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1 Introduction

1 Introduction

This present dissertation explores the application of liposomes for antimicrobial
photodynamic therapy (APDT). The work includes two parts: the development of
bacteria-targeting liposomes for improvement of APDT, and the development of a
novel strategy for high-throughput screening of liposomal formulations loading

lipophilic photosensitizers.

1.1 Microbial infections and antibiotic-resistance

Microbial infections have threatened the human health since the origin of human
beings and people have fought with infectious diseases for thousands of years. In the
20" century, human fight with microbial infections was revolutionized by the
discovery and development of antibiotics. Following the first widely applied
antibiotic, penicillin, a number of antibiotics of different classes were developed in
the last seventy years, as shown in Fig. 1-1, and ushered in the beginning of
“antibiotic era”. Many life-threatening diseases are readily treated, and surgery and
transplantation medicine have also been rendered very much safer procedures (Finch,
2007).

However, the development of new antibiotics peaked after fertile years in the
1960’s and has dramatically waned since then, as a result of a deteriorating crisis of
antibiotic-resistance. Only three new antibiotics were cleared by the FDA since 2006.

One important reason is that more and more antibiotic-resistant organisms are
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1 Introduction

emerging in both hospital and community settings, due to the decades of antibiotic use
and especially antibiotic abuse. Bacteria have developed resistance to all different

classes of antibiotics discovered to date (Alanis, 2005).

Mitomycin
Novebiocin
Amphotericin
Vancomycin
Neomycin Cephalosporin
Virginiamycin
Chlortetracycline Gentamicin
Candicidin Monensin
Chloramphenicol Tylosin Adriamycin
Spiramycin  Pristinamycin Teicoplanin
Bacitracin Tetracycline Tylosin  Avoparcin
Erythromycin Kasugamycin Thienamycin
Streptomycin  Oleandomycin Fosfomycin  Lovastatin
Streptothricin Griseofulvin Polyoxin Rapamycin
Actinomycin Rifamycin  Cyclosporin Avermectin  Spinosyn

Penicillin Oxytetracycline  Bleomycin Bialaphos  Nikkomycin Epothilone
Gramicidin ~ Nystatin Kanamycin Lincomycin Tacrolimus
1940 1950 1960 1970 1980 1990 2000

Figure 1-1 Discovery of major antibiotics during the past 70 years. This figure is

adopted from Jason Sello Group at Brown University (Bailey and Sello, 2011).

The rapid development of antibiotic-resistance is well illustrated by what is
happening in Staphylococcus aureus (S. aureus), as shown in Fig.1-2. S. aureus is the
most prevalent cause of hospital-acquired infections, accounting for about 40% of all
such infections. Its methicillin-resistant species, i.e. methicillin-resistant S. aureus
(MRSA), is particularly threatening in hospitals, being the most common identifiable
cause of skin and soft-tissue infections among patients presenting to emergency
departments (Moran et al., 2006). As shown in Fig. 1-2, although new antibiotics are
being continuously introduced, S. aureus developed the resistance to these antibiotics

quickly. Vancomycin is normally used as the golden standard against MRSA.
2



1 Introduction

Unfortunately, in the last decade Vancomycin-resistant S. aureus (VRSA) were
identified, too (Ohlsen, 2009). Today, about half of the S. aureus strains isolated in
hospitals are resistant to multiple antibiotics, rendering the disease management

difficult.

The year of first therapeutical use :
2005 Tigecycline

1959 Methicillin ;
2003 Daptomycin

1956 Vancomycin 2000 Linezolid

1941 Penicillin 1999 Quinupristin/dalfopristin

1940 1950 1960 1970 1980 1990 2000 2010

i : 1997 Vancomycin
1942 Penicillin resistance intermediate resistance (VISA)

2000 Quinupristin/

1961 Methicillin R :
dalfopristin resistance

resistance (MRSA)

2001 Linezolid
resistance

2002 Vancomycin
high resistance
(VRSA)

2005 Daptomycin

A : . : : resistance
T'he year of first detection of resistant strains

Figure 1-2 History of antibiotic-resistance development in S. aureus: modified from
(Ohlsen, 2009). MRSA: Methicillin-resistant S. aureus; VRSA: Vancomycin-resistant

S. aureus; VISA: Vancomycin-intermediate resistant S. aureus.

The recently isolated Enterobateriaceae carrying New Delhi metallo-B-lactamases
1 (NDM-1) are a new culprit in the crisis of antibiotic-resistance. The NDM-1 enzyme
is able to hydrolyze [-lactams including carbapenems, the most powerful
penicillin-related antibiotics against multi-drug resistant bacteria. The isolated

NMD-1 carrying Escherichia coli and Klebsiella pneumonia were highly resistant to
3



1 Introduction

all antibiotics except tigecycline and colistinb. Since the first report in 2010, the
bacteria carrying NDM-1 have rapidly spread from India and Pakistan to worldwide.
By considering the other gram-negative bacteria carrying various extended-spectrum
B-lactamases, now clinical microbiologists increasingly agree that multidrug resistant
gram-negative bacteria pose the biggest risk to public health (Kumarasamy et al.,

2010; Livermore et al., 2011; Poirel et al., 2010).

In summary, the deteriorating crisis of antibiotic-resistance demonstrates clearly
that there is urgent need for novel antibacterial drugs without cross-resistance to
antibiotics in use (Singh and Pandeya, 2011). By now, several alternative options have
been proposed, such as bacteriophages (Coates and Hu, 2007), antimicrobial peptides
(Hancock, 2001), and photodynamic therapy (Dai et al., 2009; Maisch, 2009; Maisch
et al., 2011; Wainwright, 2010; Wainwright et al., 2007). Among them, photodynamic

therapy is especially promising, and will be mainly discussed in this dissertation.



1 Introduction

1.2 Antimicrobial Photodynamic Therapy

1.2.1 Photodynamic Therapy (PDT)

Photodynamic therapy is the treatment which uses photosensitizers (PSs), after
illumination by a particular type of light, to treat diseases ranging from cancer to
age-related macular degeneration and infections (Wilson and Patterson, 2008). This
therapy requires the delivery of PSs and light to patients, and oxygen is also involved
in most cases. In the first step, a PS is either locally or systemically administered to
patients, followed by biodistribution to the site of therapeutic interest. Then the
treatment site is irradiated with the light of a particular wavelength, to activate the PSs.
The activated PSs further generate cytotoxic products, e.g. reactive oxygen species
(ROS), resulting in the desired therapeutic effect.

The concept of PDT dated back to the beginning of 1900s. In 1900, Oscar Raab
found that the paramecia in the petri dish with a given acridine concentration survived
longer in the dark than in the light. Rather than ignoring this tiny difference, this
observant student started to investigate the relationship between the light and killing
efficiency, and systematically proved that acridine and some other colorful dyes,
which had no effect in the dark, sensitized the rapid inactivation of paramecia in the
presence of light (Moan and Peng, 2003; Raab, 1900). Continued work discovered
that the presence of oxygen was essential for photoinactivation. In 1904, von
Tappeiner and Jodlbauer coined the term “photodynamische Wirkung”, photodynamic

action in English, for the oxygen-requiring photosensitized reactions in biological
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systems (Spikes, 1997; von Tappeiner and Jodlbauer, 1904).

Type I reaction:

Singlet excited state Electron or hydrogen gy o+ . —
PS* ———— transfer S 0, 2
8 Oxygen radicals
ISC " * - —
Light I 10, Singlet
illumination Triplet excited state oxygen .
Type 1l reaction: l
Energy transfer
0, Oxidation of biomolecules
PS :
Singlet ground state

Cell death
Figure 1-3 The mechanism of photodynamic therapy. PS: photosensitizer; ISC:

intersystem crossing; ROS: reactive oxygen species.

Now the mechanism of PDT is better understood, as illustrated in Fig. 1-3. When
the PS is illuminated by light with a suitable wavelength, the PS is promoted from its
singlet ground state to singlet excited state. Then the activated PS converts to triplet
excited state via intersystem crossing (ISC). The triplet activated PS is relatively
long-lived and can interact with surrounding molecules via two types of reactions.
The type I reaction involves the electron or hydrogen transfer with a substrate, which
further reacts with oxygen to generate oxygen radicals, e.g. hydroxyl radical,
superoxide, peroxide; in the type II reaction the triplet activated PS transfers energy to
oxygen, generating singlet oxygen ('O5). Both the oxygen radicals and singlet oxygen
are extremely reactive and thus are termed as reactive oxygen species (ROS). ROS
can oxidize a variety of biomolecules, including lipids, amino acids, nucleic bases,

causing inreversible damage to membranes, proteins/enzymes and DNA,
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consequently leading to cell death (Baglo et al., 2011; Maisch et al., 2011; Moan and
Peng, 2003). Type I and Type II reactions can happen simultaneously and the ratio
between them depends on the PS, oxygen concentration, substrate and the distance
between PS and substrate. Currently, singlet oxygen is widely believed to play the
major role in PDT, and thus is the most important index to evaluate a PS (Donnelly et
al., 2008).

The most successful application of PDT lies in the treatment of cancers. In the last
two decades, PDT has emerged as a potential novel treatment for certain types of
cancer and premalignant lesions, demonstrated by the commercial drugs listed in

Table 1-1.
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1 Introduction

1.2.2 Antimicrobial Photodynamic Therapy (APDT)

Although PDT was discovered during the inactivation of microorganisms, e.g.
paramecia, the potential of PDT against microbial diseases was exploited relatively
slowly, compared to its fast development in the treatment of cancers. This was due to
the discovery of antibiotics, its rapid development and wide application in the 20™
century. But recently, due to the fast developing antibiotic-resistance, PDT is
attracting more and more attention as an effective modality to inactivate microbes,
and this specific application to microbial infections is termed as antimicrobial
Photodynamic Therapy (APDT). Some researchers are used to call it photodynamic
antimicrobial therapy (PACT), or photodynamic inactivation (PDI) of bacteria. In this
cumulative dissertation, PACT was mainly used in Publication 1, while PDI was
mainly used in Publication 2, due to some demands during the submission process.
Nevertheless, all these three abbreviations refer to the same meaning, i.e. the
application of PSs, after illumination by a particular type of light, for the inactivation
of pathogenic microorganisms, such as bacteria, fungi and virus (Garcia et al., 2010;

Maisch et al., 2011; Smijs and Pavel, 2011; Wainwright, 2010).
1.2.2.1 Mechanism

The activation of PSs in APDT is the same as discussed in section 1.2.1 and Fig.
1-3, i.e. type I and type II reactions. As to the lethal damage to bacteria caused by
APDT, two basic mechanisms have been put forward: damage to the cytoplasmic
membrane and damage to DNA (Hamblin and Hasan, 2004).

The damage to cytoplasmic membrane is generally believed to be the prime cause

of bacterial cell death (Hamblin and Hasan, 2004). The cytoplasmic membrane is
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mainly composed of phospholipids and proteins, e.g. enzymes and specific
transporters, which are vital to bacterial survival. These phospholipids and proteins
are susceptible to the oxidation caused by ROS, leading to both functional and
morphological damages and ultimately cell death (Jori, 2006; Pudziuvyte et al., 2011).
For example, the cationic meso-tetra (4 N-methyl-pyridyl)-porphine impaired some
enzymic and transport functions at the level of both the outer and cytoplasmic
membrane, and the activity loss of NADH, lactic and succinic dehydrogenase
correlated with drop in survival (Valduga et al., 1999).

The DNA damage also plays a role in the inactivation of bacteria. After
photodynamic inactivation, various DNA damages have been detected in bacteria,
such as breaks in both single- and double-stranded DNA, the disappearance of the
plasmid supercoiled fraction (Capella et al., 1996; Hamblin and Hasan, 2004).
However, this DNA damage is not the prime cause of bacterial cell death, as
Deinococcus radiodurans, which owns a very effective DNA repair system, is also
sensitive to APDT (Schafer et al., 1998).

For both mechanisms, sufficient ROS are required around the biomolecules. For
type I reaction of PS (oxygen radicals), the PSs must be delivered to the target sites in
order to interact with the substrate to generate oxygen radicals. For type II reaction of
PS, the generated singlet oxygen has a short life time and thus is estimated to diffuse
20~50 nm (Moan and Berg, 1991; Ochsner, 1997), therefore, the PS may be delivered
to the target sites or at least close to the target sites, so that the generated '0, can
immediately or after diffusion oxidize the nearby biomolecules effectively. Obviously,
the PSs being able to penetrate cell walls and generate ROS at the target sites are
more efficient in APDT than the PSs outside of the cell walls. The pathways involved

in the process of APDT are summarized in Fig. 1-4.
10
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Delivery of PSs to the outer cell wall

Pathway I Pathway 11 Pathway I1I
Alteration of outer wall
permeability: cationic PSs, Activation of PSs
Translocation of EDTA, cationic peptide, Generation of 10,
PSs to the liposomes, 10,

cytoplasmic
membrane

Translocation of PSs to the Diffusion of 'O, to

cytoplasmic membrane cytoplasmic membrane

Activation of PSs and generation of ROS

Oxidative modification of biomolecules

Impairment of cell functions and metabolism

Cell death

Figure 1-4 Scheme illustrating the essential steps involved in the process of APDT.
Pathway I is operative for gram-positive bacteria and protozoa in the trophozoitic
stage; pathway II is operative for gram-negative bacteria, yeasts and protozoa in the

cystic stage; pathway III is an supplement to the former two pathways. Based on (Jori

et al., 2006).

It was observed in the 1990s that gram-negative bacteria were less susceptible to
APDT as compared to gram-positive bacteria. The susceptibility difference is because
of the difference between the cell walls of the bacteria.

As shown in Fig.1-5, the cell wall of gram-positive bacteria is mainly composed of
peptidoglycan, which is made up by chains of the amino sugar backbone glycan
(N-acetylglcosamine and N-acetylmuranic acid) connected by peptide bridges.
Teichonic acids and lipoteichoic acids are inserted into the peptidoglycan, endowing

11



1 Introduction
the bacterial cell wall negative charge. The peptidoglycan layer is a porous structure,
allowing PSs penetrate the cell wall easily and reach the cytoplasmic membrane.

Therefore, gram-positive bacteria are susceptible to APDT (Dai et al., 2009; Jori et al.,

2006).
Gram Positive Gram Negative
Lipatelchole acid
Lipopolysaccharicos '
Tuichoic acid Phasphalipids
Peptidoghycan Duler ;

rambeang lxgor

Membrang
Prosein

Figure 1-5 Representative structure and major components of the cell wall and
cytoplasmic membrane in gram-positive and gram-negative bacteria. Cited from

(Amalrich, 2010).

In contrast, gram-negative bacteria contain a quite tightly organized cell wall (Fig.
1-5 right). Particularly the peptidoglycan layer is covered by an outer membrane,
whose outer leaflet is composed of lipopolysaccharides (LPS) and porins. LPS are
strongly negatively charged macromolecules, comprising lipid A in the membrane and
polysaccharide facing toward the aqueous environment. The polyanionic external
polysaccharides are partially neutralized by divalent cations, such as Mg”" and Ca®’,
thus forming a quasi-continuum of densely packed negative charges (Jori et al., 2006;

Malik et al., 1992). The porins form water filled channels for the general or

12
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substrate-specific transport of small water soluble substances. This highly organized
system forms a physical and functional barrier between the cell and its environment,
and thus limits the permeation of big PSs or lipophilic PSs into cells. Consequently,
gram-negative bacteria are less susceptible to APDT (Huang et al., 2010; Malik et al.,
1992).

To overcome the barrier of outer membrane, several strategies are devised
according to the structure of the outer membrane. Ethylenediaminetetraacetic-acid
(EDTA) was used to remove divalent cations (Mg2+ and Ca®"), destroy the linkage
between LPS and increase the permeability of the outer membrane. A polycationic
peptide, poylmyxin B, was employed to disturb the lipid membrane, thus also
increasing the permeability of outer membrane (Malik et al., 1992). Cationic PSs are
particular effective against gram-negative bacteria, because they gain access across
the outer membrane via the “self-promoted uptake pathway”, i.e. cationic PSs bind to
the negatively charged LPS, cause alterations in the outer membrane permeability, and
thereby render hydrophobic PSs deep penetration inside bacterial cells, where the
generated ROSs execute fatal damage (Merchat et al., 1996; Minnock et al., 2000). In
addition, liposomes also have the function to disturb the outer membrane, since some
liposomal formulations were able to fuse with bacteria effectively and disturb their

cell walls (Jia et al., 2010; Mugabe et al., 2006).
1.2.2.2 Advantages of APDT

APDT exhibits several advantages over the traditional antibiotics therapy:
1) Broad spectrum of action: as ROS is toxic to all cells, APDT can act on
bacteria, fungi, yeasts, parasitic protozoa and so on.

2) Efficacy on antibiotic-resistant species: Even antibiotic-resistant microbes

13
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can be inactivated by APDT, such as multidrug-resistant Acinetobacter
baumannii (Ragas et al., 2010) and MRSA (Schastak et al., 2010; Zolfaghari
et al., 2009).

Safety to the host tissue: the antimicrobial PDI is more phototoxic to bacteria
than to mammalian cells. It has been shown that human cells (keratinocytes
and fibroblasts) could survive the antimicrobial PDI in certain conditions
which were lethal to microorganisms; thus the bacteria were selectively
removed (Cassidy et al., 2009; Hamblin and Hasan, 2004; Zeina et al., 2003;
Zolfaghari et al., 2009). In another treatment of epidemic MRSA infected
wounds, histological examination of the wounds revealed no difference
between the APDT-treated wounds and the untreated wounds (Maisch et al.,
2005; Zolfaghari et al., 2009).

Fast: the administration of PSs and laser illumination are completed within
hours, much faster than the action of antibiotics.

Lack of selection of photo-resistant microbial cells (Jori et al., 2006): it is
generally believed that microbial cells are hard to develop resistance to ROS.
In a test using Zn(Il) phthalocyanine to photosensitize S. aureus,
Pseudomonas aeruginosa (P. aeruginosa) and Candida albicans (C. albicans),
both antibiotic susceptible and resistant strains, it was demonstrated that 20
consecutive APDT treatments did not result in any APDT-resistant mutants
(Giuliani et al., 2010).

Double selectivity: both the PSs can be targeted to the microbes and the light

can be targeted to the infected sites.

14
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1.2.3 Application of APDT
Because of the above mentioned advantages, APDT has a wide range of
applications to treatment of different microbial infections. The so far reported

candidate infectious diseases for ADT are summarized in Fig. 1-6 (Dai et al., 2009).

Sinusitis
Bacterial keratitis g .
Otitis media B _ Dental pathogens

———  Localized tuberculosis

Necrotizing fasciitis

———— Gastric H. pylori

Intra-abdominal absces -
~ Bacterial cystitis

Wound infection—
Burn infection

Leishmaniasis
Skin infection

Fungal infections

Figure 1-6 Candidate infectious diseases for APDT. A wide variety of localized
infections could be clinically treated by antimicrobial PDT. Cited from (Dai et al.,

2009).
1.2.3.1 Treatment of skin associated bacterial infections

Indications for APDT are first of all the treatment of local and superficial skin
infections, such as wound infection, burn infection, soft tissue infection, and acne
vulgaris, especially the nosocomial infections caused by multi-resistant bacteria,
because of the easy accessibility of light source.

For instance, burn wounds are often associated with infections caused by S. aureus,
P aeruginosa and C. albicans. The antimicrobial PDI of multi-resistant P. aeruginosa
in burn wounds was studied in third-degree burned mice, indicating that the PS,
hypocrellin B, was effective to inactivate P. aeruginosa by 2 logio, and subsequently

delayed and diminished bloodstream invasion (Hashimoto et al., 2010; Hashimoto et
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al., 2009). Lambrechts et al. used meso-mono-phenyl-tri(N-methyl-4-pyridyl)-
porphyrin to treat the third degree burn wounds infected with S. aureus in mice, and
achieved a fast reduction of more than 98% of the bacteria (Lambrechts et al., 2005b).

The first Phase II study for a topical APDT of infected wound was carried out by a
UK company, Photopharmica, which has reported promising proof-of-concept data
with its lead candidate PPA 904 for the treatment of microbial disease in wounds. The
compound was well tolerated, and no treatment-related adverse events were reported.
Now this company is organizing its Phase II b trial for chronic leg ulcer
(Photopharmica, 2007).

APDT has shown obvious efficacy in the treatment of acne vulgaris, which is often
associated with infection caused by Propionibacterium acnes (Kim and Armstrong,
2011). The company, Photocure ASA, is developing a methylaminolevulinate-loaded

cream, Visonac™, for the APDT of acne vulgaris. The cream is applied to the acne area,

which is subsequently illuminated with red light after a short incubation time. In the

completed proof-of-concept study, Visonac™ significantly reduced the number of

inflammatory acne lesions than placebo PDT measured 10 weeks after treatment.

Now Visonac™ is in the Phase II clinical trial (Photocure, 2011).

1.2.3.2 Treatment of dental infections

Until now the most successful commercial application of APDT is the treatment of
dental infections. As shown in Table 1-1, Methylene blue and Toluidine blue are being
clinically used as an adjuvant treatment of chronic periodontitis, endodontics,
peri-implant disease, gingivitis and caries. After application of a PS, light is delivered
into the target area precisely using a fiber optic cable, as shown in Fig.1-7, thus

avoiding the disturbances of the microflora at other sites and the adjacent host tissues.
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In this treatment, there is no need to anaesthetize the area and inactivation of bacteria
is achieved within short span of time, thus beneficial to both operator and the patient
(Raghavendra et al., 2009). The additional application of APDT resulted in the
reduction in the numbers of bacteria in the periodontal pockets or in the root canal
system (Ng et al., 2011; Pinheiro et al., 2010), and a significantly higher reduction of

bleeding scores than using scaling and root planning alone (Chondros et al., 2009).

Figure 1-7 Activation of the PSs in the mesiobuccal pocket of tooth 16 (Stephan,
2011).
1.2.3.3 Antifungal therapy

APDT is also effective in the treatment of fungal infections. A variety of fungal
species have already been proved to be susceptible to APDT (Donnelly et al., 2008;
Lambrechts et al., 2005a; Smijs and Pavel, 2011). Lambrechts et al. used a cationic
porphyrin to successfully inactivate Candida albicans, whose cytoplasmic membrane
was found to be the target organelle of APDT (Lambrechts et al., 2005a). Smijs’s
group found a cationic porphyrin “Sylsens B” effective towards Trichophyton rubrum,
creating the possibility of efficiently treating nail infections and remaining spores in
hair follicle; this group also showed potential usefulness of APDT in treatment of
clinical dermatophytoses, e.g. 5-aminolevulinic acid (ALA) combined with red light
was shown to be efficacious after repeated sessions in the in vivo treatment of

onychomycosis, namely, fungal nail infection caused by various dermatophytes (Smijs
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and Pavel, 2011). Carmen et al. treated the patient diagnosed with onychomycosis
using methyl-aminolevulinate, and achieved mycological and clinical cure without
reoccurrence after 12 months (Carmen et al., 2011). Now it is more and more
accepted that PDT has a good prospect to become a worthy alternative to established

antifungal drugs for the treatment of superficial fungal infections.

1.2.3.4 Other infections

APDT has also been proved to be effective against other infections, including viral
infections (Chen et al., 2011b; Rossi et al., 2009), leishmaniasis (Akilov et al., 2009),
gastric Helicobacter pylori infection (Lembo et al., 2009; Leszczynska et al., 2009),
mycobacterial infection (Shih and Huang, 2011), demonstrating again that APDT has
a broad spectrum of applications and is prospective to become a worthy alternative to
established antimicrobial drugs.

In summary, APDT is an attractive treatment of various microbial infections.
However, this therapy is still in its developing period, and has a long way to go before
wide application in practice. On one side, new PSs are being synthesized and tested;
on the other side, suitable PSs delivery systems may further improve the APDT. In
spite of the vast number of studies published in the field of APDT, a rational approach
to formulation design has not taken place. This may be because this filed is dominated
by clinicians and basic scientists, rather than those involved in pharmaceutical

formulation development (Cassidy et al., 2009).
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1.3.Liposomes for delivery of Photosensitizers

1.3.1 Liposomes

Liposomes are spherical vesicles composed of one or more concentric lipid
bilayers surrounding an aqueous phase. Since the discovery by Bangham (Bangham
and Horne, 1964), liposomes have been extensively investigated and have emerged as
excellent drug carriers due to their powerful solubilizing capacity of varieties of
compounds and many superior characteristics.

The application of liposomes as drug carriers is illustrated in Fig. 1-8: the
hydrophobic drugs can be incorporated into the lipid bilayers, whilst the hydrophilic
drugs can be encapsulated into the aqueous phase; stealth liposomes may be obtained
by stubbing PEG on the surface; cell-targeting liposomes may be prepared by
coupling targeting ligands to the surface of liposomes. Therefore, liposomes have a
broad range of applications in the pharmaceutical industries, as summarized in Table

1-2.
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Figure 1-8 Structure of a unilamellar liposome and its application for drug delivery.
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Table 1-2. Liposomes in the pharmaceutical industry. Modified from (Lasic, 1995).

Liposome Utility Current Applications Disease States Treated

Solubilization Amphotericin B, minoxidil, Fungal infections, age-related
benzoporphyrin macular degeneration

Site-Avoidance Amphotericin B — reduced Fungal infections, cancer

nephrotoxicity, doxorubicin —
decreased cardiotoxicity

Sustained-Release Systemic antineoplastic drugs, Cancer, biotherapeutics
hormones, corticosteroids, drug
depot in the lungs

Drug protection Cytosine arabinoside, interleukins  Cancer, etc.

RES Targeting Immunomodulators, vaccines, Cancer, MAI, tropical parasites
antimalarials, macrophage-located
diseases

Specific Targeting Cells bearing specific antigens Wide therapeutic applicability

Extravasation Leaky vasculature of tumours, Cancer, bacterial infections
inflammations, infections

Accumulation Prostaglandins Cardiovascular diseases

Enhanced Topical vehicles Dermatology

Penetration

Drug Depot Lungs, sub-cutaneous, Wide therapeutic applicability

intra-muscular, ocular

1.3.2 Liposomes for the treatment of microbial infections

One important application of liposomes lies in the treatment of microbial infections,
i.e. entrap antibiotics to enhance their antimicrobial activity and pharmacokinetic
properties (Drulis-Kawa and Dorotkiewicz-Jach, 2010). A variety of antibiotics were
successfully encapsulated into liposomes, endowing them specific characteristics. One
such successful example is Ambisome® (amphotericin B incorporated in Liposomes
for fungal infections), which has already been approved by FDA in 1997. The
advantages of liposomes for antibiotics delivery were well discussed in the literature
(Bakker-Woudenberg et al., 2005; Drulis-Kawa and Dorotkiewicz-Jach, 2010; Salem
et al., 2005), such as:

e improving pharmacokinetics and biodistribution;

e decreasing toxicity of the drugs;

e enhancing activity against intracellular pathogens;
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e enhancing activity against extracellular pathogens, in particular, to overcome
bacterial drug resistance;
e target selectivity.
Considering the advantages of liposomes in the treatment of microbial infections, it
is believed that liposomes will also be a promising formulation for APDT, especially

in the treatment of local infections.

1.3.3 Liposomes for APDT

Compared with the intensive study of liposomes for antibiotics delivery, the study
of using liposomes to deliver PSs for APDT is still in its infancy, as only a few studies
have been published. Nevertheless, the so far published work still shed light on the

application of liposomes in this field.

1.3.3.1 Enhancement of the APDT efficiency

Liposomes can significantly enhance the APDT efficiency of PSs, both towards
gram-positive and gram-negative bacteria. Nisnevitch et al. enclosed methylene B and
neutral red NR in liposomes. These liposomes exerted a stronger antimicrobial effect
than free PSs for the tested bacteria, including both gram-positive and gram-negative
bacteria (Nisnevitch et al., 2010). The enhancement of antimicrobial effect towards
gram-negative bacteria was attributed to a fusion mechanism of liposomes with
bacteria, thus delivering drugs into bacteria in a concentrated form and increasing the
cytotoxicity. This mechanism is in accordance with the fusion of antibiotic containing
liposomes with gram-negative bacteria, which was directly observed by scanning
electron microscopy or flow cytometry (Mugabe et al., 2006; Sachetelli et al., 2000).
In the case of gram-positive bacteria, it was considered that liposomes could release

their content nearby cell surface after the interaction with the external peptidoglycan

21



1 Introduction
barrier.

Ferro et al. incorporated porphyrin PSs into liposomes composed of pure cationic
lipid, DOTAP. They found that the cationic liposomes promoted the tighter binding of
liposomes with MRSA, then the cationic lipid disturbed the cell wall, enhanced its
permeability to the PSs, leading to effective photoinactivation of MRSA (Ferro et al.,

2006; Ferro et al., 2007).

1.3.3.2 Reduction of the PSs dosage

Since the antimicrobial effect can be enhanced by liposomes, the dosage of PSs
may be reduced, so as to reduce the side effects to host tissues. For example,
liposome-encapsulated 5-aminolevulinic acid (ALA) was recently studied for PACT
of acne vulgaris. The concentration of liposome-encapsulated ALA was reduced
significantly by a factor of 40 compared to its cream formulation and still induced the
same skin fluorescence (Christiansen et al., 2007). Further clinical studies proved that
the 0.5% Liposome-encapsulated ALA improved inflammatory acne with minimal
side effects in Asians, and therefore was superior to 20% ALA cream in the treatment
of acne vulgaris (An et al., 2011; de Leeuw et al., 2010). This is because liposomes
could help delivery certain drugs to the sebaceous glands, e.g. antiandrogen in
liposomes was mainly localized in sebaceous glands, while alcoholic solution favored

the localization of the drug into the stratum corneum (Bernard et al., 1997).

1.3.3.3 Solubilization of hydrophobic PSs

A portion of the PSs are hydrophobic and cannot be directly administrated to
infection sites. In this case, liposomes serve as a good carrier to solubilize these

hydrophobic PSs. For example, temoporfin is a potent generation II photosensitizer,
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but its high lipophilicity limits its application. Fortunately, temoporfin is able to be
incorporated into liposomes well. It was reported that temoporfin-loaded liposomes
(Fospeg®) caused a 4-5 logjo reduction of S. aureus (Engelhardt et al., 2010).
Bombelli et al. used cationic surfactants to prepare new cationic liposomes as vehicles

of temoporfin for APDT and achieved sufficient APDT effect (Bombelli et al., 2008).
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1.4 Aim of the study

Summarizing the introduction above, the situation of microbial infections as well
as antibiotic-resistance is deteriorating, APDT is a promising modality to treat
microbial infections, and liposomes are an attractive drug delivery system in the
treatment of infections. However, liposomes are still seldom explored for APDT, and
the limited study mainly focused on the passive delivery of PSs. Thus we wonder if
the APDT could be further improved by using bacteria-targeting liposomes. During
the search for suitable liposomal formulations for APDT, a lot of liposomal
formulations need to be screened, while the conventional preparation method is slow,
limiting the development process of liposomal formulations for APDT. So could we
develop a fast high throughput method to screen the liposomal formulations quickly?

These questions lead to the aims of our study:

1) To develop bacteria-targeting liposomes by coupling different ligands to
the surface of liposomes, aiming to increase the delivery of PSs to bacteria
and consequently to improve the APDT efficiency. This work is summarized

in publication 1 and 2.

2) To develop a high-throughput method for screening a large number of

PS-loaded liposomal formulations using ethanol injection method and the

automatic devices. This work is summarized in Publication 3.
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2 Publication overview

2.1 Research Paper:

Antimicrobial peptide modified liposomes for bacteria targeted delivery of

temoporfin in photodynamic antimicrobial chemotherapy
Kewei Yang, Burkhard Gitter, Ronny Riiger, Gerhard D. Wieland, Ming Chen, Xiangli
Liu, Volker Albrecht, Alfred Fahr
Photochemical & Photobiological Science, 2011, 10, 1593-1601.
Abstract:
A generation II PS, temoporfin, was incorporated into liposomes, followed by
conjugation with a novel antimicrobial peptide (WLBU2) on the liposomal surface for
bacteria targeted delivery of temoporfin in photodynamic antimicrobial chemotherapy
(PACT). The delivery of temoporfin to MRSA and P. aeruginosa was confirmed by
fluorescence microscopy and flow cytometry, thus demonstrating that more
temoporfin was delivered to bacteria by WLBU2 modified liposomes than by
unmodified liposomes. Consequently, the WLBU2 modified liposomes eradicated all
MRSA and induced a 3.3 logy reduction of P aeruginosa in the in vitro
photodynamic inactivation test. These findings demonstrate that antimicrobial peptide
modified liposomes are promising for bacteria targeted delivery of PSs and for
improving the PACT efficiency against both gram-positive and gram-negative bacteria
in the local infections.
Own contribution to the manuscript:

1) Preparation and characterization of bacteria-targeting liposomes;

2) Culture of bacteria; in vitro study of the delivery of temoporfin to bacteria;

3) Data evaluation, interpretation and presentation of the results.
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4) Writing of the first version of the manuscript
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2.2 Research Paper:
Wheat germ agglutinin modified liposomes for the photodynamic inactivation of
bacteria
Kewei Yang, Burkhard Gitter, Ronny Riiger, Volker Albrecht, Gerhard D. Wieland,
Alfred Fahr
Photochemistry and Photobiology, accepted on 8" of August, 2011, in press.
Abstract:
In this study, a specific lectin, wheat germ agglutinin (WGA), was coupled to the
surface of temoporfin-loaded liposomes. MRSA and P. aeruginosa were selected to
evaluate the WGA modified liposomes in terms of bacteria targeted delivery and in
vitro photodynamic inactivation test. Fluorescence microscopy revealed that
temoporfin was delivered to both kinds of bacteria, while flow cytometry
demonstrated that WGA modified liposomes delivered more temoporfin to bacteria
compared to non-modified liposomes. Consequently, the WGA modified liposomes
eradicated all MRSA and significantly enhanced the PDI of P. aeruginosa, suggesting
that the WGA modified liposomes are a promising formulation for bacteria targeted
delivery of temoporfin and for improving the PDI of both gram-positive and
gram-negative bacterial cells.
Own contribution to the manuscript:

1) Preparation and characterization of bacteria-targeting liposomes;

2) Culture of bacteria; in vitro study of the delivery of temoporfin to bacteria;

3) Data evaluation, interpretation and presentation of the results.

4) Writing of the first version of the manuscript
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2.3 Research Paper:
Fast high-throughput screening of temoporfin-loaded liposomal formulations
prepared by ethanol injection method
Kewei Yang, Joseph T. Delaney, Ulrich S. Schubert, Alfred Fahr
Journal of liposome research, accepted on 25™ of April, 2011, in press.
Abstract:
A new strategy for the fast and convenient high-throughput screening of liposomal
formulations was developed, utilizing the automation of the ethanol injection method.
Numerous temoporfin-loaded liposomal formulations were efficiently prepared using
a pipetting robot, followed by automated size characterization using a dynamic light
scattering plate reader. Step-by-step small liposomes were prepared with high
incorporation efficiency, and an optimized formulation was obtained for each lipid,
which were unilamellar spheres with a diameter of about 50 nm and were very stable
for over 20 weeks. The results illustrate this approach to be promising for the fast
high-throughput screening of liposomal formulations.
Own contribution to the manuscript:

1) Experiment design;

2) Performance of all the experiments except Cryo-TEM;

3) Data evaluation, interpretation and presentation of the results.

4) Writing of the first version of the manuscript
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3.1 Antimicrobial peptide modified liposomes for bacteria targeted
delivery of temoporfin in photodynamic antimicrobial chemotherapy

Kewei Yang, Burkhard Gitter, Ronny Riiger, Gerhard D. Wieland, Ming Chen,

Xiangli Liu, Volker Albrecht, Alfred Fahr

Photochemical & Photobiological Science, 2011, 10, 1593-1601.

Pages in the dissertation: 30~38 (9 pages)
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Antimicrobial peptide-modified liposomes for bacteria targeted delivery of
temoporfin in photodynamic antimicrobial chemotherapy

Kewei Yang,” Burkhard Gitter,” Ronny Riiger,” Gerhard D. Wieland,” Ming Chen,* Xiangli Liu,*

Volker Albrecht” and Alfred Fahr**

Received 17th March 2011, Accepted 15th June 2011
DOI: 10.1039/¢1pp05100h

Photodynamic antimicrobial chemotherapy (PACT) and antimicrobial peptides (AMPs) are two
promising strategies to combat the increasing prevalence of antibiotic-resistant bacteria. To take
advantage of these two strategies, we integrated a novel antimicrobial peptide (WLBU2) and a potent
generation I photosensitizer (temoporfin) into liposomes by preparing WLBU2-modified liposomes,
aiming at bacteria targeted delivery of temoporfin for PACT. WLBU2 was successfully coupled to
temoporfin-loaded liposomes using a functional phospholipid. The delivery of temoporfin to bacteria
was confirmed by fluorescence microscopy and flow cytometry, thus demonstrating that more
temoporfin was delivered to bacteria by WLBU2-modified liposomes than by unmodified liposomes.
Consequently, the WLBU2-modified liposomes eradicated all methicillin-resistant Staphylococcus
aureus (MRSA) and induced a 3.3 log,, reduction of Pseudomonas aeruginosa in the in vitro
photodynamic inactivation test. These findings demonstrate that the use of AMP-modified liposomes is
promising for bacteria-targeted delivery of photosensitizers and for improving the PACT efficiency
against both gram-positive and gram-negative bacteria in the local infections.

Introduction

A major challenge of combating infectious diseases is the in-
creasing emergence of antibiotic resistance amongst pathogenic
bacteria despite the continuous development of antibiotics.
For instance, the methicillin-resistant,' mupirocin-resistant*> or
vancomycin-resistant® strains of bacteria are quite hard to kill,
attracting much attention nowadays. Particularly, the recently
isolated Escherichia coli and Klebsiella pneumoniae carrying New
Delhi metallo-beta-lactamases (NDM-1) are highly resistant to
all antibiotics except tigecycline and colistin.* Therefore, it is
emergent to look for alternative antimicrobial strategies. To date,
photodynamic therapy (PDT) is emerging as one of the most
promising strategies.>®

PDT involves the use of a photosensitizer (PS), oxygen and
light, mostly delivered by laser. The PS is triggered by light from
its ground energy level singlet state to an activated state, followed
by transferring energy to the surrounding oxygen, leading to the
generation of reactive oxygen species (ROS), e.g. singlet oxygen.’
These ROSs are highly reactive, so that they can oxidize varieties
of biological molecules, e.g. proteins, nucleic acids and lipids,
resulting in cytotoxicity.” PDT is mainly used in the treatment
of tumors in clinics, but is also used in the treatment of other

“Department of Pharmaceutical Technology, Friedrich-Schiller-University
Jena, Lessingstrasse 8, D-07743, Jena, Germany. E-mail: alfred.fahr@uni-
Jena.de; Fax: +49-3641-949902; Tel: +49-3641-949901

*biolitec AG, Jena, Germany

diseases, e.g. age-related macular degeneration.? In addition, PDT
has attracted significant attention in the last decades as a potential
strategy to treat microbial infections, especially those caused by
antibiotic-resistant species. The antimicrobial application of PDT
is often termed as photodynamic antimicrobial chemotherapy
(PACT)**!! or photodynamic inactivation (PDI).”> Compared
to traditional antibiotics therapy, PACT has the following ad-
vantages. Firstly, PACT possesses a broad spectrum of action,
and many antibiotic-resistant strains have been reported to be
efficiently inactivated, because ROSs are toxic to almost all
bacteria.”>" Secondly, it is believed that bacteria will not easily
develop resistance against ROSs, so PACT is of low mutagenic
potential.>'¢ Thirdly, PACT is more phototoxic to bacteria than to
mammalian cells. It was observed that human cells (keratinocytes
and fibroblasts) could survive PACT in certain conditions that
were lethal to microorganisms, so that the bacteria could be
selectively removed.*"""? Because of these advantages, PACT has
been employed to combat a number of bacteria, mostly during the
local microbial infections, such as skin-associated bacteria,'*2!
bacteria of periodontal pockets'® and the oral cavity.** Several
products were already developed based on PACT, eg for the
treatment of acne vulgaris and infected leg ulcers.”?* The available
results confirm that PACT is a very promising approach to combat
bacterial infections, especially the antibiotic-resistant species.
Currently we are studying temoporfin as the model of PSs for
PACT. Temoporfin is one of the most potent generation II PSs,
which is activated at 652 nm wavelength with a depth of light

This journal is © The Royal Society of Chemistry and Owner Societies 2011
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penetration in skin of about 1 cm,* and thereby is suitable for the
treatment of local infections. It was found that temoporfin could
photodynamically inactivate S. aureus effectively, and might be
a promising candidate for PACT of staphylococcal infections in
wounds.?** However, temoporfin cannot be administrated alone,
since it is highly hydrophobic with a log P of 9.24,” thus a suitable
delivery system is essential for the administration of temoporfin.
Among the different drug delivery systems, liposomes are an
attractive choice and suitable for the incorporation of highly
hydrophobic PSs.'>'426:30:31 For example, biolitec AG developed
a liposomal formulation of temoporfin, Fospeg®, which was
proved to be effective in the PACT against Staphylococcus aureus
(S. aureus).® Bombelli et al. developed another kind of novel
temoporfin-loaded cationic liposomes, which featured the same
bactericidal activity as free temoporfin, and hence, as the authors
claimed, enlarged the prospective of exploitation of temoporfin
in PACT through the development of target specificity in these
formulations.? When these liposomes are applied to the local in-
fection site, temoporfin is delivered not only to bacteria, but also to
the cells nearby, causing certain side effects after laser illumination.
Therefore, it is desirable to develop bacteria-targeting liposomes
which bind specifically to bacteria, consequently increasing the
chance to deliver temoporfin directly to bacteria while reducing the
nonspecific delivery to other cells, and finally leading to improved
PACT efficiency.

A promising source of bacteria-targeting ligands may come
from antimicrobial peptides (AMPs), a kind of cationic amphi-
pathic peptides (CAPs), which are found ubiquitously in most
classes of life forms, where they function as major effectors of
the innate immune system.** The cationic nature of AMPs enables
them to interact with the negatively charged lipids in bacterial
membranes, such as teichoic acids in gram-positive bacteria and
lipopolysaccharides (LPS) in gram-negative bacteria, while their
amphipathic nature enables their penetration into bacterial mem-
branes and the formation of membrane pores, causing damage to
bacteria.*® This mode of action promises both low susceptibility to
antibiotics resistance and a broad spectrum of activities against a
vast variety of microorganisms. Besides naturally occurring AMPs,
a lot of synthetic AMPs were obtained based on the systematic
variation of natural AMPs, aiming to improve antibacterial
activity and reduce cytotoxicity. For instance, Deslouches et al.
synthesized different multimers of a 12-residue lytic base unit
(LBU) peptide composed only of arginine and valine residues
and investigated the relationship between their length/tryptophan
substitution and antimicrobial activity.* A 24-residues peptide
named WLBU2 showed not only high antimicrobial activity
towards Pseudomonas aeruginosa (P. aeruginosa) and S. aureus,
but also high antimicrobial selectivity in the co-culture model
of P aeruginosa and primary human skin fibroblasts. Further
studies confirmed that WLBU2 was able to kill P. aeruginosa in
human serum and whole blood.** WLBU?2 was also proved to be
active in vitro against Chlamydia trachomatis and would be an
active ingredient for a topical antimicrobial formulation targeting
Chlamydia trachomatis.®® These results suggest that WLBU2 has
a specific and effective binding to various species of microbes, and
therefore may be a potential bacteria-targeting ligand for bacteria-
targeting drug delivery systems, e.g. liposomes.

To combat the increasing emergence of antibiotic resistance, we
intended to develop a novel bacteria-targeting liposomal formula-

tion for improvement of PACT, taking use of the AMPs’ bacteria-
targeting ability. This strategy was demonstrated by conjugating
WLBU?2 to the surface of temoporfin-loaded liposomes and by
studying their PACT effect on both gram-positive and gram-
negative bacteria.

Experimental
Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholin (DPPC) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine- N-[methoxy(poly-
ethylene glycol)-2000] (mPEG,y,-DSPE, ammonium salt) were
obtained from Genzyme Pharmaceuticals (Cambridge, MA,
USA). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[3-
(N - succinimidyloxyglutaryl ) aminopropyl ( polyethyleneglycol ) -
2000-carbamyl] (NHS-PEG,,-DSPE) was purchased from NOF
Cooperation (Tokyo, Japan). N-[1-(2,3-Dioleoyloxy)propyl]-
N,N,N-trimethylammonium methylsulfate (DOTAP, methyl
sulfate salt) was purchased from Boehringer Ingelheim
GmbH (Ingelheim, Germany). Temoporfin, i.e. 3,3",3”,3"-(7,8-
dihydroporphyrin-5,10,15,20-tetrayl)tetraphenol (mTHPC) and
its liposomal formulation, Foslip®, were gifts from biolitec AG
(Jena, Germany). WLBU2 was custom-made by Centic Biotec
(Weimar, Germany). All other chemicals were of analytical
grade.

Bacteria

The microbial strains were supplied by the German Collection
of Microorganisms and Cell Cultures (DSMZ, Braunschweig,
Germany). S. aureus DSM 11729 is the methicillin-resistant species
(MRSA) and is gram-positive. P. aeruginosa DSM1117 is a gram-
negative species.

Preparation of liposomes and modification with WLBU2

Liposomes consisting of 30 mM phospholipids and 1.5 mg ml™!
temoporfin were prepared using the Film-Hydration-Extrusion
technique.* Brieflyy, DPPC, DOTAP, NHS-PEG,,-DSPE and
mPEG,,-DSPE were dissolved in chloroform with a molar
ratio of 80:15:2:3, containing 2 mol% NHS-PEG,,-DSPE.
Temoporfin dissolved in methanol was mixed with the phospho-
lipid solution. The organic solvent was removed using a rotary
evaporator (BUCHI Vacobox B-177, BUCHI, Switzerland) at
55 °C. The obtained lipid/drug film was hydrated using borate
buffer (pH 8.0) followed by 21 times extrusion through a 100 nm
polycarbonate membrane within 20 min, using a LiposoFast®
mini-extruder (Avestin, Ottawa, Canada). The conjugation of
WLBU?2 with liposomes is illustrated in Fig. 1. The WLBU2 was
incubated with liposomes ata 1 : 5 molar ratio of WLBU2 to NHS-
PEG,-DSPE. After 2 h incubation at room temperature (RT),
the modified liposomes were separated from the free WLBU2
using a Sepharose Cl-4B column, eluted by phosphate buffered
saline (PBS) buffer. The liposomes before and after incubation
with WLBU?2 are named NHS-liposomes and WLBU2-liposomes,
respectively. The unmodified liposomes, consisting of DPPC,
DOTAP and mPEG,,,-DSPE at the molar ratio of 80:15:5, were
prepared in the same way and used as control (PEG-liposomes).
The registered liposomal formulation, Foslip®, was utilized for
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Fig.1 Scheme of the conjugation of WLBU2 with liposomes incorporating NHS-PEG,,-DSPE, including the structure of NHS-PEGy,,-DSPE.

comparison. This formulation was developed by biolitec AG and
was composed of DPPC, 1,2-dipalmitoyl-sn-glycero-3-[phospho-
rac-(1-glycerol)] (DPPG) and Temoporfin (1.5 mg ml™).

Characterization of liposomes

The conjugation of WLBU?2 with the NHS-PEG,,,-DSPE in the
liposomes was confirmed using sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE). Briefly, an aliquot of
10 puL purified WLBU2-liposomes was mixed with equal amount
of reducing sample buffer, and applied to a 10-20% precast
polyacrylamide gel (Bio-Rad, California, USA). The gel bands
were stained by Coomassie blue.

The mean vesicle diameter, polydispersity index and zeta poten-
tial of liposomes were measured using photon correlation spec-
troscopy (PCS) on a Zetasizer Nano ZS (Malvern, Herrenberg,
Germany). The liposomes were diluted to a proper concentration
using PBS, and the analysis was performed at an angle of 173°and
a temperature of 25 °C. Each sample was measured in triplicate.

Bacteria culture

The bacterial cells were grown aerobically overnight at 37 °C
in Tryptic Soy Broth (Merck KGaA, Darmstadt, Germany).
Cells were harvested by centrifugation and suspended in ster-
ile PBS. The final ODg, (optical density at 600 nm, 1 cm)
of the bacterial suspensions was adjusted to 0.45 or 0.15,
respectively.

Study of the delivery of temoporfin using fluorescence microscope
and flow cytometry

Temoporfin-loaded liposomes were incubated with S. aureus
DSM11729 or P. aeruginosa DSM1117 (ODy, = 0.45) at 0 °C

for 1h. The ratio of phospholipids to bacteria was based on
the in vitro PACT test. After 1 h incubation, the bacteria were
washed in triplicate with PBS and finally suspended in PBS.
For fluorescence microscopy, the bacteria were transferred into
2.5% glutaraldehyde (in 0.17 mM Tris buffer, pH = 7.4). After
1 h fixation, the suspension was spread on a glass slide and
observed using a Leica DM-RXP fluorescence microscope (Leica,
Wetzlar, Germany). For flow cytometry, the bacteria suspension
in PBS was diluted to a proper concentration and submitted
to an Epics XL.MCL flow cytometry (Beckman Coulter Inc.,
Miami, FL, USA). The fluorescence of temoporfin on bacteria
was detected using filter 4 (detected range of wavelengths:
660-700 nm).

In vitro experiments on PACT

Both S. aureus DSM11729 and P. aeruginosa DSM1117 were
studied in the in vitro PDI test. Briefly, 10 uL temoporfin-loaded
liposomes (250 uM or 25 uM temoporfin in liposomes) was
incubated with 190 puL bacteria suspension (ODgy = 0.15) in sterile
black well plates with clear bottoms (Costar 3603, Corning Inc.,
USA) at RT in the dark. 1 uL free temoporfin in ethanol was mixed
with bacteria in the same condition for comparison. After 90 min
or 180 min incubation, the bacteria suspension was illuminated
using a 652 nm laser (1 W cm™, 100 s, 100 J cm™). After this
procedure, the bacteria suspension was inoculated on an agar
plate using a jet spiral plater (Eddy Jet, IUL Instruments GmbH,
Konigswinter, Germany). After overnight culture the colonies
on the plate were counted using an automatic colony counter
(Countermat Flash, TUL Instruments GmbH, Konigswinter,
Germany). Both the incubation with bacteria and the counting
of bacteria on each plate were repeated in triplicate. The bacteria
without laser illumination were also counted to examine the dark

This journal is © The Royal Society of Chemistry and Owner Societies 2011
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Table 1 The diameter, polydispersity index and zeta potential of liposomes (n = 3)

Liposomes Diameter (nm)

Polydispersity index Zeta potential (mV)

102.7£1.5
136.6 1.6
114.6+0.6
117.5+1.2

NHS-liposomes*
WLBU2-liposomes
PEG-liposomes
Foslip®

0.128 £0.037
0.213+0.024
0.147 £ 0.004
0.105+0.010

1.44+£0.45
-1.71£1.67
7.69£0.95
—48.2+9.00

¢ Liposomes containing NHS-PEG,,-DSPE before conjugation with WLBU2.

toxicity of free temoporfin and temoporfin-loaded liposomes,
defined as the intrinsic toxicity of the compounds in the absence
of light.

Results
Characterization of liposomes

Table 1 lists the diameter and polydispersity index of the liposomes.
After extrusion through the polycarbonate membrane (pore size
100 nm), the average diameter of NHS-liposomes was well
controlled around 100 nm with a narrow distribution, being
comparable with the size of Foslip®. After conjugation with
WLBU?2, the average diameter of liposomes increased to 136.6 nm
with a higher polydispersity index. Meanwhile, the zeta potential
changed from almost neutral before conjugation to a little negative
afterwards, while Foslip® was very negatively charged.

Previous experiments demonstrated that the phospholipids
could not be detected on this SDS-PAGE gel, but WLBU?2 could
be detected quite well. As shown in Fig. 2, the pure WLBU2
was detected at around 14 kDa, which is four fold the molecular
weight of a single WLBU2 (Molecular weight: 3.5 kDa), implying
that the detected WLBU2 is a tetramer. In the WLBU2-liposomes
a band above the pure WLBU2 band was detected, which was
identified to be the WLBU?2 conjugate with NHS-PEG,,,-DSPE,
i.e. WLBU2-PEGy-DSPE. The molecular weight difference of
about 3~6 kDa between these two bands indicates that one or two
NHS-PEG,4,-DSPE (molecular weight: 3.0 kDa) were conjugated
with a tetramer of WLBU2.

kDa
331 e
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16.1— WLBU2-PEG2000-DSPE
—WLBU2
8.4—
41—
& & &
@’b&“ \,@ %oé\
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N
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Fig.2 Detection of the conjugation of WLBU2 with NHS-PEG,,-DSPE
in WLBU2-liposomes using SDS-PAGE.

Fluorescence microscopy

The bacteria and bacteria aggregates could be observed easily
using the fluorescence microscope (Fig. 3). When the bacteria
were illuminated by green light, red fluorescence of temoporfin
was observed around the bacteria, implying that temoporfin was

Brightlight

Fluorescence

50 pm

% 50 pm

C D

Fig. 3 Fluorescence microscopic pictures of S. aureus DSM11729 (A
and B) and P aeruginosa DSM1117 (C and D) after incubation with
WLBU2-liposomes.

successfully delivered to both kinds of bacteria via the modified
liposomes.

Flow cytometry

Flow cytometry was used to compare the delivery efficiency
of temoporfin from different liposomes to bacteria and the
results were shown in Fig. 4 and Fig. 5. The x-axis indicates
fluorescence intensity of the bacteria and the number besides
each peak is the mean fluorescence intensity (MFI). The higher
the MFI, the more temoporfin was delivered to bacteria. The
delivery of temoporfin to bacteria includes two aspects: part of
temoporfin was released from liposomes and transferred into
bacteria, while part of temoporfin was still contained in liposomes
being bound to bacteria. Both populations of temoporfin could
be detected when the bacteria were injected into flow cytometry.
As control, temoporfin-loaded liposomes alone were submitted
to flow cytometry. These liposomes could not be detected in the
used configuration of the device, in accordance with the literature
stating that liposomes smaller than 200 nm cannot be detected by
this device.*’

The MFT of S. aureus incubated with WLBU2-liposomes was
about two times larger than that of S. aureus incubated with
Foslip® (Fig. 4), indicating that WLBU2-liposomes delivered
twice more temoporfin to S. aureus than Foslip®. Similarly,
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WLBU2-liposomes

Events

Fluorescence intensity

Fig. 4 Temoporfin-loaded liposomes were incubated with S. aureus
DSM 11729 and then the fluorescence caused by the temoporfin delivered
to bacteria was analyzed using flow cytometry. The value of each peak
represents mean fluorescence intensity.

WLBU2-liposomes delivered approximately the double amount
of temoporfin than PEG-liposomes did. Although the MFI of
S. aureus incubated with Foslip® was smaller than for the other two
liposomal formulations, it was still higher than for the untreated
bacteria, implying that Foslip® could also deliver some temoporfin
to bacteria.

Fig. 5 shows the MFIs of P. aeruginosa incubated with all three
kinds of liposomes. The order of temoporfin delivery efficiency
among these three formulations was the same as the order for
S. aureus, i.e. the WLBU2-liposomes delivered more temoporfin
than the unmodified liposomes. Additionally, for each kind of
liposomes, the MFIs of P. aeruginosa after incubation were higher
than those of S. aureus, suggesting that the amount of temoporfin
delivered to each P. aeruginosa was more than to each S. aureus.

‘WLBU2-liposomes
257.

22.5

P. aeruginosa
0.

Events

7.5

Fluorescence intensity

Fig. 5 Temoporfin-loaded liposomes were incubated with P. aeruginosa
DSM1117 and then the fluorescence caused by the temoporfin delivered
to bacteria was analyzed using flow cytometry. The value of each peak
represents mean fluorescence intensity.

In vitro experiments on PACT

Fig. 6 shows the log;, unit reduction in the viable count of S.
aureus when incubated with different temoporfin formulations.
Without exposure to light, free temoporfin (dissolved in ethanol)
induced a 2.69 log,, reduction of bacteria after 180 min incubation,
while both Foslip® and WLBU2-liposomes showed no dark
toxicity against S. aureus (gray bars in Fig. 6), suggesting that
the dark toxicity of temoporfin was reduced after incorporation
into liposomes, in line with the dark toxicity test on cells where
incorporation into liposomes reduced the dark toxicity of temo-
porfin significantly compared to free temoporfin in solution.***
After laser illumination, free temoporfin was very phototoxic,
eradicating all S. aureus at 1.25 uM (180 min) and at 12.5 uM
(90 and 180 min); Foslip® killed S. aureus the least efficiently,
achieving its maximal reduction of 2.6 log,, at 1.25 uM (180 min);
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Fig. 6 Dark toxicity and PACT efficiency of free temoporfin or temoporfin-loaded liposomes on S. aureus DSM11729 after incubation at RT for 90 min
or 180 min, respectively. The arrows indicate that the bacteria were completely eradicated, and the bars representing dark toxicity results are shaded gray

(n23).
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Fig. 7 Dark toxicity and PACT efficiency of free temoporfin or temoporfin-loaded liposomes on P. aeruginosa DSM1117 after incubation at RT for
90 min or 180 min, respectively. The bars representing dark toxicity results are shaded gray (n > 3).

Temoporfin in the WLBU2-liposomes were most efficiently in
killing S. aureus, removing all S. aureus at both concentrations
and both time points.

In the tests with P. aeruginosa (Fig. 7), neither free temoporfin
nor liposomal formulations showed any obvious toxicity after
either 90 min or 180 min incubation without laser illumination,
implying the temoporfin alone and liposomes constitutes did not
cause any bacterial toxicity to P. aeruginosa. After exposure to
light, free temoporfin only induced maximal 0.36 log,, reduction
of P. aeruginosa, much less effective than liposomal formulations.
WLBU2-liposomes were most effective in killing P. aeruginosa,
achieving a 3 log,, reduction after 90 min incubation (12.5 uM) and
reaching the maximal killing of 3.3 log,, after 180 min incubation,
i.e. 99.95% of P aeruginosa were killed. However, P. aeruginosa
seemed to be more resistant to phototoxicity of liposomes than
S. aureus, as no eradication was obtained. Amongst these three
formulations, only WLUB2-liposomes showed the sufficient pho-
toinactivation efficiency which can be considered “antimicrobial”,
because the use of the term “antimicrobial” requires a minimal 3
log,, reduction of bacteria,* which was achieved by the WLBU2-
modified liposomes.

Discussion

Liposomes have been studied for drug delivery extensively in
the last decades, and targeted delivery with liposomes has been
proved to be efficient for various kinds of cells, e.g. antibody-
modified or lectin-modified liposomes for bacteria-targeting.**
However, little research was done in the preparation of bacteria-
targeting liposomes by conjugating AMPs on the surface of
liposomes. On the other hand, although numerous PSs and PS
conjugates,''>?! as well as many formulations of PSs were studied
for the aim of PACT,'*'4#26 the targeted delivery of PSs to bacteria
via bacteria-targeting nanoparticles has been reported rarely.®
Therefore, we were interested in combing these two strategies, i.e.
bacteria-targeting delivery of PSs via AMP-modified liposomes,
aiming to develop a novel strategy to improve the efficiency of
PACT.

WLBU2 is a de novo engineered antimicrobial peptide,
composed predominantly of arginine (13 residues) and valine
(8 residues), with 3 tryptophane residues in the hydrophobic face.?*
The amino groups in the 13 arginine residues can react with a novel
functional phospholipid (NHS-PEG,4,-DSPE, Fig. 1) yielding
WLBU2-modified liposomes. NHS-PEG,,,-DSPE is an activated
phospholipid, whose succinimidyl residue can easily be replaced by
the active amine groups of proteins and peptides. The conjugation
via NHS-PEG,,-DSPE takes place fast and effectively, and the
operation is convenient without additional steps to activate neither
the phospholipid nor the ligand. Therefore, NHS-PEG,,-DSPE
was employed to conjugate WLBU?2 on the surface of liposomes.
Attention must be paid as this NHS group hydrolyzes fast with
a hydrolysis half-life of about 20 min (according to the product
manual), so the hydration of lipid film and extrusion should be
completed as fast as possible.

To prevent the loss of the activity of peptides after conjugation,
it is important that the peptides were not over-reacted, i.e. to avoid
conjugation with too many NHS-PEG,,-DSPE per peptide.
The SDS-PAGE result in Fig. 2 suggested that one or two
NHS-PEG,,-DSPE were linked with one WLBU2 tetramer via
reaction with WLBU22s amino groups. The number is relatively
low compared to the 13 arginine residues per peptide, so the
antimicrobial activity of WLBU2 was supposed to remain, as
proved in the following experiments.

It is notable that the zeta-potential of DOTAP containing
liposomes in Table 1 was almost zero, while the similar formulation
without mPEG,,-DSPE possessed the zeta potential of +30.4 mV
(data not shown here). On one side, the NHS-PEG,,,-DSPE is
a negatively charged phospholipid due to DSPE segment, which
reduces the zeta potential of liposomes. On the other side, the PEG
segment of NHS-PEG,,-DSPE forms a hydrated coronal around
the phospholipid bilayer, and hence shields the positive charge
of the bilayer containing DOTAP. As a result, the zeta potential
of the whole liposome was reduced in our measurements from
+30.4 mV to almost zero but the bilayer is still positively charged.
This specific imparity of charge is essential for preparing WLBU2-
modified liposomes. The positively charged bilayer prevents the
bilayer from damage by WLBU?2 through electrostatic repulsion.
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By contrast, the neutral or negative liposomal bilayer is similar
to cell membrane and thus is vulnerable to the membrane
penetrating AMP. Moreover, the neutrally charged liposomes
are supposed to display little binding to the negatively charged
components and surfaces in the physiological environment, which
is a big problem for most of cationic formulations when applied
in vivo. Therefore, our WLBU2-liposomes are ideal for WLBU2
modification and in vivo application.

After preparation of WLBU2-liposomes, it was important to
check if the delivery of temoporfin to bacteria was increased
by WLBU2-liposomes. Theoretically, liposomal temoporfin could
be delivered to bacteria via three ways. The first pathway is
characterized through the binding of liposomes to bacteria,
followed by transferring temoporfin from the lipid bilayer into
the bacterial cell wall. The second pathway implies fusion of
liposomes with the bacterial cell wall, which was confirmed
using TEM in the literature.** The lipid bilayer will fuse
with the cell wall and temoporfin is subsequently released via
lipophilic membraneous pathways directly into bacteria. The
third pathway can be described by diffusion via water when
liposomes are not directly bound to the surface of bacteria.
This scenario would imply that temoporfin is released from
liposomes into water, followed by diffusion into the cell wall.
Since the solubility of temoporfin in water is extremely low, the
third pathway can be ignored for short time periods,* while
the first two pathways are more probable, either alone or in
combination.

The fluorescence microscopy using temoporfin as the flu-
orescence molecule clearly demonstrated that temoporfin was
indeed delivered to bacteria, (Fig. 3), while the flow cytometry
measurements (Fig. 4 and Fig. 5) reflected how much temoporfin
was detected in or around bacteria, and was used to compare the
delivery efficiency of temoporfin. In both used bacterial species,
the order of delivery efficiency was WLBU2-liposomes > PEG-
liposomes > Foslip®. This order supports two hypotheses: the
neutral liposomes delivered temoporfin to bacteria more efficiently
than negatively charged liposomes, and the surface modification
with WLBU?2 further increased the delivery efficiency compared
to the unmodified liposomes.

Firstly, some liposomal formulations have been reported to be
able to fuse with bacteria,****” and Fig. 4 and Fig. 5 also showed
that Foslip® and PEG-liposomes delivered temoporfin to S. aureus
and P. aeruginosa, which was most likely due to fusion of liposomes
with cell walls. Considering that most bacteria have a negatively
charged cell wall,*® the negatively charged Foslip® did not fuse
as easily with bacteria as neutral PEG-liposomes and WLBU2-
liposomes did, due to the electrostatic repulsion between Foslip®
and bacteria. Particularly, the lipid bilayers of PEG-liposomes and
WLBU2-liposomes were positively charged in spite of the neutral
charge of the whole liposomes. Therefore, the lipid bilayers of these
two formulations were more likely to fuse with bacteria through
electrostatic interaction, resulting in higher delivery efficiency of
temoporfin to bacteria.

Secondly, WLBU2 was reported to be the most bactericidal
AMP in the series of LBU and WLBU derivatives, because
the residues of WLBU2 were arranged to form an idealized
alpha-helical and amphipathic structure, with optimal charge
and hydrophobic densities.*** The highly amphipathic and
alpha-helical WLBU?2 favors strong initial interactions between

the peptide and the highly electronegative components of cell
walls, e.g. LPS in P aeruginosa. Therefore, the WLBU?2 units
which were coupled to the surface of liposomes facilitated the
binding of liposomes with S. aureus and P. aeruginosa, and hence
enhanced the delivery of temoporfin. In light of these advantages
we concluded that WLBU2-liposomes were efficient in temoporfin
delivery due to its enhanced binding and fusion potential with
bacteria.

In line with the enhanced temoporfin delivery by WLBU2-
liposomes, the in vitro PACT test proved that WLBU2-liposomes
increased the phototoxicity towards both MRSA and P. aerugi-
nosa, demonstrated by the eradication of MRSA and the effective
PACT against P. aeruginosa (Fig. 6 and Fig. 7). In the case of
MRSA, WLBU2-liposomes significantly killed more bacteria than
the other two formulations at 1.25 uM after 90 min incubation
(» < 0.05). Although free temoporfin in ethanol also induced a
7 log,, reduction at the higher concentration, considering that
temoporfin in ethanol exhibited a 3 log,, dark toxicity to MRSA,
the PACT efficiency of WLBU2-liposomes was still higher than
free temoporfin. The high PACT efficiency of WLBU2-liposomes
could be attributed to the enhanced delivery of temoporfin
discussed in the last two paragraphs, as well as the enhanced
penetration of temoporfin into cell walls due to the synergistic
effect of WLBU2 and DOTAP. Both WLBU2 and DOTAP
have the function to disturb the bacterial cell wall and increase
its porosity, increasing the penetration of PSs through the cell
wall.”*"* Subsequently, more temoporfin was delivered to the
inner cytoplasmic membrane, leading to increased antibacterial
phototoxicity.

Recently, Vince ef al. conjugated a MRSA-specific peptide
to a porphyrin PS which induced a 66% reduction in MRSA
growth.' Bourre et al. used an porphyrin conjugate with cell-
penetrating peptides to achieve a 6.6 log,, reduction of normal S.
aureus.”®> Compared to those peptide-PS conjugates, the WLBU2-
modified liposomes were more efficient at utilizing peptides for
the delivery of PSs to bacteria, as a few peptides on the surface
of liposomes could direct all the PSs in the liposomes to bacteria,
while liposomes also enhanced the delivery of PSs to bacteria
by fusion, resulting in effective reduction of bacteria, i.e. 7 log,
reduction of MRSA.

Compared to S. aureus, P. aeruginosais obviously more resistant
to PACT. Only WLBU2-liposomes achieved the aim of PACT, i.e.
killing more than 3 log,, bacteria, while the other two formulations
could not achieve sufficient antimicrobial effect (less than 3 log,,
reduction). This difference of susceptibility between gram-positive
and gram-negative bacteria was already extensively discussed in
the literature.>*'>** The major reason is the complicated structure
of the gram-negative bacterial cell wall, i.e. the outer membrane
composed of LPSs, which forms a physical and functional barrier
between the cell and its environment. The free temoporfin induced
little PACT effect, because it is difficult for free temoporfin
to diffuse through the dense outer membrane. Foslip® killed
more P. aeruginosa than free temoporfin, as it was reported that
liposomes composed of DPPC and DMPG (dimyristoylphos-
phatidylglycerol) appeared to be effective in disrupting the bacteria
membrane, resulting in accumulation of the active substance in
the inner membrane.* The Foslip® is composed of DPPC and
DPPQG, and could have the similar effect. WLBU2-liposomes were
most efficacious, since both WLBU2 and DOTAP could disturb
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the bacteria membrane and hence facilitated the penetration of
temoporfin into bacteria, producing a higher reduction of bacteria.

Although WLBU2-modified liposomes were proved to be
effective in the improvement of the PACT efficiency of temoporfin
against P. aeruginosa, no complete eradication was obtained. To
kill gram-negative bacteria more efficiently, cationic PSs, instead
of the neutral temoporfin, may be incorporated into the WLBU2-
modified liposomes, as most of the effective PACT against gram-
negative bacteria were achieved by cationic PSs, e.g. the cationic
meso-substituted porphyrins,* the chlorin(e6) conjugated with
poly-L-lysine,*® methylene blue and toluidine blue.>! Tt is generally
accepted that cationic PSs are more effective than neutral or
anionic PSs, since cationic PSs bind strongly to the negatively
charged cell wall and thereby increase the local concentration of
the PSs in the bacteria.® According to our results, the WLBU2-
modified liposome can also be a potential carrier for increasing
the PACT efficiency of these cationic PSs and reducing their
cytotoxicity for skin cells, such as the highly positively charged and
phototoxic meso-substituted porphyrins.* In addition, a stepwise
approach was proposed to overcome this resistance of gram-
negative bacteria to PACT.® After a short time incubation with
PSs, PSs bind to the outer wall. When the bacteria are illuminated,
the outer membrane is damaged, leading to increased permeability
of the outer membrane. After a second incubation, more PSs will
be transferred into the inner membrane or even into the core of
bacteria, thereby causing stronger damage to bacteria after the
second illumination.

Last but not least, the possible damage of WLBU2-liposomes to
host tissues should be taken into account for the potential clinical
application. Firstly, the used concentration of temoporfin and the
incubation time are two important parameters for controlling the
side effects. For S. aureus, eradication was achieved at 1.25 uM
temoporfin after 90 min incubation (Fig. 6), so both of the two
parameters can be further decreased; as to P. aeruginosa, there
was no significant difference (p > 0.05) among the last three
columns for WLBU2-liposomes in Fig. 7, i.e. 1.25 uM/180 min,
12.5uM/90 min and 12.5 uM/ 180 min, implying that the protocol
might be optimized by varying the temoporfin concentration and
reducing the incubation time, so as to reduce the possible damage
to host tissue while remaining sufficient antimicrobial effect.
Secondly, the light dosimetry should be designed properly, e.g. by
adjusting the fluence and illumination time,?*? in order to achieve
maximal antimicrobial effect while decreasing the damage to deep
tissues.

Conclusion

In this study, we have combined the advantages of PACT,
AMPs and bacteria-targeting liposomes by virtue of WLBU2-
modified liposomes. These results demonstrate that WLBU2-
modified liposomes are a promising formulation for bacteria
targeted delivery of temoporfin and for improving the PACT
efficiency on both gram-positive and gram-negative bacteria. In
future, the WLBU2-modified liposomes may also be used to
incorporate other kinds of potent PSs, to improve their PACT
efficiency. Using PSs incorporated into WLBU2-modified lipo-
somes will be an attractive perspective for the PACT in localized
microbial infections, especially for combating antibiotic-resistant
bacteria.
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ABSTRACT

Photodynamic inactivation (PDI) of bacteria is a promising approach for combating the
increasing emergence of antibiotic resistance in pathogenic bacteria. To further improve
the PDI efficiency on bacteria, a bacteria-targeting liposomal formulation was
investigated. A generation II photosensitizer (temoporfin) was incorporated into
liposomes, followed by conjugation with a specific lectin (wheat germ agglutinin, WGA)
on the liposomal surface. WGA was successfully coupled to temoporfin-loaded
liposomes using an activated phospholipid containing N-hydroxylsuccinimide residue.
Methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa
strains were selected to evaluate the WGA modified liposomes in terms of bacteria
targeted delivery and in vitro PDI test. Fluorescence microscopy revealed that temoporfin
was delivered to both kinds of bacteria, while flow cytometry demonstrated that WGA
modified liposomes delivered more temoporfin to bacteria compared to non-modified
liposomes. Consequently, the WGA modified liposomes eradicated all MRSA and
significantly enhanced the PDI of Pseudomonas aeruginosa. In conclusion, the WGA
modified liposomes are a promising formulation for bacteria targeted delivery of
temoporfin and for improving the PDI efficiency of temoporfin on both gram-positive

and gram-negative bacterial cells.

42

Page 2 of 36



Page 3 of 36

32

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

54

Publication 2 .
Photochemistry and Photobiology

INTRODUCTION

The increasing emergence of antibiotic resistance in pathogenic bacteria poses a major
challenge to healthcare. For example, methicillin-resistant Staphylococcus aureus
(MRSA), which has developed resistance to beta-lactam antibiotics, has spread
throughout the world, causing many untreatable hospital-acquired infections (1).
Especially, the recently isolated Escherichia coli and Klebsiella pneumoniae carrying
New Delhi metallo-beta-lactamases (NDM-1), showed high resistance to the powerful
“last line antibiotics” used for the most resistant strains (2). Therefore, there is an urgent
necessity to find alternative antimicrobial therapies. One of the most promising strategies
is photodynamic therapy (PDT).

PDT involves the use of a photosensitizer (PS), oxygen and light, mostly delivered by
lasers. The PSs are triggered by light from the singlet state in ground energy level to an
activated state, which transfers energy to the surrounding oxygen, resulting in reactive
oxygen species (ROS), e.g. the singlet oxygen. Those ROSs are highly reactive and can
oxidize proteins, nucleic acids and lipids, leading to cytotoxicity (3). PDT has been
approved for the treatment of certain kinds of tumors and age-related macular
degeneration (4-6). In addition, PDT has attracted a lot of attention in the last decades as
a promising modality to treat microbial infections, particularly those caused by antibiotic-
resistant species, since PDT is found to be effective in the photodynamic inactivation
(PDI) of bacteria and fungi (7-10). This antimicrobial PDI is endowed with several
advantages over the traditional antibiotics therapy. Firstly, the antimicrobial PDI
possesses a broad spectrum of actions, and varieties of antibiotic-resistant strains have

been reported to be efficiently inactivated (7, 11, 12), because ROSs are toxic to almost
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all bacteria. Secondly, it is hypothesized that bacteria will not easily develop resistance
against ROSs and thereby PSs are lack of selection of photo-resistant microbial cells (13).
Thirdly, the antimicrobial PDI is more phototoxic to bacteria than to mammalian cells. It
has been shown that human cells (keratinocytes and fibroblasts) could survive the
antimicrobial PDI in certain conditions which were lethal to microorganisms, thus the
bacteria were selectively removed (14, 12, 15, 16). Based on these advantages, the
antimicrobial PDI was already utilized to combat many kinds of bacteria, mostly during
local microbial infections, such as skin-associated bacteria (16-18) and bacteria of
periodontal pockets (19). Some products were already developed based on this method
for the treatment of acne vulgaris (20) and infected leg ulcers (21). The available results
imply that the antimicrobial PDI is a very potential treatment method to combat bacterial
infections, in particular, the antibiotic-resistant species (11, 22).

By now, many of the PSs being studied for PDI of bacteria are based on the
tetrapyrrole nucleus, such as porphyrins, chlorins, and phthalocyanines, which are
lipophilic and easy to form aggregates in aqueous solution, resulting in the loss of
photosensitivity (12, 15, 23, 7, 24). To overcome this problem, suitable PS carriers were
designed to deliver PSs, e.g. liposomes (23, 25, 26, 11, 27), micelles (7), and
nanoparticles (28). Amongst these systems, liposomes are most commonly employed to
incorporate lipophilic PSs, and have been proved to enhance the antimicrobial PDI of
various PSs, not only because liposomes increase the solubility and stability of PSs, but
also because they can facilitate the penetration of PSs into bacteria by means of fusion
processes or disturbing the cell walls (29, 11, 30, 26). However, these reported liposomal

formulations mainly aimed to deliver PSs passively, while little research was done to
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apply bacteria-targeting liposomes for PDI of bacteria.

We hypothesized that the bacteria-targeting liposomes would be a promising strategy
to further improve the PDI of bacteria, since liposomes have been reported to be able to
targetedly bind to bacteria after conjugation with certain ligands. For instance, lectin
modified liposomes could effectively target to candidal bio-film in vitro (31), or skin-
associated bacteria, such as Staphylococcus epidermidis (32); antibody modified
liposomes could target to Staphylococcus oralis bio-film (33). Therefore, we were
interested in combining these two strategies, i.e. PDI of bacteria and bacteria-targeting
liposomes, and intended to develop a bacteria-targeting liposomal formulation, which can
increase the delivery of PSs to bacteria and consequently improve the PDI efficiency on
bacteria. To achieve this aim, a natural lectin, wheat germ agglutinin (WGA), was
selected as the bacteria-targeting ligand, while a generation II PS, temoporfin, was used
as a model of PSs. Temoporfin was incorporated into liposomes followed by conjugation
of WGA at the liposomal surface. The bacteria targeted delivery of liposomal temoporfin
was studied using MRSA and Pseudomonas aeruginosa (P. aeruginosa) as model
organisms of gram-positive and gram-negative bacteria, respectively. Finally, the

liposomes were tested in terms of their in vitro PDI of both bacterial strains.

MATERIALS AND METHODS

Materials: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (mPEGgpp0-DSPE, ammonium salt) and 1,2-Dipalmitoyl-sn-glycero-3-
phosphocholin (DPPC) were purchased from Genzyme Pharmaceuticals (Cambridge,

MA, USA). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[3-(N-
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succinimidyloxyglutaryl)aminopropyl(polyethyleneglycol)-2000-carbamyl] (NHS-
PEG;000-DSPE) was obtained from NOF Corporation (Tokyo, Japan). N-[1-(2,3-
dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate (DOTAP, methyl sulfate
salt) was supplied by Boehringer Ingelheim GmbH (Ingelheim, Germany). Wheat germ
agglutinin was purchased from Sigma-Aldrich (Steinheim, Germany). Temoporfin, i.e.
3,3.,3",3"-(7,8-dihydroporphyrin-5,10,15,20-tetrayl)tetraphenol ~ (mTHPC) and its
liposomal formulation, Foslip®, were kindly gifted by biolitec AG (Jena, Germany). The
pure ethanol (> 99.9%) was purchased from Merk KGaA (Darmstadt, Germany). All

other chemicals were of analytical grade.

Bacteria: The microbial strains were purchased from the German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). Staphylococcus
aureus DSM11729 is gram-positive and is a strain of MRSA. Pseudomonas aeruginosa
DSM1117 (P. aeruginosa) is a gram-negative species.

Preparation of liposomes and modification with WGA: Liposome dispersions
consisting of 30 mM phospholipids and containing 1.5 mg/ml temoporfin were produced
using the Film-Hydration-Extrusion technique (34). Briefly, DPPC, DOTAP, NHS-
PEG7000-DSPE and mPEG,y-DSPE were dissolved in chloroform with a molar ratio of
80:15:2:3. Temoporfin was dissolved in methanol and then mixed with the phospholipid
solution. The organic solvent was removed using a rotary evaporator (BUCHI Vacobox
B-177, BUCHI, Switzerland) at 55 °C. The obtained lipid/drug film was hydrated using
borate buffer (pH 8.0) followed by 21 times extrusion through a 100 nm polycarbonate
membrane within 20 min, using a LiposoFast® mini-extruder (Avestin, Ottawa, Canada).

The conjugation of WGA with liposomes is illustrated in Fig. 1. The liposomes were
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incubated with WGA at a 20:1 molar ratio of NHS-PEG»y-DSPE to WGA. After 2 h
incubation at room temperature (RT), the modified liposomes were separated from the
free WGA using a Sepharose Cl-4B column, eluted by phosphate buffered saline (PBS)
solution. The liposomes before and after incubation with WGA are termed as NHS-
liposomes and WGA-liposomes, respectively. The registered liposomal temoporfin
formulation, Foslip®, was used for comparison. This formulation is composed of DPPC,
1,2-Dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DPPG) and temoporfin (1.5
mg/ml).

Characterization of liposomes: Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE according to Laemmli) was employed to detect the
conjugation of WGA with the NHS-PEG;(0p-DSPE in the liposomes (35). Briefly, 20 uL
purified WGA-liposomes were mixed with equal amount of non-reducing sample buffer,
and applied to a 8% discontinuous polyacrylamide gel. The gel bands were stained by
SYPRO® Ruby Protein Stains (Bio-Rad, California, USA) and visualized using an UV
Transilluminator (Intas, Gottingen, Germany). Before photographing of the gel, the
displayed color on screen was inverted to get a white background.

Mean vesicle size and zeta potential of liposomes were measured using Photon
correlation spectroscopy (PCS) and Laser Doppler Velocimetry, respectively, on a
Zetasizer Nano ZS (Malvern, Herrenberg, Germany). The liposomes were diluted to a
proper concentration using PBS, and the measurement was performed at an angle of 173

° and a temperature of 25°C. Each sample was measured three times.

Bacteria culture: S. aureus DSM11729 and P. aeruginosa DSM1117 were cultivated

aerobically overnight at 37°C in Tryptic Soy Broth (Merck KGaA, Darmstadt, Germany).
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Bacteria were harvested by centrifugation and suspended in sterile PBS. The final ODggo
(optical density at 600nm, 1cm) of the bacterial suspensions was adjusted to 0.45 or 0.15,
respectively.

Study of the delivery of temoporfin: S. aureus DSM11729 or P. aeruginosa
DSM1117 (ODgpp=0.45) were incubated with temoporfin-loaded liposomes at 0 °C for
1h. The ratio of phospholipids to bacteria was based on the PDI test. After 1 h incubation,
the bacteria were washed three times and finally suspended in PBS. For fluorescence
microscopy, the bacteria were transferred into 2.5% glutaraldehyde (in 0.169 mM Tris
buffer, pH=7.4). After 1 h fixation, the suspension was spread on a glass slide and
observed using a Leica DM-RXP fluorescence microscope (Leica, Wetzlar, Germany).
For flow cytometry, the bacteria suspension was diluted to a proper concentration and
submitted to an Epics XL.MCL flow cytometer (Beckman Coulter Inc., Miami, FL,
USA). The fluorescence of temoporfin on bacteria was detected using filter 4 (Detected
range of wavelengths: 660~700 nm).

In vitro PDI of bacteria: Both S. aureus DSM11729 and P. aeruginosa DSM1117
were studied in the in vitro PDI tests. In brief, 190 uL bacteria suspension (ODgpo=0.15)
were incubated with 10 pL temoporfin-loaded liposomes (250 uM or 25 pM temoporfin
in liposomes) in sterile black well plates with clear bottoms (Costar 3603, Corning Inc.,
USA) at RT in the dark. As control, 1 ul ethanolic temoporfin solution (2.5 mM or 250
uM) was added to bacteria to obtain a final temoporfin concentration of 12.5 uM or 1.25
uM. After 90 or 180 min incubation, the bacteria suspension was illuminated using a 652
nm laser (1 W/cmz, 100s, 100 J/crnz). Then the bacteria suspension was inoculated on an

agar plate using a jet spiral plater (Eddy Jet, IUL Instruments GmbH, K&nigswinter,
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Germany). After overnight culture in an incubator at 37 °C, the colonies on the plate were
counted using an automatic colony counter (Countermat Flash, IUL Instruments GmbH,
Konigswinter, Germany). Both the incubation with bacteria and the counting of bacteria
on each plate were repeated three times. The bacteria without laser illumination were also
counted to evaluate the dark toxicity of free temoporfin and temoporfin-loaded

liposomes, defined as the intrinsic toxicity of the compounds in the absence of light.

RESULTS

Characterization of liposomes

The diameter and polydispersity index of the liposomes are listed in Table 1. The mean
diameter of NHS-liposomes was well controlled around 100 nm with a narrow size
distribution after extrusion through the polycarbonate membrane (pore size 100 nm),
being comparable with liposomes in the Foslip® formulation. After conjugation with
WGA, the size of liposomes increased slightly to 103.8 nm, while the size distribution
was still narrow. The zeta potential changed from almost neutral before conjugation to
slightly negative value after conjugation, while Foslip® was quite negatively charged due

to the negatively charged phospholipid-DPPG.
<Table 1>

According to previous experiments, the phospholipids could not be detected on this
SDS-PAGE gel (data not shown here), but WGA could be detected quite well. Fig. 2
shows that the pure WGA could be detected at around 29 kDa, representing dimeric

WGA (36). In the WGA-liposomes a band above the pure WGA’s band was detected,
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which was identified to be the WGA conjugate with NHS-PEG;yy-DSPE. The molecular
weight difference of about 3~6 kDa between these two bands implied that one or two
NHS-PEG;¢p0-DSPE molecules (Molecular weight: 3.0 kDa) were conjugated with one
dimeric WGA. Based on the calculation of the band intensity using ImageJ (developed by
National Institutes of Health), the conjugation efficiency of WGA with liposomes was

about 50%.
<Figure 2>
Fluorescence microscopy

Under illumination by green light, obvious red fluorescence emitted by temoporfin was
observed around the bacteria which were incubated with NHS-liposomes and WGA-
liposomes. The red fluorescence of bacteria incubated with Foslip® was relatively weak,
so that no obvious red fluorescence was shown in pictures S1 and P1. For both species of
bacteria, the bacteria incubated with WGA-liposomes exhibited the highest fluorescence,
demonstrating that WGA-liposomes delivered temoporfin to bacteria most efficiently
among the three formulations. The fluorescence in P2 seems to be no less than that in P3.

Therefore, the quantitative comparison was further performed using flow cytometry.
<Figure 3>
Flow cytometry

The delivery efficiency of temoporfin from different liposomes to bacteria was compared
using flow cytometry, as shown in Fig. 4 and Fig. 5. The x-axis means fluorescence
intensity of the bacteria and the number besides each peak is the mean fluorescence

intensity (MFI) of the bacteria. The more temoporfin was delivered to bacteria, the higher
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was the MFI. The delivery of temoporfin to bacteria comprises two aspects: part of
temoporfin was released from liposomes and transferred into bacteria, while part of
temoporfin remained in the liposomes being bound to bacteria. Both fractions of
temoporfin could be detected when the bacteria were analyzed by flow cytometry. As
control, temoporfin-loaded liposomes alone were submitted to flow cytometry. These
liposomes could not be detected in the used configuration of this device, in line with the

literature data (37).
<Figure 4>
<Figure 5>

In Fig. 4, S. aureus incubated with WGA-liposomes showed the strongest fluorescence
, meaning that WGA-liposomes delivered 4.5 fold more temoporfin to the bacteria than
NHS-liposomes and 25.4 fold more temoporfin than Foslip® did. Although the MFI of .
aureus incubated with Foslip® was smaller than those for the other two liposomal
formulations, it was still higher than the MFI of untreated bacteria, implying that Foslip®
could also deliver some temoporfin to bacteria.

Figure 5 shows the MFIs of P. aeruginosa incubated with all three kinds of liposomes.
The order of temoporfin delivery efficiency among them is the same as the order for S.
aureus, i.e. the WGA-liposomes delivered more temoporfin than the unmodified
liposomes. Here, the WGA-liposomes delivered 1.4 fold more temoporfin to the bacteria

than NHS-liposomes and 11.2 fold more temoporfin than Foslip® did.
Dark Toxicity Test

The survival of bacteria without laser illumination after incubation with liposomes (dark

11
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toxicity) was tested for temoporfin alone and liposomal temoporfin. In Fig. 6, all
liposomal formulations showed no dark toxicity against S. aureus, while free temoporfin
(dissolved in ethanol) induced a 0.24 and 2.69 log;o reduction of bacteria after 90 min
and 180 min incubation, respectively. In experiments with P. aeruginosa (Fig.7), neither
free temoporfin nor Foslip® showed any obvious toxicity. By contrast, NHS-liposomes
and WGA-liposomes induced a 0.45 and 0.37 logo reduction, respectively, after 180 min

incubation.
<Figure 6>
<Figure 7>
In vitro PDI of bacteria

For in vitro PDI test, bacteria were incubated with temoporfin at two concentrations: 1.25
uM and 12.5 uM. Fig.6 and Fig.7 show the survival bacteria numbers after PDI. As to S.
aureus (Fig.6), free temoporfin was very bactericidal, eradicating all S. aureus at 12.5 uM
(90 and 180 min) and at 1.25 pM (180 min); Foslip® killed S. aureus the least efficiently,
achieving its maximal reduction of 2.6 log;o; NHS-liposomes caused only an incremental
phototoxicity compared to Foslip®; the WGA modified liposomes, WGA-liposomes, were
the most effective liposomal formulation, achieving antimicrobial effect in all cases, i.e.
> 3 logjo reduction (38), and eradicated even all S. aureus at higher concentration.

In the tests with P. aeruginosa (Fig. 7), free temoporfin and NHS-liposomes showed a
slight phototoxicity, achieving maximal 0.3 and 0.6 log;o reduction, respectively. In
comparison, Foslip® and WGA-liposomes induced a significant reduction of P
aeruginosa. Particularly, WGA-liposomes were more phototoxic than Foslip® in certain

circumstances, i.e. 12.5 uM/90 min and 1.25 pM/180 min, resulting in maximal 2 logo
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reduction at 12.5 pM (90 min incubation). However, P. aeruginosa seemed to be more

resistant to PDI than S. aureus, as no eradication was obtained.

DISCUSSION

In this study, we combined the advantages of antimicrobial PDI and targeted drug
delivery systems, and focused on the targeted delivery of the PS (temoporfin) to bacteria
using WGA modified liposomes, aiming to develop a new method to improve the PDI of
bacteria.

To prepare WGA modified liposomes, a functional phospholipid, NHS-PEG;00-DSPE
(Fig.1), was utilized. NHS-PEG000-DSPE is an activated phospholipid, whose N-
hydroxysuccinimidyl (NHS) residue can easily be replaced by active amine groups of
proteins. Attention should be paid as this NHS residue hydrolyzes fast with a hydrolysis
half-life of about 20 min (according to the product manual), so the hydration of lipid film
and extrusion should be finished as soon as possible. After 2 h incubation of the prepared
liposomes with WGA, the NHS-PEG000-DSPE was either conjugated with WGA or
hydrolyzed into carboxyl acid, so the conjugation process was terminated automatically.
This conjugation technique was fast, effective and convenient without additional steps to
activate neither the phospholipid nor the ligand. Therefore, NHS-PEG;yy-DSPE was
used for the surface modification of liposomes in our experiment. The result from SDS-
PAGE (Fig. 2) suggested that one or two NHS-PEG;p00-DSPE were linked with one
WGA dimer via reaction with WGA’s amino groups, so the targeting ability of WGA to
bacteria was supposed to remain, as previous study proved that the WGA still bound

efficiently to bacteria after its amino groups were thiolated and connected with
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phospholipids (32).

It is noteworthy that the zeta-potential of NHS-liposomes and WGA-liposomes were
near zero (Table 1), while the similar formulation without PEG segment exhibited a zeta
potential of +30.4 mV (data not shown here). One reason is that the NHS-PEG;00-DSPE
is negatively charged as shown in Fig. 1, which reduces the zeta potential of liposomes
by charge compensation. In addition, the PEGylated phospholipids (NHS-PEG;00-DSPE)
form a hydrated layer surrounding the phospholipid bilayer, and hence shield the positive
charge of the bilayer containing DOTAP (39). As a result, the zeta potential of the whole
liposome was reduced in our measurements from +30.4 mV to almost zero, but the
bilayer was hypothesized to be still positively charged, because there were more cationic
DOTAP than NHS-PEG;000-DSPE in the bilayer. Compared to cationic liposomes, these
liposomes are supposed to display less binding to the negatively charged components and
surfaces in the physiological environment, which is a big problem for most of cationic
formulations in the in vivo application.

With temoporfin as fluorescent molecule, the fluorescence microscopy revealed that
temoporfin was indeed delivered to bacteria by WGA-liposomes (Fig.3), while the flow
cytometry measurements reflected how much temoporfin was detected in or around
bacteria, and was used to compare the delivery efficiency of temoporfin (Fig. 4 and Fig.
5). For both employed bacterial strains (S. aureus and P. aeruginosa), the order of
delivery efficiency was WGA-liposomes > NHS-liposomes > Foslip®, demonstrating that
our special neutral liposomal formulations delivered temoporfin to bacteria more
efficiently than the negatively charged formulation, and the surface modification with

WGA further increased the delivery efficiency compared to the non-modified liposomes.
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WGA-liposomes and NHS-liposomes, despite displaying a neutral zeta potential
consists of a positively charged lipid bilayer, which exhibits a less favorable packing
environment for temoporfin as negatively charged bilayer will do, and therefore, a higher
rate of transferring temoporfin to other membranes was observed (40). In addition,
Reshetov et al. showed that part of temoporfin was localized in the PEG shell of
PEGylated liposomes and was released faster than from Foslip® (41).

Besides the conventional transfer, the binding or adsorption of liposomes to bacteria
played an important role concerning drug delivery to bacteria, since the intimacy between
liposomes and bacteria resulted in fast temoporfin transfer from the lipid bilayer into the
bacterial cell wall. Considering that most bacteria have a net negative charge on the cell
surface (42), the negatively charged Foslip® will not bind as easy with bacteria as the
NHS-liposomes and WGA-liposomes displaying a neglectable zeta potential did, due to
the electrostatic repulsion between bacteria and Foslip®. Therefore, both WGA-liposomes
and NHS-liposomes delivered more temoporfin to bacteria than Foslip® did.

Furthermore, WGA has a high specificity for N-acetylglucosamine and N-
acetylneuraminic acid and binds to oligosaccharides which contain those two residues
(36). As peptidoglycans in bacterial cell walls are rich in N-acetylglucosamine residues,
and some lipopolysaccharides also contain the residues, WGA may be attracted to
bacteria (43). It was alrready reported that WGA bearing liposomes targeted effectively to
bio-film of a skin associated strain: Staphylococcus epidermis (32), and WGA bound to P.
aeruginosa (44). Our results showed that WGA-liposomes delivered more temoporfin
than NHS-liposomes, indicating that the conjugated WGA on the surface of liposomes

also facilitated the binding of liposomes with S. aureus and P. aeruginosa, and thus
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enhanced the delivery of temoporfin.

Based on the above discussions we concluded that WGA-liposomes were efficient in
temoporfin delivery due to its fast release of temoporfin and enhanced binding potential
with bacteria. We also noticed that WGA modification increased the delivery efficiency
for S. aureus more intensively than for P. aeruginosa by comparing the difference
between WGA-liposomes and NHS-liposomes in both fluorescence micrographs and
flow cytometry measurements, suggesting that WGA binds to P. aeruginosa less
efficiently than to S. aureus. This difference is related to the different concentration of N-
acetylglucosamine on the bacterial surface. Gram positive bacteria’s peptidoglycan-
containing cell walls are exposed directly to the external medium and therefore the N-
acetylglucosamine in peptidoglycan is easilyaccessible for WGA binding. By contrast, P,
aeruginosa’s peptidoglycan is shielded by the outer membrane, only a small part of
peptidoglycans may be released to the surface. Additionally, a small amount of
lipopolysaccharides on the surface of P. aeruginosa also contain N-acetylglucosamine.
However, the total amount of N-acetylglucosamine on the surface of P. aeruginosa is still
lower than that of S. aureus (44). That is why WGA-liposomes bind to S. aureus more
efficiently than to P. aeruginosa.

The increased delivery of temoporfin to bacteria by WGA-liposomes was supposed to
result in enhanced killing efficiency against bacteria, which was confirmed in the in vitro
test on the PDI of MRSA (Fig. 6). The order of PDI efficiency against MRSA among the
three liposomal formulations was in agreement with the order of delivery efficiency.
WGA-liposomes presented obvious improvement of antimicrobial PDI compared to

NHS-liposomes and Foslip®. Although this improvement could be explained by the

16
56

Page 16 of 36



Page 17 of 36

348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369

370

Publication 2 .
Photochemistry and Photobiology

superior delivery of temoporfin from WGA-liposomes, we need to point out that the
cationic lipid in the liposomes, i.e. DOTAP, was believed to contribute to this
improvement, too. This hypothesis was supported by the reports that DOTAP containing
liposomes facilitated the uptake of PSs into MRSA, and thus enhanced the antibacterial
phototoxicity of PSs, most likely because DOTAP binds to the negatively charged cell
wall, may disturb it and increase its porosity, resulting in enhanced penetration of PSs
into cytoplasmic membrane (26, 11). Although in Fig. 6 the bactericidal efficiency of free
temoporfin dissolved in ethanol was comparable with that of WGA-liposomes, the
intrinsic PDI efficiency of free temoporfin is probably smaller than WGA-liposomes,
considering that temoporfin in ethanol exhibited a 2.7 logjo dark toxicity. From a
pharmaceutical point of view, the liposomal formulation is more suitable than the ethanol
solution for a potential topical application, and is potential to reduce possible side effects
on the surrounding mammalian cells, as the liposomal temoporfin was less toxic to
mammalian cells than free temoporfin without light activation (45). Therefore, the WGA-
liposomes are promising for antimicrobial PDI of MRSA.

Compared to MRSA, P. aeruginosa was less susceptible to temoporfin in the PDI test
(Fig. 7). In contrast with the porous cell wall of gram-positive bacteria, the outer
boundary of gram-negative bacteria consists of an inner cytoplasmic membrane and an
outer membrane which are separated by the peptidoglycan-containing periplasm (12).
The outer membrane has a very heterogeneous composition, e.g. proteins with porin
function, lipopolysaccharides and lipoproteins, giving the outer surface a quasi-
continuum of densely packed negative charges (13, 46). This highly organized system

forms a physical and functional barrier between the cell and its environment, and hence
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limits the permeation of PSs into cells. Consequently, neutral or anionic PSs generally
only bind efficiently to and photodynamically inactivate gram-positive bacteria, but not
in the case of gram-negative bacteria (8, 46). Different approaches have been devised to
overcome this barrier. One strategy is to use cationic PSs, e.g. the cationic meso-
substituted porphyrins (47), the chlorin(e6) conjugated with poly-L-lysine (48),
methylene blue and toluidine blue (49). These cationic PSs gain access across the outer
membrane via the self-promoted uptake pathway, i.e. cationic PSs bind to the negatively
charged bacteria, cause alterations in the outer membrane permeability, and thereby
render hydrophobic PSs deep penetration inside bacterial cells, where the generated
ROSs execute fatal damage (50). Alternatively, the dense outer membrane may be
disturbed by the additives, e.g. EDTA and polycationic peptide polymyxin B nonapeptide,
which both increase the permeability of the outer membrane and allow PSs to penetrate to
an inner location (8, 46). In addition, liposomes also have the function to disturb the outer
membrane, since some liposomal formulations were able to fuse with bacteria effectively
and disturb their cell walls (29, 30, 11).

In line with the above analysis, temoporfin alone induced little reduction of P.
aeruginosa, because it is neutral and could not penetrate through the outer membrane
easily. By contrast, amongst the three liposomal formulations, WGA-liposomes achieved
the highest PDI efficiency against P. aeruginosa. It is already evident that free temoporfin
could not photoinactivate P. aeruginosa effectively, so the obtained photoinactivation was
attributed to other factors, most likely, the disturbance of the outer membrane triggered
by liposomes. One big advantage of liposomes for antimicrobial application is their

potential to fuse with bacteria, which was already confirmed using TEM, e.g. certain
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DPPC-based liposomal formulations fused with as much as 57.8% of P. aeruginosa
bacteria (29, 30). WGA-liposomes could intensively associated with bacteria because of
WGA’s affinity to cell walls, not only resulting in higher delivery efficiency (Fig. 5), but
also further increasing the fusing potential of the positively charged liposomal bilayer
with the negatively charged cell walls. Subsequently, temoporfin was released via
lipophilic membraneous pathway directly into bacteria, together with the cationic lipid,
DOTAP. Then the transferred DOTAP disturbs the outer membrane, helping deliver
temoporfin to the inner location of the cell wall and photoinactivate P. aeruginosa
efficiently. Our result proved that the WGA modified liposomes increased the PDI
efficiency of temoporfin compared to the unmodified liposomes and free temoporfin,
with a maximal 2 logj killing of P. aeruginosa, which was, as far as we know, the first
time to be reported in the literature using temoporfin, suggesting that this formulation
helped to overcome the outer membrane barrier of P. aeruginosa.

Besides temoporfin, we hypothesize that this formulation will also be helpful for the
improvement of other PSs, e.g. the highly cationic and phototoxic meso-substituted
porphyrins (47), as well as the other reported liposomal formulations for the PDI of
bacteria (23, 25, 11, 26).

Last but not least, the PDI protocol needs to be further optimized to reduce the
possible damage to the mammalian cells. There was no significant difference (p>0.05)
between the last two columns for WGA-liposomes in Fig. 6 (12.5 uM/90min and 12.5
uM/180min), neither was there among the last three columns for WGA-liposomes in
Fig.7 (1.25 uM/180min, 12.5 uM/90min and 12.5 uM/180min), implying that the similar

PDI efficiency could be achieved using less than 12.5 uM temoporfin or shorter
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incubation period than 90 min. In addition, the PDI of gram-negative bacteria is not
satisfying and may be further enhanced using a stepwise approach proposed by Jori et al.
(13). This approach is based on the idea that the PSs, near to or associated with the outer
membrane, will cause photodamage to the outer membrane to some extent after a
preliminary illumination, leading to increased permeability of the cell wall. Then the
bacteria are further incubated with PSs, and more PSs would be translocated into the
inner membrane or even into the core of bacteria, causing stronger PDI of bacteria after

the second illumination.

CONCLUSION

In this study, we have combined the advantages of bacteria-targeting liposomes and
antimicrobial PDI, i.e. prepared WGA modified liposomes for bacteria targeted delivery
of temoporfin. The results demonstrate that our WGA modified liposomal formulation is
promising for bacteria targeted delivery and for improving the PDI efficiency of
temoporfin against both MRSA than P. aeruginosa, although the effect on P. aeruginosa is
not superior and needs to be further improved. What’s more, this bacteria-targeting
strategy can also be applied to other effective PSs as well as their liposomal formulations,
with the potential to combat antibiotic-resistant bacteria and reduce their cytotoxicity to
skin cells. Antimicrobial PDI using PSs incorporated into bacteria-targeting liposomes

will be an attractive approach for the treatment of localized microbial infections.
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578  Table 1. The diameter, polydispersity index and zeta potential of liposomes as measured

579 by PCS and Laser Doppler Velocimetry. (n=3)

Liposomes Diameter (nm) polydispersity index Zeta potential (mV)
NHS-liposomes 102.7+1.5 0.128+0.037 1.44+0.45
WGA-liposomes 103.8+1.0 0.078+0.001 -8.61+0.45

Foslip® 117.5+1.2 0.105+0.010 -48.249.00
580
27

67



581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

Publication 2 .
Photochemistry and Photobiology

FIGURE CAPTIONS

Figure 1. Scheme of the conjugation of WGA with liposomes composed of DPPC,
DOTAP, NHS-PEG»p9o-DSPE and mPEG»(00-DSPE (molar ratio of 80:15:2:3). The amino
group reactive anchor lipid NHS-PEG;(00-DSPE was used for the conjugation of WGA to

the vesicle surface.

Figure 2. SDS-PAGE of free WGA and liposome-conjugated WGA after coupling to

NHS-PEG;(p0-DSPE containing liposomes and purification via Sepharose CL4B column.

Figure 3. Fluorescence micrographs of S. aureus DSM11729 and P. aeruginosa
DSM1117 after incubation with Foslip®, NHS-liposomes and WGA-liposomes,

respectively.

Figure 4. Flow cytometry analysis of S. aureus DSM11729 incubated with temoporfin-
loaded liposomes: Foslip®, liposomes before conjugation (NHS-liposomes) and after
conjugation with WGA (WGA-liposomes). The value of each peak represents mean

fluorescence intensity (MFI).

Figure 5. Flow cytometry analysis of P. aeruginosa DSMI1117 incubated with
temoporfin-loaded liposomes: Foslip®, liposomes before conjugation (NHS-liposomes)
and after conjugation with WGA (WGA-liposomes). The value of each peak represents

mean fluorescence intensity (MFI).

Figure 6. Dark toxicity and PDI efficiency of free temoporfin or temoporfin-loaded
liposomes on S. aureus DSM11729 after incubation at RT for 90min or 180 min,

respectively. The arrows indicate that the bacteria were completely eradicated, and the
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Figure 7. Dark toxicity and PDI efficiency of free temoporfin or temoporfin-loaded
liposomes on P. aeruginosa DSM1117 after incubation at RT for 90 min or 180 min,

respectively. The bars representing dark toxicity results were labeled grayly. (n > 3)
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PEG2000-DSPE and mPEG2000-DSPE (molar ratio of 80:15:2:3). The amino group reactive anchor
lipid NHS-PEG2000-DSPE was used for the conjugation of WGA to the vesicle surface.
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Figure 2. SDS-PAGE of free WGA and liposome-conjugated WGA after coupling to NHS-PEG2000-
DSPE containing liposomes and purification via Sepharose CL4B column.
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Abstract

A new strategy for fast, convenient high-throughput screening of liposomal formulations was developed, utilizing
the automation of the so-called ethanol-injection method. This strategy was illustrated by the preparation and
screening of the liposomal formulation library of a potent second-generation photosensitizer, temoporfin. Numerous
liposomal formulations were efficiently prepared using a pipetting robot, followed by automated size characterization,
using a dynamic light scattering plate reader. Incorporation efficiency of temoporfin and zeta potential were also
detected in selected cases. To optimize the formulation, different parameters were investigated, including lipid
types, lipid concentration in injected ethanol, ratio of ethanol to aqueous solution, ratio of drug to lipid, and the
addition of functional phospholipid. Step-by-step small liposomes were prepared with high incorporation efficiency.
At last, an optimized formulation was obtained for each lipid in the following condition: 36.4 mg-mL™" lipid, 13.1
mg-mL~" mPEG,, -DSPE, and 1:4 ethanol:buffer ratio. These liposomes were unilamellar spheres, with a diameter of
approximately 50 nm, and were very stable for over 20 weeks. The results illustrate this approach to be promising for
fast high-throughput screening of liposomal formulations.

Keywords: Liposome, ethanol injection method, temoporfin, ethosome, pipetting robot

Introduction 2005). These practical limitations function as bottlenecks

Liposomes are nanoscopic vesicles consisting of an aque-
ous core enclosed in one or more phospholipid bilayers.
Over the past few decades, liposomes have been widely
studied as the drug delivery system for numerous bioac-
tive compounds. A few techniques have evolved for the
preparation of liposomes on a laboratory scale, such as
thin-film hydration, sonication, freeze-dried rehydration,
reverse-phase evaporation, detergent depletion, high-
pressure homogenization, and organic solvent injection
(Jesorka and Orwar, 2008; Lasch et al., 2003; Mozafari,
2005). Although a diverse array of preparative techniques
have been demonstrated in the scientific literature, the
number of these applied commercially is still rather lim-
ited because of the consideration of process costs and
operation complexity (Justo and Moraes, 2010; Mozafari,

to a wider application of liposomes. Therefore, the need
exists to develop feasible preparation strategies suitable
for both laboratory-scale study in the development of
formulations and scalable manufacture.

Among the various techniques, the ethanol-injection
method shows the largest potential for scale-up (Justo
and Moraes, 2010; Wagner et al., 2002). In 1973, Batzri
and Korn introduced the ethanol-injection method by
injecting an ethanolic solution of phospholipids into
water, resulting in liposomal suspensions contain-
ing 2.5-7.5% of ethanol (Batzri and Korn, 1973). Since
then, this method was further developed, for example,
by reverse injecting water into ethanolic solution and
increasing the final concentration of ethanol to as high
as 67% (Jaafar-Maalej et al., 2010; Maitani et al., 2007).
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By simply injecting an ethanolic lipid solution in water
or reversely under proper stirring conditions, a sponta-
neous liposome formation occurs as soon as the ethano-
lic solution comes into contact with the aqueous phase,
yielding small liposomes with a narrow distribution in a
single step, without the need of extrusion or sonication
(Batzri and Korn, 1973; Jaafar-Maalej et al., 2010; Stano
et al., 2004). Many advantages of the ethanol-injection
method have been reported in the literature, including
the method’s simplicity, low cost, fast implementation,
reproducibility, and mild conditions, which do not
cause lipid degradation or oxidative alterations (Jaafar-
Maalej et al., 2010; Justo and Moraes, 2010). Because
of these advantages, the ethanol-injection method has
been studied for the delivery of different kinds of drugs,
including lipophilic drugs (Cortesi et al., 2010; Jaafar-
Maalej et al., 2010; Stano et al., 2004), hydrophilic drugs
(Jaafar-Maalej et al., 2010), proteins and genes (Maitani
et al., 2007), and is considered to be among the most
practical, scalable means of liposome production. In
addition, the ethanol-injection method is especially use-
ful for the preparation of ethosomal systems, which are
patented liposomal systems containing 20-50 weight%
of ethanol and ethosomes, namely, “soft” vesicles
formed from phospholipids in the presence of water and
ethanol and sometimes glycols (Touitou, 1996, 1998).
Ethosomes showed enhanced penetration through
the stratum corneum (SC) into the deeper layer of the
skin (Dragicevic-Curic et al., 2009; Godin and Touitou,
2003; Touitou et al., 2000) resulting from the synergistic
penetration-enhancing effect of liposomes and ethanol.
Therefore, ethosomes are of great interest for dermal and
transdermal drug administration.

Although liposomes can easily be prepared by the
ethanol-injection method, there are still many factors
that directly affect the formation and final properties of
liposomes, such as the lipid concentration in ethanol,
the ratio of ethanol to aqueous solution, the choice of
lipids, the addition of stabilizers, and the ratio of drug
to lipid—to name only a few. A wide variety of lipids are
now commercially available, and the selection of lipids is
based on numerous practical considerations (e.g., deliv-
ery routes, as well as physical-chemical characteristics
of utilized drugs). The composition of liposomes is also
critical to determine the structure and performance attri-
butes (especially in combination with the drug of inter-
est), and the relationship between these factors and the
resulting liposomes is complex and not readily predict-
able ab initio. Consequently, the relationship between
the aforementioned factors and the general properties
of the liposome system must be studied empirically in
detail. With all these considerations in mind, the rigor-
ous development of an optimal formulation is complex
and time-consuming. Traditionally, large numbers of
samples are prepared and characterized manually and
often sequentially. This work is labor intensive, and per-
haps most significantly, often exhibits a high degree of
sample variability because of human faults. Therefore, a
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solution was sought out to automate this process, allow-
ing for more controlled, uniform preparation of samples
in a systemic, programmable, standardized, and minia-
turized format.

In this study, using the ethanol-injection method,
temoporfin was selected as the drug incorporated into
liposomes. Temoporfin is one of the most potent sec-
ond-generation photosensitizers (Brown et al., 2004)
and is already clinically used as part of the photody-
namic therapy (PDT) for treatment of squamous-cell
carcinoma of the head and neck (Lorenz and Maier,
2008). When temoporfin is illuminated with an excita-
tion wavelength of 652 nm, it is activated from its ground
energy-level singlet state to an activated state, which
then transfers energy to the surrounding oxygen, result-
ing in the generation of reactive oxygen species (ROS),
for example, singlet oxygen. These ROS are highly reac-
tive and can oxidize many biological molecules, such as
proteins, nucleic acids, and lipids, leading to cytotoxic-
ity (Redmond and Gamlin, 1999). Temoporfin has been
shown to be effective in the PDT of early or recurrent
oral carcinomas (Biel, 2002), refractory oral carcinomas
(Biel, 2002), and primary nonmelanomatous tumors of
the skin of the head and neck (Kubler et al., 1999). In
addition, PDT has attracted significant attention in the
last decade as a promising modality to treat microbial
infections, particularly antibiotic-resistant species,
and thereby is termed as photodynamic antimicrobial
chemotherapy or photodynamic inactivation (Hamblin
and Hasan, 2004; Jori, 2006; Wainwright, 1998). It has
already been demonstrated that temoporfin killed
Staphylococcus aureus effectively (Engelhardt et al.,
2010).

However, temoporfin is highly hydrophobic and can-
not be administrated directly. The commercial intrave-
nous (i.v.) injection formulation, Foscan® (biolitec AG,
Jena, Germany), consists of temoporfin dissolved in a
mixture of water, ethanol, and propylene glycol. Foscan
requires slow injection to avoid drug precipitation at the
injection site, nevertheless still with a more than 10%
occurrence probability of injection-site pain (biolitec
AG, 2008). Further, Foscan showed a highly unusual
pharmacokinetic profile, where a minimum concentra-
tion in plasma was reached after 45 minutes and a maxi-
mum concentration was obtained after approximately 10
hours (Glanzmann et al., 1998). To solve this problem,
liposomal formulations were developed to incorporate
temoporfin. The first evaluated liposomal formulation,
Foslip®, and its pegylated counterpart, Fospeg® have
already been evaluated in some detail, showing high
incorporation efficiency (Kuntsche et al., 2010), improve-
ments in pharmacokinetics (Buchholz et al., 2005), and
faster accumulation in tumors than Foscan (Lassalle
et al,, 2009). Hence, the liposomal formulations are
ideal for systemic administration. However, Foslip and
Fospeg are prepared using a film-hydration method, with
size control accomplished by high-pressure extrusion
(Kuntsche et al., 2010). Film hydration and extrusion is a
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complicated, difficult approach for large-scale manufac-
ture. By contrast, and in light of the previously mentioned
technical advantages, the ethanol-injection method
seems to be a more attractive prospect for the scale-up
of production. Additionally, it has been reported that
temoporfin-loaded ethosomes enhance the penetration
through SC, compared to Foslip (Dragicevic-Curic et al.,
2009). Consequently, the liposomes prepared by ethanol
injection are also of great interest for the topical applica-
tion of temoporfin (e.g., PDT of skin-associated tumors
or infections).

The aim of this study was to take advantage of both
ethanol injection and automation to develop a fast,
convenient method for high-throughput screening of
temoporfin-loaded liposomal formulations. To achieve
this aim, a large number of liposomal formulations were
prepared quickly and systematically using a pipetting
robot, followed by a high-throughput characterization
of liposomes, to investigate, step-by-step, the interplay
between different parameters relating to the optimization
of new formulations. Finally, one optimal formulation for
each lipid was selected, whose morphology and stability
were studied in greater depth.

Control pipetting parameters

Ethanolic solution
(lipids+drugs...... )

l( e
P
Diffusior % E
et 3 ’.l

Disk-like micelles

Growth

Temoporfin-loaded liposomal formulations 3

Methods

Materials

Egg phosphatidylcholine (EPC), Lipoid S75, and Lipoid
S100 were supplied by Lipoid GmbH (Ludwigshafen,
Germany). Temoporfin (i.e., 3,3,3”,3-(7,8-
dihydroporphyrin-5,10,15,20-tetrayl)tetraphenol;
mTHPC) was a generous gift supplied from biolitec AG.
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene  glycol)2000]  (mPEG,,-
DSPE) was purchased from Genzyme Pharmaceuticals
(Cambridge, Massachusetts, USA). Phosphate-buffered
saline solution (PBS; pH 7.4) was composed of 140 mM of
NaCl and 10 mM of Na,HPO, and KH,PO,, respectively,
which were purchased from Sigma-Aldrich (Steinheim,
Germany). All other chemicals were of analytical grade
and also purchased from Sigma-Aldrich.

Preparation of liposomes using a pipetting robot

The FasTrans® pipetting robot (Analytik Jena AG, Jena,
Germany) was equipped with 200-uL tips and was used
to prepare liposomes in a 96-well plate by the ethanol-
injection method, as shown in Figure 1. To accomplish

B Liposomes

Mechanism

Closure

i s
\
. \
\ \
\
. —— -
\
|

Liposomes

Figure 1. Scheme of the automation of the ethanol injection using a pipetting robot and the underlying mechanism of liposome formation.
The position of the pipetting head and the pipetting parameters (e.g., volume and mixing speed) are adjustable by program. After injection
of the ethanolic solution into the aqueous phase, ethanol diffuses into water, and liposomes are formed via intermediately formed, disk-

like micelles.
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this, PBS solution, pure ethanol, and ethanolic lipid
stock solutions (both with and without temoporfin) were
loaded into reservoirs in the system and dispensed by
the pipetting robot as stock solutions. The pipetting steps
were set up in the FasTrans process program. Briefly,
specific volumes of PBS solution were dispensed into the
target wells, and in a separate set of wells, concentrated
ethanolic lipid solutions and temoporfin stock solutions
were combined and diluted to the desired concentra-
tions in a separate well plate; these diluted ethanolic
lipid-drug solutions were then injected into PBS accord-
ing to the desired volume. To ensure effective mixing of
each formulation and to disperse the mixtures effectively,
each mixture was purged completely and aspirated three
times at a flow rate of 105 pL-s™. In this study, the lipids
chosen included EPC, Lipoid S75, and Lipoid S100, and
their liposomal formulations are referred to hereafter
as Liposome-EPC, Liposome-S75, and Liposome-S100,
respectively. Although ethosomes were obtained in sev-
eral formulations containing more than 20 weight% of
ethanol, they were still discussed in terms of liposomes
for consistency of evaluation.

Determination of particle size, size distribution, and
zeta potential

Mean particle size and size distribution (i.e., polydis-
persity index; PDI) were measured using dynamic light
scattering (DLS) on a DynaPro™ DLS plate reader (Wyatt
Technology Corp., Santa Barbara, California, USA), which
was equipped with a 10-mW He-Ne laser (832.5nm) and
operated at an angle of 173 degrees and a temperature of
25°C. Aliquots of the prepared 100 pL liposome suspen-
sions were subsequently transferred into a 96-well quartz
plate and measured by the DLS plate reader. Each sample
was scanned 10 times, and the acquisition time was fixed
at 30 seconds. Mean hydrodynamic diameter of the
liposomes was calculated from the intensity of the scat-
tered light using the Dynamics 6.12.0.3 software (Wyatt
Technology). Zeta-potential measurements were per-
formed using a Zetasizer Nano ZS (Malvern, Herrenberg,
Germany), as reported in the literature (Kuntsche et al.,
2010).

Effect of lipid concentration in ethanol on the size of
liposomes

The lipid ethanolic stock solution was diluted by ethanol
to the concentrations of 5, 10, 20, 30, 40, 50, 60, 70, 80, and
100 mg-mL™!, respectively. Aliquots of 13.5 uL ethanolic
lipid solution were pipetted into 180 pL of PBS solution
using the pipetting robot. Each formulation was prepared
in triplicate. Sizes of liposomes were characterized using
the DLS plate reader.

Effect of ethanol:buffer ratios on the size of liposomes
Lipids were dissolved in ethanol at the concentration
of 40 mg-mL™". Different amounts of ethanolic solution
were pipetted into the PBS solution using the following
ethanol:buffer ratios by volume: 1:30, 1:20, 1:13, 1:9, 1:5,
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1:4, 1:3, 1:2, and 1:1. Sizes of liposomes were character-
ized using the DLS plate reader.

Incorporation of temoporfin into liposomes
Temoporfin and the respective lipids were codissolved
in ethanol at different ratios of temoporfin to lipid. The
concentration of lipid was fixed at 40 mg-mL™!, whereas
concentrations of temoporfin were 0.5, 1, 2, or 3 mg-mL™,
respectively. The ethanolic solution was dispensed into
the PBS solution at the volume ratio of 1:4. Sizes of lipo-
somes were characterized using the DLS plate reader.

Incorporation efficiency was measured as follows.
Liposomes were first prepared using the pipetting robot.
An aliquot of these liposomes were extruded 21 times
through a polycarbonate membrane (pore size, 100 nm),
using a LiposoFast® miniextruder (Avestin, Ottawa,
Ontario, Canada). Next, both the original liposomes and
the extruded liposomes were destroyed by the 50-fold
dilution of the formulation in methanol, followed by mea-
suring the absorbance of temoporfin at the wavelength of
645 + 10nm, using the Fluostar microplate reader (BMG
LABTECH GmbH, Offenburg, Germany). The concentra-
tion of temoporfin in the extruded liposomes, divided by
thatin the original liposomes, was used to quantify incor-
poration efficiency.

Adding functional phospholipid to modify liposome
surface

To modify liposome features, mPEG,  -DSPE was incor-
porated into liposomes. The lipids, temoporfin and
mPEG, -DSPE, were codissolved in ethanol. The total
molar concentration of lipids and mPEG, -DSPE was
fixed at the same value as that of 40 mg-mL™" of pure
lipid, whereas the molar percentage of mPEG, ,-DSPE
increased gradually (i.e., 1, 3, 5, 7, and 9%, respectively).
The concentration of temoporfin was kept constant at 0.5
mg-mL-'. Thereafter, aliquots of 36 pL of the ethanolic
solution were injected into 144 pL of PBS solution to pre-
pare liposomes, followed by characterization of size and

zeta potential.

Visualization of liposomes by cryogenic transmission
electron microscopy

Based on the aforementioned high-throughput screen-
ing of the liposomal formulations, one optimal formula-
tion was determined for each lipid and visualized using
cryogenic transmission electron microscopy (Cryo-TEM)
to study their shape and lamellarity. For each sample, an
aliquot of 5 puL of the corresponding liposome dispersion
was deposited onto a perforated coated net of copper.
Excess was removed from the samples with a sheet of fil-
ter paper. Samples were quickly frozen with liquid ethane
(-170 to-180°C) in a cryo-box (Carl Zeiss NTS GmbH,
Oberkochen, Germany). Excess ethane was removed by
blotting samples in the cold, and samples were placed,
with the help of a cryo-transfer device (Gatan 626-DH;
Gatan, Inc., Pleasanton, California, USA), in a precooled
Cryo-TEM (Philips CM 120) operated on 120 kV.
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Stability of liposomes

The three optimal formulations for each lipid were pre-
pared in large scale for studying their stability. A large
amount of the selected formulations were prepared in
one batch and stored at 4 and 23°C (room temperature),
respectively. After 1, 2, 3, 4, 10, and 20 weeks, respectively,
the sizes of the liposomes were measured.

Statistical analysis

All reported size measurements present mean values +
standard deviation (n > 12). Statistical analysis was car-
ried out with the Student’s ¢ test, using Microsoft Excel
2007 (Microsoft Corp., Redmond, Washington, USA). A
value of P<0.05 was considered statistically significant.

Results and discussion

Effect of lipid concentration in ethanol on size of
liposomes

After the injection of the ethanolic solution into the PBS
solution, followed by triplicate mixing via purging and
aspirating, the mixtures became opalescent, indicating
that liposomes were formed. In general, the dispersions
became increasingly intensely opalescent as the lipid
concentration increased. The measured diameter and
respective PDI values of the liposomes are shown in
Figure 2. The diameter of liposomes increased gradu-
ally as the concentration of lipid in the injected ethanol
increased. For each measured lipid concentration value,
the Liposome-EPC based formulations exhibited the
smallest measured average liposome size among the
three kinds of liposomes investigated, with values rang-
ing from 61 to 177 nm. When the lipid concentration was
increased to more than 50 mg-mL~, the PDI began to
rise to values higher than 0.1. The size of Liposome-S75
increased from 98 (5 mg-mL™) to 198nm (60 mg-mL™")
and finally reached 273 nm (100 mg-mL™"), although dur-
ing this change, PDI values did not increase considerably
until the lipid concentration was above 100 mg-mL™".
The size of Liposome-S100 was comparable with that of
Liposome-EPC when the lipid concentration was equal
or less than 40 mg-mL-'. However, above 40 mg-mL™,
the size increased more dramatically than in the case of
Liposome-EPC. In particular, at concentrations greater
than 60 mg-mL~, the size increased sharply and finally
reached 2,157nm at 100 mg-mL™". In confluence with
this observation, the PDI values of liposomes at higher
concentrations of more than 50 mg-mL™" also increased
sharply to 0.326, which was the upper measurement limit
of the DLS plate reader.

Here, the size of liposomes was measured as the most
important index to evaluate the formation of liposomes.
To understand the relationship between parameters
and size, a well-known nonequilibrium model of vesicle
formation was introduced to illustrate the formation of
liposomes in the ethanol-injection method (Figure 1)
(Antonietti and Forster, 2003; Jahn etal., 2010; Lasic, 1988).

© 2011 Informa Healthcare USA, Inc.
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During the diffusion of ethanol into water, lipid mole-
cules initially dissolved in ethanol become exposed to an
increasingly polar environment with decreasing capacity
for lipid solvation. At a critical polarity, lipid molecules
aggregate and form disk-like or oblate micelles as an
intermediate structure, which grow through coalescence
and/or the integration of solubilized lipid molecules.
These disk-like micelles are also called bilayered phos-
pholipid fragments (BPFs) (Lasic, 1988). As the polarity
of the surrounding microfluidic environment continues
to increase, these BPFs close and form liposomes to
eliminate exposure of the lipid hydrocarbon tails (Jahn
et al., 2010). Therefore, the size of liposomes is related to
microfluidic formation, as well as the growth and closure
processes of the intermediate structures, which will be
discussed below, respectively.

The lipid concentration in the injected solution plays
an important role in the determination of the outcome
of particle size (Domazou and Luisi, 2002). As a general
rule, the lower the lipid concentration in the injected
solution, the smaller the liposomes will be. On the other
hand, increased lipid concentration facilitates the load-
ing of drugs in liposomes. As a result of these conflict-
ing phenomena, it is necessary to achieve a balance
between liposome size and total drug loading. With this
in mind, the lipid concentration in ethanol was studied
first to obtain the suitable range of lipid concentrations
for the ethanol-injection method. As shown in Figure 2,
both size and PDI values increased as the lipid concen-
tration in ethanol increased. The lipid concentration in
ethanol affects two aspects of the formulation: the local
lipid concentration when the injected ethanol diffused
into the buffer and overall lipid concentration when lipo-
somes were finally dispersed in the sample. During the
diffusion of injected ethanol in the PBS solution, the high
local lipid concentration means a high concentration of
BPFs; as a consequence, the short distance between BPFs
facilitates their chances for coalescence and increases
the possible formation of larger liposomes. Additionally,
many liposomes have a tendency toward aggregation
during the formation process. The tendency may not be
obvious at lower lipid concentrations, but can be strong
at higher overall lipid concentrations, leading to greater
liposome aggregations. This phenomenon has already
been observed in the literature using TEM (Domazou
and Luisi, 2002). At higher lipid concentrations (more
than 60 mg-mL™"), the size of Liposome-S100 was much
bigger than the other two kinds of liposomes and showed
the highest PDI values, implying that the aggregation
tendency of Liposome-S100 was higher than the others.

Taking into consideration that, for many applications,
the size and PDI values of liposomes should generally be
as small as possible, while maintaining the overall weight
fraction of liposomes as high, the concentration of lipid
in the injected ethanol was maintained at 40 mg-mL™" in
the following experiments, which was also convenient for
the comparison of these three lipids.
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Effect of the ethanol:buffer ratio on size of liposomes

To evaluate the range of ethanol:buffer ratios suitable for
the preparation of liposomes, the lipid ethanolic solu-
tions were injected into PBS solution in different ratios by
volume, and the particle size was measured (Figure 3). As
the ratio of ethanol to PBS solution increased from 1:30
to 1:4, the size of all three kinds of liposomes decreased
slightly and reached a minimal value when the ethanol
percentage by volume was 20% (ethanol:bufferratio = 1:4).
At percentages greater than 20% ethanol, size increased
along with the increase in ethanol percentage. When the
ethanol percentage reached 33%, the liposomes were still
small, with average diameter values of approximately
200nm. However, at the highest ethanol percentage of
50%, the size of the liposomes increased to more than
500 nm, in accordance with the observation of aggrega-
tions in the 96-well plate. Taken together, liposomes could
be readily prepared when the ethanol concentration was
in the range of 3.2-33%. For subsequent experiments,
the ethanol:buffer ratio of 1:4 was selected, because the
measured average liposome size was smallest at this
ratio. Nevertheless, the demonstration of the efficacy of
higher ethanol concentrations is still of importance for
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the design of other formulations in the future, as it indi-
cates the accessibility of liposome formulations of high
lipid concentrations through this route, which offers the
possibility of increasing the loading capacity for drugs.
In particular, when the volume ratio of ethanol to buffer
is equal to or higher than 1:3, the formulations contain
more than 20 weight% of ethanol and, therefore, belongto
the ethosome classification, which may lead to enhanced
penetration through the SC.

Effect of temoporfin concentration in ethanol on size
of liposomes and incorporation efficiency

To check how the incorporation of temoporfin affects
size and size distribution of liposomes, different amounts
of temoporfin were codissolved into lipid ethanolic
solution. The relationship between the concentration
of temoporfin and the resulting average diameter of
temoporfin-loaded liposomes is shown in Figure 4.
Incorporation of temoporfin increased the size of
Liposome-EPC gradually (i.e., from 108 to 157nm) as
more and more temoporfin was dissolved in the injected
ethanolic solution. In comparison, the size of Liposome-
S§75 did not change significantly, except that at the
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Figure 2. Particle size (a) and PDI values (b) of liposomes, which were prepared by injection of lipid ethanolic solution at different lipid

concentrations, varying from 5 to 100 mgemL™ (n=3).
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Figure 3. Mean particle size of liposomes, which were prepared
in different ethanol:buffer ratios by volume. The resulting ethanol
percentage (%) by volume in the final dispersion varied from 3.2
to 50% (n=3).
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mgemL, and the ethanol:buffer ratio was 1:4 (n=3).
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highest temoporfin concentration of 3 mg-mL~, where
size increased slightly to 160nm. The size of Liposome-
§100 increased modestly from 150 to 158 nm as the con-
centration of temoporfin increased from 0.5 to 2 mg-mL™,
then grew up to 198nm at 3 mg-mL™". In summary, the
increase of size as a function of temoporfin was accept-
able in all cases.

In addition to size, incorporation efficiency of drug is
also an important factor to be studied for drug-loaded
liposomes. Consequently, incorporation efficiency of
temoporfin into liposomes was evaluated. As shown in
Figure 5, incorporation efficiency of temoporfin in all
formulations was consistently above 95% and, in many
cases, reached almost 100%. When the concentration of
temoporfin in the injected ethanolic solution increased
from 0.5 to 3 mg-mL~!, incorporation efficiency did not
change significantly, suggesting that this drug is very
readily incorporated into liposomes. At least within
this concentration range, effectively, all temoporfin
was incorporated into liposomes. Especially, when the
concentration of temoporfin in ethanolic solution was

(- 0.5 mg.mL'l B3
7 Imgml”’ K

2 mg.m],'I
3 mg.mL'I

—

=

=
1

=]
=
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o
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Incorporation efficiency %
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S75

Figure 5. Incorporation efficiency of temoporfin into three types
of liposomes, which were prepared by injecting the ethanolic
solution atdifferenttemoporfin concentrations. The concentration
of lipid in ethanol was 40 mg-mL’, and the ethanol:buffer ratio
was 1:4 (n=3).
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Figure 6. Particle size (a) and zeta potential (b) of liposomes containing different amounts of mPEG
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3 mg-mL™, the weight ratio of temoporfin to lipid was
3:40, the same as the ratio used in the well-developed
liposomal formulation, Foslip (biolitec AG), containing
1.5 mg-mL™ of temoporfin and 20 mg-mL~! of phospho-
lipids (phosphatidylcholine and phosphatidylglycerol)
(Kuntsche et al., 2010). Because temoporfin is a very
lipophilic drug with a high logP value of 9.24 (Chen
et al., 2011), the high incorporation efficiency of more
than 95% confirmed that the ethanol-injection method
is promising for incorporation of hydrophobic drugs
(Jaafar-Maalej et al., 2010), being a potential alternative
to the traditional preparation method.

Based on the results from Figures 4 and 5, temoporfin
canbereadilyincorporatedintoliposomesbythe ethanol-
injection method, yielding liposome suspensions with
comparable diameters. To save the cost of temoporfin,
0.5 mg-mL™" in the injected ethanolic solution was used
in the following experiments.
Modification of liposomes using mPEG,  -DSPE
When mPEG, -DSPE was incorporated into liposomes,
the size and surface charge ofliposomes were supposed to
change and, therefore, were measured after adding differ-
ent amount of mPEG,, -DSPE. As shown in Figure 6a, all
three kinds of liposomes demonstrated an easily observ-
able decreasing trend in terms of diameter, as the molar
percentage of mPEG, -DSPE increased from 0 to 9%
(with the exception of the point of Liposome-EPC, con-
taining 1 mol% mPEG,  -DSPE). The size of liposomes
containing 9 mol% of mPEG, -DSPE decreased signifi-
cantly, compared to those liposomes without mPEG,, -
DSPE, and reached a minimal diameter of approximately
50 nm.

In addition to size, stability is another consideration
with liposomes. To increase the stability of liposomes, dif-
ferent strategies are utilized, especially using some func-
tional lipids to modify the characteristics of liposomes.
For example, cholesterol is used to increase the rigidity of
liposomes. Some charged phospholipidsareincorporated
into liposomes to prepare cationic or anionic liposomes,
and thus the liposomes are stabilized via electrostatic
repulsion. Polymers containing poly(ethyleneglycol)
(PEG) are the most commonly used steric stabilizers for
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liposomes (Knop et al., 2010), as the PEG segments are
able to form a hydrated shell around liposomes and thus
prevent the aggregation of liposomes.

In this study, mPEG,, -DSPE was used to modify lipo-
somes, aiming to increase their stability. As expected, it
was found that mPEG, -DSPE helped to decrease the
size of liposomes significantly (Figure 6a), which is sup-
posed to make the liposomes more stable. Because of its
amphiphilic diblock copolymer nature, mPEG, , -DSPEis
known to readily form micelles as a result of its extremely
low critical micelle concentration of 6.3 pM (Ishida et al.,
1999). Johnsson and Edwards reported that the addition
of PEG lipid decreased the diameter of discoidal micelles
composed oflipid and mPEG,  -DSPE or mPEG,  -DSPE
(Johnsson and Edwards, 2003). Similarly, the addition of
mPEG,, -DSPE in ethanolic solution reduces the size of
intermediate disk-like micelles, consequently yielding
smaller liposomes. Additionally, the PEG chains form a
hydrophobic coronal on the surface of liposomes, which
prevents the aggregation of liposomes and, therefore,
reduces the average size of liposomes. It should also be
considered that the additional hydrophilic coronal com-
posed of PEG can also increase the size of liposomes,
to some extent. This is probably why the diameter of
Liposome-EPC, containing 1 mol% of mPEG, -DSPE,
was significantly larger than the unmodified liposomes.

In Figure 6b, Liposome-EPC and Liposome-S100 were
almost neutrally charged, if no mPEG, -DSPE was pres-
ent. The higher the percentage of mPEG,, -DSPE present,
the more negative the Liposome-EPC and Liposome-
S§100 measurements became. Finally, the zeta potential
of liposomes decreased to approximately —15 mV at
9 mol% of mPEG, -DSPE. In contrast, the zeta potential
of Liposome-S75 became less negative as more mPEG, -
DSPE was incorporated into liposomes, but remained
negatively charged with 9 mol% of mPEG,-DSPE.

EPC and S100 are neutral lipids; correspondingly,
Liposome-EPC and Liposome-S100 would be liposomes
without exhibiting a significant zeta potential. As is
known, mPEG,, -DSPE is a negatively charged molecule.
So, when mPEG,  -DSPE was incorporated into the neu-
tral liposomes, the zeta potential of liposomes became
negative as the molar percentage of mPEG,, -DSPE
increased (Figure 6b). In contrast, S75 contained nega-
tive components, and thus, Liposome-S75 was negatively

charged with a zeta potential of approximately —-40 mV.

When a portion of S75 lipids was replaced by mPEG, -
DSPE, the charge of the lipid bilayer changed little and
remained negative. However, the mPEG,, layer on the
surface shields the negative charge oflipids in the bilayer,
leading to a reduced negative zeta potential. The more
mPEG,, -DSPEis contained in liposomes, the stronger is
the shielding effect and, consequently, the less negative
the liposomes. Therefore, the zeta potential of Liposome-
S75 became less negative with increasing percentage of
mPEG,, -DSPE (Figure 6b). In this situation, mPEG, -
DSPE played a multifunctional role, which decreased the
zeta potential of neutral liposomes, but increased that of
negatively charged liposomes.

Liposomes containing 9 mol% of mPEG,, -DSPE dis-
played the smallest diameter and were still negatively
charged. As a result, they were considered to be the most
stable of the formulations tested and were thus selected
for subsequent stability investigations.

Intotal, four parameters were investigated step-by-step
by preparing and screening 87 formulations in triplicate
(i.e., 261 samples) within 1 month, demonstrating that
this method is very fast and efficient. As a result, a proper
range for each parameter was respectively obtained, pro-
viding useful directions for practical formulation devel-
opment, where the detailed values are determined by the
specific requirements (e.g., administration dose and cost
considerations). For the study described in this article,
the primary aim was the development of the formulation
with the smallest size and highest potential for stability;
consequently, the following combination was selected:
36.4 mg-mL™ of lipid, 13.1 mg-mL"' of mPEG,, -DSPE (9
mol%), and 0.5 mg-mL" of temoporfin in the ethanolic
solution, using a 1:4 ethanol:buffer ratio. The concentra-
tion of temoporfin in ethanol used was 0.5 mg-mL™!, but
could be increased by up to 3 mg-mL~". Those liposomes
prepared in this condition were selected as the optional
formulations for further investigation in the following
experiments.

Morphology of the liposomes

Figure 7 shows Cryo-TEM images of the optimal formu-
lations for each lipid. The vesicles were spherical and
unilamellar. Most liposomes were smaller than 100nm
in diameter, with an average of approximately 50 nm.
The uniformity of Liposomes-S75 was the best, whereas
the Liposome-EPC and Liposome-S100 suspensions

Figure 7. Cryo-TEM images of liposomes. (A) Liposome-EPC, (B) Liposome-S75, and (C) Liposome-S100.
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contained some smaller vesicles. The Cryo-TEM images
of liposomes in Figure 7 confirmed their small size and
narrow size distribution obtained from the DLS plate
reader (Figure 6a), suggesting that the high-throughput
characterization method using DLS is reliable. The
spherical unilamellar morphology, and small size of lipo-
somes, is similar to that of liposomes containing soybean
phosphatidylcholine and 20% ethanol, as reported by
Dragicevic-Curic et al. (2009), which showed strong pen-
etration enhancement through the skin, so we hypoth-
esize that the three formulations prepared by us are very
likely to own the same advantage and are worth perform-
ing further investigation in this direction.

Stability of liposomes

The stability of liposomes was examined with respect to
mean particle size and PDI values. Figure 8 shows the size
and PDI during 20 weeks of storage at 4 or 23°C. When
stored at 4°C, the diameter of Liposome-S75 did not
change significantly, whereas the diameter of Liposome-
EPC and Liposome-S100 increased slightly, by 8 and
12 nm, respectively. In line with the small size increase,
the PDIvalues of Liposome-EPC and Liposome-S100 also
increased only slightly, but the PDI values of Liposome-
S$75 remained constant, confirming that Liposome-S75
was the most stable formulation at 4°C. At 23°C, the
size of all three formulations increased slowly during 20
weeks of storage, and the increasing speed of size was
bigger than that at 4°C; however, their PDI values did not
increase significantly. In addition, the Cryo-TEM showed
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that these liposomes were still small unilamellar spheres
after 10 weeks of storage (data not shown). Although
there was a small increase in size during 20 weeks at 4 or
23°C, these selected formulations could still be consid-
ered stable, in view of their diameters being smaller than
100 nm with low PDI values.

The stability study demonstrated that the selected
optimal formulations maintained small size and low PDI
values within 20 weeks (Figure 8), and the liposomes
were more stable at 4 than at 20°C. The aim of add-
ing mPEG, -DSPE to increase liposomal stability was
achieved; however, long-term stability still needs to be
studied in the future and is already in progress.

Besides the three selected optimal formulations, more
liposomal formulations can be prepared for different
applications (e.g., the concentration of temoporfin and
ethanol may be varied) and many other lipids as well
as different drugs can be studied, too. In addition, this
method can be further refined. For example, the 96-well
plate can be readily replaced by 384- or even 1,536-well
plates, to prepare much a smaller amount of liposomes,
which is of great use to save drugs and materials—in par-
ticular, when the drug supply is scarce or very expensive.
Additionally, theuse ofautomatedliquid dispensing offers
the chance of controlling the flow rate of the injection
process, enabling the possibility to study process param-
eters and their effects on the final performance proper-
ties of the formulation. The use of automated pipetting is
compatible with liquids with a broad range of viscosities,
extending the prospects of solvent/nonsolvent systems
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Figure 8. Mean particle size and PDI values of liposomes after storage at 4 or 23°C for 1~20 weeks (n=3).
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beyond ethanol and water. Therefore, the automation of
the ethanol-injection method has a broad potential for
applications, including both the high-throughput screen-
ing of liposomal formulations in the lab and the scale-up
of production.

We need to point out that the ethanol in the suspen-
sions needs to be removed for the real production of con-
ventional liposomal formulations where ethanol content
should be restricted, whereas removing is unnecessary in
the case of ethosomal formulations for topical applica-
tions to the skin. Several techniques, such as ultracen-
trifugation, ultrafiltration, dialysis, rotary evaporation,
and gel filtration, were reported to remove ethanol from
liposomes easily (Batzri and Korn, 1973; Cortesi et al.,
2010; Jaafar-Maalej et al., 2010). Our preliminary experi-
ments confirmed that small liposomes (i.e., 60~~80nm)
could be obtained after the removal of ethanol. In addi-
tion, lyophilization, besides cross-flow dialysis, is a more
applicable approach for the scale-up of production (Isele
etal., 1994; Wagner et al., 2002), which is especially attrac-
tive to high-throughput screening of a large number of
samples and, therefore, is in the scope of the following
study.

Conclusions

This work shows an innovative strategy for the high-
throughput screening of liposomal formulations by auto-
mation of ethanol injection. Using three kinds of lipids,
altogether, 87 different formulations (261 samples) were
screened in a high-throughput way. Factors affecting
the properties of liposomes were investigated step-by-
step, where liposomes were prepared automatically,
and, when applicable, were characterized automatically,
making it easy and fast to optimize the liposomal formu-
lations of temoporfin. Finally, three optimal liposomes
were prepared, which were stable at least for 20 weeks
with only a small increase of size. The small liposome
diameter of approximately 50 nm enables these formula-
tions to be ideal for i.v. injection, whereas the high con-
tent of ethanol makes those liposomes have the potential
for dermal and transdermal delivery of temoporfin. The
results also lay a good foundation for the development of
formulations using other drugs and lipids. In the future,
the potential for systematic and topical administration
still needs to be investigated. In summary, this high-
throughput screening strategy is fast, automated, materi-
ally efficient, labor-saving, time-saving, economic, facile,
and highly reproducible. This approach is promising for
the development of new formulations; because of the
nature of the process, the approach is readily amenable
to the scale-up of production.
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4 Discussion

4 Discussion

In this dissertation, temoporfin was incorporated into different liposomal
formulations for the aim of APDT. To achieve a bacteria-targeting delivery of
temoporfin, the surface of liposomes was modified with either an antimicrobial
peptide (WLBU2) or a lectin (WGA). Then a high-throughput method based on
ethanol injection method was developed to screen other liposomal formulations
loading temoporfin. In this section, I will discuss: the improvement of APDT using
bacteria-targeting liposomes; how to take use of the high-throughput method to
develop more liposomal formulations for APDT; and the potential clinical

applications of liposomes for APDT.

4.1 Improvement of APDT using bacteria-targeting liposomes

In publication 1 and 2, both the WGA-liposomes and the WLBU2-liposomes
increased the delivery of temoporfin to S. aureus and P. aeruginosa. Subsequently, the
in vitro APDT efficiency was increased, too. These results confirm our previous
hypothesis that the bacteria-targeting liposomes do enhance APDT compared to
unmodified liposomes.

The delivery of liposomal temoporfin to bacteria is illustrated in Fig. 4-1. Both
modified liposomes are able to bind to S. aureus and P. aeruginosa via their
conjugated bacteria-targeting ligands, and thus increase the local concentration of
temoporfin around bacteria and facilitate the release of temoporfin from liposomes to
bacterial cell walls in the vicinity. What is more, the cationic lipid, DOTAP, may
gradually translocate in the cell wall because of the electrostatic interaction with the
negatively charged cell walls, disturb the cell walls, increase their permeability for

temoporfin, and further enhance the translocation of temoporfin into or across the
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cytoplasmic membrane, resulting in effective APDT. In addition, fusion of liposomes
with the gram-negative bacterial outer membrane has been extensively studied and
proved using different techniques, e.g. TEM and flow cytometry (Mugabe et al., 2006;
Sachetelli et al., 2000). This fusion phenomenon is a big advantage of liposomes for
antibiotics delivery, and may also take place in our experiments, helping overcome the

obstacle of the densely packed outer membrane and deliver temoporfin directly into

cell walls.
£
Photosensitizers L o W: binding
NN\ . W - L
652 nm Laser Bacteria-targeting liposomes

Photodynamic inactivation of bacteria

Figure 4-1 The bacteria-targeting liposomes bind to bacteria or even fuse with the
bacteria, consequently increase the delivery of temoporfin to bacteria. After light
illumination, the photosensitizers (temoporfin) generate reactive oxygen species, e.g.

'0,, resulting in photodynamic inactivation of bacteria.

By comparing the results in both publications, it was found that
WLBU2-liposomes were obviously more effective than WGA-liposomes with respect
to APDT against both species of bacteria: WLBU2-liposomes eradicated MRSA at
1.25 pM after 90 min incubation, while WGA-liposomes eradicated MRSA at 12.5

uM after 90 min incubation; WLBU2-liposomes induced maximal more than 3 logi
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reduction of P aeruginosa, whereas WGA-liposomes induced maximal 2 log
reduction of P. aeruginosa. The difference in APDT efficiency suggests that WLBU?2
is a better bacteria-targeting ligand than WGA, which is assumed to be caused by the
different binding mechanism of the two ligands with bacteria.

WGA recognizes the N-acetylglucosamine group, which is prevalent in the
peptidoglycan of gram-positive bacterial cell walls (Sizemore et al., 1990) and is also
available in the surface of P. aeruginosa, although not as much as in S. aureus (Avni
et al., 1987; Strathmann et al., 2002). Therefore, WGA only helps WGA modified
liposomes bind to the surface of bacteria.

The antimicrobial peptide WLBU?2 is an amphiphilic cationic peptide, and owns a
different bacteria-binding mechanism as compared to WGA. The antimicrobial
function of amphiphilic cationic peptides is illustrated by their interaction with
gram-negative bacteria in Fig. 4-2. They are proposed to associate with the negatively
charged surface of the outer membrane, mainly due to the presence of highly anionic
LPS. Then they either neutralize the charge over a patch of outer membrane, creating
cracks through which the peptides can cross the outer membrane, or actually bind to
the divalent cation binding sites on LPS, and disrupt the densely packed outer
membrane. In case of gram-positive bacteria, these peptides may cross the thick
porous peptidoglycan layer and approach the cytoplasmic membrane. In both cases,
the peptides will further disturb the cytoplasmic membrane as shown in Fig. 4-2
(Hancock, 2001). The peptides’ ability to perturb the outer membrane and cytoplasmic
membrane will improve the diffusion of temoporfin into the cells, which may explain
why the WLBU2 modified liposomes resulted in more effective APDT than the WGA

modified liposomes.
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Figure 4-2 The interaction of antimicrobial peptide with bacterial outer membrane
and cytoplasmic membrane of gram-negative bacteria. Cited from (Wilcox, 2004).

LPS: lipopolysaccharide.

4.2 Application of high-throughput screening method to development of
liposomal formulations for APDT.

The used liposomes preparation method in Publication 1 and 2 are the traditional
film-hydration method, where preparation of one formulation took more than two
hours. For preparation of a few samples, this method might be acceptable. But for
screening of dozens or hundreds of liposomal formulations, this traditional method is
not preferable, because it is both time- and labor-consuming, and the reproducibility is
sometimes a problem. To accelerate the development process of liposomal
formulations loading temoporfin, we aimed to develop a faster and more convenient
preparation method.

As shown in Publication 3, the high-throughput screening method demonstrates
some attractive capabilities, making the fast screening of liposomal formulations
possible. This high-throughput strategy is just recently developed, so there remain a

lot of opportunities to pioneer new applications, e.g. in the field of APDT.
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4.2.1 Preparation of bacteria-targeting liposomes

This high-throughput method can be used to prepare a series of bacteria-targeting
liposomes quickly within one step. In one experiment, the anchor lipid:
DSPE-PEG000-NHS was co-dissolved with temoporfin and EPC in ethanol, while
WGA was dissolved in the aqueous phase. The liposomes were prepared in the same
way as described in Publication 3. After injection of ethanolic solution, the liposomes
were formed and the DSPE-PEGy000-NHS was integrated into the lipid bilayer, with
some NHS residue on the surface. As soon as the liposomes were formed, the WGA in
the aqueous phase started reacting with the anchor lipid. The conjugation of WGA
with DSPE-PEGj000-NHS was proved using SDS-PAGE (Fig. 4-3). Increasing the
concentration of anchor lipid increased the liposome-linked WGA, but did not
increase the molecular weight of WGA-PEG;000-DSPE conjugates, implying that the
average number of anchor lipids linked to one WGA was same in this range of anchor
lipid concentration. It will be interesting to test if the increasing conjugated WGA on

liposomes will increase the APDT effect.

kDa
50-
a7 i1E ‘-—WGA—PEGzooo-DSPE
25. . | —WGA
20- : il
& ¥ 1% 2% 3% 4%

,@’b‘ N WGA modified liposomes with different
percentage of NHS-PEG2000-DSPE

Figure 4-3 Detection of the conjugation of WGA to liposomes using SDS-PAGE. The
liposomes were composed of EPC, DOTAP, mPEG;y-DSPE and
NHS-PEG2000-DSPE. The molar percentage of NHS-PEGy00-DSPE varied from 1%
to 4%, while the total amount of PEG-lipid was fixed at 9 mol %. The excess WGA

and ethanol were removed using ultracentrifuge (150,000g, 1h).
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Besides WGA, the other amino-containing ligands may also be linked to liposomes
using DSPE-PEGy00-NHS, such as peptides and antibodies. This high-throughput
method is also suitable for the conjugation reaction using maleimide containing
anchor lipids, so as to conjugate thiol group-containing ligands to liposomes.

One advantage of this method is the higher conjugation efficiency compared to that
in the film-hydration method (Publication 1 and 2), because the conjugation reaction
starts immediately after the contact of DSPE-PEG;00o-NHS with water, and hence the
hydrolysis of NHS residue during film hydration is avoided.

Another special advantage of this method is its economically efficient utilization of
the relatively expensive materials, such as the drug and the anchor lipid. In the
96-well plate, the volume of each sample in a single well can be as small as tens of
microliters, much smaller than the hundreds of microliters in case of normal film

hydration method.

4.2.2 Investigation of liposomal compositions

In publication 1 and 2, only a few liposomal formulations were investigated, but
they could probably not be the best formulations for bacteria-targeting delivery of PSs.
Therefore, there is still necessity to investigate more liposomal formulations.

Jones et al have investigated the interaction between liposomes and bacterial
biofilms, and found that the adsorption of liposomes to bacteria was closely related to
the bacteria species and liposomal compositions, e.g. the molar percentage of the
charged phospholipids, the head groups of phospholipids, the charge of liposomes and
the concentration of liposomes. There was an optimum adsorption in a certain mol %
range of charged phospholipids (Jones et al., 1997; Kaszuba et al., 1997). Higher
molar percentage of charged phospholipids would not further increase the adsorption

and even decrease the adsorption. Smistad et a/ confirmed this point when studying
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the interaction of various liposomes with Candida biofilm, pointing out that
high-level amount of cationic lipids would result in less adsorption to Candida
biofilms. They explained this phenomenon as follows: the adsorption of liposomes
with a high level of cationic lipids will be expected to increase the surface potential of
cells from negative value to positive value more easily than the liposomes with lower
level of positive charge, and in turn prevents further adsorption of positively charged
liposomes due to electrostatic repulsion (Smistad et al., 2011). They also showed that
a low level of positively charged lipid in the liposomes was less toxic to human buccal
cells than liposomes with a high level (Smistad et al., 2007). Therefore, it was
suggested that low levels of positive charges would be advantageous.

The above mentioned studies investigated dozens of liposomal formulations with
diverse compositions, whose manual preparation took a lot of time and work. In such
studies as well as the search for suitable liposomal formulations, our high-throughput
method will facilitate the preparation of a big library of diverse liposomes. This
application was demonstrated by preparing WGA modified liposomes containing
different percentages of DOTAP (0~40%) quickly in one batch, where DOTAP was
co-dissolved in the lipid ethanolic solution and injected into PBS buffer. In all cases,
WGA was successfully conjugated with liposomes. It is shown in Fig. 4-4 that the
zeta potential of liposomes increased from negative to positive, as more DOTAP was
incorporated into liposomes. For these formulations, the zeta potential of liposomes
with high level of DOTAP (30% and 40%) was only slightly positive because of the
shielding effect of PEG layer. The slightly positive charge may be advantageous for
binding to bacteria. On the other hand, the high content of DOTAP in the liposomal
bilayer may enhance the fusion of liposomes with bacteria and the disturbance to

bacterial cell wall. Nevertheless, this experiment is just the first step in such
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application. In future, the binding of these liposomes to bacteria and their bacterial

toxicity should be investigated in depth, and maybe more formulations will be

prepared in one batch.
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Figure 4-4 Zeta potential of liposomes with different amount of DOTAP. The
liposomes were composed of EPC, DOTAP, mPEG;y-DSPE and
NHS-PEG200o-DSPE. The molar percentage of DOTAP varied from 0% to 40%. The

total percentage of PEG-lipids was 9%. (n=3)

Here we stress again that one of the biggest advantages of this method is its
potential for fast screening of liposomal formulations. In this experiment, the
liposomal formulations with different DOTAP content and the anchor lipid content
were prepared in one batch within about 1 hour. By contrast, the preparation of one
such formulation using the film-hydration method took more than two hours. So it is
clear that the preparation of bacteria-targeting liposomes can be dramatically

simplified and accelerated.

4.2.3 Preparation of ethanol-containing liposomes for APDT

This high-throughput method is based on ethanol injection method and is ideal for
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the preparation of ethanol-containing liposomes, particularly, ethosomes. Ethosomes
were first invented and patented by E. Touitou, and were claimed to be "soft" vesicles
formed from phospholipids in the presence of water and high amount of ethanol and
sometimes glycols (Touitou, 1996, 1998). The ethosomal formulations refer to the
liposomal formulations comprising from 0.5% to 10% phospholipids and from 20% to
50% ethanol.

Ethosomes were shown to be effective for the in vivo killing of bacteria and in the
treatment of skin infections caused by S. aureus, where the rationale behind this work
is that ethosomes’ permeation enhancing ability facilitates the transport of
antimicrobial molecules through the two biological barriers: stratum corneum of the
skin and bacterial membrane/cell wall (Godin and Touitou, 2005; Godin et al., 2005).
Therefore, we hypothesize that ethosomes are also a promising formulations for
delivery of PSs to bacteria, especially the bacteria in skin infections, and will

consequently improve APDT.

4.3 Potential clinical application of liposomes in APDT

The work in this dissertation sheds light on the application of liposomes for APDT,
and may contribute to the wider application of APDT for the combat with infectious
diseases, particularly those caused by multidrug-resistant microbes and unsusceptible
to antibiotics.

The most promising application of the developed bacteria-targeting liposomal
formulations lies in the field of superficial skin infections, such as skin wound
infections, acne vulgaris and skin lesions. Compared to traditional antibiotic therapy,
APDT offers a faster and efficacious treatment, normally within a few hours. What’s
more, using the bacteria-targeting liposomes, APDT can increase the delivery

efficiency of PSs to bacteria, facilitate the penetration of PSs into bacteria, and
97



4 Discussion
consequently enhance the antimicrobial therapy. As a result, the administration dose
may be decreased, and the side effects will be reduced. Meanwhile, the non-specific
delivery of PSs to the host tissues is supposed to be reduced.

The bacteria-targeting liposomes will be of great interest for drug delivery to
microbial biofilms. The main problem with biofilms involves the local concentration
of bacterial colonies covered by an extracellular matrix of polymeric substances
which prevent drug transport to the hidden microbial cells. The advantage of
bacteria-targeting liposomes is to target matrix or biofilm bacteria, allowing the drug
to be released in the vicinity of the microorganisms and significantly increasing the
local drug concentration. This targeted transport was realized using site-specific
ligands such as immunoglobulins, oligosaccharides, and proteins (Drulis-Kawa and
Dorotkiewicz-Jach, 2010). Jones et al. demonstrated that the WGA modified
liposomes or antibody modified liposomes could be used for carrying lipophilic
bactericides (e.g. Triclosan) or hydrophilic antibiotics (e.g. vancomycin or
benzylpenicillin) and targeted to immobilized bacterial biofilms of oral or
skin-associated bacteria (Jones, 2005). The antibiotics in liposomes are more effective
than the free antibiotics towards biofilms. So we postulate that our bacteria-targeting
liposomes will enhance the delivery of PSs to biofilms, e.g. biofilm of MRSA or P,
aeruginosa, and improve the photodynamic inactivation of bacteria.

The ethanol containing liposomes obtained from the high throughput preparation
method may widen the application of APDT to soft tissue infections, which accounts
for a fifth of skin infections. Soft tissue infections, e.g. furuncles, carbuncles, cystic
acne and cellulitis, affect not only the skin surface but also the tissues beneath it. They
can affect the dermis and the subcutaneous tissues. The normal antibiotics therapy

may take weeks to accumulate sufficient antibiotics in the infected sites and remove
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bacteria, while APDT takes effect within a much shorter time (Gad et al., 2004). On
the other hand, various studies have proved that the ethanol containing liposomes
exhibit strong skin penetration capability, which may help the diffusion of PSs in the
infected soft tissues (Chen et al., 2011a; Dragicevic-Curic et al., 2009b; Godin et al.,
2005). What’s more, the novel synthesized PSs are able to be activated by near
infrared (NR) light , which penetrates even deeper in skin than the red light (Schastak
et al., 2010). These NR light activated PSs are particularly useful for APDT of soft
tissue infections.

The damage to host tissue needs to be taken into account if the liposomal
formulations will be applied to local infections in vivo. When the liposomal
formulations are administrated to the infection site, a portion of temoporfin will also
be released to the surrounding cells and probably penetrate into deep tissues. Then the
following illumination by laser might cause certain damage to the surrounding cells at
the infection site and the deep tissue beneath the infection site. Fortunately, APDT
together with liposomes offers many options to minimize the side effects on host
tissues:

1) Administration dose: it is possible to find a low PS concentration which is

safe to human tissues; and liposomes may further decrease the administration
dose while remaining the antimicrobial toxicity (An et al., 2011).

2) Incubation time: the diffusion of PSs into human cells takes much longer time
than that in bacteria, so that efficient APDT may be achieved during a short
incubation without harming the host tissues. On the other hand, long incubation
time is required for sufficient accumulation of PSs in the infected soft tissues.

3) Light dosage: Although deep penetration of light is possible, the light fluence

will attenuate exponentially while light penetrates into the tissue, meaning that
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most of the energy fluence is absorbed by the upper cells in the light pathway
and the damage to the superficial cells is much stronger than the damage to the
underlying tissues (Jacques, 2010). For the treatment of superficial infections,
low fluence and short wavelength light are advantageous, while for deep skin
infections, high fluence and long wavelength light will be required.

4) Selection of liposomal formulations: conventional liposomes are suitable for
superficial infections, and bacteria-targeting liposomes will increase the ratio of
bacteria to human cells in terms of binding with PS-loaded liposomes
compared to conventional liposomes; special skin penetrating liposomes are
applicable for deep skin infections, e.g. ethanol containing liposomes or
invasomes (Dragicevic-Curic et al., 2009a).

After all, the photodamage to host tissues will not be a hurdle for PACT since this

therapy is well controllable according to the treatment aims.

4.4 Future perspectives

The never-stopping world-wide rise in multi-drug resistance in many classes of
pathogenic microbes leads to lessening effectiveness of standard antibiotics, antiviral
and anti-parasitic drugs, giving rise to the worrying that the day may come when
infections return as the major cause of premature death. In our opinion, APDT is one
of the most promising alternative antimicrobial strategies, and liposomes open the
possibility to further improve this therapy. However, we are aware that there are still
many obstacles to overcome before real clinical applications of the liposomal
formulations for APDT. Nonetheless, we are confident that liposomes will play an
important role in the development of APDT, and do hope that our study could
contribute to this development to some extend and lead to some practical products in

future.
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5 Summary/Zusammenfassung

As more and more antibiotic-resistant organisms are emerging continuously, the
development of new antibiotics falls behind the evolution of antibiotic-resistance.
Thus there is an urgent need to search for alternative antibacterial drugs. Nowadays,
antimicrobial photodynamic therapy (APDT) has emerged as an efficacious modality
to treat various kinds of microbial infections. Meanwhile, liposomes are shown to be
an attractive drug delivery system in the treatment of infections and may improve the
APDT efficiency. Therefore, the aims of this study are to develop bacteria-targeting
liposomes to further improve APDT, and to develop a high-throughput method for
screening a large number of PS-loaded liposomal formulations.

In publication 1 and 2, a generation II photosensitizer, temoporfin, was
incorporated into liposomes for APDT, afterwards two bacteria-targeting ligands, the
antimicrobial peptide WLBU?2 and the lectin Wheat Germ Agglutinin (WGA) were
successfully coupled to the surface of temoporfin-loaded liposomes, respectively,
using an aminogroup-reactive functional lipid: NHS-PEG,000-DSPE. The delivery of
temoporfin to Methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas
aeruginosa (P. aeruginosa) was confirmed by fluorescence microscopy and flow
cytometry, thus demonstrating that more temoporfin was delivered to bacteria by the
modified liposomes than by unmodified liposomes. Consequently, both of the two
bacteria-targeting liposomes eradicated all MRSA and enhanced the photodynamic
inactivation of P. aeruginosa in the in vitro photodynamic inactivation test. In
particular, WLBU2 seems to be a better bacteria-targeting ligand than WGA. These
results demonstrate that the strategy of using bacteria-targeting liposomes 1is

promising for improving the APDT efficiency against both gram-positive and
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gram-negative bacteria in the local infections.

To speed up the screening process of liposomal formulations and develop a method
suitable for large-scale production of liposomes, a novel strategy for the fast and
convenient high-throughput screening of liposomal formulations was developed in
Publication 3, utilizing the automation of the ethanol injection method. This strategy
was illustrated by the preparation and screening of the liposomal formulation library
of temoporfin. To optimize the formulations, different parameters were investigated,
including lipid types, lipid concentration, the ratio of ethanol to aqueous solution, the
ratio of drug to lipid and the addition of functional phospholipids. Numerous
formulations (261 samples) were screened quickly in a high-throughput way. The
factors affecting the properties of liposomes were investigated step-by-step, where
liposomes were prepared and characterized automatically, making it easy and fast to
optimize the liposomal formulations of temoporfin. The obtained optimized liposomes
were unilamellar spheres with a diameter of about 50 nm, and were very stable for
over 20 weeks. What’s more, this high-throughput method is also applicable for
preparing bacteria-targeting liposomes of different compositions, showing many
advantages over the conventional methods. All the results demonstrate that this
high-throughput screening strategy is fast, automated, materially efficient,
labor-saving, time-saving, economic, facile, and highly reproducible. This approach is
promising for the development of new formulations to enhance APDT; due to the
nature of the process, the approach is readily amenable to scale-up of production.

In conclusion, bacteria-targeting liposomes are useful drug delivery system for
APDT, and the high-throughput method will facilitate the search for more suitable
liposomal formulations. These PS-loaded liposomal formulations have potential

clinical applications for the treatment of microbial infections.
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Zusammenfassung

Die Anzahl der Antibiotika-resistenten Mikroorganismen steigt stetig und die
Entwicklung der Antibiotika-Resistenz schreitet schneller voran, als die Entdeckung
neuer wirksamer Antibiotika. Deshalb besteht dringende Notwendigkeit, alternative
antibakterielle Medikamente zu entwickeln. Die antimikrobielle photodynamische
Therapie (APDT) ist heutzutage eine wirksame Therapie, um verschiedene Arten
mikrobieller Infektionen zu behandeln. Inzwischen wurde gezeigt, dass Liposomen
ein attraktives Arzneistofftragersystem in der Behandlung von Infektionen sind und
zusitzlich die APDT Effizienz verbessern konnen.

Die Ziele dieser Arbeit sind:

a) die Entwicklung liposomaler Formu-lierungen zum bakteriellen Targeting fiir

die Verbesserung der APDT und

b) die Entwicklung eines High-Throughput-Verfahrens zum Screening einer

Vielzahl von Photosensibilisator (PS) -tragenden Liposomenformulierungen.

In den Publikationen 1 und 2 wurde ein PS der zweiten Generation (Temoporfin),
in Liposomen fiir die APDT inkorporiert. AnschlieBend wurden Liganden fiir das
bakterielle Targeting ausgewédhlt und diese an die Liposomenoberfliche konjugiert.
Bei den beiden Liganden handelt es sich um das antimikrobiell-wirksame Peptid
WLBU2 und das Lektin Wheat Germ Agglutinin (WGA). Die Kopplung beider
Liganden erfolgte mit Hilfe des Aminogruppen-reaktiven Lipids: NHS-PEGo-DSPE.
Der Transport des liposomal verpackten Temoporfins zu Methicillin-resistenten
Staphylokokkus aureus (MRSA) und Pseudomonas aeruginosa (P. Aeruginosa) wurde
mittels Fluoreszenzmikroskopie und Durchfluss-zytometrie bestétigt. Weiterhin wurde
durch die Modifikation der Liposomenoberfliche mehr Temoporfin zu den

Mikroorganismen transportiert, verglichen mit unmodifizierten Liposomen. Beide
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ligand-modifizierten-Liposomenspezies konnten in in vitro APDT-Untersuchungen
alle MRSA téten und die photodynamische Inaktivierung von P aeruginosa
verbessern. Insbesondere WLBU2 scheint sich als Ligand fiir ein liposomales
Targeting besser zu eignen als WGA. Die Ergebnisse bestitigen die verbesserte APDT
durch die Verwendung von Liposomen, die gegen Bakterien gerichtet sind. Diese
Strategie ist ein vielversprechender Ansatz bei der Bekidmpfung von lokalen
Infektionen ausgeldst durch gram-positive und gram-negative Bakterien.

Zur Beschleunigung des Screening-Prozesses liposomaler Formulierungen und
zur Entwicklung geeigneter Verfahren fiir die GroBproduktion von Liposomen wurde
eine neue Strategie fiir das schnelle und bequeme High-Throughput-Screening
entwickelt (Publikation 3). Hierbei wurde die Ethanol-Injektion-Methode zur
Liposomenerzeugung verwendet und automatisiert. Als Modellarzneistoff diente
Temoporfin, welcher in verschiedene liposomale Formulierungen eingebaut wurde.
Zur Optimierung der Rezepturen wurden spezielle Parameter untersucht, darunter
verschiedene  Phospholipid-Kompositionen, =~ Phospholipidkonzentration,  das
Verhiltnis von Ethanol zu wissriger Losung, das Verhéltnis von PS zu Lipid, und der
Zusatz von funktionalen Phospholipiden. Zahlreiche liposomale Formulierungen (261
Proben) wurden mit diesem Verfahren generiert und analysiert. Die Faktoren, die die
Eigenschaften der Liposomen beeinflussen, wurden nacheinander untersucht. Die
Liposomen wurden hergestellt und automatisch charakterisiert, was die Optimierung
der liposomalen Formulierungen von Temoporfin einfach und schnell machte. Die
erhaltenen optimierten Liposomen waren unilamellare Vesikel mit einem
Durchmesser von etwa 50 nm. Diese waren iiber 20 Wochen lagerstabil. Alle
Ergebnisse zeigen, dass diese High-Throughput-Screening-Strategie schnell,

automatisiert, effizient, arbeitssparend, zeitsparend, ©konomisch, und hoch
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reproduzierbar ist. Dieses Verfahren ist bei der Entwicklung neuer
Liposomen-formulierungen zur Verbesserung der APDT vielversprechend und fiir den
Scale-up der Produktion geeignet.

Zusammenfassend sind die Bakterien-Targeting Liposomen ein geeignetes
Arzenistofftragersystem fiir die APDT. Das High-Throughput-Verfahren wird die
Suche nach geeigneten liposomalen Formulierungen erleichtern. Diese PS-haltigen
Liposomen haben potenzielle klinische Anwendungen in der Behandlung von

mikrobiellen Infektionen.
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7 Abbreviations

7 Abbreviations

ALA

AMP
APDT

C. albicans
CFU
Cryo-TEM

DOTAP

DPPC

DPPG

EPC

ISC
Liposome-EPC
Liposome-S100
Liposome-S75
LPS

MFI

mPEGz()oo—DSPE

MRSA
NADH
NDM-1

NHS-liposomes

5-Aminolevulinic acid

Antimicrobial peptide

Antimicrobial photodynamic therapy

Candida albicans

Colony forming unit

Cryogenic transmission electron microscopy
N-[1-(2,3-dioleoyloxy)propyl]-N, N, N-trimethylammonium
methylsulfate
1,2-Dipalmitoyl-sn-glycero-3-phosphocholin
1,2-Dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
Egg phosphatidylcholine

Intersystem crossing

Liposomes composed of egg phosphatidylcholine
Liposomes composed of Lipoid S100

Liposomes composed of Lipoid S75

Lipopolysaccharide

Mean fluorescence intensity

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy

(polyethylene glycol)-2000]
Methicillin-resistant Staphylococcus aureus
Nicotinamide adenine dinucleotide

New Delhi metallo-f-lactamases 1

NHS-PEG2000-DSPE containing liposomes without incubation

with ligands
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NHS-PEG2000-DSPE

P aeruginosa

PACT
PBS
PCS
PDI

PDT

PS
ROS

S. aureus

VISA

VRSA

WGA
WGA-liposomes

WLBU2-liposomes

7 Abbreviations

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[3-(N-suc
cinimidyloxyglutaryl)aminopropyl(polyethyleneglycol)-2000-c
arbamyl]

Pseudomonas aeruginosa

Photodynamic antimicrobial chemotherapy
Phosphate buffered saline

Photon correlation spectroscopy

Photodynamic inactivation or polydispersity index
Photodynamic therapy

Photosensitizer

Reactive oxygen species

Staphylococcus aureus
Vancomycin-intermediate resistant S. aureus
Vancomycin-resistant S. aureus

Wheat germ agglutinin

WGA modified liposomes

WLBU2 modified liposomes
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