (see Sect. 

3.2), but also on the selectivity of 5-ALA uptake in cancer cells. 5-ALA-mediated PPIX pro-

duction is decreased at extracellular pH below 6.0 and above 7.0 [97-101]. According to Bech 

et al. this may be explained by an activity decrease of enzymes of the heme cycle such as 

PBGD [102]. This explanation stands in contrast to the elevated PBGD levels observed in tu-

mor cells as described under sect. 3.1. 

Despite apparently lower PPIX levels at decreased pH, it was observed that the susceptibility 

of 5-ALA treated cells to PDT was higher. This phenomenon was mainly attributed to im-

pairment of cellular repair enzymes and raise the cells susceptibility to PDT [98;103]. It 

should be mentioned at this point that the stability of 5-ALA as  well as the fluorescence PPIX 

change with pH [101;104;105]. 

The requirement for nutrients and oxygenation from blood circulation prompts tumors to ex-

press angiogenic growth factors (e.g. vascular endothelial growth factor, platelet derived 

growth factor). However, the poor coordination of the growth leads to a network of incom-

plete, fenestrated vascular structures. Depending on the tumor, the gaps in neoplastic vascular 

endothelium may attain several hundred nanometers, making it an adequate target for large 

molecular 5-ALA derivatives and modern formulations such as liposomes and nanoparticles 

(see Sect. 4.3.2). In addition, the typically underdeveloped lymphatic system in neoplasms 

prevents the evacuation of same said molecules and particles. The high density of mi-

crovessels associated with inflammation responsive signals furthermore lead to elevated tem-

perature in tumor tissue [106;107]. 

Moan et al. investigated the influence of temperature on the PPIX production in vitro. After 

incubation of WiDr cells with 5-ALA at 37°C for 20 minutes they monitored the PPIX accu-
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mulation over several hours, PPIX induced fluorescence increased with incubation tempera-

ture up to 37°C, but did not seem to influence 5-ALA penetration into the cell [108]. The re-

sults were in accordance with observations on 5-ALA treated skin of 3 volunteers and two 

other studies on the temperature dependent PPIX production on mouse skin after topical 5-

ALA application. In the first study, temperature was changed before and after a 10 minute ap-

plication of a 5-ALA containing cream. In the second study, temperature was varied during 

the application period. Temperature did not seem to have any effect on the penetration of 5-

ALA into the skin. However, PPIX formation from 5-ALA as well as its esters correlated with 

temperature increase [109;110]. The authors hypothesized that a temperature increase may 

have a positive influence on the activation of the bottleneck-enzyme PBGD, where the activa-

tion energy changes from 21.7 kcal/mol for temperature lower than 35°C to 12.7 for tempera-

tures between 35-46°C [109;111].  The result of the first study should be considered with cau-

tion; since 5-ALA application times were short, it is conceivable that the diffusion process 

through the stratum corneum was not completed when the skin was heated or cooled after 

cream application. Van den Akker et al. observed that PPIX induction on the back skin of 

healthy volunteers depended on the skin temperature during 15 minute application o 5-ALA 

using a hydrogel [112].  

A non-negligible aspect is the temperature-dependent release of 5-ALA from its application 

form. Unfortunately, none of the studies on temperature dependent PPIX induction provide 

data on in vitro release kinetics for direct comparison. 

As already mentioned for the BBB, the invasive character of neoplastic tissue affects the ar-

chitecture of surrounding tissue, notably of epithelial cell linings. Epithelia delineate organs 

and tissues in the organism and have a protective barrier function. Drugs of small size may 

diffuse passively through small gaps between epithelial cells into the underlying tissue. The 

limiting factor for this mode of entrance is constituted of intercellular tight junctions. Alterna-

tively, the drug may interact with cellular receptors and transporters or feature adequate phys-

ico-chemical properties in order to penetrate the cell membrane. Disruption of the epithelial 

cell layers, for example by tumor invasion, facilitates the accessibility of underlying tissue. 

The defect is advantageous for the drug delivery via the topical route. 

The epithelium of the skin represents a particular structure to maintain its protective function 

against influences from the environment. It consists of five layers. During their life cycle of 

approximately 21 days, epidermal cells progressively move from the stratum basale at the bot-
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tom into the overlying stratum spinosum, stratum granulosum and stratum lucidum until 

reaching the stratum corneum, the outermost layer, as fully differentiated corneocytes. These 

cells are characterized by a cornified cell envelope consisting of proteins and lipids and the 

lack of a nucleus. They are embedded into a lipid layer containing approximately 41% 

ceramids, 39% cholesterol and cholesterol derivatives and 9% free fatty acids, which form a 

lipophilic film at the surface of the skin. Eventually the corneocytes scale off through the con-

tact with the outer world. 

The lipophilic nature of the stratum corneum, which – one should note – is only a few mi-

crons thick, prevents the dehydration of the body from excessive evaporation, and represents 

the main protective barrier from external influences. In combination with the underlying cell 

layers (the dermis containing lymph vessels, sebaceous glands and small blood vessels and 

the subcutis hosting large blood vessels, nerve endings and hair follicles), the skin represents 

an organ with alternating hydrophilic and lipophilic layers. This feature makes drug delivery 

through the skin particularly challenging. On the other hand it leaves way for the targeted de-

livery of drugs to parts where the penetration barrier is damaged, e.g. by skin diseases. 

The trespassing of a compound through the intact epidermis is controlled by its diffusivity 

within the cell layers [113]. Removal of the lipophilic stratum corneum may augment the 

permeation capacity of the compound. Several studies recorded a higher amount of PPIX ac-

cumulation in healthy skin after topical application of 5-ALA with prior tape stripping or mi-

cro-dermabration than in skin without pretreatment [109;114-118]. In a permeation study on 

mouse skin Tsai et al. modified the permeability of the skin with acetone, and showed ex vivo 

that transdermal flux of 5-ALA corresponded to the level of transepidermal water loss 

(TEWL), an indicator for the degree of corneal disruption. According to an Emax model, the 

flux correlated with the in vivo PPIX fluorescence at the respective TEWL levels using the 

same concentration of 5-ALA formulation [119]. In agreement with Tsai’s findings, a group 

at the Radboud University Medical Center in Nijmegen stated that the extent of PPIX for-

mation in psoriatic skin is dependent on the thickness of overlying stratum corneum rather 

than on patho-physiological characteristics of the epidermal cells [120;121]. In other hyper-

keratotic diseases the variation of fluorescence after topical 5-ALA administration could be 

also ascribed to the poor penetration of 5-ALA through the overlying stratum corneum.  
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Means to improve PPIX formation 

Various techniques have been explored to improve 5-ALA delivery to its site of action with 

the principal aim of increasing PPIX generation at the target. As it is beyond the scope of this 

chapter to review all the studies relating this topic, the reader is referred to several excellent 

reviews treating this matter [122-126]. The following sections shall nevertheless give some 

insight into the approaches that have been evaluated so far. 

One can distinguish between physical, chemical and galenic means to direct a drug to its tar-

get. Physical methods describe the application of a treatment prior to or in combination with 

the drug that physically alters the tissue or creates a physical driving force for the molecule to 

reach its target. Chemical means imply the derivatization of the 5-ALA molecule, into a com-

pound with more advantageous properties with respect to bioavailability. The term “galenics”, 

finally, stands for the science of preparing and optimizing the drug dosage form, i.e. the drug 

vehicle in order to obtain the required delivery profile. This involves the right choice of the 

drug carrier and possible adjuvants.  

 

Physical Means  

 

Surface ablation 

In certain skin diseases, such as actinic keratosis, psoriasis, basal- and squamous cell carci-

noma, the presence of a hyper-keratotic layer impedes the penetration of the photosensitizer 

and also the penetration of light. Curettage or debulking of the tissue may overcome this con-

straint.  

In other situations, debulking and curettage defines the removal of solid parts of the tumor in 

an invasive manner as in the case of thick, solid tumors. In many clinical protocols for topical 

PDT gentle curettage or debulking prior to photosensitizer administration is applied as stand-

ard procedure [127;128]. Unfortunately, many trials lack control groups that did not undergo 

mechanical tissue removal, so that the true impact of this method is difficult to evaluate. 

Moseley et al. examined the effect of the removal of the outermost layer of the lesions by gen-

tle abrasion prior to exposure to 5-ALA on 16 lesions in 15 patients with superficial non-

melanoma skin cancer. Comparing the fluorescence of curetted parts with untreated parts of 
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the same lesion, they could not find any difference between treatment and control group. They 

concluded that pre-treating lesions by gentle curettage does not influence 5-ALA penetration 

into the tissue [129]. On the other hand, Soler et al. treated patients with basal cell carcinoma 

(BCC) of at least 2 mm thickness with 5-ALA in combination with dimethyl sulfoxide 

(DMSO). In the test group, BCCs were debulked using a curette; the control group did not get 

any pre-treatment. After an average follow-up of 17 months 95% of curetted lesions showed 

complete response versus 50% in the control group [130]. A follow-up study with a similar 

treatment modality reported complete response for 81% of the treated lesions after 6 years 

[131]. The study, however, does not mention the response of the control group. Itoh et al. used 

an electro-curettage technique to remove melanin in 16 patients with pigmented BCC prior to 

5-ALA administration. This form of BCC is usually not prone to standard PDT due to light 

absorption by melanin in the lesion. In this study, however, 14 out of 16 patients showed 

complete response to the treatment [132].  

Shen et al. chose an erbium:yttrium-aluminum-garnet (Er:YAG) laser for tissue ablation on 

mice bearing skin cancer lesions [133]. In this technique, the instant evaporation of water 

through absorption of the laser beam leads to a micro-explosion ejecting desiccated skin from 

the surface until a depth of 10-15 µm [134]. Laser-treated BCCs prior to topical 5-ALA appli-

cation, accumulated PPIX faster and in significantly higher amount than non-pre-treated le-

sions [133]. In agreement with this finding, although less pronounced, a clinical study on pa-

tients with recurrent and nodular BCC had a better outcome in the case of PDT using the 

combination of Er:YAG laser and 5-ALA methyl ester on human skin than when using 

Er:YAG laser or PDT alone (final efficacy of 98.97%, 91.75% and 94.85%, respectively) 

[135]. Other lasers, for example a CO2 laser, have been used for the same purpose [136]. 

Pretreatment of the target surface with penetration enhancers (see Sect. 4.3.1) and/or kerato-

lytics, such as salicylic acid and urea, may facilitate the ablation of the stratum corneum 

[120;137;138]. In an attempt to remove plantar warts by 5-ALA PDT, Fabbrocini et al. com-

bined the keratolytic treatment with 5-ALA PDT. They applied an ointment containing 10% 

urea and 10% salicylic acid onto plantar warts for 7 days before removing the surface by gen-

tle curettage. Three weeks after PDT surface of plantar warts was reduced by 70% in patients 

treated with 5-ALA versus 30% in patients with placebo PDT [137].  
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Skin perforation 

Recently, micro-needle perforation techniques [139] and needle-free jet injection [140] have 

been explored to optimize 5-ALA delivery through the skin. Micro-needle arrays consist of a 

multitude of small perforators of defined form and size attached to a small platform. The plat-

form functions as support for the perforators; it also controls their penetration depth into the 

skin and prevents the stimulation of nociceptive nerve endings in deeper lying tissue. After 

gentle pressure to the skin, the micro-needles leave small pores, which facilitate the permea-

tion for water-soluble compounds, such as 5-ALA.   

In jet injection, the drug is delivered subcutaneously, intradermally or intramuscularly by a 

high velocity liquid jet. Penetration depth depends on pressure and speed of the jet and the 

mechanical resistance of the skin. Ex vivo studies on porcine skin revealed a positive effect on 

the penetration capacity of 5-ALA. For micro-perforated murine skin in vivo, a faster induc-

tion of PPIX accumulation was visible. Higher PPIX amounts were detected when low con-

centrations of 5-ALA were applied. Delivery of 5-ALA methyl ester (MAL) to nodular BCCs 

by means of oxygen pressure injection showed  better results in PPIX induction than applica-

tion of MAL alone [141]. 

 

Ultrasound and Iontophoresis   

Iontophoresis takes advantage of the ability of molecules to migrate in an electric field. In the 

context of drug delivery, the procedure involves the application of two electrode compart-

ments on the surface of the skin connected to a power source. Charged compounds are loaded 

into the electrode compartment bearing the same charge. Application of a low electric poten-

tial between the two electrodes establishes a current flow and consequently sways the ions to 

migrate through the skin. The two driving forces dictating this phenomenon are electro-

migration and electro-osmosis. In the former, the movement of ions is driven by the electric 

field force. The delivered drug dose usually correlates directly with the charge of the drug and 

the magnitude of the applied current. Electro-osmosis, in contrast, implies the passive 

transport of molecules with the liquid flow caused by electric current [142]. 

Several in vivo and ex vivo studies have shown that 5-ALA penetration through healthy skin 

in combination with iontophoresis reduces the application time to observe a fluorescence sig-

nal [143]. PPIX fluorescence correlated with the applied iontophoretic charge [144-146]. Mi-
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zutani et al. performed PDT supported by direct-current pulsed iontophoresis in 5 patients 

with thin to moderate aktinic keratosis. Differing from the usual lag time of 4-5 hours, they 

detected PPIX within 1 hour [147]. Lopez et al. and Merclin et al. reported that the efficacy of 

5-ALA iontophoresis is dependent on the ionic strength and type of 5-ALA formulation 

[143;148]. Decrease from pH 7.4 to pH 4 does not affect 5-ALA electromobility. This is sur-

prising, since one would expect that the driving force of electophoretic transport at neutral pH 

is electro-osmosis. Below pH 4.5 electro-migration should synergistically augment the 

transport with decreasing pH.  However, low pH also impedes the electro-osmotic flow. The 

authors, therefore, concluded that electro-migration compensates the effect of the electro-

osmotic flow rather than enhancing it [145]. 

In parallel to the beginnings of 5-ALA iontophoresis, Ma et al. examined the influence of ul-

trasound (1 MHz) on PPIX induction in subcutaneous tumors in BALB/c nude mice. Fluores-

cence intensity was the same after one hour with 5-ALA and ultrasound compared to 3 hours 

incubation with 5-ALA alone [149]. Charoenbanpachon et al. used ultrasound in combination 

with 5-ALA formulated in Eucerin® on dysplastic and healthy oral mucosa of hamsters. 5-

ALA induced PPIX fluorescence increased significantly after 20 minutes when ultrasound 

was applied. The same PPIX fluorescence intensity appeared after 180 minutes when applying 

a 5-ALA in Eucerin® and a penetration enhancer containing formulation (Pluronic® Lecithin 

Organogel) without ultrasound, respectively. PPIX fluorescence was higher in dysplastic tis-

sue than in normal tissue. It also increased when ultrasound of  higher frequency was applied, 

suggesting that higher amounts of 5-ALA levels reached the target tissue with this method 

[150]. 

 

Chemical means 

 

5-ALA esters 

The likeliness of a molecule to diffuse through the cell membrane is dictated by certain physi-

cal-chemical characteristics, which have been resumed by Lipinski’s “rule of five”. According 

to this rule the cell permeation of a molecule is promoted, when its octanol-water partition co-

efficient (expressed as logP) is smaller than 5, the molecular weight is under 500 and the mol-

ecule contains less than 5 hydrogen bond donors and no more than 10 hydrogen bond accep-

tors [151].  
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Tab. 2. Approaches for chemical modification of 5-ALA . a: mouse, b: mouse skin, c: human 

skin  

 

 

 

Class R1 R2 Data Reference 

Ester  Alkyl H in vitro, in vivoa  

in vivoa  

ex vivob  

in vitro 

in vitro 

ex vivo b,c 

in vitro 

in vitro 

Kloek et al.[153]   

Peng et al.[154]  

De Rosa et al.[160;161] 

Uehlinger et al.[152]  

Rud et al.[70]  

Casas et al.[157]  

Moan et al.[156;158]  

Chen et al.[162] 

 Acyloxyalkyl H in vitro Berkovitch et al. [163] 

Peptide H Amino acid in vitro Bourré et al.[164] 

 Alkyl ethylene 

oxide 

di-,  

tripeptide 

in vitro  

 

Berger et al.[165] 

 H oligopeptide in vitro Dixon et al.[166] 

Den-

drimer 

Dendrimer H in vitro  

in vitro  

in vitro 

in vitro 

Battah et al.[167-169] 

Brunner et al.[170] 

Di Venosa et al.[171] 

Casas et al.[172] 

Vitamine Tocopherol, 

Cholecalcifer-

ol, Biotin 

H 

 

 

in vitro 

(only synthe-

sis) 

Vallinayagam et al. 

[173] 

Glucoside Monosacha-

ride 

H in vitro Vallinayagam et al. 

[174] 

Nucleo-

side 

Adenosine H in vitro Gurba et al. [175] 
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The partition coefficient is crucial for the ability of a drug to passively penetrate biological 

barriers. A molecule with a negative logP, hence with good solubility in water, is not likely to 

trespass the lipophilic cell membrane. This may be improved by raising the lipophilicity of the 

molecule. However, if the logP is too high, partition into the intracellular aqueous environ-

ment is low, i.e. the molecule remains “trapped” in the membrane.  

With a negative logP (- 1.5) [152] and a zwitterionic structure at physiological pH, 5-ALA 

represents a highly water-soluble molecule. The only possible way into the cytosol is there-

fore restricted to active transport systems, such amino acid and peptide transporters (see 

Sect.3.3). For the topical application this brings the drawback of inhomogenous distribution in 

the target tissue. Instability in aqueous media and its susceptibility to the first pass effect 

make 5-ALA less suitable for oral and intravenous application. High doses are necessary to 

obtain a pharmacologically satisfying response thereby increasing the risk of neurological side 

effects.  

Knowing that lipophilicity of a drug may have a positive impact on the bioavailability, Kloek 

et al. [153] and Peng et al. [154] were the first to substitute 5-ALA with lipophilic residues. 

When applied topically, ester induced fluorescence remained confined to the area of applica-

tion. In contrast, the fluorescence induced by free 5-ALA was detected in collateral sites of 

the application site and persisted for a longer time [115;155-158]. Uehlinger et al. esterified 5-

ALA at the carboxyl end with a homologous series of aliphatic alcohols to investigate a con-

trolled change of  lipophilicity in a  simple manner [152;153].  The esterification of the car-

boxyl group  turns the previously zwitterionic amino acid into a cation, which facilitates the 

interaction with the negatively charged cell surface [159]. All 5-ALA esters induced PPIX 

formation in J82 and T24 bladder carcinoma cells, an A459 human lung carcinoma cell line, 

and in BEAS-2B immortalized normal human bronchial epithelial cells. The extent depended 

on the type and the concentration of the ester. 5-ALA hexyl ester induced the highest amount 

of  PPIX at a concentration about 10 times lower than free 5-ALA [152]. De Rosa et al. ob-

served that short alkyl esters with a chain length of up to 6 carbons induce PPIX fluorescence 

at low concentrations. Longer esters failed to do so [160]. According to the influence of the 

logP on the penetration capacity of a small molecule, one may conclude, that contrarily to free 

5-ALA, 5-ALA alkyl esters diffuse through skin or the cell membrane [161].  
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Fig. 4. Endoscopic image of human bladder carcinoma in situ visualized under white (A) and 

blue (B) light after instillation with 5-ALA hexyl ester. Under blue light the carcinoma ap-

pears with a red fluorescence due to preferential accumulation of PPIX mediated by 5-ALA 

hexyl ester (B). The same carcinoma is not distinguishable under white light (A) 

 

Chen et al. found that esterification of 5-ALA also has positive influence on the chemical sta-

bility. He observed that in aqueous solution 5-ALA hexyl ester forms less dimers than free 5-

ALA [162]. 

The vast possibilities derivatizing the 5-ALA molecule have been extensively explored and 

the reader is referred to a review written by Fotinos et al. [125] for a more detailed description 

of the methodology. Table 2 provides an overview of some chemical strategies to improve 5-

ALA mediated PPIX accumulation in the target tissue. 

So far the most promising derivatives have proven to be 5-ALA alkyl esters. In fact, the new 

findings on 5-ALA derivatives represented a breakthrough for their introduction into the mar-

ket. Today, the 5-ALA products Levulan® Kerastick® (for treatment of actinic keratosis) and 

Gliolan® (detection of malignant glioma during surgery), as well as two 5-ALA esters, 5-ALA 

methyl ester (Metvix®) and 5-ALA hexyl ester (Hexvix®), have obtained marketing authoriza-

tion (see table 1). Metvix is approved for the treatment of precancerous and cancerous skin le-

sions in Europe, Australia and USA. Hexvix® is commercialized in Europe for the detection 

of recurrent bladder cancer and recently gained marketing authorization in the USA under the 

name Cysview® (see fig 4). 

A B 
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A novel approach was tempted by Berkovitch et al., who attached an acyl oxy alkyl compo-

nent to 5-ALA. Metabolization of the prodrug leads to the release of formaldehyde and butyr-

ic acid [163]. They favor the formation of ROS and apoptosis and thus may increase the effect 

of PDT. 

 

5-ALA peptides 

The possible translocation of 5-ALA by the dipeptide transporter on one hand, and the target-

ing of tumoral aminopeptidases on the other, led to the synthesis of 5-ALA derivatives with 

peptidic structure. Casas et al. [157] and Berger et al. [176] found that some, but not all amino 

acid- and short peptide derivatives induce PPIX formation in vitro and in vivo. An advantage 

of amino acid derivatives is their increased stability in aqueous solutions at physiological pH, 

provided that the amino terminal group is protected or longer peptides are used for the conju-

gation [165;176;177]. Berger et al. discussed that the occupation of the amino functional 

group prevents the cyclization of the molecule by Schiff base reaction between the amine and 

the γ-carbonyl moiety of 5-ALA [165].  

However, activation of these compounds necessitates the presence of peptidases. In this con-

text, the conjugated amino acid as well as the N-terminal group determines the compounds’ 

susceptibility to the respective amino peptidase. As an example, 5-ALA methyl ester conju-

gated with neutral amino acids such as L- phenyl–alanine induces porphyrin formation in 

A549 human lung carcinoma cells. This cell lines expresses the aminopeptidase N/M, which 

has a high affinity to neutral amino acids. 5-ALA methyl ester conjugated N-acetylated L-

phenyl alanine failed to induce PPIX formation [165;178] in A549 cells. Incubation of the 

spontaneously transformed murine keratinocyte cell line PAM212 with the same conjugate re-

sulted in 3 times higher PPIX accumulation than with free 5-ALA [177;178]. PPIX accumula-

tion was drastically decreased when silencing the acylpeptide hydrolase gene, a peptidase de-

taching acylated amino acid residues from oligopeptides [164]. 

Dixon et al. synthesized the first 5-ALA conjugated oligopeptide, comprising 8 amino acids. 

Unlike short amino-acid compounds, which are taken up by the cell transporters or via diffu-

sion, oligo peptides self-trigger their internalization by endocytosis. They can carry multiple 

payloads, which makes them an interesting alternative for the intracellular drug delivery. The 

5-ALA oligopeptide was successfully internalized by endocytosis. However, PPIX induction 
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was only half compared to porphyrin induction with equimolar amounts of free 5-ALA. 

Therefore, further improvement of this approach is required [166]. 

 

5-ALA conjugates with macromolecules 

Lately, several groups conjugated 5-ALA and its esters with macromolecules. Such structures 

may be loaded with multiple 5-ALA units and improve tumor penetration by enhanced per-

meability and retention (see Sect 3.4) due to their large size. Attachment of residues interact-

ing with tumor receptors may favor tumor uptake.  

A high payload may especially be achieved with dendrimers. These highly branched polymers 

(dendron = greek: tree) consist of a core molecule, from which arise linker chains in a star 

shape. A functional group at the end of the linker allows the attachment of active moieties or 

functional groups, such as hydrophilic moieties to improve solubility.  

During screening assays of various 5-ALA esters to improve prophyrin induction, Battah et al. 

[167] and Brunner et al. [170] found that certain 5-ALA dendrimers were able to induce PPIX 

formation in tumor cells. Further research revealed that the type and length of the linker influ-

enced the bioavailability of 5-ALA. Functional groups that make the ester bonds more sensi-

tive to cleavage, increased 5-ALA discharge, while dendrimers with sterically hindered ester 

bonds delivered 5-ALA less efficiently [169]. Logically, the susceptibility of ester bonds to 

cleavage together with the number of 5-ALA molecules bound to the dendrimer determines 

the kinetics of PPIX generation. A second generation dendrimer conjugated with 18 5-ALA 

molecules induced sustained PPIX formation over a period of 48 hours in vitro [169] and in 

vivo [172], while PPIX levels were significantly lower already after 24 hours when free 5-

ALA was applied. While small dendrimers seem to follow  an internalisation mechanism sim-

ilar to that of free 5-ALA or its derivatives [168;171], large dendrimers reach the cytosol by 

endocytosis [169]. 

The synthesis of 5-ALA conjugates with vitamins, monosaccharides and nucleosides has also 

been reported [173-175]. 
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Galenic approaches  

To achieve the wanted effect with a treatment it is not sufficient to use a drug with satisfying 

pharmacodynamics. It is equally important to deliver the drug to the targeted sight of action, 

at the right time and in concentrations that correspond to the therapeutic window.  

An alternative way to physical penetration enhancement methods and chemical derivatization 

of the active compound is to optimize the vehicle from which the drug is delivered. The re-

lease of 5-ALA and its derivatives from topical formulations such as creams, gels and solu-

tions has been extensively studied [156;179-184]. However, the expansion of possible target 

sites for 5-ALA PDT, e.g. its use for topically inaccessible tumors, demands more adequate 

vehicles. 

During the development of a drug formulation several factors must be taken into considera-

tion: First, the formulation may considerably influence the chemical stability of the contained 

drug. Under alkaline conditions, for example, 5-ALA forms biologically inactive dimers of 

pyrazine and pyrrol structure [185-187]. Following an Arrhenius plot, Elffson et al. predicted 

a shelf life (time after which 10% of the product are degraded) of only 10 minutes for a 10% 

aqueous solution of 5-ALA at pH 7.5. Stability can be improved by decreasing pH, concentra-

tion and temperature of the aqueous solution [188].  

In a further aspect, the excipients of the formulation have a strong impact on the pharmacoki-

netics of the drug. On one hand, the affinity of a drug with high logP to its carrier increases 

with the lipophilicity of the vehicle. As a consequence, release of the drug from the vehicle 

may be slower than from a more hydrophilic formulation. Collaud et al. reported that release 

of 5-ALA hexyl ester was more complete from thermosetting hydrogels than from a cold 

cream and a lipophilic base (Unguentum M®) [180]. The findings are in agreement with stud-

ies, in which 5-ALA hexyl ester formulations in lipophilic ointments did not efficiently in-

duce PPIX production [189;190]. 

On the other hand, a pronounced hydrophilicity of the vehicle can be disadvantgeous for the 

solubilization of a lipophilic compound and thus be inadequate for its delivery.  
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Topical formulations 

Casas et al. performed extensive research on the release of 5-ALA and its esters from topical 

formulations. 5-ALA hexyl ester induced twice as much PPIX when applied in an oil in water 

(O/W) cream than when applied from an aqueous solution [191]. For 5-ALA the best results 

were observed for hydrophilic saline solution (preferably containing additional penetration 

enhancers) and hydrophilic lotions [155;181].  

In a clinical trial, Hürlimann et al. applied a nanocolloid gel containing 10% 5-ALA to pa-

tients with BCC prior to irradiation with white light. They reported complete response in 84% 

during a follow-up of at least 6 months. Unfortunately the exact formulation parameters have 

not been reported [192]. 

Aiming at stabilizing 5-ALA and derivatives by liposomal encapsulation, Batlle et al. recently 

showed, that the loading capacity of liposomes drastically increases for more lipophilic 5-

ALA esters [193;193-197]. The use of negatively charged lipids further improved the loading. 

Thus, 5-ALA loading of conventional phosphatidyl choline liposomes increased from 5% to 

87% when using 5-ALA undecanoyl ester and 20% phosphatidyl glycerol, which is anionic at 

pH of the skin. Encapsulated 5-ALA esters remained stable up to one week [196]. However, 

compared to the free compound, undecanoyl ester liposomes failed to induce the formation of 

higher intracellular amounts of porphyrins [198]. Similar results were obtained when using 

free versus liposomal 5-ALA or 5-ALA hexyl ester [193]. Han et al. prepared DMPC-DMPG-

CH-DOTAP (Dimyristol phosphatidyl choline- dimyristol phosphatidyl glycerol – cholesterol 

– dioleyl trimethyl ammonium propane; 7/1/2/1) liposomes and observed elevated PPIX pro-

duction in pilosebaceous glands on dorsal rat skin [199]. The selective targeting of piloseba-

ceous gland may be of interest for PDT aided hair removal.  

A new approach is the incorporation of 5-ALA into solid lipid microparticles. Al-Kassas et al. 

proposed Witepsol H 15 as topical drug vehicle. Witepsol H15 is an established suppository 

base consisting of saturated mono-, di- and triglycerides with a melting point close to body 

temperature. The rationale behind the use of such a base is to physically impede 5-ALA di-

merisation at room temperature by entrapment into a solid. Melting of the base at contact with 

the body surface allows instant drug release. Indeed, microparticle entrapped 5-ALA re-

mained stable for at least 9 months. The microparticles further improved transdermal 5-ALA 

flux in an ex vivo skin permeation model [200]. Their application in practice, however, is 

more complicated, since bulk particles only adhere poorly to the skin. Therefore, incorpora-



Chapter 1 - Review 
 

- 50 - 
 

tion into bio-adhesive systems is required. As solution, the formulation into bioadhesive semi-

solid carriers was investigated, with the outcome that semi-solids influence release- and pene-

tration profiles of the drug. The most appropriate vehicle was a propylene glycol based gel. 

PPIX production with this formulation was comparable to a cream containing the same 

amount of 5-ALA [201].  

The topical delivery of a drug is especially challenging for mucosa and moist ondulated parts 

of the skin. These areas are often exposed to frictional stress (e.g. digestive contractions in 

gastro intestinal tract (GIT) or movement of the patient), which complicates the exposure of 

the targeted area to 5-ALA or 5-ALA derivatives during the incubation period.  

Thermosetting gels have been shown to be advantageous for the drug delivery to surfaces 

such as mucosa of oesophagus, stomach or cervix. The liquid state below room temperature 

facilitates the incorporation of water-soluble drugs. It also allows the application of the for-

mulation in a liquid state, which is particularly advantageous for targeting the inner cavities. 

With increasing temperature (i.e. in contact with the body) the gel then reaches the visco-

elastic state. When targeting the oesophageal mucosa, for example, the patient may drink the 

formulation. The gel solidifies on the oesophageal mucosa, thus securing the contact of 5-

ALA with its target site. Removal of the gel is possible by washing it away with a cold liquid, 

which puts it back into the sol state. One challenge in the formulation of drug delivery sys-

tems with changing physical properties is the coordination of formulation parameters. The 

type and concentration of the gelling agent, as well as of the incorporated drug influence the 

thermosetting temperature of the gel. Thus, 5-ALA increased the thermosetting temperature of 

a simple poloxamer gel containing the polymer and water [202]. The effect was the opposite 

in a gel using the same gelling agent, this time in combination with isopropanol, dimethyl iso-

sorbide, medium chain triglycerides and water [203]. 5-ALA concentration had no effect on 

the setting temperature of a gel containing the same polymer with additional sorbic acid 

(0.15%) in citrate phosphate buffer pH 4.0 [180].  

Sites exposed to high frictional stress, such as rectum or vulva or crease areas of the skin, re-

quire even more stable and rigid dosage forms than semi solids. Donnelly et al. developed of a 

bioadhesive patch in order to address this problem. The patch consists of a bioadhesive water 

soluble poly (methylvinylether/maleic anhydride (PVME/MA) layer, which contains 5-ALA, 

and a backing poly vinyl chloride (PVC) layer [204-208]. In 2009, the patch was tested on 23 

patients with vulval intraepithelial neoplasia. It showed adequate adhesion; however, photo-
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dynamic treatment of the lesions after patch application did not improve response with respect 

to conventional treatment [207]. 

Another dermatological patch was invented by Lee et al. [209] and recently gained marketing 

authorisation in Europe under the name Alacare® and Effala® for the treatment of mild actinic 

keratosis on hairless areas of skin and scalp (see table1) [210]. The drug is incorporated in its 

crystalline state into a poly acrylate methacrylate (Eudragit®) matrix, which is backed by a 

poly ethylene aluminium poly ester film. The system can be advantageously applied to the le-

sion without previous curettage or occlusion. In two randomized controlled trials including 

449 patients with mild to moderate actinic keratosis, single dose PDT in combination with the 

patch showed a statistically significant better result than cryosurgery and placebo PDT. After 

a 12 week follow-up complete response was observed in 82% (patch PDT) versus 19% (pla-

cebo PDT) in the first trial and 89% versus 29% second trial, respectively. The response rate 

was favorable in comparison to treatment with the commercially available alcoholic 5-ALA 

solution (Levulan® Kerastick®, 66% complete response after single treatment) and 5-ALA 

methyl ester containing cream (Metvix®, 86.9% after single treatment) [211]. 74% of the 

patch-treated patients still showed complete response after 12 months [212].  

As mentioned above, the access of 5-ALA from the skin to underlying tissues is limited by 

poor permeation. Penetration enhancers have therefore been considered for a pre-treatment or 

as additives for dermatologic 5-ALA formulations.  

Typically, penetration enhancers alter the highly organized structure of the stratum corneum 

by interacting with intracellular proteins and lipid structures through lysis and/or hydration of 

keratinocytes. They may also function as solubilizers for the drug in the stratum corneum. 

The best established penetration enhancer is DMSO. In fact, it is the sole chemical penetration 

enhancer mentioned in the Guidelines of the British Photodermatology Group [213]. Many 

studies reported the positive effect of DMSO as adjuvant or in combination with other target-

ing strategies for enhanced 5-ALA delivery [130;131;143]. The mechanism, by which this 

substance acts as penetration enhancer in the skin is not completely elucidated. However, it is 

assumed to denaturate intracellular proteins and to enhance the fluidity of the lipid bilayer by 

dissolving lipid structures [214]. DMSO is further known to trigger cell differentiation in ne-

oplastic cells. An explanation for this may be the induction of certain enzymes of the heme 

cycle [215].  
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Synergistically to their effect on alteration of heme biosynthesis, chelating agents have been 

considered as modulators of tumor cell proliferation and immune response following PDT. 

This argument is well conceivable since iron acts also as regulator in transcriptional processes 

in the nucleus [216].  

The relevance of iron disposability for the accumulation of PPIX becomes most obvious 

through the use of chelating agents. 

Chelators intervene in the heme cycle by depriving FC from its substrate ferrous iron. This 

leads to an accumulation of PPIX in normal tissue [217]. Since exogenous 5-ALA induces 

PPIX formation, it may be assumed that the combined application of the PPIX precursor with 

an iron chelator has a synergistic effect [216;218]. Taking further into account that 5-ALA has 

preferential affinity for dysplastic tissue, the synergistic effect is even more pronounced in 

tumors [219;220]. An iron chelator may therefore allow to down-size 5-ALA concentrations 

and hence reduce cytotoxic side effects, while maintaining a high free porphyrin concentra-

tion in the cells.  

Ethylenediaminetetra-acetate (EDTA) is a well-established metal ion chelator. Experiments 

with EDTA support the concept of enhanced porphyrin accumulation through the chelation of 

iron [221;222]. Low specificity and poor penetration of EDTA through the cell membrane re-

duce its potential for clinical use. Deferoxamine (DFO) permeation of the cell membrane ex-

ceeds that of EDTA. The chelator was originally discovered as bacterial siderophore [223]. 

Today, it is used for the therapy of iron overload diseases such as thalassemia. However, the 

response to topically applied DFO varies greatly and is not well reproducible. It should be 

used together with other penetration enhancers. Another molecule that gained growing inter-

est during the last decade is CP94, a benzopyrridinone. It was originally developed to improve 

iron binding in the treatment of hemochromatosis. CP94 permeates the skin and reaches the 

intracellular cell pool faster than EDTA and DFO. These properties can be attributed to its 

low molecular weight and higher lipophilicity, which also render it suitable for oral applica-

tion. 

In a study on subcutaneously implanted C26 colon carcinoma in mice, Malik et al. compared 

the PPIX induction capacity of a formulation containing 20% 5-ALA alone, 5-ALA + 2% 

DMSO and 5-ALA + 2% DMSO + 2% EDTA, respectively. In agreement with a similar 

study conducted by Casas et al. [155] the DMSO containing formulation induced faster and 

overall higher PPIX accumulation in tumors than the plain 5-ALA cream. The effect was even 
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more pronounced in the skin overlying the tumor [224]. Addition of the iron chelator in-

creased PPIX fluorescence. In a clinical trial on patients with nodular BCC (nBCC), Peng et 

al. applied a cream with 20% ALA alone, 20% ALA+ 20% DMSO + 4% EDTA, respectively, 

onto the lesions and monitored the PPIX fluorescence. Part of the nBCCs was also pre-treated 

with 99% DMSO for 15min. They observed four times higher fluorescence in lesions treated 

with DMSO prior to 5-ALA application than in lesions that were treated with topical 5-ALA 

alone. DMSO containing cream also induced higher PPIX fluorescence than the control.  The 

best penetration into the lesions was achieved upon DMSO pre-treatment. nBCCs treated with 

DMSO containing cream showed a twofold higher fluorescence and an improved penetration 

depth [225]. In another study DMSO enhanced 5-ALA penetration and PPIX accumulation on 

healthy murine skin in vivo and ex vivo. The increase of PPIX fluorescence was significant 

when using formulations containing 1.5% 5-ALA + 20% DMSO and 5% 5-ALA + 10% 

DMSO, respectively. DMSO neither had an effect on the partition coefficient neither in iso-

propylmyristate/water, nor in stratum corneum/phosphate buffer saline pH 5.0. One may 

therefore speculate that the action of DMSO on 5-ALA diffusion into the skin occurs through 

restructuring the skin rather than solubility mediation. The addition of 3% EDTA to the for-

mulation did not have a significant effect on the PPIX accumulation in skin [226]. Based on 

the positive effect of the combination 5-ALA/DMSO/EDTA, Ziolkowski et al. made an at-

tempt to improve PPIX accumulation in dysplastic skin diseases by adding glycolic acid. This 

α-hydroxy acid increases the penetration of hydrophilic drugs [227] possibly due to hydration 

of the stratum corneum [228]. In the squamous cell carcinoma cell line A431 and skin fibro-

blasts glycolic acid led to a twofold increase of PPIX concentration. In adenocarcinoma bear-

ing BALBc mice PPIX accumulated faster when glycolic acid was added to the formulation 

(4 hours versus 6 hours without glycolic acid). In patients with squamous cell carcinoma 

(SCC) complete response was obtained for all lesions (size 2 to 9 millimeters) after PDT us-

ing glycolic acid formulation. When using the formulation without glycolic acid the same re-

sult could only be obtained for SCCs smaller than 3 millimeters [229]. 

Other penetration enhancers have been assessed as alternative for DMSO. Oleic acid impedes 

the barrier function of the skin by interacting with lipid structures in the stratum corneum and 

propylene glycol typically increases the drug solubility in the stratum corneum [230]. It was 

observed that PPIX amounts in murine skin were significantly higher when 5-ALA was for-

mulated with a combination of propylene glycol and oleic acid than with propylene glycol 

alone (approximately twice as much) [231]. The replacement of oleic acid by glycerol mono 
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oleate showed similar results [232]. Glycerol mono oleate is a well established biodegradable 

penetration promoter. In the GIT it is generated endogenously during fat digestion. Next to its 

surfactant properties it functions as gelling agent in aqueous dispersion. At adequate concen-

trations it will form a so-called cubic phase. A cubic phase is characterized by a continuous, 

three dimensional lipid bilayer network of gel like texture. The amphiphilic nature of the for-

mulation allows the dissolution of hydrophilic, as well as hydrophobic compounds. In 2003, 

Turchiello et al. investigated the stability of 5-ALA and its esters in such a system and con-

cluded that it is an adequate vehicle for the delivery of the PPIX precursor [233]. In murine 

skin, 5-ALA methyl ester-induced fluorescence from cubic phase gels was up to two times 

higher compared to an ethanolic solution and up to 5 times higher than after application of 5-

ALA methyl ester in Unguentum M and an aqueous solution, respectively [234].  

Similar to oleic acid, azone modifies the lipid structure of the stratum corneum [235]. Pre-

treatment with this pyrrolidone derivative enhances the response of plantar warts to 5-ALA 

PDT. In patients bearing two types of plantar warts, myrmecia and mosaic warts, pre-

treatment with a 3% azone formulation achieved 100% and 66.7% response,  whereas the re-

sponse was 37.5% and 70%, for warts without pre-treatment, respectively [236]. 

The commercially available 5-ALA formulation Levulan® Kerastick® is a hydrophilic alcohol 

mixture. PPIX fluorescence induction in porcine skin from this formulation was faster and 

more effective than from a hydrophilic gel containing 40% DMSO and the same 5-ALA con-

centration [237]. 

 

Formulations for systemic application 

Since its introduction on the market, 5-ALA is becoming an established pro-drug for fluores-

cence guided resection and PDT of topical tumors. Current research is trying to exploit this 

treatment/detection modality for other neoplastic (solid tumors, interstitial cancers: mammary 

carcinoma, cervical cancer, prostate cancer, ocular application) and non-neoplastic diseases 

(mycosis, oral leukoplakia, anti-bacterial therapy) as well as cosmetic purposes (skin rejuve-

nation, hair removal). 

In some of these cases the target site is not or only difficult to access for topical administra-

tion. Therefore, parenteral formulations are needed to deliver appropriate amounts of 5-ALA 

or its derivatives to the site of interest. Nevertheless, intravenous formulations are rare. This 
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can be attributed to drawbacks such as instability of free 5-ALA at physiological pH. Intrave-

nous application necessitates high drug doses, which cause neurovisceral side effects. Free 5-

ALA esters, in turn, have shown high acute toxicity in mice [238]. A way to overcome such 

problems is by encapsulation of the drug into nanoparticles [239]. The size of these midget 

delivery devices is below 1µm [240]. They are small enough to freely circulate in the blood. 

They may be extravasated through the typically fenestrated neoplastic blood vessel into tu-

mors, where they are trapped due to the enhanced permeability and retention. However, they 

are too big to trespass the intact epithelia, which prevent their accumulation in healthy tissue. 

Many organic and inorganic materials can be converted into nanosize particles. 5-ALA has 

previously been adsorbed onto inorganic nanoparticles made of superparamagnetic iron oxide 

[241] and gold [242]. However, these materials are inconvenient for intravenous application, 

because they are not biodegradable.  In fact, only three biocompatible polymers (poly lactic 

acid, poly (lactic co-glycolid acid) and poly ɛ-caprolactone), are approved by the American 

Food and Drug Administration (FDA) for systemic drug delivery. Their formulation into na-

noparticles involves the use of an organic solvent and an aqueous dispersion phase.  The hy-

drophilic to amphiphilic nature of 5-ALA and its esters make it a challenging candidate for 

the nano-encapsulation, since the molecule has the tendency to stay in the aqueous phase or 

only adsorb to the surface of the particle.    

 

Conclusion 

Literature research reveals that 5-ALA mediated PDT and PD have gained considerable inter-

est over the past 20 years, especially in the therapy of neoplastic diseases. For PDT, this may 

be attributed to the advantage of the drug to induce less severe side effects than traditional 

chemotherapeutic agents. Furthermore, the different mechanism of action, low interference 

with other chemotherapeutics and the possibility of repeated application in a short time, make 

it suitable for the combination with other therapeutic agents and therapies. PD serves as a 

powerful tool to visualize neoplasms. It may be carried out by the surgeon in situ during tu-

morresection. As alternative to long lasting procedures of tumor margin determination by bi-

opsy, it may considerably speed up the surgical process.  

The use of 5-ALA for PDT and PD is particularly interesting: being an endogenous molecule 

itself, exogenous 5-ALA serves as prodrug for PPIX, the direct precursor of heme. PPIX, in 

turn, takes up the function of a photosensitizer. 
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Approaches to optimize 5-ALA mediated PDT and PD involve physical and chemical meth-

ods as well as the modification of the drug carrier.  

The chemical derivatization into more lipophilic esters has proven to be of great value, as it 

could drastically increase bioavailability of the compound. Nevertheless, the use of 5-ALA 

and its derivatives is still limited to topical application. Therefore, the recent trend goes to-

wards the development of modern systems, which can be administered systemically. These 

systems include the synthesis of 5-ALA conjugates with macromolecules, such as dendrimers, 

or the formulation of lipophilic 5-ALA derivatives into injectable polymeric nanoparticles. 

Looking at the biosynthesis of heme, the generation of PPIX is theoretically possible through 

another way than the conversion 5-ALA. 5-ALA transformation follows the heme pathway in 

its physiological way. The second way, in contrary, implies the generation of PPIX from 

heme and thus goes against the direction of the heme cycle. The retrieval of iron from heme 

was until now known to occur via cleavage of the tetrapyrrol skeleton into biliverdin by heme 

oxygenases or homologues. Recently, Letoffé et al. proposed two proteins in Escherichia coli, 

YfeX and EfeB, to retrieve iron from heme without breaking the tetrapyrrol structure. Since 

this mechanism rewinds the action of the enzyme FC, they referred to this newly found activi-

ty as deferrochelatase activity [243]. Taking into consideration that YfeX and EfeB are highly 

spread in Gram-negative and Gram-positive bacteria, alternative ways of PPIX formation, e.g. 

by using heme as precursor, may become of interest in future research.  
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ABSTRACT. The hexyl ester of 5-aminolevulinic acid (HAL) is an efficient inducer of the 

endogenous photosensitizer protoporphyrin IX (PPIX) in neoplastic tissue and approved for 

the fluorescence photodetection of bladder cancer. It is, however, limited to topical 

application due to unsuitable pharmacokinetic and pharmacodynamic properties following 

systemic administration. In this study we sought to prepare HAL laden polymeric 

nanoparticles made from polylactic acid (PLA) as possible means to improve the systemic 

bioavailability of HAL. Nanoparticles were prepared by nanoprecipitation. Particle size and 

morphology of freshly prepared and dehydrated nanoparticles were assessed and the ability to 

generate PPIX fluorescence was tested on a T24 human bladder carcinoma cell line. 

Fluorescence intensities of cells incubated with nanoencapsulated HAL were significantly 

higher than in presence of free HAL. Interestingly, the effect was - at least partly - provoked 

by the direct interaction of exogenously induced PPIX with the nanoparticles.   

 
Keywords: fluorescence photodetection, hexaminolevulinic acid, protoporphyrin IX, 
polylactic acid, nanoparticles, bladder carcinoma 
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Introduction 

Among intra – operative imaging techniques in clinical oncology, fluorescence photodetection 

(PD) of neoplasms represents a simple, high resolution, cost effective and easily applicable 

alternative to non-optical techniques such as magnetic resonance imaging (MRI), 

computerized tomography (CT) or ultrasound. These techniques are often  associated with 

high costs, low resolution, limited accessibility to the patient due to bulky intstrumentation, 

and safety issues such as radiation exposure of patient and medical staff [1, 2]. In PD, a 

fluorescence marker accumulates selectively in the target tissue. Irradiation with light of an 

appropriate wavelength allows detection of early lesions and the delineation of tumor margins 

in situ or on a screen.  

One marker shown to be effective in numerous in vitro and in vivo studies as well as in 

clinical practice is hexaminolevulinic acid (HAL) [3-12]. HAL is the n-hexyl ester of the early 

heme precursor 5-aminolevulinic acid (5-ALA) currently approved for the PD of bladder 

cancer (Hexvix®, Cysview®). Owing to its lipophilicity and the high metabolic turnover in 

neoplastic tissue, HAL accumulates selectively in neoplastic tissue, where it is converted by 

the enzymes of the heme biosynthetic pathway into the fluorescent heme precursor 

protoporphyrin IX (PPIX).  

At present, the use of HAL is limited to topical administration due to insufficient 

bioavailability when applied systemically [13, 14]. This impairs the exploitation of HAL for 

PD of pathologies that are difficult to access including lung, breast, prostate, and brain cancer.  

In recent years polymeric nanoparticles have gained much interest as possible means to 

improve the systemic bioavailability of drugs. The prolonged circulation time of nanoparticles 

in the blood in combination with their typical tumor targeting properties entail the possibility 

of administering low drug doses and decrease the risk of adverse effects [15, 16]. 

Furthermore, a labile drug may be protected from a potentially hostile environment.  

The study presented in this article aimed at assessing biocompatible and biodegradable HAL 

laden polylactic acid (PLA) nanoparticles with respect to the generation of porphyrin 

fluorescence in a T24 human bladder carcinoma cell line. The particles were characterized 

according to their size and morphology. Some surprising observations lead us to further 

investigate the interaction of PPIX with unladen PLA nanoparticles.  
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Materials and methods 

Solvents and salts for buffers, protoporphyrin IX, iodine and potassium iodide were purchased 

from Sigma-Aldrich (Buchs, Switzerland). Polylactic acid (Resomer®) R205 was purchased 

from Evonic (Ingelheim am Rhein, Germany). Polyvinyl alcohol (PVAL, Mowiol® 8-44, Mw 

31000) was provided from Clariant GmbH (Frankfurt am Main, Germany). HAL was obtained 

from Biosynth AG (Staad, Switzerland). GFP transfected T24 human bladder carcinoma cells 

were a gift of Med Discovery SA (Geneva, Switzerland). Cell media and supplements as well 

as trypsin (0.05%)-EDTA were obtained from Invitrogen (Lucerne, Switzerland).  

 

Preparation and characterization of nanoparticles 

Nanoparticles were prepared by nanoprecipitation with a modified technique previously 

described by Zeisser-Labouèbe et al. [17]. In brief, 500 mg of PLA were dissolved in 50 mL 

acetone. The solution was injected into 100 mL of a 0.4% aqueous PVAL solution at room 

temperature under continuous magnetic stirring. Acetone was evaporated under continuous 

stirring of the suspension for 12 hours at room temperature. For encapsulation of HAL,      

125 mg HAL were dissolved in 5 mL ethanol and added to 45 mL PLA solution in acetone.  

Particles were purified by centrifugation at 55 000 x g for 25 minutes. The supernatant was 

discarded. The particles were re-suspended in supplemented DMEM media (see below) and 

used for cell incubation. For the preparation of dehydrated samples the particle pellet was re-

suspended in distilled water with a final nanoparticle concentration of 10 mg particles per 

milliliter. The suspension was flash frozen in liquid nitrogen and the water was removed by 

lyophilization for 24 hours. The dehydrated nanoparticles were resuspended in aqueous media 

prior to further investigations (see below). 

Size and ζ-potential of the nanoparticles was determined in 1 mM NaCl aqueous solution by 

photon correlation spectroscopy (Zetasizer® 3000HS, Malvern instruments, Worcestershire, 

UK).  

Residual PVAL on nanoparticles was measured with a colorimetric assay using Lugol’s 

iodine. Nanoparticles were dissolved in 2 N NaOH solution and neutralized with HCl. To 80 

µL sample were added 300 µl of 4% boric acid in water and 60 µl Lugol’s iodine solution 

(12.5 g/L iodine and 25.0 g/L potassium iodide in water). The mixture was completed to 1 mL 
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with distilled water and measured by UV spectrophotometry at 644 nm using a multiwell 

plate reader (Tecan Safire, Männerdorf, Austria). 

The nanoparticle morphology was examined by scanning electron microscopy (SEM) (JEOL 

JSM-7001FA, Tokyo, Japan). Samples were prepared by depositing 10 µL of the particle 

suspension on the sample holder. Water was evaporated under vacuum for 24 hours and the 

particles were electrochemically coated with gold at 0.05 mbar for 90 seconds. The applied 

current was 15 mA. The sample distance to the cathode was 5 cm. Images were taken using 

SMILE view software.  

The HAL loading of particles was determined after dissolving the nanoparticles in 1 mL 

dichloromethane and extracting HAL into 1 mL of 20 mM HCl solution. Forty microliters of 

the extract were diluted in 1 mL borate buffer pH 8.5. The dilution was combined with 120 

µL of a 1 mg/mL fluorescamine solution in acetone. The amine-fluorescamine complex was 

excited at 390 nm and fluorescence was measured at 470 nm using a fluorescence multi-well 

plate reader (Tecan Safire, Männerdorf, Austria). The assay was done in triplicate. 

 

PPIX interaction with unladen nanoparticles 

PPIX interaction with blank nanoparticles was assessed in 96-well microplates. A 100 µM 

stock solution of PPIX in ethanol/dimethyl sulfoxide (DMSO)/acetic acid (20/80/1 v/v/v) was 

prepared and diluted to 100 nM with plain or fetal bovine serum albumin (FBS) supplemented 

Dulbecco’s Modified Eagle Medium (DMEM) containing 10 µg/mL streptomycin and 100 

IE/mL penicillin.  

The PPIX containing mixture was used to suspend freshly prepared or lyophilized 

nanoparticles at indicated concentrations. PPIX fluorescence was measured at 37°C with a 

fluorescence multi-well plate reader (Tecan Safire, Männerdorf, Austria) and fitted to spectra 

of media containing no PPIX.  The excitation wavelength was 405 nm.  

 

Cell culture and PPIX fluorescence induction 

T24 human bladder carcinoma cells were grown as monolayers in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum albumin (FBS), 10µg/mL 
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streptomycin and 100 IE/mL penicillin under a 5% CO2/95% air atmosphere at 37°C. 

Monolayers of 10 000 cells/well were seeded into 96-well plates and grown for 24 hours. For 

fluorescence induction assays, the cells were incubated with 150 µL complete medium 

containing 0.3 mM and 1 mM HAL as free hydrochloric acid salt, in the nanoencapsulated 

form or in presence of unladen nanoparticles, respectively. Porphyrin fluorescence was 

monitored at 37°C with a fluorescence multiplate reader (Saphire, Tecan, Männerdorf, 

Austria) as described above. Spectra of HAL mediated cell fluorescence were fitted to a 

control of cells grown in medium only, to extract genuine PPIX fluorescence. Each series 

included 3 incubation experiments. For statistical analysis  the two-way ANOVA was used.  

For PPIX extraction, 1 000 000 cells were seeded into a T24 flask and grown as monolayers 

for 24 hours as indicated above. The cells were then incubated with 13 mL cell medium 

containing 1 mM HAL in the presence or absence of 20 mg/mL nanoparticles. After 12 hours 

the incubation medium was removed for further analysis of potentially contained PPIX. The 

cells were washed thrice with 5 mL phosphate buffered saline (PBS) and the buffer was added 

to the incubation medium. Thereafter, the cells were detached with 2 mL trypsine-EDTA for 5 

minutes and collected by centrifugation (5 minutes, 1200 x g). The supernatant was removed 

and 1 mL of  ethanol/DMSO/acetic acid (80/20/1) was added to the cell pellet. PPIX was 

extracted by sonicating the cells with a sonicator probe (5 times for 5 seconds, amplitude 

10%). Cell debris was removed by centrifugation (10 minutes, 14 000 x g) and the extract was 

analyzed by high performance liquid chromatography (HPLC) using a solvent gradient as 

described by Létoffé et al. [18]. The HPLC system (LaChrom, Merck, Darmstadt, Germany) 

was equipped with a fluorescence detector for recording. The quantification included total 

amounts PPIX found in incubation medium and in cells. The experiment was done in 

duplicate.  

 

Results 

We prepared HAL laden nanoparticles by nanoprecipitation in an aqueous 0.4% PVAL 

solution with the objective to produce a safe HAL formulation for intravenous administration. 

SEM micrographs (Fig.1) revealed that blank as well as HAL laden nanoparticles were 

spherical with a smooth surface. The main particle characteristics are summarized in Table. 1. 

Residual PVAL on particles was between 1 and 2 per cent. Particle loading with HAL was 
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0.5% (w/w). After dehydration, mean size and polydispersity index (P.I.) were larger 

presumably due to particle aggregation. 

 

Fig. 1. Scanning electron micrographs of HAL laden (A, B) and blank (C, D) nanoparticles. 

Images were taken at x20 000 (A, C) and x50 000 (B, D) magnification.  

 

Optimal fluorescence for free HAL was achieved when cells were incubated with a 

concentration of 1 mM (Fig. 2). At concentrations above 3 mM no fluorescence was observed 

presumably due to cell toxicity. At concentrations below 1 mM cell fluorescence occurred 

during shorter time periods, which may be due to decreased substrate availability. This 

tendency was similar in cells incubated with HAL laden nanoparticles. However, fluorescence 

intensities were significantly higher. Fluorescence in cells incubated with freshly prepared 

nanoencapsulated HAL at 1 mM concentration was 3 times higher than in cell incubations 

with free HAL (Fig. 3A) (p<0.05). 
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Tab. 1. Mean size, ζ-potetial and polydispersity index of freshly prepared and dehydrated 

HAL laden and blank nanoparticles prepared by nanoprecipitation. 

  

  

Fresh nanoparticles      Dehydrated nanoparticles 

size [nm] ζ-potential P.I. size [nm] ζ-potential P.I. 

HAL laden 155.5 1.4 0.068 >1000 n.a. > 1.0 

blank 169.4 2.0 0.013 383.7 2.1 0.607 

 

When using dehydrated nanoparticles, fluorescence intensities were increased 7 fold 

(p<0.001) (Fig. 3A). An increase was also observed for cells incubated with dehydrated 

nanoparticles at 0.3 mM HAL concentration (p<0.001). The difference between the 

fluorescence intensities induced by fresh and dehydrated HAL laden nanoparticles was 

significant with p<0.001 for both HAL concentrations. T24 cells incubated with HAL 

featured porphyrin emission maxima at 625 nm. The peak was shifted to 632 nm in the 

presence of nanoparticles (data not shown). 

 

Fig. 2. Fluorescence-time profile of T24 cells incubated with HAL HCl 0.1 (♦), 0.3 (▲), 1 (■), 

3 (□), 10 (◊) and 30 (X) mM concentrations. 

 

Surprisingly, PPIX fluorescence was also doubled (p<0.001) in cells incubated with 1 mM 

free HAL in presence of unladen nanoparticles (Fig. 4). However, it was still significantly 
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lower compared to nanoencapsulated HAL (p<0.01).The fluorescence intensities correlated 

with the nanoparticle concentration in the medium (Fig. 5).  

Fig. 3. Fluorescence-time profiles of T24 cells incubated with freshly prepared (▲) and 

dehydrated (●) HAL laden nanoparticles, and  free HAL (□). The HAL concentrations were 

1mM (A), 0.3mM (B).  

 

To investigate a possibly improved transport of HAL into the cell by adsorption to 

nanoparticles, we sought to quantify cellular PPIX produced by cells incubated with 1 mM 

HAL in presence or absence of 20 mg/mL nanoparticles. PPIX was extracted from cells into 

an ethanol/DMSO/acetic acid solvent mixture for fluorescence HPLC analysis (Fig. 6A). The 

same was done for the incubation media, to include potentially secreted PPIX (Fig. 6B).  

Fig. 4. Fluorescence-time profile of T24 cells incubated with 1 mM HAL as free compound 

(■), in presence of 50 mg/mL freshly prepared blank nanoparticles (▲) and 

nanoencapsulated in 50 mg/mL (▼). 
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Interestingly, the quantification revealed even lower amounts of PPIX produced by the cells in 

the presence of nanoparticles (Fig. 6D). Therefore, we assumed that at least part of the 

fluorescence increase in presence of HAL laden nanoparticles must result from an optical 

signal enhancement provided by the nanoparticulate microenvironment.  

 

Fig. 5. Fluorescence time profile of T24 cells incubated with free 1mM HAL in presence of 

freshly prepared (A) and dehydrated (B) blank PLA nanoparticles with 0 (□), 2.5 (●), 5 (♦), 

10 (▼), 20 (▲)and 40 (■) mg/mL nanoparticle concentrations.  

 

To test this hypothesis we assessed the interaction of PPIX with nanoparticles in absence of 

cells. Since albumin and other proteins associate with both, PPIX and nanoparticles [19, 20], 

we performed the assay in serum free DMEM as well as in DMEM supplemented with 10% 

foetal bovine serum albumin (DMEM+FBS) (Fig. 7A). In the absence of nanoparticles, the 

fluorescence of free PPIX was completely quenched in plain DMEM; contrastingly, an 

emission peak was measurable in presence of FBS at 624 nm. In serum free DMEM a 

fluorescence peak appeared at 628nm after the addition of nanoparticles. The intensity 

increased proportionally with the nanoparticle concentration (Fig. 7A, white dotted columns). 

When adding freshly prepared nanoparticles to DMEM+FBS, the fluorescence signal first 

decreased and re-increased after addition of higher amounts of nanoparticles (Fig. 7A, white 

striped columns and Fig. 7B). The initial fluorescence was re-established above a nanoparticle 

concentration of 16.7 mg/mL (Fig. 7B). After addition of dehydrated nanoparticles (Fig. 7 A 

dark columns) fluorescence intensities in PPIX-containing DMEM and DMEM+FBS, were 4 

times stronger than with fresh nanoparticles, respectively. 
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The addition of nanoparticles to DMEM supplemented with FBS lead to a bathochromic shift 

of the emission peaks from 624 nm to 631 nm in both freshly prepared and dehydrated 

nanoparticles.  

Fig. 6. Fluorescence chromatograms of cellular (A) and incubation medium extracts (B) of 

T24 cells incubated with 1 mM free HAL ( ─ ) and 1 mM HAL in the presence of 20 mg/mL 

freshly prepared blank nanoparticles (---) and of a PPIX standard solution (C) in 

ethanol/DMSO/acetic acid, (80/20/1, v/v/v). D shows the PPIX concentration  per 1 Mio cells 

extracted for cells incubated with 1 mM free HAL or in presence of 20 mg/mL nanoparticles. 

 

Discussion 

Our in vitro experiments showed that fresh and dehydrated polymeric nanoparticles enhance 

PPIX fluorescence intensities in T24 cells. Surprisingly, we could not find higher amounts of 

PPIX produced by cells when incubated in presence of nanoparticles. Therefore, we assume 

that the apolar surface of the particles may function as matrix for PPIX adsorption and 

influence the spectral properties of the fluorophore. Our assumption is supported by the 

observation of a bathochromic shift of the emission peak in presence of nanoparticles and 

fluorescence development during co-incubation of PPIX with nanoparticles in cell medium 

[21, 22]. Association of porphyrins with surfaces and macromolecules, notably proteins [23-
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25], leads to a shift of absorption and emission maxima, fluorescence yield and life time [26-

31]. Brancaleon et al. reported that bovine serum albumin (BSA) and human serum albumin 

(HSA) cause a red shift of the PPIX emission maximum, which is accompanied by a 

fluorescence increase [23, 24].  

 

Fig. 7. A: In vitro fluorescence intensity of PPIX in presence of freshly prepared (white 

colums) and dehydrated (black colums) blank nanoparticles. The PPIX fluorescence was 

measured in unsupplemented DMEM (dotted colums) and DMEM supplemented with 10% 

FBS (striped colums). B: PPIX fluorescence in presence of freshly prepared blank 

nanoparticles in DMEM suplemented with 10% FBS. Dilutions were done in half log steps. 

 

We equally observed PPIX fluorescence in DMEM in presence of nanoparticles. Interestingly, 

in DMEM+FBS the fluorescence was quenched in presence of low nanoparticle 

concentrations. Since albumin is known to adsorb to nanoparticles, we are tempted to 

conclude that the decrease of PPIX fluorescence may be caused by a competitive adsorption 

of serum proteins to nanoparticles, which becomes less pronounced when raising the 

nanoparticle concentration. The fact that the fluorescence emission was enhanced in cells but 

not during direct incubation of PPIX when using fresh particles in supplemented medium, 

suggests that PPIX association with the nanoparticle surface cannot be the only factor for this 

physicochemical phenomenon. Other processes, e.g. nanoparticle accumulation in the cell, 

association with the cell membrane and cellular proteins may also play a role. Moreover, 

since HAL laden nanoparticles still induced higher fluorescence in cells than blank 

nanoparticles in combination with free HAL, we speculate that HAL transport into the cell 

may further contribute to the augmented fluorescence. However, this remains subject to 

further investigation.  
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Cellular and in vitro PPIX fluorescence was considerably higher when using dehydrated 

rather than fresh nanoparticles. Using the same amount of dehydrated nanoparticles for 

incubation, the number of actual particles in the suspension is less due to partial aggregation. 

Moreover, the provided surface area for potential adsorption of proteins and PPIX is reduced. 

Therefore, if a change of PPIX fluorescence intensities was to be observed, we expected it to 

be lower. Although it is difficult to attribute the effect to one single cause, we hypothesize 

that apolar sites in dehydrated nanoparticles more easily adsorb proteins and PPIX.  

Our observations confirm that nanoparticles may not only serve as carriers to deliver 

photosensitizers to the target but also influence their optical properties. For the development 

of drug formulations and PD/PDT protocols we conclude that possible surface interactions 

with polymeric matrices such as nanoparticles must be considered and a possible impact on 

fluorescence and singlet oxygen yield carefully assessed. The fluorescence enhancing effect 

caused by the application of nanoparticles may allow a reduction of the photosensitizer dose 

and/or shorter incubation times to obtain the same fluorescence as with higher free PS 

concentrations. However, these findings need further investigations in vivo. It should be also 

noted that the increase in fluorescence intensity was merely observed at high nanoparticle 

concentrations.  
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Annotation 

The use of HAL laden nanoparticles showed to be favourable for the induction of 

PPIX fluorescence in cells. However, the poor loading and hence the necessity to 

apply large amounts of particles is a limiting factor for in vivo application. In an 

attempt to improve the encapsulation of HAL in polymeric PLA and/or PLGA 

nanoparticles we screened several parameters as summarized in Tab. 4.  

Drug loading remained below 1% under the tested condition. We attributed this 

outcome to an increased affinity of HAL to the aqueous phase in the presence of 

surfactants. In fact, with a logP of 1.8 HAL is poorly soluble in pure water. However, 

the presence of surfactants, ions and even blank nanoparticles raises the solubility of 

HAL assumingly due to the free ammonium group, which gives the molecule an 

amphiphilic character. In some methods using water miscible solvents, e.g. in 

nanoprecipitation, particle formation was reported to be also successful in pure water. 

This was not the case for our formulation, where HAL seems to destabilize the 

particle forming process. 

Beside a low solubility in the aqueous medium, a drug should have sufficient affinity 

to the polymer and organic solvent. Variation of polymer type (PLA or PLGA, 

endcapped or non-endcapped) and molecular weight did not improve the 

encapsulation rate. Therefore, we sought to raise HAL affinity to the polymer by 

replacing the small chloride counter ion of the ammonium group by a lipophilic 

alkylbenzene sulfonate. This so-called ion-pairing concept is widely used in the 

chemical, biological and pharmaceutical field. Ion pairing may change the 

physicochemical properties of a molecule, while preserving its pharmacological 

profile. 

Against our expectations, lipophilization of HAL had a minimal effect on the 

encapsulation efficiency into the compound: during solvent evaporation the HAL salt 

precipitated or HAL escaped into the aqueous phase. The results lead us to apply a 

nanoparticle forming method that abides the use of an outer aqueous phase. We chose 

an advanced spray drying procedure known as the aerosol flow reactor method 

developed at Aalto University, Helsinki, Finland. The following article presents our 

findings for HAL encapsulation into PLA nanoparticles with the aforementioned 
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technique resulting from the collaboration with Professor Kauppinen’s group of Aalto 

University.  

Tab. 4. Parameter variation to improve HAL loading of polymeric nanoparticles. 

Variable 

factor 

Rationale Parameter details 

Polymer The hydrophobicity of the polymer 

changes with the polymer chain length, 

the presence of free carboxyl groups and 

the glycolic to lactic acid ratio. A free 

carboxylic group may favour the 

association with the ammonium group of 

HAL 

PLA: R202H, 

R202S, R205S, 

R206, R207,  

PLGA: RG503, 

RG502H  

Solvent for 

organic 

phase 

The organic solvent should be chosen 

according to the solubility of the active 

principle and the polymer. 

Both compounds should have similar 

solubility in the solvent/solvent mixture  

acetone, ethanol, 

THF, 

dichloromethane, 

chloroform, 

ethylacetate, DMSO 

Aqueous 

phase: 

  

pH  

 

At high pH the ammonium group of the 

polymer is uncharged which should raise 

the affinity towards the aqueous phase. 

pH 5 , pH 7.4, pH 8, 

pH 9 

Surfactant HAL shows low solubility in water, it is 

however increased in presence of 

surfactants. Adaptation of the surfactant 

type and concentration may decrease the 

solubility of HAL in the organic phase 

while ensuring adequate nanoparticle 

formation.  

no surfactant  

polyvinyl aclohol 

poloxamer  

bovine serum 

albumin 

Tween® 

 

Temperature The temperature influences the 

evaporation system enthalpy during 

particle formation. It may also influence 

drug diffusion into the aqueous phase. 

4°C 

20°C 

Preparation 

method 

The preparation method was adapted 

according to the used polymer and 

organic solvent. 

 

Nanoprecipitation 

Emulsion 

evaporation 

Salting out 

Double emulsion 

evaporation 

HAL counter 

ion 

Exchange of the chloride ion in HAL HCl 

vs a counter ion with higher lipophilicity 

should increase the affinity to organic 

phase. 

mesylate, tosylate, 

AOT, salicylate, 

ETBS, BUTBS, 

HEXBS, OCTBS, 

DBS 
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ABSTRACT. Hexaminolevulinic acid (HAL) is an efficient inducer of the endogenous 

photosensitizer protoporphyrin IX (PPIX). Until now it is limited to topical application sites 

that are easy to access. Encapsulation into polymeric nanoparticles may represent a suitable 

drug formulation to make HAL available for interstitial sites via the inhalative or intravenous 

route. However, conventional nanoparticle preparation methods have so far been less 

successful. With the scope to develop nanoparticulate HAL formulation with sustained drug 

release for the detection of lung cancer, we employed the aerosol flow reactor method to 

obtain polylactic acid nanoparticles with high HAL loading and encapsulation efficiency. We 

further investigated the effect of ion pairing the HAL cation with lipophilic anions on the in 

vitro drug release fluorescenence induction kinetics of the formulation. The particles were 

characterized with respect to size and morphology. Their ability to induce PPIX fluorescence 

was assayed on a GFP transfected T24 cell line derived from squamous cell bladder 

carcinoma. The most promising formulation was further tested on A549 lung carcinoma 

tumor nodules implanted into the chorionallantoic membrane of the chicken embryo. 

Keywords: aerosol flow reactor, 5-aminolevulinic acid, fluorescence photodetection, hexyl 
ester, ion pair, nanoparticles, polylactic acid 
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Introduction 

Fluorescence photodetection (PD) is an established technique for the in situ detection of early 

stage neoplastic lesions. It requires the administration of a photoactive compound able to 

accumulate preferentially in the tissue of interest and to fluoresce upon excitation with light. 

Several clinical studies have reported a positive therapeutic outcome for the detection and 

photodynamic treatment of pre- and early malignant bronchial neoplastic diseases [1-5]. The 

majority of the studies were performed with intravenously injected Photofrin®, a mixture of 

polymer oligomers, endorsing the inconvenience of skin photosensitization for several weeks 

post administration.  

5-ALA has been previously exploited for the fluorescence detection of early lung cancer. Due 

to its zwitterionic nature, however, high substrate concentrations are required to induce 

sufficient amounts of PPIX in the target tissue [5-8]. Owing to a facilitated diffusion through 

the cell membrane, the hexyl ester of 5-ALA (HAL) was reported to be highly selective for 

neoplastic tissue [9]. Similarly to the parent compound, it enters the cell where it is converted 

by enzymes involved in the heme biosynthesis and converges in the accumulation of PPIX 

[10-13].  

HAL HCl is approved as a precursor of the endogenous photosensitizer protoporphyrin IX 

(PPIX) for the PD of bladder cancer. Nevertheless, because of the low systemic 

bioavailability and a toxic systemic effect [14, 15], the preferrential route remains the topical 

application. As for the improvement of HAL over 5-ALA in the context of bladder cancer, we 

hypothesize that similar achievements can be obtained for early stage lung cancer. Inhalation 

is a convenient way for the localized drug delivery to the lung, provided the challenges of fast 

lung clearance, macrophageal phagocytosis and penetration of the thick pulmonary mucus 

layer are overcome. This may be achieved by using nanoparticles. The submicron sized 

carriers penetrate the pulmonary mucus readily and are recognized to lower extent by alveolar 

macrophaghes than micron-sized particle. Thereforem they show prolonged retention in the 

lung [16, 17]. Furthermore, polymeric nanoparticles may be engineered to yield a sustained 

drug release, by tuning the drug-to-polymer affinity.  

In the most common preparation techniques, the formation of nanoparticles takes place in 

aqueous media [18-20]. This represents a challenge for the encapsulation of amphiphilic 

drugs, such as HAL, into the hydrophobic particle core. In recent years, modified aerosol-
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based techniques have been successfully implemented for the production of nano-sized 

particles. For example, in the aerosol flow reactor method, nano-sized solute droplets are 

produced by atomizing a solution with a highly pressurized nitrogen carrier gas jet [21-23]. 

Subsequent evaporation of the solvent results in nanoparticulate precipitates of the 

substance(s) contained in the solution.  

The sustained release of a drug can be promoted by raising its affinity to the hydrophobic 

polymeric matrix. For an ionic active ingredient, this can be achieved by pairing it with an 

adequate lipophilic counter ion. An advantage of this approach over covalent attachement is 

the preservation of the pharmacodynamic characteristics of the active pharmaceutical 

ingredient, while physicochemical characteristics such as the drug solubility change [24, 25]. 

Effectively, a hydrophilic ionic compound may be made soluble in hydrophobic organic 

solvents by pairing it with a lipophilic counter ion. Upon immersion into an aqueous salt 

solution, exchange of the lipophilic counter ion with small ions contained in the solution 

triggers the dissolution of the active ingredient [26]. 

The aim of the present study was to develop biodegradable and biocompatible HAL laden 

solid nanoparticles with a high HAL content and prolonged release profile for drug delivery to 

the lung. To this end we prepared lipophilic HAL salts with different counterions and 

incorporated them into a biocompatible and biodegradable polymer, polylactic acid (PLA), by 

means of the aerosol flow reactor method [22, 27]. Nanoparticles were characterized with 

respect to particle size, morphology, HAL loading and in vitro drug release. Their ability to 

induce PPIX fluorescence was screened on GFP transfected T24 cancer cell line derived from 

squamous cell carcinoma of the bladder. The most promising formulation was further 

assessed on 3-dimensional tumor spheroids prepared from A549 lung cancer cells in vitro and 

on A549 tumor xenografts on the chorioallantoic membrane of chicken embryos. 

 

Materials and Methods 

Polylactic acid, PLA (Resomer® R205), was purchased from Evonik (Ingelheim am Rhein, 

Germany) and 5-aminolevulinic acid hexyl ester hydrochloride, HAL HCl, from Biosynth AG 

(Staad, Switzerland). 1-Butylbenzene, 1-hexylbenzene, oleum and sodium octylbenzene 

sulfonate (Na-OCTBS) for the synthesis of HAL salts, poly(hydroxyl ethyl methacrylate), 

HEMA, for the coating of round bottom well plates and polyethylene glycol, PEG400, for 
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chorioallantoic membrane (CAM) assays were from Sigma Aldrich (Buchs, Switzerland). 

Dichloromethane and ethylacetate (99.9% purity) were obtained from Sigma Aldrich 

(Helsinki, Finland). Cell media, phosphate buffer saline (PBS), antibiotics for cell media and 

Hoechst 33342 trihydrochloride trihydrate for staining of cell nuclei were provided by 

Invitrogen (Lucerne, Switzerland). Fetal bovine serum albumin, FBS, for cell media was 

ordered from Sigma Aldrich (Taufkirchen, Germany). Basement membrane extract, BME, for 

the culture of cellular tumor spheroids was purchased from CULTREX® (R&D systems ®, 

Oxon, United Kingdom). Extracellular matrix (MatrigelTM) for CAM implantation of tumor 

spheroids was from BD Biosciences (Bedford, USA). 

 

Synthesis of HAL salts 

Sodium butylbenzene sulfonate and sodium hexylbenzene sulfonate were synthesized  by 

sulfonation of the n-alkylbenzenes with oleum according to a modified method developed by 

Gray et al. [28]. The alkylbenzene (4.0 g) was slowly added to 2.1 g oleum under stirring at 

room temparature. The mixture was kept at 55°C for 2 hours under reflux and vigorous 

stirring. After the reaction, the mixture was neutralized with 1M sodium hydroxide solution 

and salted out with a saturated NaCl solution. The resulting precipitate was washed with 

acetone to remove free butylbenzene. The remaining alkylbenzene sulfonate salt was 

dissolved in water and re-crystallized in a water-acetone mixture.  

HAL salts with lipophilic counter ions were prepared from 400 mg HAL HCl and the 

equimolar amount of the alkylbenzene sulfonate sodium salt. The compounds were added to a 

biphasic system of 10 mL water and 15 mL ethyl acetate. The mixture was vigorously shaken 

to allow salt dissolution and partition of the lipophilic associates into the organic phase. After 

phase separation the organic phase was removed and the aqueous phase was washed twice 

with 15 mL ethyl acetate. The combined organic phases were washed with 5 mL distilled 

water to remove hydrophilic residuals. Ethylacetate was removed by rotary evaporation.  

Salt formation was verified by 1H-NMR (Gemini 300, 300MHz) in deuterated D6-DMSO. 

NMR signals were monitored as follows: (J=coupling constant; s=singlet; d=doublet; t= 

triplet; q= quadruplet; m= multiplet). 
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HAL butyl benzene sulfonate:
 1HNMR δ (D6-DMSO) 0.80-0.95 (m, 6H), 1.20-1.3 (m, 10H), 

1.45-1.65 (m, 4H), 2.56 (t, J= 6Hz, 2H), 2.79 (t, J= 6Hz, 2H), 3.99 (s, 2H), 4.00 (t, J=7Hz, 
2H), 7.11 (d, J=8Hz, 2H), 7.48 (d, J= 8Hz, 2H), 7.92 (s, 3H) ppm. 
HAL hexylbenzene sulfonate: 

1H NMR δ (D6-DMSO) 0.80-0.95 (m, 6H), 1.20-1.3 (m, 14H), 
1.50-1.60 (m, 4H), 2.56 (t, J= 6Hz, 2H), 2.79 (t, J=6Hz, 2H), 3.97 (s, 2H), 7.11 (d, J=8Hz, 
2H), 7.48 (d, J=8Hz, 2H), 8.01 (s, 3H) ppm. 
HAL octylbenzene sulfonate:

 1H NMR δ (D6-DMSO) 0.80-0.95 (m, 6H), 1.20-1.4 (m, 18H), 
1.45-1.60 (m, 4H), 2.56 (t, J= 6Hz, 2H), 2.56 (t, J= 6Hz, 2H), 2.79 (t, J= 6Hz, 2H), 3.98 (s, 
2H), 4.00 (t, J= 7Hz, 2H), 7.11 (d, J= (Hz, 2H), 7.49 (d, J=8Hz, 2H), 7.93 (s, 3H) ppm.  

Spectra are displayed in Fig. S1. 

 

Nanoparticle preparation 

Solid nanoparticles were prepared by the aerosol flow reactor method [27, 29]. Briefly,           

1 mg/mL PLA and 0.1, 0.2 or 0.4 mg/mL HAL salt were dissolved in dichloromethane. The 

solution was dispersed to nanosized droplets by atomizing with a Collison-type air jet 

atomizer with a constant output in a liquid re-circulation mode (TSI instruments, model 3076, 

St Paul, Minnesota, USA). The generated aerosol was carried with nitrogen gas (flow rate 3.3 

L/min) to a tubular laminar flow reactor, where solid nanoparticles were formed at 30°C. At 

the reactor downstream, the aerosol was diluted with nitrogen gas (25 L/min) to avoid wall 

deposition prior to the collection. For scanning electron microscopic imaging, the 

nanoparticles were sampled onto a carbon coated copper grid (Agar Scientific LTD, Essex, 

UK) using an electrostatic precipitator (InTox Products, Albuquerque, USA). The collection 

of the particles, was conducted with a Berner-type low pressure impactor [30].  

 

Nanoparticle size and morphology 

The size of nanoparticles was analyzed from the reactor downstream with a differential 

mobility analyzer, DMA (model 3081, TSI Inc. Particle Instruments, St. Paul, USA) 

connected to a condensation particle counter (CPC, model 3027, TSI Inc. Particle 

Instruments, St. Paul, USA). Examples of the obtained particle size distribution plots are 

shown in Fig. S2. 

The morphology of the nanoparticles was imaged with field-emission scanning electron 

microscopy, SEM (JSM-7500FA, JEOL, Japan) at an acceleration voltage of 1-5 kV. The 
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particles were coated with gold-palladium using a sputtering unit (K110X, Emitech Ltd., UK) 

to reduce charging and damage of the sample by the beam. 

 

Nanoparticle drug loading 

For drug loading assays approximately 1 mg of nanoparticles was dissolved in 1 mL 

dichloromethane. Ten microlitres of the solution were reacted with 30 µL fluorescamine 

solution (1 mg/mL) in 200 µL ethanol. The fluorescence spectrum (excitation wavelength 390 

nm) of the amine-fluorescamine product was recorded with a microplate reader (Safire, 

TECAN) and the fluorescence emission was measured at 490 nm. The fluorescence intensity 

was correlated with a standard curve from an HAL HCl dilution series in dichloromethane, 

prepared with fluorescamine under the same conditions as above. The drug loading of 

nanoparticles and the loading efficiency were calculated using the following equations: 

Theoretical drug mass loading: 

Lmass theor [%]= mdrug /(mpolymer +mdrug) *100      (1) 

Experimental drug mass loading:   

Lmass exp [%]= mdrug /mnanoparticles *100       (2) 

Experimental drug molar loading:  

Lmol [mol/100mg] = ndrug /mnanoparticles *100       (3) 

Drug loading efficiency:  

E [%] = L mass exp/ Lmass theor * 100       (4) 

where m is mass and n is mole. Drug loading tests were performed in duplicates. 

 

In vitro drug release  

Drug release assays were performed in a custom-made small scale release cell (supplementary 

Fig. S2). Five milligram of nanoparticles were suspended in 200 µL PBS and placed in the 
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donor compartment. The receptor compartment containing 2 mL PBS was separated from the 

donor compartment by a regenerated cellulose dialysis membrane (5 000 Da cut-off, 

Diachema, Munich, Germany) permeable for HAL.  

For measurement of the released amount, 10 µL samples were taken from the receptor 

compartment at indicated time intervals for up to 120 min. and replaced with 10 µL PBS. The 

dilution was taken into account for calculation of the released drug amount as well as the 

residual HAL amount in the donor compartment. Each sample was reacted with 30 µL 

fluorescamine solution (1 mg/mL in acetone) in 200 µL borate buffer pH 8.5. The 

fluorescence was recorded as described above. The molar drug release was related to the 

amount of encapsulated drug according to the experimentally determined drug loading.  

 

Cell culture 

T24 human bladder carcinoma cells expressing green fluorescent protein (GFP) were kindly 

provided by Med Discovery SA. The carcinoma cells were cultured in Dulbecco’s Modified 

Eagle Medium. A549 lung carcinoma cells were taken from the laboratory’s cell library and 

cultured in F-12K medium. All media were supplemented with 10% fetal bovine serum 

albumin, 10 µg streptomycin and 100 IE penicillin per mL. Cells were grown in monolayers 

under a controlled 5% CO2 and 95% air atmosphere at 37°C. 

Three-dimensional tumor spheroids were prepared as described by Ivascu et al. [31]. Briefly, 

A549 cells of monolayer cultures were harvested using trypsin-EDTA and resuspended in 

culture medium containing 2.5% BME to give a final concentration of 25 000 cells per mL. 

Aliquot 200 µL suspensions per well were dispensed into HEMA coated round bottom 96-

well plates. The plate was centrifuged at 20°C for 10 minutes at 1000 x g to induce cell 

clustering. The cell medium was changed twice a week by replacing 100 µl of the medium in 

each well.  
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Fluorescence induction in cell monolayers and tumor spheroids 

For fluorescence induction assays on T24 cell monolayers, 10 000 cells per well were seeded 

into 96-well plates 24 hours before incubation with nanoparticles. The medium was removed 

and the cells were incubated with free or nano-encapsulated HAL salts dispersed in 150 µL 

supplemented medium. PPIX fluorescence was monitored using a multiplate reader (Safire, 

Tecan). The excitation wavelength was 405 nm; fluorescence emission was recorded between 

500 nm and 750 nm. To evaluate genuine cellular PPIX fluorescence (values without 

background noise) spectra were fitted to a negative control (cells in medium only) with the 

Excel solver function. PPIX fluorescence intensity was extracted at 620 nm.  

The A549 tumor spheroids were grown for 4 days prior to incubation with 1 mM free or 

nano-encapsulated HAL HCl in 200 µL F-12K medium. The spheroids were washed once 

with medium and cellular nuclei were stained by incubating the spheroids with 200 µL 

Hoechst 33342 (2 µg/mL) for 20 min. The spheroids were washed again with medium. 

Thereafter, they were deposited on a glass slide and covered with a glass cover slip placed on 

two cover slips as space holders. The spheroids were viewed with a LSM 700 Confocal Laser 

Scanning Microscope (Carl Zeiss, Germany) under a 10x objective. PPIX and Hoechst 33342 

were excited with a 405 nm single photon laser. Hoechst 33342 was detected with a 555 nm 

low pass filter, PPIX was detected in simultaneous acquisition mode with a 610 nm long pass 

filter. 

 

Fluorescence induction in A549 tumor nodules in the chicken chorioallantoic membrane 

(CAM) 

For in vivo CAM assays, fertilized hen eggs were incubated at 37°C and 65% relative 

humidity. They were rotated  twice a day for 4 days. Therafter, a small hole was drilled at the 

narrow apex of the egg to allow detachment of the CAM. The hole was sealed with adhesive 

tape and the eggs were incubated in the upright position. At embryo development day (EDD) 

8 the hole was enlarged to allow access to the CAM for tumor implantation. Tumor spheroids 

were grown to 0.5 mm size. For implantation the CAM was perforated with a 26 gauge needle 

and a single tumor spheroid suspended in a 1:1 mixture of cell medium and extracellular 

matrix (MatrigelTM) was deposited on the perforation. Eggs were sealed with parafilm and 

incubated in the upright position to allow tumor growth. 
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Tumor fluorescence generation was assayed at EDD12 as follows: HAL laden nanoparticles 

and free HAL were dispersed in an aqueous PEG400 solution (20%), respectively. 20 µl of 

the mixture were deposited with a micropipette on the tumor implant. Fluorescence was 

observed with a charge coupled device (CDD) camera connected to a modified fluorescence 

microscope (Eclipse 600 FN, Nikon, Tokyo, Japan) equipped with a CFI achromat objective 

of 4x magnification and 0.1 numerical aperture. Tumors were illuminated with a 100 W 

mercury arc lamp (filter 405 nm) and fluorescence was acquired through a 650/50 nm filter 

[32].  

 

Results and Discussion 

In vitro particle characterization 

HAL is an esterified δ-amino acid with a logP of 1.8 [12]. Although this indicates a lipophilic 

character, HAL conserves amphiphilic characteristics due to the presence of a positively 

charged amino group under physiological conditions. These features render HAL a 

challenging candidate for the encapsulation into polymeric nanoparticles with methods using 

aqueous media as dispersion phase. Precisely, HAL particle loading and encapsulation 

efficiency remain below 1% when applying conventional techniques such as 

nanoprecipitation, emulsion evaporation and emulsion diffusion (unpublished results). This 

may be attributed to the fact that surfactants needed for the particle formation in aqueous 

medium increase the solubility of HAL in water, causing it to leach into the aqueous phase. 

The drug diffusion from a polymeric matrix into an aqueous medium is also influenced by the 

affinity of the compound to the polymer. Thus, the release from a lipohilic vehicle should be 

slower for a lipophilic than a hydrophilic compound. We tested this approach with regard to 

HAL by preparing lipophilic HAL alkyl benzene sulfonates. The ion pairing concept was first 

reported by Arrhenius, who evidenced a relative decrease of conductance of a salt containing 

solution with increasing concentration [33]. This led to the conclusion, that depending on the 

conditions (temperature, dielectric constant, ion concentration) ions of opposite charge 

associate to neutral entities. Our NMR data confirmed a one to one cation-anion ratio for all 

formed HAL aryl sulfonate salts (Fig. S1). 
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Fig. 1. SEM micrographs of nanoparticle loaded with HAL HCL (A-C,) HAL BUTBS, (D-F), 

HAL HEXBS (G-I) and HAL OCTBS (I-L). Particles were prepared with HAL salt:polymer 

ratios of 1:10 (1st column), 2:10 (2nd column) and 4:10 (3rd column).  

 

Aiming at the development of PLA nanoparticles with improved HAL loading we applied the 

aerosol flow reactor method as an alternative to liquid phase techniques. The particle 

composition is governed by the dissolved compounds in the aerosol droplets. Consequently, 

the polymer/drug ratio within the nanoparticles is well controllable. Moreover, the particle 

morphology can be tuned according to the evaporation rate of the solvent, as well as the drug-

polymer affinity. 

A B C 

D E F 

G H I 

J K L 

1 µm 
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Tab. 1. Geometrical number mean diameter (GNMD) and geometrical  standard deviation of 

PLA nanoparticles laden with varying amounts of HAL HCl, HAL butylbenzene sulfonate 

(HAL BUTBS), HAL hexylbenzene sulfonate (HAL HEXBS), and octylbenzene sulfonate (HAL 

OCTBS). For each salt three batches were prepared with drug to polymer ratios of 1:10, 

2:10, 4:10 (w/w), respectively. The particle loadings calculated are represented with the 

standard deviation. The molar loading was calculated according to equation (3) to compare 

the amount of encapsulated active substance between the different sample batches. The drug 

release maximum, Ymax, and release constants, k, including the standard errors were obtained 

from fitted curves corresponding to one phase exponential function Y = Ymax (1-e
-k*t

) where Y 

is the amount of drug released at time, t.  

 

Sample 

size [nm] HAL loading HAL release 

GNMD GSD drug:polym. 

ratio 

  exp. 

 [%] 

 molar   

[µmol/100mg] 

  efficiency Ymax 

[%] 

k 

[nm]        [%] 

Control 127.2 1.57 0 0 0 0 110±1.8 0.043±0.002 

HCL 1 158.8 1.58 1:10 5.1 20.1 55.7 70.16±2.4 0.037±0.005 

HCL 2 139.6 1.52 2:10 9.7±0.6 38.4±3.7 58.0±2.4 63.39±1.3 0.038±0.003 

HCL 4 145.6 1.52 4:10 22.5±4.4 89.4±15.5 78.7±17.6 51.29±1.1 0.038±0.003 

BUTBS 1 135.0 1.50 1:10 6.2±0.2 14.4±2.4 67.9±0.5 88.8±2.5 0.053±0.006 

BUTBS 2 147.4 1.51 2:10 11.2±0.3 26.0±1.6 66.9±0.6 67.02±1.9 0.067±0.009 

BUTBS 4 158.4 1.52 4:10 21.7±2.0 50.6±6.9 75.9±4.6 60.32±0.8 0.042±0.002 

HEXBS 1 152.2 1.53 1:10 5.6±0.1 12.2±0.8 61.6±0.2 n.a.  n.a.  

HEXBS 2 152.2 1.51 2:10 8.4±0.9 18.3±5.5 50.2±2.0 108.9±3.2 0.036±0.004 

HEXBS 4 145.6 1.53 4:10 15.6±0.2 34.1±0.8 54.5±0.5 76.34±1.8 0.057±0.006 

OCTBS 1 152.9 1.52 1:10 7.0±0.2 14.3±2.1 76.5±0.4 68.28±1.1 0.026±0.001 

OCTBS 2 140.6 1.53 2:10 10.2±0.8 21.1±4.6 61.4±1.6 42.92±0.7 0.029±0.002 

OCTBS 4 144.3 1.55 4:10 15.9±1.5 32.7±5.1 55.6±3.0 58.51±1.8 0.016±0.001 

 

Particles prepared by the flow reactor method were spherical and in some cases wrinkled (Fig. 

1). The HAL salt type and amount influenced the particle morphology to minor extent. 

Particle size distributions were unimodal (Fig. S2) with a geometrical standard deviation 

(GSD) below 1.6 in all nanoparticle batches (Tab. 1). The geometrical number mean diameter 

(GNMD) was 127 nm in unladen nanoparticles; the mean diameters of HAL salt laden 

nanoparticles varied between 135 nm and 159 nm. The bigger size is in accordance with the 

higher amount of solidifiable material in the droplets. However, since the drug amount did not 

clearly correlate with the particle size we also suspect the implication of other parameters, 

such as a modification of the surface tension of the organic solution to have an effect on the 
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particle size. The loading efficiency was above 50% in all tested formulations (Tab. 1) 

confirming that the aerosol method promotes HAL partitioning into the PLA nanoparticles.  

 

In vitro drug release 

The in vitro molar drug release was determined using a small scale release cell composed of a 

donor and receptor compartment separated by a dialysis membrane (Fig. S3).  
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Fig. 2. Drug release profiles of nanoparticles laden with  HAL HCl (▼, 38 µmol/100 mg), 

HAL BUTBS (♦, 26 µmol/100 mg), HAL HEXBS (●, 34 µmol/100 mg), HAL OCTBS (■, 32 

µmol/100 mg). 

 

Free HAL HCl diffused into the donor compartment within 40 minutes. The drug release 

profile of nanoparticles followed first order kinetics, with a maximum release that did not 

reach 100% (Fig. 2). The rate constants, k, of the initial drug release and the percentage, 

Ymax, of released drug are reported in Tab. 1. Particles with lower loading showed a 

significantly higher release maximum. This suggests that the release of HAL salts is closely 

related to the drug-polymer ratio. On this basis, it can be assumed that the HAL salt 

partitioning into the particle core is promoted by an increase of the salt concentration. We 

compared the drug release from particles featuring a molar drug loading close to 30 µmol/100 

mg polymer (Fig. 2). We assumed that the lipophilic compounds would be more efficiently 

incorporated into the particle core and thus show a sustained release. However, with the 
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exception of HAL OCTBS, release of HAL HCl from nanoparticles was slower than for 

lipophilic HAL salts. 

Due to the chemical instability of free HAL in aqueous solution we were not able to assess the 

long term in vitro release of HAL from the nanoparticles. However, we presume that the 

higher molar concentration of HAL HCl per particle and thus higher amount of drug in the 

particle core may be at the origin of this result, while low water solubility of HAL OCTBS 

may prevent the drug from flushing into the release medium.   

 

PPIX generation in T24 cell monolayers 

The efficacy of 5-ALA and its derivatives has been extensively studied in our group on GFP 

transfected T24 cells [34]. GFP fluorescence intensity correlates inversally with cell viability 

[35, 36]. This is of special interest when assessing  new compounds, where pharmacological 

activity must be distinguished from a cytotoxic effect. In our study we used GFP transfected 

T24 cells to screen the ability of four different HAL salt types, namely HAL HCl, HAL 

BUTBS, HAL HEXBS and HAL OCTBS, in free salt and nanoencapsulated form to generate 

PPIX fluorescence. We were further interested in the fluorescence generation as a function of 

nanoparticle loading. As it is beyond the scope of this article to present the results collected 

for each nanoencapsulated salt amount and type, only experiments implying nanoparticles 

with large amounts of HAL salt (i.e. drug:polymer ratio of 4:10) are presented (Fig. 3). It 

should nevertheless be noted that nanoparticles with lower loading provided similar 

fluorescence-time profiles to nanoparticles with high loading of the same HAL salt at the 

same concentrations. 

Porphyrin fluorescence intensities correlated inversely with the lipophilicity of the HAL salt. 

Free HAL HEXBS and HAL OCTBS had a toxic effect above 0.5 and 0.125 mM 

concentrations, respectively, as indicated by the decrease in cellular GFP (Fig. S4 1st column). 

Considering the lipophilic character of HAL HEXBS and HAL OCTBS, we assume that the 

counter ion interferes with the lipid bilayer, which ultimately causes a metabolic shutdown. 

The toxic effect was less pronounced when using nanoencapsulated HAL salts (Fig. S4 2nd 

column).  
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Fig. 3. Fluorescence time profiles of T24 cells incubated with free (open symbols) and 

nanoencapsulated (solid symbols) HAL salts at concentrations of 1 mM (square) and  0.5 mM  

(triangle) HAL. A: HAL HCl, B: HAL BUTBS: C: HAL HEXBS. D: HAL OCTBS. 

 

The fluorescence-time profiles of cells incubated with HAL salt laden nanoparticles indicate 

sustained fluorescence over 48 hours. The strongest fluorescence was observed in cells 

incubated with HAL HCl laden nanoparticles. It was 1.5 times higher than the fluorescence 

maximum observed with 1 mM free HAL HCl, which is considered the optimal concentration 

for HAL-mediated porphyrin generation in vitro. When using free salts of HAL HCL, HAL 

BUTBS and HAL HEXBS, the fluorescence decreased gradually after 25 hours even at 

optimal concentrations. Since GFP fluorescence only dimished to minor extent, we 

hypothesized that substrate availability was reduced after this time, shifting the equilibrium 

between porphyrin production and degradation. Only minimal fluorescence was observed 

using either free or nanoencapsulated HAL OCTBS, which is in accordance with the toxicity 

data. Drug laden nanoparticles seemed to provide HAL over a longer time period as indicated 

by a sustained fluorescence intensity. It is not clear why fluorescence steadily increased with 

HAL HCl, while it remained constant with HAL HEXBS and HAL BUTBS. An interplay 

between delayed release and or interference of the compound with cellular metabolism of the 

more lipophilic compounds could be at the origin of this phenomenon not yet causing cell 

death. 
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Fluorescence generation on tumor spheroids and in CAM 

HAL laden nanoparticles were evaluated in vitro on A549 tumor spheroids and on a tumor 

model on the chorioallantoic membrane of chicken embryos. Tumor spheroids represent cell 

aggregates of one or more different cell types.  With a 3-dimensional cell arrangement they 

feature a similar physiology to solid tumors, where proliferation kinetics, oxygen partial 

pressure and nutrient availability are inconsistent [37]. 5-ALA or HAL have previously been 

shown to induce porphyrin fluorescence in tumor spheroids cultured from several glioma cell 

lines, EMT 6 mammary carcinoma and bladder carcinoma cells, respectively [38-41]. The 

confocal micrographs in Fig. 4 show that these findings can be extended to the use of free and 

nanoencapsulated HAL HCl on tumor spheroids from an A549 lung carcinoma cell line. No 

differences in fluorescence pattern or fluorescence intensities between HAL laden 

nanoparticles and the corresponding free salt has been observed at a concentration of 1mM. 

 

 

Fig. 4. Confocal images of A549 tumor spheroids incubated with 1mM free HAL HCl  (A), 

HAL HCl laden nanoparticles (B), and F-K12 medium only (C) for 12 hours. Cell nuclei were 

stained with Hoechst 33342 (blue fluorescence). The control showed no red fluorescence.   

 

Upon reaching a certain size in vivo tumors develop a necrotic center and trigger 

neovascularization. Necrotic structures appear in tumor spheroids larger than 0.2 mm. 

Therefore, such in vitro models are only suitable to mimick the early developmental stages of 

the neoplasm. However, spheroids can generate vessel growth in vivo as neoplastic implants 

[42]. The CAM of the immunodeficient chick embryo represents an adequate host for such 

xenografts. Thus, implantation of tumor spheroids into the CAM at EDD7 leads to the growth 

of vascularized tumor nodules by EDD12. With the perspective of using nanoparticles as drug 

A B C 
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carriers for delivery of HAL to the lung, we monitored the tumor fluorescence on the CAM 

after deposition of HAL laden nanoparticles and compared the fluorescence induced by free 

HAL HCl. HAL laden nanoparticles successfully generated PPIX fluorescence (Fig. 5). 

However, it was comparable to the fluorescence induced with free HAL HCl. To improve 

nanoparticle redispersion we suspended the nanoparticles in a 20% PEG400 solution in water. 

The presence of the surfactant may have triggered a faster release of HAL.  

 

Fig. 5.  Fluorescence of A549 tumors implanted on the CAM of the chick embryo after topical 

application of HAL HCl laden nanoparticles (A) corresponding to 1 mM HAL and 1 mM free 

HAL (B). Fluorescence was monitored at time points 0, 1, 2, 4 and 20 hours. 

 

Conclusion 

From the results of our study we conclude that the aerosol flow reactor method is a suitable 

technique for the efficient nanoencapsulation HAL HCl and its lipophilic salts into polymeric 

nanoparticles. Nanoencapsulation decreased the cytotoxicity of HAL salts and allowed a 

sustained fluorescence induction in a T24 bladder carcinoma cell line. Lipophilization of 

HAL altered the in vitro drug release profile of nanoparticles; however, it had no influence on 

the sustained fluorescence generation on a T24 cell line. HAL HCl laden nanoparticles were 

at least as efficient as free HAL HCl when administered topically onto CAM-implanted A549 

tumor nodules. Therefore, they may serve as a potential tool to deliver photosensitizers to 

pulmonary neoplasms, while diminishing the fast lung clearance.  Future emphasis should 

also be put on the development of appropriate protocols for the re-suspension in aqueous 

media to explore the formulation for the intravenous application.  
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Supplementary Figures 
 

 
 

Fig. S1. 
1
H NMR spectra of HAL BUTBS, HAL HEXBS and HAL OCTBS. 
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Fig. S2. Examples of nanoparticle size distributions determined by differential mobility analysis 

(DMA) combined with a condensation particle counter (CPC) of A: unladen PLA nanoparticles and 

HAL BUTBS laden nanoparticles (mass loading 21.0%). 
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Fig. S3. Small scale release cell for in vitro drug release from polymeric nanoparticles. The 

cell is placed on a shaker during the drug release assay at 37°C. 200µL donor solution is 

placed in the Eppendorff cap and covered with a dialysis membrane before fitting the body of 

the Eppendorff vial on the cap. The body of  the Eppendorff vial is provided with two outlets 

made from cut-off syringe needles to allow filling of the vial body with the  receptor medium 

(2 mL PBS buffer) and sampling (lower outlet). The upper outlet ensures pressure 

equalization in the cell during sampling. The outlets are capped during incubation to prevent 

leakage of the release medium.  
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Fig. S4. GFP fluorescence over time of T24 cells incubated with 1(●), 0.5(■) and 0.25(▲)mM  

free and nanoencapsulated HAL salt, respectively. 
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PART B: Photodynamic Inactivation of Escherichia coli 

with a new Protoporphyrin IX generating Mechanism 

 

Annotation 

The discovery of penicillin by Alexander Fleming likely represents the greatest success story 

in the treatment of bacterial infections. It triggered the research on antibiotics into certain 

directions, while other antibacterial approaches fell into oblivion. Yet, the uncontrolled use of 

antibiotics resulted in a global situation, where the appearance of multiresistant clinical strains 

poses an increasing burden on antimicrobial strategies. Today, a number of formerly “last 

choice” antibiotics are no more effective. This is why research is urged to explore new 

concepts in antimicrobial therapy. It was already known in the pre-penicillin era that bacteria 

can be sensitized to obliteration by light. The modest development of resistance after repeated 

exposure to light turns out to be a major advantage in photodynamic inactivation (PDI) of 

bacteria. Consequently, PDI regained attention during the past two decades. 

Bacteria require iron for maintenance of their cellular metabolism. They developed various 

mechanisms to scavenge iron from their host, where heme represents an abundant source for 

the element. The group of Professor Cécile Wandersman at the Institut Pasteur, Paris, France, 

studies bacterial iron uptake mechanisms with regard to heme in particular. The group notably 

observed that certain Gram-negative bacteria internalize exogenous heme and subsequently 

extract iron from heme into the cytosol. 

The following two chapters describe the results of experiments that were conducted in 

collaboration with Professor Wandersman’s group. The first part presents the identification of 

a new mechanism for iron extraction from the tetrapyrrol backbone of heme resulting in the 

generation of PPIX in bacteria. The second part describes experiments challenging the system 

to photosensitization and the role of the TolC multidrug efflux pump in the export of PPIX 

from the cytosol.  
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Chapter 4. Bacteria capture Iron from Heme by keeping the 
Tetrapyrrol Skeleton intact 

 

Sylvie Létoffé1, Gesine Heuck2, Philippe Delepelaire1, Norbert Lange2, Cécile Wandersman1 

 

1 Unité des Membranes Bactériennes, Département de Microbiologie, Institut Pasteur, 75724 Paris Cedex 15 
France. CNRS URA 2172. 
 
2 Laboratory of Pharmaceutics and Biopharmaceutics, School of Pharmaceutical Sciences, University of Geneva, 
University of Lausanne, Quai Ernest Ansermet 30 1211 Genève 4, Switzerland. 

 

Published in: Proceedings of the National Academy of Sciences of the United States of 

America, 106 (28), 11719-11724, 2009  

ABSTRACT. Because heme is a major iron-containing molecule in vertebrates, the ability to 

use heme bound iron is a determining factor in successful infection by bacterial pathogens. 

Until today, all known enzymes performing iron extraction from heme did so through the 

rupture of the tetrapyrrol skeleton. Here, we identified 2 Escherichia coli paralogs, YfeX and 

EfeB, without any previously known physiological functions. YfeX and EfeB promote iron 

extraction from heme preserving the tetrapyrrol ring intact. This novel enzymatic reaction 

corresponds to the deferrochelation of the heme. YfeX and EfeB are the sole proteins able to 

provide iron from exogenous heme to E. coli. YfeX is located in the cytoplasm. EfeB is 

periplasmic and enables iron extraction from heme in the periplasm and iron uptake in the 

absence of any heme permease. YfeX and EfeB are widespread and highly conserved in 

bacteria. We propose that their physiological function is to retrieve iron from heme. 

Keywords: deferrochelation activity, Dyp peroxidase, heme iron extraction, new bacterial 
function, heme permease 
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Introduction 

Heme is ubiquitous, abundant and vitally necessary as a cofactor in oxidoreduction, and gas 

transport. Most microorganisms display a complete heme biosynthetic pathway, but are able 

to acquire the essential ferrous iron from exogenous heme [1]. Free heme or heme arising 

from hemoproteins is internalized intact and subsequently degraded in the cytosol.  

Various mechanisms for heme uptake have been identified in bacteria. They involve 

extracellular hemoproteins (hemophores) that capture heme and deliver it to bacteria [2] and 

cell surface receptors that bind heme, hemoproteins and/or hemophores. Surface receptors of 

Gram-positive bacteria are cell-wall-anchored proteins that scavenge heme from host 

hemoproteins and relay it to specific ABC transporters involved in heme internalization [3].  

Gram-negative bacterial surface receptors are outer membrane proteins that actively transport 

heme through this membrane. Although the Escherichia coli K12 laboratory strain is missing 

its own heme outer membrane receptor, it acquires the ability to use heme as an iron source 

owing to the expression of a foreign heme receptor such as the Serratia  marcescens HasR 

receptor. Once in the periplasm, heme is caught by heme permease which consist of a 

periplasmic heme binding protein and an ABC transporter sharing similarities with Gram-

positive heme ABC transporters [1]. An alternative heme permease has been identified in E. 

coli K12. It comprises the dipeptide ABC transporter DppBCDF functioning with 2 

interchangeable periplasmic peptide/heme binding proteins, either DppA or MppA [4]. 

In the cytoplasm, iron is extracted through the action of heme-degrading enzymes that cleave 

the tetrapyrrol ring. For this purpose, some bacteria use orthologs of the mammalian heme 

oxygenases (HO). This class of enzymes degrades heme into biliverdin, carbon monoxide 

(CO) and iron [5]. Furthermore, non-HO homolog heme degrading enzymes have been 

reported for some Gram-positive and Gram-negative bacteria [6-8]. Although heme 

degradation by this class of weakly similar enzymes has been confirmed by CO production, 

the precise nature of the resulting products remains controversial [9].  

However, genome BLAST searches fail to identify orthologs of any heme-degrading enzymes 

in many species including Shigella dysenteriae, Salmonella typhi, E. coli pathogenic strains, 

despite their ability to use heme as an iron source. This is also the case of the E. coli K12 

laboratory strain expressing a foreign heme receptor.  
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In this study, we identified two E.coli paralogs, YfeX and EfeB without previously known 

cellular functions that surprisingly release iron from heme without tetrapyrrol degradation, a 

novel enzymatic reaction corresponding to the deferrochelation of the heme.  

We demonstrate here the role of YfeX and EfeB in the recovery of exogenous heme iron.  

 

Methods 

Bacterial strains and plasmids 

E. coli K12 strains FB8 (wild type, F-) and FB827 (entF::Tn10), MG1655, JP313and C600 

are from laboratory collections. Strains JW2424 (yfeX::Km) and JW1004 (efeB ::Km) were 

obtained from the National BioResource Project (E. coli Hub) by means of the E. coli 

database “GenoBase” (http://ecoli.aist-nara.ac.jp/). E. coli O157:H7 EDL 933 was a gift of 

Dr. Le Bouguenec.  pAM238 and pBAD24 are from the laboratory collection.  

 

Media and growth conditions  

Hemin (> 90%, pure), bovine hemoglobin (Hb) and 2,2’dipyridyl (Dip) were obtained from 

Sigma. Protoporphyrin IX (PPIX), meso-heme and meso-protoporphyrin (MPPIX) were 

purchased from Frontier Scientific. 

Bacteria were grown aerobically at 37°C in LB medium, in M63 or in M63 without added 

iron salt (M63*). All minimal media were supplemented with 0.4% glucose (glu) or glycerol 

(gly). For arabinose induction, 0.2% L-arabinose (ara) was added to induce the pBAD24 

promoter. When required, Dip was added to a final concentration of 80 µM to M63*. 

Antibiotics were added at the usual concentrations for E. coli. Dip and ara inducer 

concentrations are not indicated in the text.  

Growth promotion assays were done as described in ref [29]. 
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Genetic and molecular biology techniques were done by standard methods 

The double Δ yfeX efeB ::Km mutant  was constructed  by P1 transduction after yfeX ::Km 

excision by specific recombination mediated by FLP recombinase encoded by the pCP20 

plasmid. Verification of the Km cassette excision was done by PCR.  

MG1655 chromosomal DNA fragments partially digested with Sau3A were ligated into 

pBAD24 plasmid and introduced into strain C600. The transformed cells were plated on LB 

Amp, Ara agar to induce the pBAD promoter. The plasmid DNA inserts conferring the 

screened phenotype were sequenced to identify the cloned gene. 

 

Plasmid constructions  

Plasmids carrying efeB from E. coli K12 and efeUOB from E. coli 0157:H7 were constructed 

by amplification of MG1655 genomic DNA and E. coli O157:H7, respectively, using 

complementary oligonucleotides (sequences available on demand). Amplified fragments were 

inserted into pBAD24. In-phase efeO deletion was performed using the quick-change site-

directed mutagenesis kit Stratagene with complementary oligonucleotides (sequences 

available on demand). Amplified mutant and wild type genes were checked by DNA 

sequencing.  

The NdeI-XhoI 700 bp DNA fragment carrying the P. aeruginosa  pigA gene in PET21 

plasmid was purified and cloned into pBAD 24 digested with XbaI-SalI. 

 

Membrane and soluble fraction preparations  

Cultures of JP313 (pBAD24-yfeX) and JP313 (pBAD24-efeB) were grown overnight at 30°C 

in M63 Gly Ara medium. Cells were harvested by centrifugation for 15 minutes at 8 000 x g 

at 4°C. Each cell pellet was resuspended in Bug Buster buffer (Novagen) for a concentration 

of 1 g of bacterial dry weight in 5mL of buffer (100 OD 600 /ml). The mixtures were incubated 

30 minutes at room temperature to lyse the cells and centrifuged again for 10 min at 10 000 x 

g at 4°C. Supernatants contained the soluble fractions (cytoplasm + periplasm), and the pellet 
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contained all membranes. The soluble fractions were dialyzed overnight against 50 mM 

Tris·HCl, pH8, at 4°C. 

 

Porphyrin extraction procedure, HPLC separation and mass determination by mass 

spectrometry  

Quantitative extraction of porphyrins from soluble fractions, membrane pellets and whole cell 

pellets was achieved by adding 300 μl of extraction solvent (ethanol/DMSO/acetic acid; 

80/20/1; v/v/v) to 200 μl of soluble fraction and 1 ml of extraction solvent to the membrane, 

respectively. Samples were subjected to 5 sonication cycles of 5 seconds at 0°C, amplitude 

10% using a sonicator probe (Branson Digital Sonifier). The samples were subsequently 

centrifuged at 12 500 x g for 5 minutes and the porphyrin containing supernatant was used for 

subsequent HPLC analysis. Re-extraction of the samples was performed until no further 

fluorescence of the extract could be observed under UV light (excitation wavelength: 405 nm, 

lamp: Karl Storz endoscope).  

Porphyrin separation was achieved as described before [10] and detailed procedures are given 

in the legend of Fig. S2.  

 

YfeX and EfeB activities in soluble fractions 

Time course studies of PPIX formation were performed with 200 µL samples of soluble 

fractions of JP313 (pBAD24-yfeX), JP313 (pBAD24-efeB) JP313 (pBAD24) cell cultures 

resuspended for an OD600 of 20. Reactions were initiated by the addition of either 50 µM 

hemin or meso-heme, or buffer alone to the samples and incubation at room temperature. At 

times t = 0, t = 5 min, t = 10 min, t = 20 min, t = 30 min, t= 60 min, total porphyrins in the 

samples were extracted by the addition of 300 μl of extraction solvent (ethanol/DMSO/acetic 

acid; 80/20/1; v/v/v) and analyzed by HPLC. 
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YfeX purification 

A 1 ml sample of C600 (pBAD24-yfeX) soluble fraction was incubated with hemin 50 µM or 

without hemin at room temperature for 30 min. After centrifugation for 5 min at 10 000 x g to 

discard aggregates, the mixtures were loaded on anion exchange chromatography (mono Q) 

pre-equilibrated with 50 mM Tris-HCl pH 8. Elution was performed with a 0 to 1 M NaCl 

gradient in the same buffer. Fractions were collected and their YfeX content and purity 

evaluated by SDS-PAGE. Purified YfeX with an apparent molecular weight of 33 kDa was 

eluted into 2 fractions with different UV/visible absorption spectra. One fraction had only a 

280 nm protein absorption peak which corresponded to apo-YfeX. The N-terminal amino acid 

sequence was determined by the « Plateforme d’Analyse et de Microséquence des Protéines » 

of the Institut Pasteur. It corresponded to the N-terminus of YfeX: SQVQSG. Apo-YfeX was 

used in the binding experiments. YfeX H215A was purified following the same protocol. 

  

YfeX binding studies  

PPIX and hemin binding studies were carried out at room temperature. ApoYfeX was in Tris-

HCl 50 mM pH 8. Concentration was evaluated from absorbance at 277 nm with a calculated 

ε = 32, 500 M-1 cm-1. Apo-YfeX was diluted to 1 µM, a concentration which gives a 

measurable signal. Hemin and PPIX solutions were diluted in Tris-HCl 50 mM pH 8 for a 20 

µM final. Aliquots of 1 to 5 µl of either hemin or PPIX were successively added to cell 

containing 1 ml of the apoprotein. This corresponds to PPIX or hemin range of final 

concentrations from 100 nM up to 1.5 µM for hemin and 100 nM up to 2.5 µM for PPIX. 

Absorption spectra were recorded 5 minutes after each hemin or PPIX addition in a 0.2-1 cm 

path length cells on a Beckman DU 800 spectrophotometer and were followed by measuring 

the absorbance from 250 nm to 700 nm. Absorbances at the Soret bands (404 nm for hemin 

and 407 nm for PPIX) were reported as a function of hemin and protoporphyrin IX 

concentration, corrected for the absorbance of free heme and PPIX.  

To determine the Kd for hemin and PPIX, titration curves could be fitted according to a one-

site binding model using FitP software. Heme and PPIX binding to apo-YfeX were done 

following the same protocol. 
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Results 

Isolation of E. coli genes potentially involved in heme degradation 

E. coli features no orthologs of known heme-degrading enzymes. Yet E. coli K12 expressing 

a heterologous heme outer membrane receptor such as the S. marcescens HasR receptor, in 

combination with its native heme/ dipeptide inner membrane permease DppABCDF, is able 

to use exogenous heme as an iron source. We therefore hypothesized that it might be 

equipped with enzyme(s) displaying iron capturing activity. We developed a screening 

method based on the fluorescence properties of heme metabolites in order to find such 

enzymes [11, 12]. A strain expressing P. aeruginosa heme oxygenase (PigA) was used as a 

positive control. C600 (pBAD24-PigA) colonies could be easily distinguished from colonies 

carrying the empty vector pBAD24 on LB ara plates by their color and by their fluorescence 

under near-UV light irradiation (405 nm). A genomic library of E. coli K12 MG1655 in 

pBAD24 was screened for its ability to confer such a phenotype upon strain C600 on LB Ara 

plates. Out of the 100,000 clones screened, one recombinant plasmid, carrying the yfeX gene 

was responsible for a bright red fluorescent colony phenotype. YfeX is a protein of unknown 

function belonging to the family of dye-decolorizing peroxidases (Dyp-peroxidase) identified 

in fungi [13]. E. coli has another protein belonging to the Dyp family, EfeB [14]. Both 

proteins, YfeX and EfeB share only a low level of sequence similarity and are thus distantly 

related paralogs. The E. coli K12 MG1655 efeB gene was cloned into pBAD24. Strain C600 

(pBAD24-efeB) also gave rise to fluorescent colonies upon arabinose induction. Additionally, 

bacterial cell cultures expressing either PigA, YfeX or EfeB showed differing colours under 

visible light. The strain expressing PigA was dark green, whereas strains expressing either 

YfeX or EfeB were coloured red (supporting information (SI) Fig. S1). The fluorescence as 

well as the red color is characteristic of strains accumulating porphyrins. 

 

The major fluorescent compound produced by strains overexpressing YfeX or EfeB is 

protoporphyrin IX (PPIX) 

To determine the chemical nature of compounds accumulated by strains overexpressing either 

YfeX or EfeB, intracellular porphyrins of cell soluble fractions of these strains incubated 

without addition of exogenous hemin were extracted and separated by fluorescence-based 

HPLC. Using naturally occurring porphyrins as standards, the main peak of the cell extracts  
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Fig. 1. PPIX concentrations in cell soluble fractions incubated with and without hemin. 

Soluble fractions of JP313 carrying pBAD24 (empty vector), pBAD24-yfex, pBAD24-efeB 

cultures were prepared as described in Methods. Porphyrin concentrations were normalized 

to represent the porphyrin amount in cell lysates corresponding to a bacterial suspension 

with an optical density of 100 at 600 nm (OD600 100). A: PPIX concentrations in cell lysates 

incubated at room temperature for 0 min (white bars) and 60 min (grey bars) without or with 

addition of hemin at a final concentration of 50 µM. (1) JP313 (pBAD24) incubation without 

added hemin, (2) JP313 (pBAD24) incubation with added hemin; (3) JP313 (pBAD24-efeB) 

incubation without added hemin; (4) JP313 (pBAD24-efeB) incubation with added hemin; (5) 

JP313 (pBAD24-yfeX) incubation without added hemin; (6) JP313 (pBAD24-yfeX) incubation 

with added hemin. B: Time dependent PPIX formation in the same cell lysates as in A, after 

incubation with added hemin (50 µM). PPIX concentration was measured over time with the 

starting point at hemin addition to cell soluble fraction of the following strains: JP313 

(pBAD24) (►), JP313 (pBAD24-efeB) (▲) and JP313 (pBAD24-yfeX) (■). The data points 

represent the means of duplicate experiments and the error bars represent the standard 

deviation. 

 

eluted at the same time as PPIX. Mass spectrometry confirmed that the chemical nature of this 

compound was PPIX (Fig. S2 A and B). Both strains contained large amounts of PPIX (3 and 

10 times higher than the control strain, respectively) (Fig. 1A, lanes 1, 3, 5).Besides a very 

low level of coproporphyrin (COP) III, no other pigments including biliverdin were found 

neither in pellets nor soluble fractions of cells overexpressing YfeX or EfeB. Thus, strains 
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overproducing either YfeX or EfeB accumulated PPIX, which was presumably formed from 

intracellular heme.  
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Fig. 2. PPIX and MPPIX concentration in cell soluble fractions incubated with and without 

meso-heme. The procedures are the same as in Fig. 1. A: MPPIX concentrations in cell 

lysates incubated at room temperature for 0 min (white bars) and 60 min (grey bars) without 

or with meso-heme addition at a final concentration of 50 µM. (1) JP313 (pBAD24) 

incubation without meso-heme; (2) JP313 (pBAD24) incubation with meso-heme; (3) JP313 

(pBAD24-efeB) incubation without meso-heme; (4) JP313 (pBAD24-efeB) incubation with 

meso-heme; (5) JP313 (pBAD24-yfeX) incubation without meso-heme; (6) JP313 (pBAD24-

yfeX) incubation with meso-heme. No MPPIX was detected at t=0 in either of the samples. B: 

MPPIX and PPIX production as a function of time in the same cell lysates as in A, after meso-

heme (50 µM) addtion. PPIX (solid symbols) and MPPIX (open symbols). Concentrations 

were measured over time with the starting point at meso-heme addition to cell soluble 

fractions of the following strains: JP313 (pBAD24) (►), JP313 (pBAD24-efeB) (▲) and 

JP313 (pBAD24-yfeX) (■). The data points represent the mean and the error bars represent 

the standard deviation.  

 

Exogenous heme and meso-heme are converted to PPIX and meso-PPIX (MPPIX) by cell 
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We hypothesized that PPIX could also be formed from exogenous heme upon the action of 
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fractions and incubated for 60 minutes. PPIX concentration increased over the incubation 

time only in extracts from YfeX or EfeB overproducing cells (Fig. 1A lane 2, 4, 6). The 

respective PPIX accumulation time profiles show a steady increase of PPIX during the first 30 

minutes of incubation and a plateau (Fig. 1B) for longer incubation times. This strongly 

suggests that exogenous heme was transformed into PPIX under the action of these 2 proteins.  

To further demonstrate that YfeX and EfeB have an effect on PPIX formation from 

exogenous sources, we used a nonnaturally occurring heme, meso-heme, as substrate that is 

not produced by bacterial heme biosynthesis [15]. Standard PPIX and meso-PPIX (MPPIX) 

could be separated by fluorescence-based HPLC (Fig. S3 A-C). Meso-heme (50 µM) or 

buffer was added at room temperature to soluble cell fractions of the control strain or strains 

overproducing YfeX and EfeB, respectively, and accumulation of MPPIX and PPIX was 

monitored as a function of time after extraction from cell lysates and separation by 

fluorescence based HPLC (Fig. S3D). No detectable amount of MPPIX was found in the 

absence of meso-heme as substrate, confirming that MPPIX is not a natural byproduct of the 

heme biosynthesis (Fig. 2A, lane 1, 3, 5). However, in the presence of meso-heme, in soluble 

cell fractions of strains expressing either YfeX or EfeB but not of the control strain (Fig. 2A, 

lanes 2, 4, 6), a steadily increasing accumulation of MPPIX over 30 minutes of incubation 

passing into a plateau was observed thereafter (Fig. 2B). At the plateau, 8 to 30 times more 

MPPIX accumulated in strains overexpressing EfeB and YfeX, respectively, than in the 

control strain (Fig. 2B). We also measured PPIX accumulation in the cell lysates incubated 

with meso-heme (Fig. 2B). PPIX as well as COPIII levels remained unchanged upon addition 

of meso-heme, indicating that meso-heme does not impair the natural heme biosynthetic 

pathway. Thus YfeX and EfeB are involved in the conversion of exogenous heme into PPIX 

and are expected to bind heme and PPIX. We tested this hypothesis on purified YfeX.  

 

YfeX binds heme and PPIX in vitro 

Addition of PPIX or hemin to purified apo-YfeX (Fig. S4) led to different Soret band at 407 

nm for PPIX and 404 nm for hemin and very distinctive features in the 450-800 nm part of the 

spectra. (Fig. S5 A and B).  Hemin and PPIX affinities to apo-YfeX (1 µM) were measured 

by monitoring the Soret bands with absorption spectroscopy. Titration curves shown in Fig. 

SA and B indicate that YfeX interacts with both, hemin and PPIX at a molar ratio of 1 and 
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with a Kd of 3.9 ± 1.6 nM for hemin and of 4.8 ± 2.8 nM for PPIX. Unexpectedly, the 

saturation curve presents a slightly sigmoidal shape for PPIX titration that might indicate a 

cooperative effect that was not further investigated.  

PPIX loaded YfeX was incubated with an excess of heme for 2 h. After elimination of 

unbound tetrapyrrols, UV-visible spectra showed a hemin loaded profile, demonstrating that 

hemin displaced PPIX from YfeX (Fig. S5C).  

Dyp peroxydase structural and sequence comparisons have revealed the conservation of the 

residues surrounding heme, including the histidine axial iron ligand [13]. Structure modeling 

of YfeX identified H215 as the corresponding iron binding histidine residue in YfeX (Fig. 

S7). After mutation to alanine, intracellular porphyrins of the cell soluble fraction of the strain 

overexpressing YfeXH215 were extracted and analyzed as described above. The observed basal 

porphyrin level was similar to that of the control strain carrying the empty vector (Fig. S2C). 

Subsequently, the YfeXH215A mutant protein was produced in amounts similar to the wild type 

protein. It was stable and purified according to the protocol for wild type YfeX (Fig. S4). As 

expected, the affinity for hemin was strongly reduced and more surprisingly, PPIX binding as 

well with a Kd higher than 10-5 M (data not shown), suggesting that heme and PPIX at least 

partially share a common ligand pocket.  

 

YfeX is loaded with PPIX in vivo 

In addition to the apo-YfeX fraction used in the experiments described above, we were able to 

collect a second YfeX containing fraction during YfeX purification that exhibited an 

absorption peak at 407 nm. YfeX containing fractions were purified from cell lysates 

incubated with or without hemin for 30 minutes at room temperature. After incubation with 

hemin, the apoprotein fraction decreased with a concomittent increase of the fluorescent 

fraction. HPLC separation of the pigments bound to the YfeX fluorescent fraction showed 

that Yfex was loaded with PPIX (Fig. 3). These results indicate that PPIX produced from 

hemin through the action of YfeX partly remains bound to YfeX.  
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Fig. 3. PPIX binding to YfeX in vivo. The fluorescent YfeX fraction was purified from C600 

(pBAD 24-yfex) cell lysates incubated with and without hemin (50 µM) for 30 minutes at 

room temperature by anion exchange chromatography and exhibited an absorption peak at 

406 nm. Pigments bound to the pure protein were extracted, separated by HPLC and 

identified as described in the legend of Fig. S2. The peak at 60.3 minutes corresponds to 

PPIX. The dotted line corresponds to purification cell lysate without added hemin. The solid 

line corresponds to purification of cell lysate with added hemin.  

 

YfeX and EfeB are required for exogenous heme iron acquisition 

Taken together, our in vitro results indicate that YfeX and EfeB are PPIX and heme binding 

proteins and that they are involved in the heme transformation into PPIX. To test whether the 

activity is related to the use of exogenous heme as an iron source, the yfeX and efeB genes 

replaced by a Km cassette were transduced into strain FB827 (pAM238-hasR). This strain 

lacks enterobactin, the major E. coli siderophore, and owing to HasR is able to acquire 

exogenous heme. The strains were tested for growth on minimal iron chelated plates (M63* 

Gly Ara Dip) around wells containing various hemoglobin concentrations. Both FB827 

yfeX ::Km (pAM238-hasR) and FB827 efeB ::Km (pAM238-hasR) grew less efficiently than 

the wild type strain around the hemoglobin-containing wells: significant growth was only 

observed around wells containing 50 µM hemoglobin, whereas the wild type FB827 

(pAM238-hasR) strain still formed a significant growth halo around wells containing a fifty-

times-lower hemoglobin concentration of 1 µM (Table 1 and Fig. S8). The double mutant 

FB827 ∆ yfeX efeB ::Km (pAM238-hasR) was unable to grow around the hemoglobin-

containing wells at any tested concentration (Table 1). This demonstrates that the 2 proteins 
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are the sole proteins able to retrieve iron from heme. It also suggests that the 2 YfeX and 

EfeB paralogs fulfill similar functions in heme iron utilization.  

 

YfeX and EfeB can complement each other and both are complemented by the P. 

aeruginosa heme oxygenase PigA  

To test whether yfeX and efeB can complement each other, FB827 (pAM238-hasR) carrying 

either yfeX or efeB mutations was transformed with either pBAD24-yfeX or pBAD24-efeB. 

Each mutant having a defect in heme iron acquisition, this was fully complemented by 

overexpressing the corresponding wild type allele or the wild type paralog (Table 1). This 

intergenic complementation demonstrated that the 2 genes yfeX and efeB have at least 

partially redundant functions. The pBAD24-yfeX H215A expressing the mutated YfeX protein 

affected in heme and PPIX binding did not complement the yfeX mutation (Table 1). Addition 

of iron instead of hemoglobin (FeCl3 or FeSO4 0.1 mM) to the wells restored growth of all 3 

mutants (the 2 single and the double yfeX efeB ::Km) (data not shown).  

Expression of (pBAD24-PigA) in FB827 yfeX ::Km (pAM238-hasR) and FB827 efeB ::Km 

(pAM238-hasR) mutants fully restored the ability of the strain to grow around hemoglobin-

containing wells (Table 1). The complementation for heme-iron use by a gene encoding heme 

oxygenase strongly suggests that YfeX and EfeB are involved in intracellular iron release 

from heme. 

 

Inactivation of Dpp permease abolishes heme iron acquisition in the E. coli K12 strain 

overexpressing either YfeX or EfeB 

EfeB is exported to the periplasm via the twin arginine translocation system (TAT) [14]. The 

periplasmic localization of EfeB suggests that it could retrieve iron from heme in that cellular 

compartment. Periplasmic iron released from heme would be picked up by inner membrane 

iron transporters such as Feo or Fec [16]. However, we have shown previously that Dpp 

permease is essential for heme iron transport, suggesting that only cytoplasmic heme can 

provide iron [4]. Nevertheless, this was not done in conditions of overexpression of YfeX or 

EfeB. To address this question, FB827 dppF::Km (pAM238-hasR) was transformed with 

either pBAD24-yfeX or pBAD24-efeB. Overproduction of these proteins failed to restore 
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wild type growth on M63* Gly Ara Dip plates around wells containing hemoglobin (Table 1). 

Thus, in E. coli K12, despite a periplasmic localization of EfeB, only cytoplasmic heme was 

able to provide iron, suggesting that EfeB is at least partly active in the cytoplasm.  

 

Tab. 1. yfeX and efeB role in heme-iron acquisition. The relevant chromosomal mutations 

carried by strain FB827 (pAM-hasR) and the plasmid-borne complementing genes carried on 

pBAD 24 are indicated in the first column. Cultures of strain FB827 (pAM 238-hasR) 

carrying the various mutations and plasmids were grown in M63 Gly media at 37°C to an 

OD600 of 1, and 100 µl aliquots were mixed with 3.5 ml of M63* soft agar 0.7% and poured 

onto M63* Dip plates containing 100 µM Dip to chelate any residual iron and 0.02% L-

arabinose to induce the pBAD24-encoded genes. Aliquots of 50 µl of bovine hemoglobin at 

various concentrations were provided in wells punched in the solidified agar. Plates were 

incubated for 48h at 37°C and the growth halo radius around the wells was measured. All 

experiments were reproduced 3 times. The second column indicates the various strain growth 

around wells containing various Hb concentrations. The plates were incubated 48 h at 37°C, 

and the radius of the growth around wells was measured. +++, radius of 10 mm; ++, radius 

of 6 mm; +, radius of 2 mm; -, no growth around the wells. All experiments were repeated 3 

times. 

Strain FB827 (pAM-hasR) carrying the 

relevant mutation and/ or plasmids 

Growth on M63* Dip  

around wells containing Hb (mM): 

50 10 5 1 

none +++ ++ + + 

yfeX ::Km + +/- - - 

efeB::Km + +/- - - 

D yfeX efeB ::Km - - - - 

yfeX ::Km pBAD 24-yfeX  +++ ++ + + 

yfeX ::Km pBAD 24- efeB +++ ++ + + 

yfeX ::Km pBAD 24-pigA +++ ++ + + 

efeB::Km pBAD 24-efeB +++ ++ + + 

efeB::Km pBAD 24-yfeX +++ ++ + + 

efeB::Km pBAD 24-pigA +++ ++ + + 

dppF ::Km pBAD 24 - - - - 

dppF ::Km pBAD 24- efeB - - - - 

dppF ::Km pBAD 24- yfeX - - - - 

dppF ::Km pBAD24-efeUOBO157:H7 +++ ++ + + 

dppF ::Km pBAD24-efeUBO157:H7 - - - - 
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The efeUOB operon of E. coli O157:H7 allows heme iron acquisition in the dppF mutant 

efeB belongs to the iron-regulated efeUOB operon involved in Fe2+ uptake under acidic 

conditions [17]. EfeU is homologous to the zeast high affinity iron permease Frtp1 [17, 18]. 

This iron uptake system is defective in E. coli K12 due to a frameshift mutation interrupting 

the efeU reading frame after amino acid 37 [18]. Unlike E. coli K12, many other E. coli 

strains, such as enterohemorrhagic O157:H7, have an intact efeU sequence and their efeUOB 

genes expressed in E. coli K12 stimulate iron uptake. All 3 genes were also shown to be 

necessary for Fe2+ uptake [17]. We tested whether expression of a non-mutated efeUOB 

operon would allow heme-iron acquisition from the periplasm, i.e. in the absence of the Dpp 

permease. efeUOB genes of E coli O157 ::H7 were amplified and cloned into pBAD24. While 

FB827 dppF::Km (pAM238-hasR) (pBAD24) could not grow around the hemoglobin-

containing wells (Table 1), FB827 dppF::Km (pAM238-hasR) (pBAD24-efeUOBO157 :H7)) 

was able to use heme iron as well as the wild type strain. Thus, O157 :H7 efeUOB genes were 

epistatic over the dppF mutation for heme-iron utilization. The in-frame deletion of efeO was 

constructed and the corresponding plasmid was tested for heme-iron acquisition. FB827 

dppF::Km (pAM238-hasR) (pBAD24-efeUBO157 :H7)) could not grow around the hemoglobin-

containing wells (Table 1). These results indicate that iron can be extracted from heme in the 

periplasm by EfeB and that EfeU and EfeO proteins are required for iron internalization.  

 

Discussion 

To identify new bacterial proteins involved in iron extraction from heme, we developed a 

screening method based on the fluorescent properties of tetrapyrrol molecules lacking their 

iron. We succeeded in finding 2 such E. coli paralogs, YfeX and EfeB. Either protein, when 

overexpressed, promotes the accumulation of PPIX, an intermediate in the heme biosynthetic 

pathway. This could be the result of a higher heme biosynthetic activity due to a reduced 

intracellular heme pool [19, 20]. To challenge this hypothesis, YfeX and EfeB activities were 

tested with meso-heme, a non-natural porphyrin. Exogenously added meso-heme is converted 

into meso-PPIX by YfeX or EfeB producing cell extracts. Thus, unambiguously, the 

increased PPIX pool is issued from the YfeX and EfeB activities on the exogenous heme. 

YfeX binds both heme and PPIX with a stoichiometry of one for each and with comparable 

affinities for heme and for PPIX. We found a displacement of PPIX by heme, suggesting that 
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they bind to the same or overlapping sites. Moreover, the effect of the YfeX H215A mutation 

on both heme and PPIX affinities for YfeX also indicates that PPIX and heme share a 

common binding site. Spectroscopic analysis of pigments which are in vivo bound to YfeX 

before purification showed that part of the protein is loaded with PPIX and that incubation 

with heme strongly increases the PPIX loaded protein.  

Although YfeX is involved in heme conversion into PPIX in cell lysates, the conversion of 

heme into PPIX was not observed with purified YfeX protein. It is likely that the reaction 

requires a cofactor which is not present on the purified protein.  

Our genetic data on the E coli K12 strain, which has been made competent for heme uptake 

by the expression of the heme outer membrane HasR, show experimental evidence that the 

yfeX, efeB double mutant is unable to use heme as an external iron source and thus 

unquestionably establish that YfeX and EfeB are the sole proteins that can provide heme-iron 

to E coli K12. Each single yfeX or efeB gene deletion mutant has a partial defect in using 

heme as an exogenous iron source, indicating that the corresponding proteins have limiting 

activities when chromosomally encoded and that they might have complementary functions. 

In addition, when plasmid encoded, YfeX and EfeB fully complement the deletion of the 

other gene. Thus, YfeX and EfeB have at least partially redundant functions and can function 

independently from each other.  

YfeX is cytoplasmic, wheras EfeB which has a double arginine signal peptide is exported to 

the periplasm [14]. How can proteins that belong to different cellular compartments 

complement each other? One reason for such complementation could be that iron produced in 

the periplasm by EfeB is transported to the cytoplasm by an inner membrane iron transporter. 

This is not the case in E. coli K12, because inactivation of the DppABCDF heme permease 

prevents heme iron acquisition showing that only cytoplasmic heme is an iron source. As a 

matter of fact, the aerobic iron permease EfeU, encoded by the efeUOB operon is 

nonfunctional in E. coli K12 owing to a frame shift mutation. Unlike E. coli K12, many other 

E. coli strains, such as the enterohemorhagic O157:H7, have an intact efeU sequence [17]. 

When the complete efeUOB operon of E. coli O157:H7 is provided to E. coli K12, it allows 

heme iron acquisition from the periplasm, i.e. in the absence of the DppABCDF heme 

permease. All 3 genes are necessary for heme iron acquisition in the absence of the heme 

permease. Consistent with its role in providing iron from heme, the efeUOB operon is induced 

in iron restricted conditions and is not cryptic in E. coli strains having heme receptor genes.  
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To explain the EfeB activity in E. coli K12 in the absence of iron transport, it is more likely 

that some EfeB is active in the cytoplasm. EfeB is translocated by the TAT system, a pathway 

dedicated to prefolded proteins, some of which carrying a cofactor. EfeB binds heme in the 

cytoplasm and the mature heme loaded protein is detected in the cytoplasm [14]. This 

cytoplasmic form is likely to be active in heme-iron extraction.  

Taken together, our data indicate that YfeX and EfeB are capable of extracting iron from 

heme while preserving the protoporphyrin ring intact, an enzymatic reaction which has not 

been previously described and which corresponds to a demetallation of heme. In some cases, 

ferrochelatases from meat [21] and from Haemophilus influenzae [22] have been shown to 

catalyze the reverse reaction in vitro in the presence of reductants. However, YfeX and EfeB 

do not have significant sequence similarities to any known ferrochelatase and thus most likely 

have evolved separately to achieve the reaction by a mechanism distinct from ferrochelatases. 

The new enzymatic activity described here is referred to as deferrochelation activity. 

YfeX and EfeB belong to the Dyp peroxidase family which differ from other peroxidases in 

their fold and their heme ligands. Many hemoproteins including hemoglobin have been shown 

to have peroxidase activity in the presence of peroxide [23]. This in vitro peroxidase activity 

of the Dyp proteins may not correspond to their physiological activity. The molecular 

mechanism allowing iron extraction from heme is presently unknown. Spontaneously, iron is 

removed from heme by treatment with HCl [24]. The enzymatic reaction could involve a 

distortion of the tetrapyrrol ring, as it is achieved by ferrochelatase during metal insertion 

[25]. However, in the heme-TyrA structure (a YfeX ortholog), the protoporphyrin ring is 

plane [26].  

YfeX and EfeB proteins are widespread and highly conserved in Gram-positive and Gram-

negative bacteria. We propose that deferrochelation activity represents their physiological 

function, enabling heme-iron acquisition without heme internalization in the case of EfeB 

orthologs and without production of CO, an antibacterial gas.  

On the other hand, the 2 proteins are absent in higher eukaryotic organisms, making them 

potential targets for new antibacterial drugs, especially since there is growing evidence that 

heme utilization systems are required for bacterial virulence.  
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Supplementary Figures 

 

          
Fig. S1. Cell pellet coloration of strains JP313 carrying the  indicated plasmids.  JP313 cells 

carrying the indicated plasmids were grown overnight at 37°C in LB Ara and were harvested 

by centrifugation. Cells were photographed under visible light. 

pBAD24     pBAD24-yfeX   pBAD24-pigA  pBAD24-efeB 
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 Fig. S2. Fluorescence spectroscopy chromatograms of porphyrins and PPIX chemical nature 

confirmed by mass spectrometry. Porphyrin separation was achieved with a 125/4 Nucleodur 

C18 gravity 3 μm column (Macherey-Nagel) and a corresponding pre-column using a 

LaChrom chromatographic system (Merck). An elution gradient was run over 70 min with 

solvent A (acetate buffer pH5.1, 0.5 M/acetonitrile; 90:10; v/v) and solvent B 

(methanol/acetonitrile; 90:10; v/v). The flow rate was 1 ml/min. Porphyrins were detected at 

an excitation wavelength of 405 nm and emission wavelength of 620 nm by means of a 

LaChrom L-7480 fluorescence detector (Merck). Peak identification was accomplished with 

help of a porphyrin standard solution purchased from Frontier Scientific. Retention times of 

the respective porphyrins were as follows: Uroporphyrin I (7.6 min) and III (8.2 min; linear 

range (LR) = 0-2 μM), 7-carboxyporphyrin (7-CP; 13.5 min; LR= 0-2 μM), 6-

carboxyporphyrin (6-CP, 20.2 min; LR= 0-2 μM), 5-carboxyporphyrin (26.7 min; LR= 0-2 

μM), COPI (32.1 min; LR= 0-2 μM), COPIII (34.2 min; LR= 0-2 μM), PPIX (59.5 min; LR= 

0-1.5 μM).  

For mass spectrometry the flow was split in a 1:9 ratio. Data was obtained in positive ion 

mode over a mass range of /m/z/ 400-650, using a Finnigan LCQ ion trap spectrometer (San 
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Jose, CA, USA) equipped with a Finnigan ESI source. The system was controlled by X-

Calibur version 1.3 software. Capillary temperature and voltage were 300°C and 3.7 V, 

respectively. In source collision-induced dissociation of 10 eV was used. Nitrogen as 

nebulisation gas was maintained at a pressure of 50 psi. A: Fluorescence chromatogram of 

porphyrin standards with uroporphyrin I and III (i+ii), 7-CP (iii) 6-CP (iv), 5-CP (v), COPI 

(vi), COPIII (vii), 3-CP (viii) and PPIX (ix). B: Analysis of pigments present in the cell lysate 

of JP313 (pBAD24-yfeX) with a peak at 59,5 minute corresponding to PPIX;. inset: mass 

spectrum of PPIX extracted from cell lysate of C600 (pBAD24-yfeX). C: Analysis of pigments 

present in the cell lysate of JP313 (pBAD24-yfeX H215A). 
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Fig. S3. HPLC fluorescence spectroscopy chromatograms of MPPIX and PPIX. A: mixture of 

MPPIX and PPIX standards; B: MPPIX standard; C: PPIX standard; D: soluble fraction 

extract from JP313 (pBAD-yfeX) cell lysate incubated with meso-heme for 60 minutes. 

Porphyrins were eluted with a gradient resulting in retention times of 56.5 (± 0.5) and 60.3 

(±0.5) minutes for MPPIX and PPIX, respectively. 
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Fig. S4. Purification of YfeX and YfeX H215A proteins. SDS /PAGE analysis of whole cell 

extract of C600 (pBAD24-yfeX) and C600 (pBAD24-yfeX H215A) and of purified YfeX wild type 

and mutant proteins. (M) molecular weight markers in kDa ; (1) concentrated soluble fraction 

of  C600 (pBAD24-yfeX);( 2) purified YfeX protein. (The N-terminal sequence was 

determined as SQVQSG corresponding to the YfeX ORF); (3) concentrated soluble fraction of 

C600 (pBAD24-yfeX H215A); (4) purified YfeX H215A protein.  
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Fig. S5. UV- visible spectra of hemin or PPIX bound to YfeX and displacement of PPIX by 

hemin. Hemin was dissolved in 0.1 M NaOH. PPIX was dissolved in DMSO. Heme and PPIX 

solutions were added at a final concentration of 20 µM to apo-YfeX (in Tris-HCl 50 mM pH 

8) at 1 µM concentration. Unbound hemin or PPIX were eliminated by gel filtration after 20 

min incubation at room temperature. Absorption spectra were recorded on a Beckman DU 

800 spectrophotometer and were followed by measuring the absorbance from 250 nm to 700 

nm. For PPIX displacement by hemin, pure apo-YfeX (1 µM) was first incubated with PPIX 

(20 µM) for 20 min and then with hemin (50 µM). After 2 more hours of incubation, the 

unbound tetrapyrroles were eliminated by gel filtration. A: PPIX absorption spectroscopy; B: 

hemin absorption spectroscopy; C: PPIX displacement by hemin. 
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Fig. S6. Spectroscopic measure of PPIX and hemin binding to apo-YfeX. A: 1 to 5 µl aliquots 

of hemin (20 µM) were successively added to 1 ml of apo-YfeX. Absorbance at the Soret band 

(404 nm) was reported versus hemin concentration. B: 1 to 5 µl aliquots of PPIX solution (20 

µM) were successively added to 1 ml of apo-YfeX (1µM). Absorbance at the Soret band (407 

nm) was reported versus PPIX concentration, corrected for absorbance of free PPIX at the 

same concentration. 

A 

B 
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Fig. S7. TyrA and YfeX sequence alignment and structural comparison. A: ClustalW TyrA and 

YfeX sequence alignment. The heme pocket residues are in red. The conserved histidine iron 

axial ligand is underlined. B: (Left) crystal structure of TyrA/heme complex from Shewanella 

oneidensa; (Right) Swiss-modeling of YfeX using x-ray TyrA 3D structure as a template. 

 
 
 
 
 
 
 

Fig. S8. Example of the heme iron acquisition plates. Petri dishes containing the indicated 

strains were photographed after 48h incubation at 37°C. 
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ABSTRACT. Drug resistance of bacteria is an emerging problem in medical care. Therefore, 

effective strategies are crucial to ensure the success of antibacterial therapies. One promising 

approach is to increase the susceptibility of bacteria to eradication by light in combination 

with a photosensitizer. Interestingly the activity of certain bacterial enzymes is known to 

produce endogenous photosensitizers. One such enzyme is YfeX, a dye decolorizing 

peroxidase that generates the endogenous photosensitizer protoporphyrin IX (PPIX) from 

heme by a reverse ferrochelatase mechanism. We examined the suitability of exploiting YfeX 

activity for bacterial photodynamic inactivation (PDI) by overexpressing YfeX in E. coli K12 

FB8-27 and exposing bacteria to light doses of 5, 10, 15 and 20 J/cm2. We further tested 

whether exogenous heme could function as a prodrug leading to increased PPIX generation. 

In the course of these studies we also investigated and demonstrated a role for the multidrug 

efflux pump TolC for the export of PPIX from E.coli. We observed that YfeX overexpressing 

tolC mutants accumulated high levels of PPIX and were highly sensitive to light. 

Surprisingly, however, exogenous heme did not act as a prodrug leading to greater 

intracellular accumulation of PPIX but rather provided a photoprotective effect. 

Keywords: photodynamic therapy, efflux pump, E. coli, TolC, deferrochelatase, 
protoporphyrin IX.  
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Introduction 

In the search for new antibacterial strategies, photodynamic therapy is an attractive alternative 

to conventional therapies. Numerous photosensitizers have shown to be effective 

antimicrobial compounds in the treatment of dermatological [1-5], dental [6, 7] and gastric 

infectious diseases [8]. They are also used in the sterilization of blood, water and surfaces [9-

15]. While most photosensitizers are exogenously applied compounds, investigations have 

shown that the photosensitizing properties of certain endogenous molecules can be exploited 

to enhance microbial killing [3, 16-23]. As part of the heme biosynthetic pathway, 

protoporphyrin IX (PPIX) is one such photosensitizer of bacterial origin that has the potential 

to be used for novel antimicrobial therapies. In the physiological context, however, the tight 

regulation of the enzymes involved in the biosynthesis of heme, prevents PPIX accumulation 

and hence prevents its phototoxic effects under normal conditions. The regulation of heme 

biosynthesis involves a negative feedback loop, whereby high concentrations of heme 

enhance proteolytic degradation of the glutamyl-tRNA reductase HemA [24, 25]. HemA 

catalyzes the formation of glutamate-1-semialdehyde, which serves as the first building block 

of heme biosynthesis in proteobacteria (Fig. 1). This intermediate compound is then converted 

to 5-aminolevulinic acid (5-ALA) [26-30]. Exogenous addition of 5-ALA, or derivatives 

thereof, to a bacterial population bypasses the negative feedback control on HemA and 

effectuates the temporary accumulation of high levels of heme intermediate [3, 31-34]. In 

particular, the accumulation of PPIX leads to subsequent susceptibility to destruction by 

photodynamic inactivation (PDI). Such approaches have been exploited for the treatment of 

several microbial infections such as methicillin resistant Staphylococcus aureus (MRS) [35].  

We recently demonstrated a new mechanism for the generation of excess PPIX in iron 

scavenging E. coli through the overexpression of a protein, YfeX, with previously unknown 

function [36]. YfeX is a dye decolorizing peroxidase whose catalytic activity results in the 

removal of the central iron ion from the tetrapyrrole skeleton of heme. In contrast to heme 

oxygenases that cleave the porphyrin structure during extraction of iron from heme [37, 38], 

YfeX leaves the tetrapyrrole ring intact. This results in the production of PPIX. As this 

activity corresponds to the inverse reaction catalyzed by the ferrochelatase enzyme during 

heme biosynthesis, YfeX was termed as deferrochelatase.  

With the aim of potentially exploiting the newly discovered mechanism of PPIX formation to 

photosensitize microorganisms, our study sought to assess the susceptibility of E. coli K12 
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overexpressing YfeX to UV light exposure. Furthermore, we tested the practicality of using 

exogenous heme as a prodrug for PPIX generation by YfeX. A recent study reported that 

another intermediate of the heme biosynthesis pathway, coproporphyrinogen III (COPIII), is a 

substrate for the TolC efflux pump [1]. Therefore, we also investigated the photosensitizing 

effects of YfeX driven PPIX accumulation in a tolC mutant. 

 

 

Fig. 1. Bacterial heme biosynthesis. A = acetic acid, P = propionic acid 

 

Materials and Methods 

Bacterial strains and plasmids 

The wild-type E. coli K12 FB8-27 (∆lac entF:: TnphoA’5) and an isogenic tolC mutant from 

the laboratory collection were described previously [36]. Both strains carry plasmid pam238 

constitutively expressing the HasR receptor. yfeX was expressed from the pBAD24 plasmid 

under the control of an arabinose inducible promoter described in [39].  
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Media and growth conditions 

Bacteria were grown aerobically in suspension at 37°C in LB medium supplemented with 50 

µg/mL spectinomycin and 100 µg/mL ampicillin for maintenance of the pam238 and 

pBAD24 plasmids. YfeX expression was induced by addition of 0.2% L-arabinose to the 

medium. For growth on solid media cells were grown on LB agar plates supplemented with 

antibiotics and/or arabinose as described above. Experiments involving the addition of heme 

were carried out in minimal medium M63B1 supplemented with 0.4% glycerol, 50 µl 

arabinose solution (10% in water), 50 µg/mL spectinomycin and 100 µg/mL ampicillin, as 

well as 1 µM heme.  

 

Porphyrin extraction and HPLC analysis 

For quantitation of porphyrin contents in cells, bacteria were grown overnight in LB broth 

supplemented with 50 µg/mL spectinomycin and 100 µg/mL ampicillin. In the morning, 

cultures were diluted 1:100 into fresh media supplemented with the appropriate antibiotics in 

either the presence or absence of arabinose to induce YfeX overexpression. Cultures were 

grown to mid-log phase, pelleted and then resuspended in 1 mL of BugBuster® extraction 

reagent (Merck, Darmstadt, Germany) to an OD600 of 100/mL. Lysates were left at room 

temperature for 1 hour and then centrifuged at 15 700 x g for 10 min to remove cellular 

debris. To extract porphyrins from soluble fractions, 800 μL of extraction solvent 

(ethanol/DMSO/acetic acid; 80/20/1; v/v/v) were added to 200 μL of the supernatant. The 

mixture was sonicated in 5 cycles of 5 seconds at 0°C, amplitude 10% using a sonicator probe 

(Branson Digital Sonifier, Danbury, USA). The sample was centrifuged at 12 500 x g for 5 

minutes and the porphyrin containing supernatant was used for analysis. Exhaustive 

extraction of porphyrins from the sample was verified by the absence of porphyrin 

fluorescence in the pellet.  

Porphyrins were separated by HPLC (LaChrom, Merck, Darmstadt, Germany) as described 

before using a 125/4 Nucleodur C18 gravity 3 μm column (Macherey-Nagel, Oensingen, 

Switzerland) with the corresponding pre-column [36]. An elution gradient was run over 80 

minutes with solvent A (acetate buffer pH5.1, 0.5 M/ acetonitrile; 90:10; v/v) and solvent B 
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(methanol/acetonitrile; 90:10; v/v). The flow rate was 1 mL/min. Porphyrins were excited at 

405 nm and measured at 620 nm using a LaChrom L-7480 fluorescence detector (Merck, 

Darmstadt, Germany). Porphyrin peaks were identified by comparison with a chromatogram 

of porphyrin standard solutions (Frontier Scientific, Carnforth, United Kingdom). The HPLC 

solvent gradient was adjusted so that the retention time increased with the lipophilicity of the 

analyte. 

 

Irradiation experiments 

Irradiation experiments were carried out with E. coli K12 FB8-27 or an isogenic tolC mutant 

carrying the pAM238-hasR plasmid and either the pBAD24 empty plasmid or pBAD24yfeX. 

Bacteria were cultured overnight and diluted 100-fold in the morning. When cultures reached 

mid-log level growth, they were diluted again into PBS buffer to obtain a final OD600 of 

0.0001. Aliquot volumes of each suspension (2.5 mL) were dispensed into 6-well polystyrene 

plates (diameter 35mm) and placed on a light table equipped with Narwa, LT 18W/O18 light 

tubes (PCI Biotech, Oslo, Norway). The radiation intensity was 1.375 mW/cm2. Cells were 

irradiated for up to 4 hours. Aliquots were taken at the corresponding time points, serially 

diluted and cell survival was assessed by counting the number of colony forming units 

(CFU’s) in irradiated and mock irradiated samples. 

 

Results 

TolC mutants of E. coli accumulate PPIX 

The TolC protein is a beta barrel channel protein, which spans the outer membrane of Gram-

negative bacteria. It extends approximately half-way into the periplasmic space and pairs with 

inner membrane heterodimeric complexes such as AcrAB located in the inner membrane and 

periplasm to form an efflux pump of wide substrate specificity [40-42]. It was recently 

demonstrated that tolC mutants treated with exogenous 5-ALA accumulate the heme 

precursor (COPIII) to a significantly higher level than their wild-type counterparts [1]. Thus, 

TolC is involved in alleviating the accumulation of toxic intermediates formed during heme 

biosynthesis. In order to assess the influence of TolC on the efflux of another toxic heme 

intermediate, PPIX, we overexpressed Yfex from an arabinose inducible promoter. As shown 



Part B - Chapter 5 
 

- 150 - 
 

previously, overexpression of YfeX leads to the accumulation of PPIX in E. coli [36]. As 

PPIX is a fluorescent compound, we subsequently examined the fluorescence of either the 

wild-type or a tolC mutant under UV light as a proxy for PPIX accumulation (Fig. 2). Both, 

the wild-type (Fig. 2A) and tolC mutant (Fig. 2B) showed the characteristic red porphyrin 

fluorescence under UV light. However, the fluorescence intensity of the tolC mutant was 

considerably higher.  

 

 

 

Fig. 2. TolC “wild type” (A) and mutated (B). E.coli K12 FB 8-27 strains transformed with 

pBADyfeX and viewed under UV light. The tolC mutated strain (B) features a typical red 

fluorescence of porphyrins. 

 

To examine if the observed fluorescence corresponded to an increased accumulation of PPIX 

and not other intermediates of the heme biosynthesis we examined soluble cell extracts by 

fluorescence HPLC. Cells were grown in LB broth to mid-log phase in presence or absence of 

arabinose to induce YfeX overexpression. Cells were pelleted by centrifugation, and 

porphyrins were extracted from soluble fractions by solvent treatment. Using a solvent 

gradient it is possible to separate the respective porphyrin intermediates of the heme 

biosynthetic pathway enabling us to differentiate and quantify the levels of each poryphyrin 

compound present in the samples. In wild-type cells not induced for YfeX expression, 

negligible levels of porphyrins were identified (Fig. 3). In contrast, in wild-type cells grown in 

the presence of arabinose (overexpressing YfeX), coproporphyrin I (COPI), COPIII and PPIX 

A B 



Part B - Chapter 5 
 

- 151 - 
 

were elevated (3, 5 and 6 fold higher in comparison to the wild type strain without YfeX 

overexpression, respectively), indicating that the overexpression of YfeX leads to the 

accumulation of a number of heme pathway intermediates. 

 

Fig. 3. Chromatograms of cellular extracts from either tolC wildtype (solid line) and tolC 

mutated (dashed line) E.coli K12 FB 8-27 strains transfected with the pBAD empty vector (A) 

or pBAD yfeX (B).COPI, COPIII and PPIX elution times were 35.5, 37.0 and 62 .0 minutes, 

respectively. 

 

In the tolC mutant grown in the absence of inducer, PPIX and especially COPI and COPIII, 

levels were also increased (6, 30 and 30 fold, respectively). Thus, even in the absence of 

YfeX overexpression the tolC mutant shows a higher accumulation of intermediates of the 

heme biosynthesis (Fig. 3). 

 

Fig. 4. PPIX concentrations in extracts from tolC mutated and tolC wildtype E. coli K12 FB 

8-27 strains without and with (yfeX) induced  YfeX expression, respectively. 
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In the tolC mutant grown in the presence of arabinose (overexpressing YfeX), levels of COPI, 

COPIII and PPIX were all significantly increased with the most prominent component being 

PPIX (Fig. 4). This indicates that the fluorescence of cells overexpressing YfeX grown on 

solid media is due to an accumulation of various porphyrin compounds in the cell, primarily 

PPIX. This extends the role of the TolC pump to the efflux not only of the COPIII heme 

intermediate but also of COPI and PPIX. It also suggests that TolC is important for 

maintaining low levels of these compounds during heme synthesis.  

 

PPIX accumulation in tolC mutants leads to increased photosensitivity 

The augmentation of photosensitivity by forced overproduction of porphyrin heme 

intermediates and the subsequent clearance of microbes by photodynamic therapy is an 

established antimicrobial treatment. We wished to assess whether bacteria overexpressing 

YfeX with an increased accumulation of PPIX were more sensitive to light irradiation. To 

examine this, we grew cells in the presence of arabinose to induce expression of the Yfex 

protein. We subsequently exposed cells to light doses of up to 20 J/cm2 and examined cell 

survival by plating and counting colony forming units (CFU) (Fig. 5).  

Fig. 5. Cell survival of tolC wt (light columns) and tolC mutated (dark columns) E.coli K12 

FB8-27 strains). Cells were grown either in absence (dotted columns) or presence (solid 

columns) of the YfeX inducer arabinose.  
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All cells showed at least a 1.5 log decline in survival after exposure to 20 J/cm2 light as 

compared to the samples kept in the dark, which was not unexpected. The decline in survival 

of cells overexpressing YfeX, was reduced a further 1.5 logs. Notably, the tolC mutant cells 

showed a significant reduction in survival of nearly 4 logs. No cell survival was observed in 

tolC mutants grown in arabinose after exposure to a light dose of 20 J/cm2. Thus, E. coli cells 

overproducing YfeX show increased photosensitivity. This effect is likely due to the 

accumulation of PPIX and other heme pathway intermediates. Furthermore, the effect is 

significantly enhanced in a tolC mutant, which is unable to efflux excess porphyrins. 

 

Exogenous heme does not increase PPIX accumulation or photosensitivity in YfeX 

overexpressing cells   

To examine the effect of heme as a prodrug for YfeX mediated PPIX generation and 

subsequent PDI, we grew YfeX overexpressing cells in presence of 1 µM heme prior to 

exposure to a 10 J/cm2 light dose. We reasoned that provision of heme to E. coli cells able to 

scavenge exogenous heme could result in increased porphyrin production and increased 

photosensitivity in cells overexpressing YfeX.  

Fig. 6. (A) Cell survival of E.coli K12 FB 8-27 strains prior to (solid colums) and after light 

exposure (10 J/cm
2
) (checkered columns). Slight killing occurred in absence of heme in cells 

without induced YfeX. It was enhanced in cells where YfeX was induced. No killing was 

achieved when cells were grown in presence of 1µM heme. (B) PPIX concentration in K12 

FB8-27 grown in M63 medium supplemented with 0, 5, 25 and 50 µM heme, respectively. 
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Interestingly, addition of exogenous heme negated the photosensitizing effect and in fact 

protected cells from the sensitivity to irradiation (Fig. 6A). Examination of PPIX levels in 

cells incubated with varying heme concentrations revealed that the cellular PPIX content was 

significantly reduced upon incubation with heme, indicating a possible interference of 

exogenous heme with YfeX activity (Fig. 6B). However, the mechanism through which 

exogenous heme prevents endogenous PPIX accumulation and photosensitization by YfeX 

overexpression remains unclear.  

 

Discussion 

The rise of bacterial resistance to existing antibiotics necessitates the development of novel 

antimicrobial compounds and therapies. One promising approach has focused on the use of 

photodynamic therapy to sensitize bacteria to eradication by exposure to light. In our study we 

showed that bacteria accumulating the photosensitizer PPIX upon overexpression of the 

protein YfeX after exposure to irradiation are more readily killed. Interestingly, we found that 

PPIX accumulation, along with two other porphyrin intermediates of the heme biosynthesis, 

COPI and COPIII, was also significantly increased in mutants lacking the efflux pump TolC. 

This implies an important role for TolC in the efflux of numerous toxic intermediates of the 

heme biosynthesis pathway. Finally, we showed that cells, which accumulated prophyrins are 

sensitized to UV light and this was particularly acute in the tolC mutant cells.  

The exploitation of endogenous porphyrin intermediates for bacterial PDI has been 

demonstrated in several reports. Commonly, the production of endogenous porphyrins such as 

PPIX is induced by the administration of exogenous 5-ALA and its derivatives [3, 17, 20-23, 

32, 43-45]. These heme precursors by-pass the negative feedback controlling heme 

biosynthesis through the regulation of HemA (glutamyl-tRNA reductase) activity and provoke 

the accumulation of PPIX and other heme intermediates. In our study, we instead generated 

excess endogenous PPIX through the overexpression of the YfeX deferrochelatase. Yfex 

belongs to the family of dye-decolorizing peroxidases (Dyp-family). These enzymes use heme 

as co-factor to catalyze the reduction of peroxides. YfeX and its paralog EfeB remove iron 

from heme, generating PPIX as a by-product and cells overexpressing YfeX accumulate high 

levels of PPIX. Notably, extracts of E. coli cells overexpressing YfeX also contained elevated 

levels of copropophyrin I and III, which are earlier intermediates in the heme biosynthesis 

pathway. This raised the question how YfeX overexpression was affecting COPI and COPIII 

formation in addition to PPIX. It is possible that due to the deferrochelation activity of YfeX, 
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high concentrations of PPIX drive the reactions of the heme pathway in reverse, leading to the 

formation of the earlier heme intermediates; however we view this mechanism as unlikely. 

Another possibility is that the sequestration of heme by YfeX disrupts the normal negative 

feedback regulation, controlling HemA activity at the first step of heme biosynthesis [25, 46]. 

This would lead to increased 5-ALA formation and increased flux through the heme 

biosynthesis pathway. In combination with bottlenecks at the level of uroporphyrinogen III 

formation and coproporphyrinogen conversion to protoporphyrinogen IX this could result in 

the accumulation of COPI and COPIII along with PPIX as observed [43, 47-52].  

Recent data, however, suggest another explanation. It was stated that EfeB mutated in the 

Asp235, Arg347 and His329 residues lost the ability to produce PPIX but was still able to bind 

heme [53]. Thus, while maintaining the ability to sequester heme, no PPIX accumulation was 

noted, indicating that heme sequestration does not lead to the deregulation of heme 

biosynthesis. The findings suggest for our experiments that YfeX sequestration of heme likely 

does not account for the observed porphyrin accumulation. A more plausible explanation has 

recently been hinted at by the observation that YfeX is able to oxidize protoporphyrinogen 

and coproporphyrinogen III to PPIX and COPIII [54]. We therefore favour the hypothesis that 

the accumulation of multiple heme intermediates in our experiments is a result of the dual 

catalytic activity of YfeX. This includes the oxidation of porphyrinogens to the corresponding 

porphyrins and the production PPIX through the deferrochelation of heme.  

A major challenge for antibacterial therapy of Gram-negative bacteria is the trespassing of the 

double-layered bacterial cell wall. Since YfeX generates PPIX through an intracellular 

deferrochelation mechanism and functions in combination with bacterial heme transporters, 

the potential exploitation of an endogenous physiological system for antibacterial purposes is 

appealing. In this vein we wished to test if exogenous heme could act as a prodrug for the 

PPIX generation by YfeX. To our surprise, the addition of exogenous heme to cultures 

negated the photosensitizing effect of YfeX overexpression rather than augmenting it. How 

heme provides a photoprotective effect against irradiation is not clear. It is possible that heme 

in the media partially acts as an optical shield preventing light to reach bacteria during 

irradiation. However, considering PPIX levels were significantly decreased in strains 

incubated with heme, we presume that exogenous heme interferes with the ability of YfeX to 

generate PPIX from endogenous heme. It is tempting to speculate that during its uptake, 

exogenous heme represses the flux of the heme biosynthesis pathway thus eliminating 

endogenous heme substrate for YfeX and preventing PPIX accumulation. This would also 
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suggest that YfeX may not be able to access exogenous heme in the same manner as 

endogenous heme. Clearly, further research, is required to elucidate this phenomenon; 

however, it suggests that the use of exogenous heme is unlikely to drive PDI through the 

exploitation of a deferrochelation mechanism.  

The observation of significant PPIX accumulation in a tolC mutant indicates that PPIX is a 

substrate of TolC-mediated efflux. A recent report showed that another heme pathway 

intermediate, coproporphyrin (COPIII), is also a substrate for TolC dependent efflux from 

E.coli [1]. Thus TolC appears able to efflux both the hydrophilic porphyrin COPIII and the 

lipophilic porphyrin PPIX, suggesting a broad specificity for TolC to potentially toxic 

intermediates generated in the heme biosynthesis. TolC acts as part of a tripartite efflux pump 

involved in the export of a large variety of molecules. TolC is responsible for the resistance of 

numerous clinical bacterial strains, such as E. aerogenes, the K. oxytoca and H. influenza [55-

57] to various drugs and dyes, such as aminoglycosides, chloramphenicol and crystal violet. 

Our study and others indicate that inhibition of multidrug efflux pumps may improve the 

photosensitizing effect [1, 58-60]. In this regard it will be interesting to identify the partners 

of TolC in PPIX efflux. TolC is known to frequently function in combination with the AcrAB 

proteins. In this tripartite complex, the inner membrane protein AcrB, a trimeric proton 

antiporter of the resistance-nodulation-cell division (RND) family, recruits the substrate from 

either the cytoplasm or periplasm. It connects to AcrA, a dimeric membrane fusion protein in 

the periplasm that acts as linker between AcrB and TolC by bringing the inner and outer 

membrane into close vicinity of each other [42, 61]. Nevertheless, there are up to 31 

additional inner membrane protein pairs that TolC is thought to be able to pair with to efflux 

compounds from the cell. Which particular partners are required for the efflux of PPIX or 

other porphyrins remains to be determined. It is possible that there is significant redundancy 

with TolC and multiple possible partner pumps.  

 

Conclusion 

In this study we showed that PPIX accumulates in cells overexpressing YfeX and leads to 

photosensitization. The photosensitizing effect is significantly augmented in a TolC mutant. 

TolC appears to be an important mediator of toxicity associated with multiple heme pathway 

intermediates. Importantly, YfeX, together with its Gram-positive paralog EfeB, are the only 
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enzymes in E.coli reported to carry out deferrochelation of heme resulting in the production of 

PPIX. Since they are widespread and highly conserved in Gram-positive and Gram-negative 

bacteria they may represent promising starting points for new antibacterial strategies.  
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Summary and Conclusion 

 

 

Photodynamic therapy (PDT) and fluorescence photodetection (PD) gain increasing relevance 

for the treatment and in situ detection of pre-malignant and early stage neoplastic lesions. A 

breakthrough was achieved with the exploitation of endogenous photosensitizers that emanate 

from the heme biosynthesis pathway by exogenous topical application of 5-aminolevulinic 

acid (5-ALA). A literature review (Chapter 1) shows that numerous approaches have been 

undertaken to increase the selective generation of the endogenous photosensitizer 

protoporphyrin IX (PPIX) in tumors. However, appropriate systemic formulations of 5-ALA 

are still not available. 

PDT is also an attractive alternative to conventional treatment of bacterial infections, where 

the development of resistant clinical strains is on the rise. One problem faced in the 

destruction of Gram-negative bacteria with light is the efficient accumulation of the 

photosensitizer in the cell. This underlines the need of new strategies to improve 

photodynamic inactivation of Gram-negative bacteria.  

 

PART A. Polymeric nanoparticles loaded with hexaminolevulinic acid 

Chapter 2. Matrix assisted fluorescence enhancement - why PPIX and nanoparticles make 

a friendly couple. 

With the aim to develop a formulation for hexaminolevulinic acid (HAL) that facilitates drug 

delivery to tumors with difficult access, Part A of the thesis was dedicated to the 

encapsulation of HAL into polylactic acid (PLA) nanoparticles. We screened 4 commonly 
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used techniques, nanoprecipitation, emulsion evaporation, double emulsion evaporation and 

salting out, to obtain the highest possible loading and loading efficiency. The screening 

included the variation of factors such as solvent composition, pH of the aqueous phase, 

surfactant type and concentration, temperature during particle formation, polymer type and 

molecular weight, as well as the pairing of the HAL cation with lipophilic alkylbenzene 

sulfonate counter ions. Particle loading remained below 1% in all formulations. The low 

loading efficiency must be considered insufficient for parenteral or inhalative application. 

Experiments on the fluorescence generation in cells mediated by HAL laden nanoparticles 

produced by nanoprecipitation, however, revealed the following results: 

i. HAL laden nanoparticles generated 3 times higher fluorescence in T24 cells than 

free HAL. The fluorescence was increased 7 fold when using nanoparticles that 

were dehydrated prior to application on the cells. 

ii. PPIX fluorescence enhancement also occurred upon incubation with free HAL in 

the presence of unladen PLA particles. HPLC analysis of cell extracts and 

incubation media revealed similar HAL induced PPIX concentrations in the 

presence or absence of unladen nanoparticles.  

From the observations we concluded that nanoparticles must modulate the optical properties 

of PPIX. For verification we incubated PPIX with nanoparticles in complete cell medium. 

Since proteins adsorb to PPIX and to nanoparticles, we also investigated PPIX-nanoparticle 

interaction in the absence of fetal bovine serum albumin (FBS). Dried nanoparticles 

significantly increased PPIX fluorescence in presence and absence of FBS. Freshly prepared 

nanoparticles also enhanced PPIX fluorescence in FBS free medium although to a smaller 

extent. Low nanoparticle concentrations had a suppressing effect on PPIX fluorescence in 

FBS supplemented medium. The exact mechanism of this phenomenon remains unclear; 

however, we presume that competitive factors between PPIX, albumin and nanoparticles to 

each other at its origin.  

 

Chapter 3. Nanoencapsulation of lipophilic salts of 5-aminolevulinic acid hexyl ester by an aerosol 

flow reactor method  

Ascribing the low rate of HAL nanoencapsulation with conventional methods to persisting 

drug affinity to the surfactant containing dispersion medium, we decided to replace the 
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aqueous phase by a gas. We applied the aerosol-flow-reactor method that generates particles 

from an organic drug-polymer solution down to a size of 100 nm. The process involves the 

atomization of the organic solution containing the drug and the polymer into a carrier gas at 

controlled temperature, and subsequent evaporation of the solvent.   

We pursued the paradigm that higher lipophilicity of the HAL salt may influence the release 

rate and drug distribution in the particles. Accordingly, we paired the HAL cation with a 

butylbenzene sulfonate, hexylbenzene sulfonate and octylbenzene sulfonate anion, 

respectively. 

The aerosol-flow-reactor method proved suitable for the production of HAL-laden spherical 

PLA nanoparticles of 100-200 nm size. Loadings of up to 30% (w/w) were achieved with 

loading efficiencies of up to 78%. Next, we assayed the ability of nanoencapsulated and free 

HAL salts to generate PPIX fluorescence in a GFP transfected T24 bladder carcinoma cell 

line and monitored GFP fluorescence to follow a potential toxic effect. The cytotoxicity of 

HAL salts increased with increasing chain length of the benzene sulfonate counter ion, while 

their ability to generate fluorescence was diminished. Nanoencapsulation of the compounds 

decreased the cytotoxic effect. Moreover, fluorescence could be maintained over a longer 

time period (at least 24 hours longer than with free HAL salts). The best results in molar drug 

loading and encapsulation efficiency were obtained with HAL laden nanoparticles (89 µmol/ 

100 mg particles and 78%, respectively). Therefore, we chose this formulation for 

experiments on A549 lung carcinoma tumor nodules implanted in the chorionallantoic 

membrane (CAM) of the chick embryo. The nanoparticle formulation successfully induced 

fluorescence on CAM implanted tumors. However, the fluorescence remained similar to that 

induced by an aqueous PEG solution containing free HAL (1 mM).  

 

Part B. Photodynamic inactivation of E. coli with a new porphyrin generating 

mechanism 

Chapter 4. Bacteria capture iron from heme by keeping the tetrapyrrol skeleton intact 

In the majority of bacteria the pathway for heme biosynthesis is the same or similar to that in 

eukaryotic cells. It is therefore not surprising that exogenous 5-ALA and 5-ALA derivatives 

result in the intracellular accumulation of porphyrins, which renders the bacteria susceptible 

to destruction by light.  
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Bacteria require exogenous iron for the heme biosynthesis as well as other intracellular 

processes. To this end, they have developed mechanisms to internalize exogenous heme and 

withdraw the iron for the innate metabolism. Commonly, the reaction involves heme 

oxygenases or orthologs that degrade the iron complexing tetrapyrrol structure to biliverdin. 

However, in chapter 4 we describe the finding of two E.coli proteins, YfeX and EfeB 

fostering iron extraction from heme without cleavage of the tetrapyrrol ring:  

Up to date, genome BLAST identification of heme oxygenase orthologs in E.coli has been 

unsuccessful. The laboratory strain E.coli K12 is able to withdraw iron from exogenous heme 

in the presence of the foreign Serratia marescens heme receptor HasR. Searching for the 

pathway that catalyses iron retrieval from heme in E.coli the group of Cécile Wandersman at 

the Institut Pasteur in Paris screened the genomic library of the bacterial strain, based on the 

evidence that tetrapyrrolic heme degradation products fluoresce under UV light. Fluorescence 

was distinguished in cells overexpressing the proteins YfeX and EfeB, respectively.  

Interestingly, we identified the main fluorescing compound in these strains to be PPIX, which 

suggested that differently to cleavage of the tetrapyrrol, these enzymes withdraw the iron ion 

by leaving the PPIX skeleton intact. We confirmed the hypothesis by adding the non-natural 

heme analog, meso-heme to extracts of cells overexpressing YfeX and EfeB, respectively. 

YfeX and EfeB effectively generated meso-PPIX from meso-heme. A yfeX, efeB double 

mutant of HasR expressing E.coli K12 showed that the strain was not competent to use 

exogenous heme as iron source. Further protein binding studies revealed a common binding 

site for PPIX and heme on YfeX. The activity of YfeX and EfeB reverses the ferrochelatase 

catalyzed insertion of iron into the PPIX skeleton. Therefore, it was termed as 

deferrochelatase activity.  

 

Chapter 5. Counterclockwise: PDI with PPIX generated from heme 

The discovery of YfeX as a new PPIX generating path inclined us to challenge the system for 

the photodynamic inactivation of bacteria. A recent publication (Tatsumi, R. and M. Wachi 

(2008). J. Bacteriol. 190, 6228-6233) described the involvement of the bacterial multi-drug 

efflux pump TolC in the export of hydrophilic heme cycle intermediates, such as 

coproporphyrin (COP). We were interested, whether this also holds true for the lipophilic 

heme precursor PPIX.  
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First we examined the porphyrin profile of E.coli K12 transfected with a yfeX carrying 

pBAD24 vector with an arabinose inducible promoter. The cells were optionally mutated at 

the level of tolC. We then exposed bacteria to light doses of up to 20 J/cm2. We showed that 

YfeX overexpression promotes the accumulation of PPIX, but also COPIII in bacteria. We 

presume the accumulation to be the result of the dual oxidase-deferrochelatase activity of 

YfeX. PPIX levels were further increased in the tolC mutated strain. Intracellular porphyrin 

concentrations were reflected in the susceptibility of bacteria to destruction by blue light: 

Survival of strains overexpressing either YfeX or carrying the tolC mutant was decreased by 

over 3 logs after exposure to light doses of 20 J/cm2. YfeX overexpressing tolC mutants 

showed no survival after exposure to 15 J/cm2 light. 

We were curious whether exogenous heme could act as prodrug for PPIX in the YfeX 

overexpressing bacterial strain. Therefore, we provided cells with 1 µM heme during growth. 

Against our expectations, virtually no destruction was perceived in cells grown in presence of 

heme, indicating that heme abolishes the photosensitizing effect of PPIX. Another experiment 

investigating bacterial growth in presence of varying heme concentrations revealed that the 

intracellular PPIX concentration correlated inversely with the applied heme concentration. We 

were not able to clarify at this stage, why PPIX levels and the photosensitizing effect were 

decreased. However we assume that heme interferes with the YfeX mechanism.  

 

Conclusion 

From Part A of the thesis we conclude that efficient HAL loading of PLA nanoparticles can 

be achieved by means of an aerosol flow reactor method. The particles induce sustained 

fluorescence in vitro for at least 48 hours in monolayered cultures of the T24 bladder 

carcinoma cell line. They were also effective on xenografted A549 lung carcinoma tumor 

nodules implanted in the chorioallantoic membrane of the chick embryo. However, compared 

to free HAL the fluorescence was not improved. We were unable to test the intravenous 

administration of our formulation due to partial aggregation of the particles during the re-

suspension process in aqueous media. Therefore, we recommend the inclusion of a step in the 

production process to prevent particle agglomeration. This may imply the addition of a 

surfactant in the organic phase, or the co-atomization of a surfactant containing aqueous 

solution with subsequent surfactant precipitation around the formed particle. Surmounting the 
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challenge of homogenous particle dispersion upon re-suspension in a liquid medium may 

bring HAL a step closer to the systemic treatment of interstitial tumors.  

Finally, for experiments with high nanoparticle concentrations one should take into account 

possible adsorption of PPIX to the polymer matrix. Such an interaction may influence the 

fluorescence properties of the photosensitizer. 

In part B, we demonstrated that bacteria may accumulate PPIX through an additional 

mechanism to that used by exogenous 5-ALA and its derivatives: the dye decolorizing 

peroxidase YfeX and its paralog EfeB can extract ferrous iron from heme. The process 

generates PPIX with subsequent sensitization of the cells to light. We further showed that 

PPIX is a substrate for the multidrug efflux pump TolC and that inhibition of the exporter 

increases the photosensitivity of bacteria effect. YfeX also extracted iron from exogenous 

heme, as evidenced upon addition of the non-natural heme analog, meso-heme, to cell lysates. 

However, heme had a photoprotective effect on bacteria. Since the uptake and metabolization 

of exogenous heme by Gram-negative bacteria is a highly controlled process, we are sceptical 

with regard to the exploitation of the deferrochelation mechanism for photodynamic 

inactivation of bacteria with heme.  

A number of questions remain: What is the fate of PPIX after iron extraction? How does the 

role of TolC relate to this fate? Which, if any, are the partners of TolC in the export of PPIX? 

How important is the role of YfeX for the virulence of clinical bacterial strains?  

YfeX and EfeB are highly conserved and widespread in Gram-positive and Gram-negative 

bacteria. Therefore, they may represent attractive targets for antibacterial strategies. The 

answers to the aforementioned questions and the clarification of the full function of the YfeX 

mechanism are indispensable for complete understanding.  
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Résumé et Conclusion 

 

 

Au cours de la dernière décennie, la thérapie photodynamique (PDT, photodynamic therapy) 

et la détection par fluorescence (PD, fluorescence photodetection) se sont imposées comme 

des techniques efficaces pour le traitement et la détection de lésions cancéreuses ainsi que 

d’autres pathologies néoplasmiques et bactériennes. Ces techniques consistent à appliquer un 

agent photosensibilisant qui, en action conjointe avec une lumière de longueur d’onde 

adéquate conduit à l’effet désiré: l’éradication de cellules et/ou le marquage par fluorescence. 

Le photosensibilisateur (PS) est une petite molécule polycyclique capable d’absorber la 

lumière dans le domaine ultraviolet (UV), visuel ou infra rouge (IR). L’absorption de photons 

élève la molécule dans un état d’énergie supérieur, qui est instable. Par conséquent, le PS 

retourne à son état initial et libère l’excès d’énergie par différents moyens. La première 

possibilité est que l’énergie soit libérée par émission d’un photon (fluorescence). Ce processus 

est exploité lors de la détection de lésions néoplasmiques malignes et prémalignes. Une autre 

possibilité est que le PS transfère l’énergie à une molécule d’oxygène. Celli-ci ainsi rendu très 

réactive, induit la formation d’espèces d’oxygène réactives (ROS, reactive oxygen species) 

cytotoxiques. Ce mécanisme constitue la base de la PDT.  

A ce jour, une multitude de PS a été développée et plus d’une dizaine est cliniquement 

approuvée, dont temoporfine (m-THPC, Foscan®), sodium de porfimer (HpD, Photofrin®), 

acide 5-aminolévulinique (Levulan®) et deux de ses alkyl esters (methyl, Metvix® et  hexyl, 

Hexvix®). La possibilité de générer des photosensibilisateurs endogènes par administration 

exogène d’un précurseur d’hème, l’acide 5-aminolévulinique (5-ALA), fut une avancée 

considérable dans la recherche pour la PDT et la PD. Le 5-ALA est transformé par les 
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enzymes biosynthétiques de l’hème, entraînant l’accumulation de produits intermédiaires, 

notamment de protoporphyrine IX (PPIX).  

Le succès du 5-ALA peut être attribué en grande partie à la sélectivité améliorée envers le 

tissu ciblé et donc l’occurrence diminuée de l’effet adverse primaire des photosensibilisateurs, 

la photosensibilisation de la peau. Cependant, en raison de sa nature hydrophile, le 5-ALA ne 

peut accéder le cytosol que par transport actif ce qui restreint sa biodisponibilité. Cette 

limitation a pu être améliorée par l’estérification du groupement carboxylique avec des n-

alkanoles, notamment l’hexanol, qui favorisent la pénétration de la membrane cellulaire et la 

répartition passive du principe actif dans la cellule. Le véhicule d’administration peut aussi 

améliorer l’accumulation du 5-ALA dans le tissu ciblé. Toutefois, il n’existe à ce jour que des 

formulations topiquement applicables, ce qui restreint l’accès pour les pathologies 

interstitielles difficiles d’accès, comme le cancer du poumon. 

Dans le but d’explorer de nouveaux mécanismes d’induction de porphyrines endogènes pour 

le marquage par fluorescence et la thérapie photodynamique, deux voies principales ont été 

étudiées. D’une part, la formulation de nanoparticules était envisagée en vue de rendre l’héxyl 

ester de l’acid 5-aminolévulinique (HAL) applicable par voie inhalative et/ou systémique. 

D’autre part un nouveau mécanisme bactérien, la déferrochélation, a été testé comme 

technique possible pour photosensibiliser une souche d’Escherichia coli.  

Les nanoparticules polymériques sont des systèmes de libération adaptés à l’application par 

voie orale, parentérale ou par inhalation. Hormis le fait d’entraîner potentiellement une 

libération prolongée, la petite taille des nanoparticules permet d’éviter la perception par les 

macrophages et donc d’augmenter le temps de rétention dans le sang ou les poumons. 

Malgré son coefficient de partage octanol-eau (logP) elevé, l’encapsulation du HAL par des 

méthodes conventionnelles utilisant, pour la plupart, un milieu aqueux contenant un tensio-

actif (e.g. alcool polyvinylique) comme phase dispersante, s’avère difficile. La présence du 

tensio-actif, même à faible concentration, augmente considérablement la solubilité d’HAL 

dans l’eau, provoquant ainsi le passage du principe actif dans la phase aqueuse. Ce 

phénomène s’explique par le fait que l’HAL est appliqué sous forme de sel hydrochlorique 

(HAL HCL). La présence du groupement aminé chargé lui confère un caractère amphiphile.  

Afin de remédier à ce problème, nous avons préparé les nanoparticules dans un réacteur à flux 

d’aérosol (aerosol flow reactor). De plus, suivant l’hypothèse, qu’une libération continue peut 
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être atteinte en augmentant l’affinité du principe actif vers le polymère, nous avons échangé le 

contre-ion de chlorure d’HAL contre un anion de sulfonate de benzène alkylé, plus 

spécifiquement le  butyl, hexyl ou octyl benzene sulfonate. 

Dans le système de réacteur à flux d’aérosol, une solution organique contenant le polymère et 

le principe actif est atomisée par un flux de gaz inerte (nitrogène) générant ainsi un aérosol 

hautement dispersé. L’aérosol est ensuite guidé à travers un tube métallique thermostaté (le 

réacteur) où le solvant est évaporé de façon contrôlée. Cette technique a permis d’encapsuler 

HAL avec une efficacité de 78%. La taille des particules obtenues était de 100 à 200 nm. 

L’examen d’induction de fluorescence sur des monocouches de cellules cancéreuses de la 

vessie (T24) a démontré un effet prolongé par rapport au sel d’HAL libre. Les meilleurs 

résultats étant obtenus avec l’HAL HCl, nous avons appliqué cette formulation sur des 

nodules de tumeurs de poumon (A549) implantées dans la membrane chorioallantoique 

(chorioallantoic membrane, CAM) de l’embryon de poulet. L’efficacité des nanoparticules 

dans l’induction de fluorescence sélective dans les tumeurs du CAM était comparable à une 

solution contenant du HAL HCl, franchissant ainsi un premier pas pour l’application 

potentielle pour le cancer du poumon. Néanmoins, des tests in vivo avec un modèle 

d’inhalation sont nécessaires pour examiner une potentielle supériorité des nanoparticules 

envers la molécule libre, portant sur le temps de rétention pulmonaire prolongé.  

Par ailleurs, il est envisageable d’appliquer ces nanoparticules par voie systémique. Pour ce 

faire, la resuspension des particules dans un milieu aqueux doit être mis au point par exemple 

en ajoutant à la solution organique un tensio-actif macromoléculaire, comme le PEG, qui 

s’accumulerait à la surface des particules pendant l’évaporation du solvant. Une autre 

possibilité serait de co-nébuliser une solution aqueuse de tensio-actif avec la solution 

organique, résultant dans la précipitation du tensio-actif à la surface de nanoparticules.  

 

La deuxième partie de la thèse décrit l’accumulation de PPIX dans E. coli par un mécanisme 

différent de celui utilisé par 5-ALA: l’enzyme YfeX et son paralogue EfeB sont capables de 

générer de la PPIX en extrayant l’ion de fer, un élément essentiel pour la virulence des 

bactéries, à partir d’hème exogène  Entre les nombreux mécanismes développés par les 

bactéries, notamment en internalisant l’hème, l’extraction de fer du complexe tetrapyrrolique 

par YfeX et EfeB dans E. coli n’était pas connue jusqu’à présent. L’activité étant l’inversion 

de la réaction de ferrochélatase, on y réfère en tant que déferrochélation.  
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La PPIX étant un agent photosensibilisant, nous étions intéressés, si la génération de PPIX par 

YfeX rend E.coli susceptible à l’éradication par rayons UV. L’effet photosensibilisant de la 

PPIX était significativement augmenté dans une souche surexprimant YfeX. Suite aux 

résultats obtenus nous avons testé la potentielle fonction d’hème en tant que prodrogue pour 

la génération de PPIX par YfeX. L’incubation de bactéries avec de l’hème exogène anéantit la 

production de PPIX et en conséquence la photosensibilisation.  

La pompe d’efflux, TolC, étant capable de transporter des porphyrines hydrophiles nous 

étions par ailleurs interessés, si la PPIX, molécules hydrophobes est aussi un substrat pour ce 

mécanisme de multirésistance. La souche d’E.coli mutée au niveau de tolC accumulait de la 

PPIX, la rendant sensible à l’irradiation par UV.  

YfeX et EfeB sont répandus et hautement conservés à travers les bactéries Gram-positives et 

négatives. Ils pourraient donc représenter des cibles intéressantes pour de nouvelles stratégies 

antibactériennes. Néanmoins, l’assimilation d’hème par les bactéries, ainsi que sa 

métabolisation sont des processus minutieusement réglés. Pour cela, il est incertain que 

l’hème représente une prodrogue adéquate pour l’exploitation du système YfeX pour 

l’inactivation de bactéries par la PDT.  

Pour conclure, de nombreuses questions sur le fonctionnement exact de la déferrochélation 

restent ouvertes: quel est le sort de la PPIX après l’extraction du fer? Quelle importance faut-

il attribuer à YfeX et EfeB dans les souches de bactéries cliniques? La pompe d’efflux, TolC, 

joue-t-elle un rôle physiologique dans l’exportation de produits intermédiaires du cycle de 

l’hème? Quelles sont les protéines impliquées dans la transmission de PPIX à TolC?  

L’éclaircissement de ces points permettrait une meilleure évaluation du potentiel 

pharmaceutique de la déferrochélation.  
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Abbreviations 

 

A549 human lung carcinoma cells 
5-ALA 5-aminolevulinic acid 
AIP  acute intermittent porphyria 
ALAD ALA-dehydratase 
ALAS ALA-synthase 
Ara arabinose 
AOT dioctyl sodium sulfosuccinate 
ATP adenosine triphosphate 
BBB blood brain barrier 
BCC basal cell carcinoma 
BME basement membrane extract 
BSA bovine serum albumin 
BUTBS butyl benzenesulfonate 
CFU cell forming unit 
CH cholesterol 
CMC condensation particle counter 
COP I coproporphyrin I 
COPIII coproporphyrin III 
COPgenI coproporphyrinogen I 
COPgenIII coproporphyrinogen III 
COPO coproporphyrinogen III oxidase 
CSF cerebrospinal fluid 
CT computerized tomography 
DFO deferoxamine 
Dip 2,2-Dipyridyl  
DMA differential mobility analyzer 
DMEM Dulbecco's Modified Eagle's Medium 
DMPC dimyristol phosphatidyl choline 
DMPG dimyristol phosphatidyl glycerol 
DMSO dimethyl sulfoxide 
DOTAP Dioleyl trimethyl ammonium propane 
Dyp peroxidase dye-decolorizing peroxidase 
E. coli Escherichia coli 

EDD embryo development day 
EDTA ethylene diamine tetracetic acid 
EPR  enhanced permeability and retention 
Er:YAG erbium:yttrium-aluminium-garnet 
ETBS ethyl benzenesulfonate 
FBS fetal bovine serum albumin 
FC ferrochelatase 
FDA United States Food and Drug Administration 
GABA gamma amino butyric acid 
GFP  green fluorescent protein 
GIT gastrointestinal tract 
GNMD geometrical number mean diameters 
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GSD geometric standard deviation 
HAL 5-aminolevulinic acid hexyl ester, hexaminolevulinic acid 
HAS human serum albumin 
HasR Serratia marescens heme receptor 
Hb bovine hemoglobin 
HemA glutamyl-tRNA transferase 
HEMA poly (hydroxyl ethyl methacrylate)  
HEXBS hexyl benzenesulfonate 
HO  heme oxygenase 
HP haematoporphyrin 
HpD haematoporphyrin derivative 
HPLC high performance liquid chromatography 
HPLC-MS high performance liquid chromatography - mass spectrometry 
LDL low density lipoproteins 
MAL 5-aminolevulinic acid methyl ester 
MBR mitochondrial benzodiazepine receptor 
MO molecular orbital 
MPPIX mesoporphyrin IX 
MRI magnetic resonance imaging 
MRSA methicillin resistant staphylococcus aureus 
nBCC nodular basal cell carcinoma 
O/W oil-in-water 
OCTBS octyl benzenesulfonate 
OD optical density 
P.I. polydispersity index 
PBG porphobilinogen 
PBGD porphobilinogen deaminase 
PBGS porphobilinogen synthase 
PBS phosphate buffer saline 
PCL polycaprolactone 
PD fluorescence photodetection 
PDI photodynamic inactivation 
PDT  photodynamic therapy 
PEG polyethylene glycol 
PGA polyglycolic acid 
PigA pseudomonas aeruginosa heme oxygenase 
PLA polylactic acid 
PLGA poly(lactic-co-glycolic) acid 
PMVE/MA poly(methylvinylether/maleic anhydride) 
PPIX protoporphyrin IX 
PPgenIX protoporphyrinogen IX 
PROTO protoporphyrinogen IX oxidase 
PS photosensitizer 
PVAL polyvinyl alcohol 
PVC polyvinyl chloride 
ROS reactive oxygen species 
SCC squamous cell carcinoma 
SDS/PAGE sodium dodecyl sulfate/ polyacrylamide gel electrophoresis 
SEM scanning electron microscopy 
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T24  human bladder carcinoma cells 
TAT twin arginine translocation system 
TEWL transepidermal waterloss 
Tf transferrin 
THF tetrahydrofuran 
TfR transferrin receptor 
tRNA transfer ribonucleic acid 
UROD uroporphyrinogen III decarboxylase 
UROI uroporphyrin I 
UROIII uroporphyrin III 
UROgenI uroporphyrinogen I 
UROgenIII uroporphyrinogen III 
UROS uroporphyrinogen III synthase 
W/O water-in-oil  
W/O/W  water-in-oil-in-water  
RND family resistance-nodulation-cell division family 
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