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Abstract 

 The worldwide increase in the incidence of multiple antibiotic-resistant 

bacterial pathogens has led to the investigation of  photodynamic inactivation (PDI) 

as an alternative treatment for bacterial infections. PDI is the inactivation of bacterial 

cells by reactive species that are generated after specific visible light illuminates a  

non-toxic photosensitizer (PS) that has attached onto the cells. This study aimed to 

investigate the effect of different PSs and light on Staphylococcus aureus, 

methicillin-resistant S. aureus (MRSA), Escherichia coli and E. coli that produces 

extended-spectrum β-lactamase (ESBLs). In order to select ESBL-producing E. coli 

strains for the PDI study, 103 such strains isolated from patients from a local hospital 

were examined for the presence of the β-lactamase genes blaTEM, blaSHV and/or 

blaCTX-M. blaCTX-M was the most common β-lactamase gene detected among these 

isolates. One of the isolates that harboured both the blaTEM and blaCTX-M resistant gene 

was investigated for the antimicrobial efficacy of four PSs, poly-L-lysine chlorin (e6) 

conjugate (pL-ce6), polyethyleneimine chlorin (e6) conjugates (PEI-ce6), toluidine 

blue O (TBO), and hypericin (HY).  

 

 The uptake of pL-ce6, PEI-ce6 and hypericin was in a concentration 

dependent manner, except in the case of hypericin in ESBL-producing E. coli. The 
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results demonstrated that the four study strains demonstrated different susceptibility to 

the tested PSs and the PDI effect on the tested bacterial strains was dependent upon 

the drug concentration and the light dose. The MRSA and ESBL-producing E. coli 

exhibited equal susceptibility to the tested PS as compared their ATCC control strains. 

S. aureus was most susceptible to PEI-ce6, and least susceptible to TBO, whereas   

E. coli was most susceptible to pL-ce6 and least susceptible to hypercin.  

 In addition, PDI results show that under the same drug and light dose 

conditions, the killing effect can be maintained among the bacteria of the same strain, 

even though they have different antibiotic resistant profiles.   

 The interactions of three PSs (pL-ce6, PEI-ce6 and HY) with the bacterial 

membranes were also studied for S. aureus (ATCC 25923), an MRSA, E. coli (ATCC 

25922) and an ESBL-producing E. coli which harboured both the blaTEM and blaCTX-M 

resistant gene. Surface morphological changes and membrane integrity of PS-treated 

cells evaluated using scanning electron microscopy and propidium iodide staining 

showed that the cytoplasmic membrane was the prime reaction site for pL-ce6 and 

PEI-ce6 on the four studied strains. It is possible that small amounts of pL-ce6 and 

PEI-ce6 bind to the outer membrane and then pass through the inner membrane to 

reach the cytoplasm. Hypericin, on the other hand, is solely effective on S. aureus and 

MRSA probably because hypericin cannot overcome the membrane barrier of E. coli.  
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 In conclusion, results indicated that the PDI effect of the tested PSs on the 

four pathogens were drug and light dose dependent. Their photokilling effect reflected 

their membrane damaging effect. PDI offers a new and effective alternative 

antimicrobial regimen, especially pL-ce6-mediated PDI and PEI-ce6-mediated PDI. 

Hypericin may be developed as an alternative anti-MRSA therapeutic option. The 

importance of this study lies in generating new insight using PDI in the treatment of 

local clinical antibiotic resistant infections. 
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Chapter 1 Introduction  

1.1 General introduction  

 Increasing prevalence of antibiotic resistant bacterial infections in humans is 

a global concern. As the pathogens replicate very rapidly, the disease will quickly 

spread and become devastating. The Golden Age of antibiotics began in 1928 with the 

discovery of the first antibiotic, penicillin. Antibiotics have been highly effective in 

the treatment of infectious disease, however, this situation has changed with the 

emergence of multi-drug resistant (MDR) bacteria. The misuse of antibiotics has 

increased the MDR problem. MDR pathogens, such as methicillin resistant 

Staphylococcus aureus (MRSA) and extended-spectrum beta-lactamase (ESBL) 

producing Escherichia coli (E. coli), pose a therapeutic dilemma and are a serious 

challenge to infection control. It is a matter of urgency to develop some alternative 

antibacterial therapeutics to which the bacteria will not develop resistance too easily.  
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1.2 Significant multi-drug resistant pathogens  

 With the combination of inappropriate and excessive prescription of 

antibiotics and their widespread addition to livestock feedstuffs, pathogens resistant to 

multiple classes of antibiotic have emerged worldwide. Epidemiologically speaking, 

MDR pathogens are defined as bacteria or any microorganisms that are resistant to 

one or more classes of antimicrobial agents. The variety of MDR pathogens is 

dynamic and varies according to different geographic areas or certain intensive care 

units within the same hospital (Drakulovic et al., 1999). The spread of MDR 

pathogens in the hospital setting and the community poses a serious challenge to 

infection control. These MDR pathogens have led to extended hospitalization along 

with increased morbidity and mortality (Schmidt, 2004; Fish & Ohlinger, 2006). More 

expensive or last resort antibiotics are needed to treat these serious infections. MRSA 

and ESBL-producing E. coli are two MDR pathogens that have attracted worldwide 

concern (Giamarellou, 2005). 
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1.2.1 Methicillin resistant Staphylococcus aureus  

 Staphylococcus aureus (S. aureus) most commonly colonizes the nares, but 

other potential sites for infection include the respiratory tract, open wounds, 

intravenous catheters and the urinary tract. The pathogenic effects of S. aureus are 

mainly associated with the toxins it produces. For example, the enterotoxins produced 

are a significant cause of food poisoning which can lead to cramps and severe 

vomiting. S. aureus also secretes leukocidin, a toxin that destroys white blood cells 

and leads to the formation of pus and acne. If they are not treated properly and enter 

the bloodstream, more serious complications, such as bacteraemia, septic shock,  

pneumonia, meningitis, arthritis, and osteomyelitis may also result (Chopra, 2003; 

Lowy, 2003; Hardy et al., 2004).  

 S. aureus becomes methicillin resistant by acquiring a mecA gene that is 

usually carried on a genetic element designated as the staphylococcal cassette 

chromosome (SCCmec). MRSA isolates carry the mecA gene, which encodes an 

altered penicillin binding protein (PBP2a). PBP2a demonstrates reduced affinity for 

β-lactam antibiotics resulting in resistance to all β-lactam antibiotics. Penicillin 

binding proteins (PBPs) play an important role in catalyzing the transpeptidational 

activity. It is essential for peptidoglycan chains to cross link in successful bacterial cell 
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wall synthesis, if the linkage is blocked by penicillin, cell wall synthesis is arrested 

and the cells are liable to lysis. In contrast, PBP2a, the substitute enzyme of PBP that 

is produced by MRSA, has a lower binding affinity for methicillin than PBP. This 

allows MRSA to remain active in the cross-linking of the glycan chains in 

peptidoglycan even in the presence of methicillin (Berger-Bachi & Rohrer, 2002; 

Lowy, 2003; Hardy et al., 2004).  

 MRSA is a significant nosocomial pathogen which has been a major clinical 

and epidemiological problem in hospitals since 1980 (Boyce, 1995; Kim et al., 2004; 

Chai et al., 2005). The incidence of MRSA has increased worldwide from 1.5% in 

1986 to 31.2% in 2002, and it has since become endemic in hospitals (Cuevas et al., 

2004). According to the antibiotics resistance surveillance program conducted by the 

Department of Health in Hong Kong in 1998, MRSA accounts for 14% of all       

S. aureus isolates (Lee & Kam, 1999), and since 2003, it has sharply increased to up 

to 30-40% of all S. aureus isolates (McManus, 1999; Hospital Authority, 2003). A 

study in Hong Kong showed that 12.1% isolates from intensive care units are MRSA 

(Ho, 2003). As previously mentioned, owing to the presence of PBP2a, MRSA is 

resistant to all β-lactam agents, including cephalosporins and carbapenems. 

Vancomycin, linezolid, minocycline, daptomycin and quinupristin/dalfopristin are 

commonly used as anti-MRSA therapy (Chai et al., 2005). Although vancomycin is 
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the most common drug used for the treatment of severe MRSA infections, MRSA has 

been showing decreased susceptibility to vancomycin since 1996 (Lowy, 2003; Hardy 

et al., 2004), and in Hong Kong, the first case of vancomycin resistant S. aureus was 

reported in 1999 (McManus, 1999).  

1.2.2 ESBL-producing E. coli  

 ESBL-producing E. coli is most frequently isolated from patients with 

urinary tract infections, respiratory tract infections and septicaemia (Ho et al., 2002; 

Xiong et al., 2002). ESBLs are enzymes that are capable of hydrolysing the β-lactam 

ring of the β-lactam antibiotics, therefore inactivate their action. Thus, these pathogens 

are resistant to penicillins, carbapenems, monobactams and even third and fourth 

generation cephalosporins (Lee et al., 2003; Samaha-Kfoury & Araj, 2003). ESBLs 

are usually plasmid-mediated, and can be encoded by various genes, such as TEM 

(Temoniera - the name of the patient from whom the first plasmid encoded 

β-lactamase was identified), SHV (sulfhydryl variable) and CTX-M (this name 

reflects the potent hydrolytic activity of these β-lactamases against cefotaxime) 

(Sturenburg & Mack, 2003; Turner, 2005). It has been reported that TEM- and 

SHV-type ESBLs have become dominant worldwide and are most usually found in 

Klebsiella pneumoniae (K. pneumoniae) and E. coli (Sturenburg & Mack, 2003; 
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Giamarellou, 2005). TEM- and SHV-type β-lactamases are also found in 

Enterobacteriacae, Proteus mirablis and other penicillin or ampicillin-resistant 

gram-negative bacteria such as Haemophilus infuenzae and Neisseria gonorrhoeae 

(Lee et al., 2000; Lee et al., 2003; Samaha-Kfoury & Araj, 2003)  

 The newer ESBLs family member, CTX-M-type ESBLs which demonstrates 

preferential hydrolysis of cefotaxime over ceftazidime, has been identified to be 

widespread in South America, Asia and Eastern Europe (Giamarellou, 2005; Ho et al., 

2005b; Paterson & Bonomo, 2005). It is suspected that CTX-M-type ESBLs may in 

fact be the dominant ESBL type in Asia (Giamarellou, 2005; Ho et al., 2005a; 

Paterson & Bonomo, 2005; Romero et al., 2005). 

 The SENTRY antimicrobial Surveillance Program (Hirakata et al., 2005) 

showed that among 7 countries of the Asia-Pacific region in 1998-2002, the incidence 

of ESBL-producing E. coli was the highest in mainland China; among 163 E. coli 

isolates, 24.5% were confirmed as ESBL-producers. In Hong Kong, 14.3% were 

confirmed as ESBL-producers among 608 E. coli isolates. Meanwhile, the prevalence 

of ESBL-producing K. pneumoniae in Hong Kong is low in comparison to the 7 

countries of the Asia-Pacific region as only 11.6% of ESBL-producing K. pneumoniae 

were confirmed among the 224 isolates collected in Hong Kong (Hirakata et al., 
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2005).  

 Ho et al. (2000) reported that the incidence of ESBL-producing E. coli and 

ESBL-producing K. pneumoniae were 11% and 13% among 1174 isolates (702 E. coli 

and 472 Klebsiella spp.) in Hong Kong, whilst during the period from 1997 to 1999, 

27% of blood culture samples in a major teaching hospital in Beijing were confirmed 

as ESBL-producing E. coli and ESBL-producing K. pneumoniae isolates (Du et al., 

2002). Thirty-four percent of ESBL-producing E. coli and 38.3% of ESBL-producing 

K. pneumoniae were also isolated in Zhejiang Province from 1998 to 1999 (Yu et al., 

2002). In studying patients from an intensive care unit and neurosurgical ward in 

Huashan hospital, 23.6% of E. coli isolates and 51% of K. pneumoniae isolates were 

found to be ESBL-producers (Xiong et al., 2002).  

 In 1998, the Hong Kong Department of Health established an antibiotic 

resistance surveillance program and reported that among the common 

antibiotic-resistant pathogens, 4951 E. coli were isolated from urinary infections, in 

which 64% were resistant to ampicillin and 46% to co-trimoxazole (Lee & Kam, 

1999). 

 The emergence of antibiotic resistance among pathogenic bacteria has led to a 
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major research effort to find alternative antibacterial therapeutics, to which bacteria 

will not develop resistance to easily. Examples of these relatively novel therapies are 

naturally occurring or synthetic antimicrobial peptides, bacteriophages and 

photodynamic therapy (PDT) (Hamblin & Hasan, 2004; Jori & Brown, 2004). 

1.3 Photodynamic therapy 

 The effect of PDT was first discovered one hundred years ago through its 

effect on microorganisms and findings were published as a study on the photodynamic 

activity of chemical compounds towards microorganisms (Moan & Peng, 2003; 

Maisch et al., 2004). Since then, it has been developed as a treatment for cancer 

(Dolmans et al., 2003). PDT in cancer treatment involves pulsed laser light coupled 

with a photosensitizer (PS) delivered to the tumour (Dees, 2001). Brain cancer can 

also be treated with PDT, where pinhead-sized light-emitting diodes are used as a 

light-source releasing long wavelengths of light to activate the localized PS within the 

tumour cell.  

 In addition to use in cancer therapy, PDT is also used in macular degeneration 

wherein a PS is injected into the patient’s arm and allowed to circulate through to the 

vessels growing beneath the retina. When the laser is applied to the eye, the PS 

absorbs the light and the abnormal vessels are damaged. The advantage of PDT over 
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conventional therapy is that the weak vessels are pinpointed with more accuracy and 

considerably less heat is released from the laser (sometimes called a "cold" laser), 

which results in less damage to nearby healthy cells (Herold, 2000). 

 PDT utilizes a combination of a PS, light and molecular oxygen to selectively 

destroy the biological target. The mechanism of PDT is briefly illustrated in Fig. 1.1. 

Upon illumination by a specific wavelength of light, the PS absorbs photons and is 

then promoted from the ground state to an excited triplet state. The molecule in the 

excited state is unstable, it will return to the ground state by emitting a photon or by 

internal conversion with energy lost as heat. It is also possible for the molecule to 

convert to the triplet state, involving a change in the spin of an electron. The molecule 

in the triplet state can react with biomolecules by Type I or Type II reactions (Liu & 

Brian, 1998; Bonnett, 2000; Phoenix & Harris, 2006; Wilson & Patterson, 2008).  
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Figure 1.1: A simplified diagram showing different modes of excitation and relaxation of a photosensitizer. 

S0: singlet ground state; S2: singlet excited state with higher energy level; S3: a triplet excited state; 
1
O2: singlet oxygen. (Adapted from Phoenix & 

Harris, 2006)
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1.3.1 Type I reaction mechanism 

 The Type I reaction is an electron transfer process. It involves a direct 

transfer of electron/hydrogen from the PS to form free radicals. These radicals then 

react rapidly, usually with oxygen, resulting in the production of highly reactive 

oxygen species (ROS) (e.g. the superoxide and the peroxide anions) (Dahl et al., 1989; 

Bonnett, 2000; Wilson & Patterson, 2008) 

1.3.2 Type II reaction mechanism 

The Type II mechanism is an energy transfer process with molecular oxygen. During 

the Type II reaction, the electronically excited and highly reactive state of oxygen 

known as singlet oxygen is produced by reaction of molecular oxygen with the excited 

triplet state PS. As singlet oxygen is highly reactive, it reacts immediately within its 

confined environment with proteins, nucleic acids, and membrane lipids causing 

membrane damage, DNA breakage and eventually, cell death (Dahl et al., 1989; 

Bissonnette & Lui, 1997; Wilson & Patterson, 2008). 

 The Type I and Type II mechanisms can proceed at the same time and even in 

competition with each other, thus making it difficult to distinguish between these two 

types of reactions. 
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1.4 Light 

 A variety of light sources including lasers, diode lasers, light emitting diodes 

and various lamps have been used for PDT. Among them, laser systems have become 

the standard light source for PDT in clinical applications (Dougherty et al., 1998; 

Harris et al., 2005) as they can produce a strong monochromatic beam and be directly 

delivered to the target site through the specially designed illuminator tip. As 

chromophores such as haemoglobin absorb incoming photons below 600 nm strongly, 

only some wavelengths of light pass freely through tissue. It was noted that the light in 

the far-red and near infrared region demonstrate good penetration in tissues. Therefore, 

a wavelength region known as a ‘therapeutic window’ with the range of 600-900 nm 

was proposed for PDT clinical applications (Wilson, 1994; De Jode et al., 1997; 

Harris et al., 2005; Calin & Parasca, 2009).  

 The power density of a light source is normally given in mWcm
-2

. The light 

dose, in light fluence (Jcm
-2

), is used to describe the light of a certain wavelength 

applied to the bacterial cells or tumour surface. It can be calculated as the power 

density multiplied by the illumination time (in seconds). For comparision of the PDT 

efficacy of different PSs, a photodynamic dose is used, that is, the dose calculated as 

the light dose multiplied by the drug dose (Hopkinson et al., 1999)  
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1.5 Photosensitizers 

 The binding of a PS to the bacterial cell is a prerequisite for the 

photoinactivation process. An ideal PS used for PDT of microbial infections as 

described by Jori et al. (2006) should have a maximum absorbance within the 

therapeutic window with high quantum yield for the generation of both long-lived 

triplet state oxygen and the cytotoxic singlet oxygen species. It should exhibit a broad 

spectrum of action on bacteria, fungi, yeast and parasitic protozoa and its 

antimicrobial action should not induce selection of resistant strains nor promote the 

onset of mutagenic processes. Furthermore, it should be able to exert a lethal effect on 

the pathogens with minimal adverse effects on the host infection site (Jori et al., 

2006). 

 Photosensitizers are usually aromatic molecules, which are efficient at 

forming long-lived triplet excited states where the electron spins are unpaired 

(Wainwright, 1998). They can be divided into three families based on their chemical 

structures and origins: porphyrin-based PS (e.g., Photofrin), chlorophyll-based PS 

(e.g., chlorins) and dyes (e.g., napthalocyanine). At present, Verteporfin, Photofrin and 

δ-aminolevulinic acid (ALA) have obtained U.S. Food and Drug Administration 

approval for clinical PDT (Huang, 2005).  
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1.5.1 Toluidine blue O 

 Toluidine blue O (TBO), a phenothiazine dye, is a hydrophilic cationic PS. It 

is considered an effective membrane-destroying photosensitizing agent. Its toxicity to 

human cells is low. At present, TBO is one of the PSs used clinically for antimicrobial 

treatments, for instance, it is used to disinfect blood products and sterilize dental 

cavities and has been proposed as a treatment for periodonitis (Phoenix & Harris, 

2006; Wainwright et al., 2007) For PDT use, it can be excited by a wavelength range 

of 620-650 nm and shows maximum absorption at 630 nm (Demidova & Hamblin, 

2005). Its hydrophilic property enables TBO to bind to the polyphosphates of the 

cytoplasmic membrane and thus induce molecular damage on lipids, proteins, and 

membrane bound enzymes (Usacheva et al., 2001; Usacheva et al., 2003). In some 

cases, if TBO passes across the cell membrane, it will localize in different cellular 

compartments and cause photodestruction on illumination. It also reacts with some 

virulence factors of gram-negative bacteria such as lipopolysaccharides (LPS) and 

proteases, leading to reduction of their activities upon illumination (Komerik et al., 

2000; Usacheva et al., 2003; Wong et al., 2005). In addition to reaction with LPS and 

proteases, it can also damage deoxyribonucleic acid (DNA) in bacterial cells 

(Usacheva et al., 2001). 
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1.5.2 Poly-L-lysine chlorin (e6) conjugate 

 Poly-L-lysine chlorin (e6) conjugate (pL-ce6) is a highly effective 

polycationic PS synthesized by Dr. Hamblin and colleagues. It binds to, and penetrates 

multiple classes of microbial cells. It consists of a polymer with an average length of 

164 lysine residues attached to an average of 6 chlorin (e6) molecules. For PDT, it can 

be excited by a wavelength range of 645-675 nm and shows maximum absorption at 

664 nm (Demidova & Hamblin, 2005). It is photobactericidal against gram-positive 

and gram-negative bacteria by destroying the bacterial membrane structure. It also 

acts against fungi. The pL-ce6 conjugate has positive charges which help it to bind to 

the negatively charged bacteria while its polycationic nature enables it to penetrate the 

outer membrane of gram-negative cells by disturbing the structure of the LPS layers 

(Hamblin et al., 2002b; Hamblin et al., 2003). Since the cytotoxicity effect of pL-ce6 

has not gone beyond the in vitro study stage, its toxicity to human cells and host tissue 

remains to be determined.  

1.5.3 Polyethyleneimine chlorin (e6) conjugate  

 Polyethyleneimine (PEI) conjugated chlorin (e6) (PEI-ce6) is another highly 

effective polycationic PS which was synthesized by Dr. Hamblin and colleagues to 

inactivate multiple classes of microbial cells. The PEI-ce6 used in this study consists 
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of the chlorin (e6) (ce6) covalently bonded to high molecular weight (10,000 to 

25,000) branched PEI. It has been shown to be an effective bactericidal agent against 

both gram-positive bacteria (S. aureus and Streptococcus pyogenes) and 

gram-negative bacteria (E. coli and Pseudomonas aeruginosa) as well as fungi 

(Candida albicans) (Tegos et al., 2006). Similar to the case of pL-ce6, the cytotoxic 

effect of PEI-ce6 is still at the in vitro study stage, its toxicity to human cells and host 

tissue remains to be determined.  

1.5.4 Hypericin 

 Hypericin (HY) is a natural perylenequinonoid pigment isolated from 

Hypericum perforatum (St. John’s wort) and related species. It is regarded as a 

naturally occurring PS, but can also be synthesized from the anthraquinone derivative 

emodin (Kubin et al., 1999). In nature, it acts as a chemical defence substance in 

plants against insects and other pests. Hypericin has been attracting increasing interest 

after it had been shown to be a potent PS with a high phototoxic effect on tumours and 

certain classes of enveloped viruses, especially the human immunodeficiency virus 

and hepatitis C virus (Agostinis et al., 2002; Bilia et al., 2002). In clinical application, 

hypericin has been administered orally as an antidepressant agent. However, as a 

photosensitizing agent for PDT and PDI application, it is in the experimental stage, 



 17 

therefore, the safe use of hypericin for antimicrobial therapeutic application remains to 

be determined.  

 Hypericin is hydrophobic and insoluble in water. When it is dissolved in 

organic solvents, it will form a red solution and exhibit bright red fluorescence with 

fluorescence emission maximum at about 600 nm (Skalkos et al., 2006). This property 

allows it to act as a fluorescent diagnostic tool in vivo and extend its application to 

photophysical diagnosis. For PDT it can be excited by a wavelength range of 590-610 

nm. Both Type I and Type II reactions are involved, although which reaction type 

contributes to the cytotoxic effect still remains to be clarified. Siboni et al. (2002) 

reported that the constituents of the incubation medium would affect the localization 

of HY. If bovine serum albumin (BSA) was present, HY bound to BSA and penetrated 

into the cell by endocytotic internalization (Kiesslich et al., 2006). 

1.6 Photodynamic inactivation of bacteria 

 PDI is used to distinguish the application of PDT to bacteria from the 

application of PDT to tumour and mammalian systems. PDI is a new approach to 

treating bacterial infections and is a response to the emergence of antibiotic-resistant 

pathogenic bacteria, the principle of which is similar to that of PDT. In brief, the 

non-toxic PSs localized in the microbial cells are activated by a specific wavelength of 



 18 

visible light (Jori et al., 2006). The excited-state PS reacts with in situ molecular 

oxygen and uses its energy to generate ROS such as singlet oxygen and superoxide 

anion. These ROS react immediately within a confined environment, causing damage 

to cell walls, proteins, nucleic acids, and membrane lipids and eventually causing cell 

death (Girotti, 2001; Maisch et al., 2004; Maisch, 2007).  

 Accordingly, occurrence of two oxidative mechanisms after photoactivation 

of the PS is expected. This includes Type I and Type II photochemical reactions. For 

Type I photochemical reactions, the PS interacts with a biomolecule to produce free 

radicals. In Type II photochemical reactions, singlet molecular oxygen is formed, 

which is the main species responsible for cell inactivation (Durantini, 2006) (see Fig. 

1.1). 

 Several studies have used PDI on bacteria. Hamblin and Hasan (2004) and 

Maisch (2007) demonstrated that the mixture of PS with light can inactivate or kill 

microbes. The study of Bertoloni et al. (2000) showed that S. aureus could be 

inactivated by the PS, haematoprophyrin, while Golding et al. (1998) reported the role 

of malachite green isothiocyanate in inactivation. Moreover, according to Lazzeri et al. 

(2004), E. coli was efficiently killed by meso-substituted cationic porphyrin 

derivatives. In addition, other studies indicated that δ-aminolaevulinic acid (ALA) was 
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useful in photodestruction of Haemophilius parainfluenzae and E. coli (Van der 

Meulen et al., 1997; Szocs et al., 1999). In recent years, PDT of acne vulgaris with 

topical ALA resulted in an apparent improvement of facial appearance and a reduction 

in the development of new acne lesions. It is not at the clinical trial stage in some 

American hospitals for treating patients with serious acne.  

 Although there are a number of mechanisms acting in bacteria which leads to 

antimicrobial resistance, it has been shown that antibiotic-resistant bacteria exhibit 

equal susceptibility to PDI when compared to their wild strains. Wainwright et al. 

(1998) reported that both antibiotic-sensitive S. aureus and antibiotic-resistant       

S. aureus were inactivated by phenothiazinium dyes. In addition, it has been reported 

by Nitzan and Ashkenazi (2001) that the PDI effect of PSs was likely to be 

independent of the antibiotic-resistance pattern of the pathogen concerned.    

Maisch et al. (2004) specifically investigated the application of PDI to MDR 

pathogens in patients with chronic or recurrent infections. Scalise and Durantini (2005) 

and Benov et al. (2002) reported that the E. coli strain (resistant to ampicillin and 

sulfamethoxazole-trimethoprim) recovered from clinical urogenital material could be 

photoinactivated by cationic N-alkalpyridylporphyrins. The importance of these 

results lies in the possibility to overcome the problem of increased bacterial resistance 

to antibiotics. There is a high potential of application of PDI to resistant bacteria. 
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1.7 Factors that influence the efficacy of tested agents 

 There are several factors affecting the PDI process. These include the 

chemical properties of PSs, the strain of the bacteria and the incubation time of the 

bacteria and drug. It has been postulated that the PDI effect of cationic drugs is more 

effective on gram-negative than gram-positive cells whereas anionic and neutral PSs 

are more effective in killing the gram-positive bacteria (Wainwright, 1998; Hamblin & 

Hasan, 2004; Maisch et al., 2004). This is due to the difference in the structure of the 

outer membrane between gram-positive and gram-negative bacteria.  

1.7.1 The overall charges of the photosensitizers  

 In general, neutral or anionic PS molecules were found to bind efficiently to, 

and photodynamically inactivate, gram-positive bacteria. Some binding may occur on 

the outer membrane of gram-negative bacterial cells, but these cells cannot be 

inactivated (Hamblin et al., 2002a). The discovery and use of cationic PSs 

(meso-substituted porphyrins, polylysine-bound chlorins) strengthens the ability of 

PDI to treat localized infections. The basic feature of cationic photosensitising agents 

is the ability to interact with the outer cell wall of gram-negative bacteria and yeast 

cells, which increases their permeability and, as a result, allows significant amounts of 

PSs to reach the cytoplasmic membrane. As the cationic PSs have a broad spectrum of 
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activity, this makes them effective towards both wild strain and antibiotic-resistant 

gram-positive and gram-negative bacteria (Maisch et al., 2004; Jori et al., 2006). 

Cationic phenothiazines such as methylene blue and TBO have also been found to 

photoinactivate both gram-positive and negative bacteria in vitro and in ex vivo 

samples (Wainwright et al., 1998). It has been proposed that the polycations can bind 

to the anionic sites of LPS and disorganize the structure of the bacterial outer 

membrane and render it to be more permeable to drugs (Vaara, 1992). 

 Some polycationic PSs were synthesized in an attempt to increase their PDI 

efficacy on bacteria. This involved conjugating some polycationic molecules to a PS. 

There are two classes of polycations: the large class of naturally occurring 

antimicrobial cationic peptides and a smaller group of synthetic polycations that are 

typified by poly-L-lysine (pL) (Hamblin & Hasan, 2004) 

1.7.2 Bacterial strains 

 The structural difference in bacteria will affect the localization of PSs. Even 

if the species are in the same gram classification, they exhibit different degrees of 

susceptibility to PDI. For instance, Pseudomonas aeruginosa is more difficult to kill 

than E. coli because of certain factors including the difference in membrane 

permeability barriers, DNA repair mechanisms, and antioxidant enzymes, and their 
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difference in size (Demidova & Hamblin, 2005). In the case of 

vancomycin-intermediate and vancomycin-resistant S. aureus strains, a markedly 

thicker peptidoglycan layer is present. Therefore, the penetration of PS is decreased 

when compared with that of wild type S. aureus strains (Pfeltz et al, 2000; 

Boyle-Vavra et al., 2001) 

1.7.3 Bacterial structure 

 It is important to consider the effect of bacterial structure on PDI since recent 

studies found that bacterial structure affects the ability of PSs to penetrate bacteria. 

The differences in the cell walls of bacteria are the primary explanation of why 

gram-positive bacteria are more susceptible to PDI when compared with 

gram-negative bacteria (Malik et al., 1992). Moreover, Demidova and Hamblin (2005) 

found that yeast such as C. albicans are more resistant to PDI due to the presence of 

the nuclear membrane in the cells. For gram-positive bacteria, the outer cell wall is 

15-80 nm thick and contains up to 100 peptidoglycan layers. It is a relatively porous 

layer which consists of peptidoglycan and lipoteichoic acid, surrounding the 

cytoplasmic membrane of the gram-positive bacteria. It allows macromolecules with a 

molecular weight in the 30,000–60,000 range to diffuse into the inner plasma 

membrane. The commonly used PSs, whose molecular weight does not exceed 
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1,500-1,800 Da can be easily taken up by the gram-positive bacteria (Hamblin & 

Hasan, 2004; Jori et al., 2006). 

 In contrast, the cell wall of the gram-negative bacteria is more complicated 

than that of the gram-positive bacteria. The cell envelope of the gram-negative 

bacteria can be divided into three layers: outer membrane, periplasmic space and cell 

wall and the inner cytoplasmic membrane. In the outer membrane, several different 

proteins are present. These proteins play an important role in allowing the passage of 

nutrients, maintaining the structural integrity of the outer membrane and shape of the 

bacteria. Strong negatively charged LPS, lipo-proteins and proteins with porins 

function are also found in the outer membrane of the gram-negative bacteria. The 

porins, as aqueous channel forming proteins, allow the diffusion of hydrophilic 

compounds through the outer membrane (Russell, 1996). Since the surface of 

gram-negative bacteria is very strongly negatively charged, anionic and neutral PS are 

bound to a lesser extent to the outer membrane of these bacteria. They are unable to 

inactivate the bacterial cell (Hamblin & Hasan, 2004; Maisch et al., 2004). In addition, 

research found that gram-negative bacteria suffer light-induced damage with 

porphyrins but only in the presence of nontoxic nonapeptides derived from polymyxin 

B (PMNP), which generally stimulates the translocation of porphyrins through the 

membranes of these bacteria and enables photodynamic damage (Nitzan et al., 1992). 
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On the other hand, positively charged PS or cationic drugs potentially favours the 

binding to the negatively charged bacterial surface, which allows the gram-negative 

cells to be photosensitized (Hamblin et al., 2002b; Maisch et al., 2004). Therefore, 

this type of PS facilitates photosensitization on gram-negative cells as well as 

gram-positive cells. To illustrate the differences in structure between gram-positive 

and gram-negative, a diagram is provided in Fig 1.2. 
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Figure 1.2 Diagrams illustrating differences in membrane structure between 

gram-positive and gram-negative bacteria. 

 The figure shows the complexity of gram-negative bacteria compared with 

gram-positive bacteria. The outer membrane of gram-negative bacteria is thicker with 

several different proteins, lipolysaccharides and basic proteins. The structure of 

gram-negative bacteria makes it difficult for PDI to take effect. (Adapted from 

Hamblin & Hasan, 2004). 
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1.7.4 In vitro experimental conditions 

 Nitzan et al. (1998) reported that the ingredients of the growth medium for 

bacterial culture will affect the susceptibility of bacteria towards PDI. The study 

showed that bacteria incubated with a high protein content of brain heart infusion 

resulted in less killing than when it was incubated with low protein content nutrient 

broth (Nitzan et al., 1998). Similar investigation by Wilson and Pratten (1995) also 

indicated that the PDI effect will be decreased if serum was present in the culture 

medium. 

 Furthermore, Merchat et al. (1996) reported that the killing effect decreased if 

a washing step was included in the experiment before the sensitized bacteria was 

irradiated. It was suggested that the loosely bound PS and the PS bound to the outside 

of the outer membrane after receiving the light irradiation caused limited 

photodamage to the bacterial cell. However, this action allowed further penetration of 

the PS. Thus the PDI effect is increased if the washing step was not included (Merchat 

et al., 1996; Demidova & Hamblin, 2005). 

 In addition to the bacterial cell density, duration of PS incubation with 

bacteria before irradiation is also important. It has been reported that bacterial cells 

compete with each other to incorporate PS into the cells. Therefore, the higher the cell 
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density, the less effective the PDI would be if the dose of the PS is kept constant 

(Demidova & Hamblin, 2005). Moreover, the growth phase of the gram-positive 

bacteria will also affect the efficacy of PDI. S. aureus in stationary phase showed 

more resistance to PDI than when it was at its log phase (Nitzan et al., 1989; Gad et 

al., 2004).  If the incubation time of bacteria with the PS is short, the PS may at first 

localize only in the cell wall and cytoplasmic membrane and thus, only cell wall and 

membrane damage can be seen. If a longer incubation time is used, DNA breakage 

may be seen (Wainwright, 1998). 

1.8 Mechanism of bacterial cell death in PDI 

 Photodynamic Inactivation of bacteria involves a transfer of light with 

appropriate wavelength to excite the PS molecule to its excited singlet state. Then the 

excited state may undergo inter-system crossing to a slightly lower energy, but the PS 

in the longer lived triplet state may then react further by one or both of two pathways 

known as the Type I and Type II photo-processes (Hamblin & Hasan, 2004). The Type 

I pathway involves electron-transfer reactions between the excited-state PSs and the 

participation of a substrate to generate radical ions that can react with oxygen to 

produce cytotoxic species such as superoxide, hydroxyl and lipid-derived radicals 

(Wainwright, 1998; Hamblin & Hasan, 2004).  
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 PDI-mediated damage to microbial cells at the molecular level is different 

between these 2 types of photo-processes. Type I photodamage involves electron or 

hydrogen abstraction by the PS. Subsequent redox reactions and oxygenation products 

rely on close proximity of the PS and the biomolecular target. A Type I reaction with 

water in the microbial milieu can give rise to hydroxyl radicals (·HO), which can also 

react with biomolecules or combine with each other to give hydrogen peroxide in situ 

with subsequent cytotoxic results. Typical Type I reactions, e.g. at the bacterial 

cytoplasmic membrane, include the abstraction of allylic hydrogens from unsaturated 

molecules such as phospholipids (Wainwright, 1998). The radical species thus formed 

may undergo reaction with oxygen to yield the lipid hydroperoxide. Lipid 

peroxidation is detrimental to membrane integrity, leading to loss of fluidity and 

increased ion permeability (Bezman et al., 1978; Wainwright, 1998). Other cell 

wall/membrane targets include aminolipids and peptides. Thus inactivation of 

membrane enzymes and receptors is also possible (Girotti, 1990; Wainwright, 1998)  

 The Type II pathway involves energy transfer from the triplet-state PSs to 

ground state molecular oxygen to produce high energy singlet oxygen (Wainwright, 

1998; Hamblin & Hasan, 2004). The singlet oxygen formed in situ then reacts rapidly 

with its cell wall, nucleic acids and peptides. The short half-life of singlet oxygen 

again ensures a localized response. As with the Type I pathway discussed above, 
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singlet oxygen will also react with molecules involved in the maintenance and 

structure of the cell wall/membrane such as phospholipids, peptides and sterols (e.g. in 

yeasts). Generally, Type II processes are accepted as the major pathways in 

photooxidative microbial cell damage (Wainwright, 1998; Hamblin & Hasan, 2004).  

 Knowledge about the mechanism of bacterial cell death in PDI is still very 

rudimentary. Thus far, the proposed mechanisms of PDT-induced bactericidal activity 

includes cleavage of cytoplasmic membrane that leads to leakage of cellular contents, 

inactivation of the membrane transport system, and DNA damage (Demidova & 

Hamblin, 2004; Maisch et al., 2004).  

1.8.1 Photodynamic inactivation-mediated membrane damage 

 Most reports discussing the PDI of bacteria proposed that the lethal event is 

the damage of the cytoplasmic membrane by singlet oxygen that is produced by the 

excited PSs (Schafer et al., 2000). The membrane barrier is disrupted and this results 

in the leakage of intracellular contents, and disruption of ionic balance. Study of the 

transport system gives information in relation to the extent of damage to the 

membrane and a damaged membrane leads to a shortage of essential substrates for the 

bacteria to maintain metabolic pathways (Valduga et al., 1999). 
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 Ashkenazi et al. (2003a) showed that PDI of Propionibacterium acne bacteria 

by its endogenously produced porphyrin caused bacterial membrane damage, due 

probably to the variety in the ionic pumps. Light-activated porphyrin evolved free 

radicals and altered the membrane cross-linking. The free radicals may be responsible 

for diminishing potassium ion and ATPase activity and subsequent cell death 

(Ashkenazi et al., 2003a; Ashkenazi et al., 2003b). For instance, disruption of cell 

membrane causes leakage of cellular constituents, this indicates that the 

sodium-potassium pump was damaged after PDI and this resulted in a significant 

influx of sodium together with efflux of potassium ions from the treated cells 

(Ashkenazi et al., 2003b; Nitzan et al., 2004). 

 Investigators reported that the transmission electron microscopic examination 

of PDI treated bacteria demonstrates the presence of a multilamellar structure near the 

septum of dividing cells. The multilamellar structure is a mesosome-like structure 

directly connected to the bacterial membrane. This ultrastructural change indicates 

that the membrane is folded into a multilamellar form instead of showing septation 

between daughter cells. This therefore leads to the disruption of membrane synthesis, 

(Ashkenazi et al., 2003b; Hamblin & Hasan, 2004) and causes an increase in the 

permeability of the membrane to various antibiotics and hydrophobic molecules 

(Maisch et al., 2004).  
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 Furthermore, Nagasawa et al. (2005) investigated the PDI effect of methylene 

blue on Pseudomonas aeruginosa using electron microscopy. The investigators 

showed that, in the PDI-treated cell, the membrane structure is partially disordered 

and owing to the high intracellular pressure, the cytoplasmic contents will leak out. 

When they examined the bacterial cellular photodamage by transmission electron 

microscopy, the investigators concluded that the photobactericidal mechanism 

involved two steps and suggested that photodamage to bacterial membrane may be the 

cause of cell death. At first, the photodamage of the membrane allowed the drug to 

enter the bacterial cytoplasm, followed by photodamage of intracellular components. 

 Damage to the membrane can be assessed by measuring the cellular contents 

leaking into the surrounding medium, studying the penetration of different sizes of 

molecules such as dyes, monitoring the alteration of the activity of membrane bound 

molecules, or investigating the elongation of the cell due to the interference of cell 

division under an electron microscope (Tortora et al., 1986). 

 Propidium iodide (PI), a nucleic acid dye, is commonly used to assess the 

membrane integrity. PI is excluded by viable cells with intact membranes, but can 

enter cells with compromised membranes and bind to the DNA and ribonucleic acid 

(RNA). When PI is bound to nucleic acid, its fluorescence intensity will be increased 
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by up to 20 to 30 fold (Arndt-Jovin & Jovin, 1989). The changes of fluorescent 

intensity can be measured by flow cytometry or by a spectrophotometer. The 

fluorescence conferred by this probe indicates the degree of cell damage (Amor et al., 

2002). This method can be used to measure the changes of membrane integrity for 

both gram-positive and gram-negative bacteria.  

 Disruption of the cytoplasmic membrane would also be indicated by the 

leakage of cellular constituents into the medium. When the membrane is disrupted, 

cellular constituents, including small ions such as potassium, followed by adenosine 

triphosphate (ATP) and then large molecules such as DNA and RNA tend to leach out 

(Rye & Wiseman; 1964; Davies et al., 1968). Because these nucleotides have strong 

UV absorption, they are described as ‘‘260 nm absorbing materials’’. By monitoring 

the leakage of these UV absorbing substances from the treated cells, the changes of 

membrane integrity could be demonstrated using a UV-Vis spectrophotometer (Hugo 

& Snow, 1981; Denyer & Hugo, 1991). This method can be applied to both 

gram-positive and gram-negative bacteria. 

 A more detailed examination of the effect of an antibacterial agent on the 

twin-membrane architecture of the gram-negative cells can be studied by using an   

E. coli strain that expresses both β-lactamase and β-galactosidase. The changes of 
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outer membrane permeabilization of gram-negative bacteria can be assessed by 

measuring the activity of β-lactamase released from the bacteria into the culture 

medium. Beta-lactamase is localized within the periplasmic space. If the outer 

membrane of gram-negative bacteria is damaged, β-lactamase is released into the 

medium. The activity of released β-lactamase can be monitored using nitrocefin as a 

substrate. The cleavage of nitrocefin results in a colour change from yellow to red. 

The production of this red-coloured product can be measured by a spectrophotometer 

at absorbance 492 nm. This method is simple and easy to perform. (Lehrer et al., 1988; 

O'Neill & Chopra, 2004).  

 The changes of inner membrane permeabilization of gram-negative bacteria 

can be assessed by measuring the release of cytoplasmic β-galactosidase activity from 

the bacteria into the culture medium. Beta-galactosidase is an intracellular enzyme 

located within the cytoplasm. This enzyme is able to hydrolyse 

o-nitrophenyl-β-D-galactopyranoside (ONPG) to o-nitrophenol (ONP). If the inner 

membrane is damaged, β-galactosidase is released from the cell into the medium.  

With the addition of ONPG into the medium, the activity of the released 

β-galactosidase can be measured by monitoring the production of ONP by a 

spectrophotometer at absorbance 405 nm (Lehrer et al., 1988; O'Neill & Chopra, 

2004). 
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1.8.2 DNA damage 

 Several studies have indicated that PSs are able to cause DNA damage in 

many bacterial strains after irradiation. Reported DNA photodamage effects include 

breakage of both single and double-stranded DNA and the disappearance of the 

plasmid supercoiled fraction in both gram-negative and gram-positive bacteria. In 

addition, there is also evidence that the PSs that can easily intercalate into 

double-stranded DNA can cause damage more easily (Hass & Webb, 1981). Nitzan et 

al. (2001) indicated that changes in chromosomal pattern and disappearance of the 

plasmid supercoiled fraction were found in resistant strains of Acinetobacter 

baumaunii and E. coli after photoinactivation. Malik et al. (1990) reported that, under 

transmission electron microscopic investigation, the generated singlet oxygen led to 

chromosomal breakage. They showed that PS reacted with DNA and caused 

photodamage by intercalating with the double stranded DNA and oxidizing the 

guanine residue. Investigators have suggested that multiple sites of photodamage were 

possible, and the photodamage of bacterial DNA is not likely the prime cause of 

bacterial cell death (Wainwright, 1998; Hamblin & Hasan, 2004; Maisch et al., 2004).  

 In the study of Schafer et al. (1998), Deinococcus radiodurans, which has a 

very efficient DNA repair mechanism, was easily killed by PDI. Since PDI can easily 
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kill this bacteria with very efficient DNA repair mechanisms, it has been suggested 

that DNA damage may not necessarily be the cause of bacterial cell death.  

1.9 Significance of study  

 The emergence of antibiotic-resistant bacteria and the slow progress in 

identifying new classes of antimicrobial agents led to a major research effort to 

uncover alternative therapeutic strategies. PDI is one such strategy with several 

favourable features that make it useful. It has been shown that antibiotic-resistant 

bacteria exhibit equal susceptibility to PDI as their wild type. In addition, PDI of 

bacteria is usually a regular multi-target process, which means that the specific 

selection of photo-resistant microbial strains is very unlikely. Therefore, it is possible 

for PDI to overcome the problem of increased bacterial resistance to antibiotics 

(Phoenix & Harris, 2006; Maisch, 2007; Wilson & Patterson, 2008). Maisch et al. 

(2004) demonstrated that repeated photosensitization of the surviving cells did not 

induce photo-resistant strains or modify their sensitivity to antibiotic treatment. In 

view of the MDR pathogens being usually isolated in the patients with chronic or 

recurrent infection, it can be valuable to apply PDI to these cases. 

 Compared with antibiotic therapy, PDI is able to kill pathogens in a shorter 

period of time to achieve the same bactericidal effect. This adds a beneficial feature 
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for PDI to be developed as topical therapy, especially in cases of infection associated 

with severe burns and trauma. Considering that infection control in wounds is a 

critical issue, delaying or applying inappropriate treatment directly affects the survival 

rate of patients (Demidova & Hamblin, 2005; Nagasawa et al., 2005; Wilson & 

Patterson, 2008). 

1.10 Aims of study  

 The aim of this project was to explore the potential of PDI in clinically 

significant MDR pathogens. The antimicrobial efficacy and mechanistic study of four 

PSs, namely, TBO, pL-ce6, PEI-ce6 and hypericin, on some highly prevalent 

antibiotic resistant pathogens in Hong Kong were investigated. The selected pathogens 

included MRSA, ESBL-producing E. coli with blaTEM and blaCTX-M resistant genes, 

corresponding American type culture collection (ATCC) strains were included. This 

study will provide information and new insight into the use of photoinactivation in the 

treatment of local clinical MDR infections. 
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Key objectives in this study were:  

i. To study the antimicrobial susceptibility of clinical ESBL-producing E. coli 

ii. To screen the predominant ESBL genes (blaTEM, blaSHV and blaCTX-M) from 

103 local archived clinical ESBL-producing E coli isolates by polymerase 

chain reaction (PCR). 

iii. To compare the photobactericidal efficacy of the four PSs (TBO, pL-ce6, 

PEI-ce6 and hypericin), at different concentrations and light dose combination 

to the selected clinical MDR isolates and control strains. 

iv. To determine the mode of action of the three PSs (pL-ce6, PEI-ce6 and 

hypericin), including the morphological changes of the bacteria after PDI by 

scanning electron microscopy (SEM), the changes of membrane integrity by 

flow cytometry, the changes of outer membrane permeability by release of 

β-lactamase and the changes of inner membrane permeability by release of 

β-galactosidase . 

 

 

 



 38 

Chapter 2: A comparative in vitro photoinactivation study of clinical   

 multi-drug resistant pathogenic isolates  

2.1 Introduction 

 The relentless increase of MDR pathogens together with the limited 

development of novel antibiotics makes the search for new antimicrobial strategies to 

combat disease caused by MDR pathogens imperative. MRSA and ESBL-producing  

E. coli are two of the most common MDR pathogens at present causing worldwide 

concern (Giamarellou, 2005; Bootsma et al., 2006). It has been reported that 69.8% of 

all S. aureus isolates are resistant to methicillin, and that 11% of all E. coli isolated in 

Hong Kong are ESBL-producing E. coli (Ho et al., 2000; Bell & Turnidge, 2002).  

 Antimicrobial PDI is one alternative strategy which could be employed to 

combat these MDR pathogens. The non-toxic PSs which have been localized in the 

microbial cells are activated by a specific wavelength of visible light (Hamblin & 

Hasan, 2004). The excited-state PS reacts with in situ molecular oxygen and transfers 

its energy to generate ROS such as singlet oxygen and superoxide anion. These ROS 

react immediately within a confined environment, causing damage to cell walls, 

proteins, nucleic acids, and membrane lipids which eventually leads to cell death 

(Girotti, 2001; Maisch et al., 2004). 
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 TBO, a phenothiazinium salt, is a moderately effective cationic PS which can 

cause damage to the bacterial cell membrane (Phoenix & Harris, 2003; Usacheva et 

al., 2003). pL-ce6 is a highly effective polycationic PS designed to bind and penetrate 

multiple types of microbial cells (Hamblin et al., 2003). It consists of the tetrapyrrole 

chlorin (e6) covalently bonded to pL chains and is photobactericidal against both 

gram-positive and gram-negative bacteria by destroying the bacterial membrane 

structure (Hamblin et al., 2002b; Demidova & Hamblin 2004). The main purpose of 

this study was to explore the PDI effect of TBO and pL-ce6 on clinical isolated MDR 

strains of both S. aureus and E. coli, and standard strains of both S. aureus and E. coli 

from ATCC were studied in parallel.  

2.2 Materials and methods 

2.2.1 Bacterial strains 

 Bacterial strains used in this study were S. aureus (ATCC 25923), E. coli 

(ATCC 25922), a clinical isolate of MRSA and a clinical isolate of ESBL-producing  

E. coli (with both blaTEM and blaCTX-M genes). Both clinical isolates were collected 

from a Hong Kong hospital. The MRSA showed resistance to the following antibiotics: 

oxacillin, clindamycin, cloxacillin, erythromycin and ofloxacin, whereas the 

ESBL-producing E. coli showed resistance to the following antibiotics: ampicillin, 
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cefuroxime I.V., cefuroxime axetil, gentamicin, ofloxacin and ampicillin/sulbactam.  

2.2.2 Photosensitizers  

 TBO was purchased from Sigma (St. Louis, MO). A TBO stock solution of  

1 mM was prepared by dissolving 0.030583 g TBO in 100 mL of sterile distilled water. 

The pL-ce6 conjugate was kindly provided by Professor Hamblin (Harvard Medical 

School, Boston). The pL-ce6 conjugate has an average of six chlorin (e6) molecules 

conjugated to a polymer with an average length of 164 lysine residues and the 

provided stock solution was 3.3 mM ce6 equivalent (as provided by Prof. Hamblin). 

Both stock solutions were stored at 4°C in the dark and diluted with PBS to give 

working solutions of the PSs.  

2.2.3 Photodynamic inactivation 

 The bacterial strains were grown aerobically in 10 mL of nutrient broth 

(Oxoid, England) at 37°C with shaking, to the exponential phase with a cell density of 

1 x 10
8
 cells/mL. The bacterial suspensions were then incubated with a range of 

concentrations of PS at room temperature (RT) in the dark for 30 minutes. The cells 

were centrifuged and washed twice with sterile PBS to remove the unbound PS from 

the cell suspensions and then resuspended in 10 mL nutrient broth. Aliquots of 150 µL 
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cell suspensions were placed in a 96-well microtitre plate and irradiated with red light 

(10-30 Jcm
-2

) emitted from a 400 W quartz-halogen lamp equipped with a heat 

isolation filter and a long-pass filter (600 nm) for less than 7 minutes in total. The 

spectral intensity was basically flat from 600 to 800 nm, and the total irradiance at the 

position of the cells was 14 mW/cm
2
 measured with a power metre (Ophir Optronics 

Ltd, Jerusalem, Israel) (Yow et al., 2000). Light-alone controls (no-PS) and dark 

controls (PS-treated suspension without light) were included. Aliquots (100 µL) were 

withdrawn from each well and serially diluted 10 fold with PBS. Ten microlitres from 

each dilution mixture was streaked onto nutrient agar plates in triplicate as described 

by Jett et al. (1997). The plates were incubated at 37°C for 24 hours in the dark. The 

number of colonies were counted and survival fractions calculated according to the 

equation N/No., where No. is the number of colony forming unit (CFU) per mL of 

bacteria treated with light only , and N is the number of CFU per mL of bacteria 

treated with light and PS. N/No. gives the numeral one, if the survival fraction was 

100% for easy depiction in graphical and tabular form the log of the survival fraction 

was used. All results were presented as means ± standard deviation (SD) of at least 

three independent experiments and each measured in triplicate. The drug was 

considered effective if more than 3 log of the cells were killed. 

  N   =     CFU/ mL of bacteria treated with light and PS         

  No       CFU/ mL of bacteria treated with light only 
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2.2.4 Statistics 

 Results were presented as means ± SD. Differences between two means were 

tested for significance by a 2-tailed unpaired Student’s t-test assuming equal or 

unequal variances as appropriate. Significance level was sought at p < 0.05. 

2.3 Results 

 Experiments were conducted to determine the possible ranges of both the 

light and PS doses to obtain light dose-dependent killing of the various bacterial 

species. Dose-response curves were obtained for both PSs (Fig. 2.1-2.3). The survival 

fraction corresponding to 0 Jcm
-2

 indicates the dark toxicity of the PS. The results 

demonstrated that there was no significant dark cytotoxicity (p > 0.05 by 2-tailed 

unpaired Student’s t-test) for either drug with all tested bacterial strains.  

2.3.1 Photodynamic inactivation with TBO 

 Fig. 2.1 and 2.2 show the results of light dose-dependent killing mediated by 

TBO on both S. aureus and E. coli strains. Various concentrations of TBO (40, 60 and 

80 µM) and different light doses (0-30 Jcm
-2

) were applied to clinical MRSA and    

S. aureus (ATCC 25923) (Fig. 2.1). With 40 µM TBO and 30 Jcm
-2 

of light, there was 

a small but significant increase of killing of MRSA (0.9 log) versus S. aureus (ATCC 
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25923) (0.6 log). As the TBO concentration was increased, there was more killing 

overall and the differences between MRSA (2.8 log killing at 80 µM TBO) and      

S. aureus (ATCC 25923) (1.8 log killing at 80 µM TBO) became larger (Fig. 2.1) 

although the differences seen did not reach statistical significance. Therefore, under 

the same TBO concentration and light dose, a higher percentage of the clinical MRSA 

isolate was consistently killed when compared with S. aureus (ATCC 25923).  

 In contrast, when 80 µM TBO and 30 Jcm
-2 

of light were delivered to E. coli 

strains, there was no loss of viability and therefore higher concentrations of TBO 

(100-400 µM) were employed for PDI of E. coli. Fig. 2.2 shows the phototoxicity of 

400 µM TBO towards clinical ESBL-producing E. coli and E. coli (ATCC 25922) 

with light doses of 0-30 Jcm
-2

. Both strains showed modest but identical degrees of 

killing; 1.1 log killing at 400 µM TBO and 30 Jcm
-2

. Even when the TBO 

concentration was increased to 1 mM, no further killing of either strain was seen.  
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Figure 2.1. Photodynamic inactivation mediated by TBO on S. aureus (ATCC 25923) 

and MRSA. 

S. aureus and MRSA with density of 1 x 10
8
 cells/mL were incubated with 80 µM 

TBO and then exposed to 0-30 Jcm
-2 

light doses. The values shown are means of at 

least three independent experiments and each measured in triplicate. Bars indicate   

± SD. * = p < 0.05; ** = p < 0.01; *** = p < 0.001 by 2-tailed unpaired Student’s 

t-test for comparison between the ATCC strain and the clinical resistant strains.  
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Figure 2.2 Photodynamic inactivation mediated by TBO on E. coli (ATCC 25922) and 

ESBL-producing E. coli. 

E. coli (ATCC 25922) and ESBL-producing E. coli with density of 1 x 10
8
 cells/mL 

were incubated with 400 µM TBO and then exposed to 0-30 Jcm
-2 

light doses. The 

values shown are means of at least three independent experiments and each measured 

in triplicate. Bars indicate ± SD.  
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2.3.2 Photodynamic inactivation with pL-ce6 

  The phototoxicity of 8 µM pL-ce6 against both MDR and ATCC strains of  

S. aureus and E. coli is shown in Fig. 2.3. Concentrations of pL-ce6 ranging from 4 to 

8 µM with light doses up to 30 Jcm
-2 

were employed. The greatest killing (3.8 log) 

was observed with MRSA treated with 8 µM pL-ce6 at 30 Jcm
-2

 while the S. aureus 

(ATCC 25923) only showed killing of 2.9 log at this drug concentration and light dose. 

In view of the PDI killing mediated by pL-ce6 against the E. coli strains as shown in 

Fig. 2.3, the degrees of killing observed for ESBL-producing E. coli were similar to 

those observed for E. coli (ATCC 25922) at every PS dose and at every light dose. 

Overall, the effectiveness of PDI against E. coli was significantly greater than that 

observed against S. aureus. Eight micromolars of pL-ce6 and 30 Jcm
-2

 gave almost   

5 log killing of E. coli strains compared to 2.5-3.5 log killing of S. aureus strains       

(p < 0.005). 
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Figure 2.3. Photodynamic inactivation mediated by pL-ce6 on S. aureus (ATCC 

25923), an MRSA, E. coli (ATCC 25922) and an ESBL-producing E. coli. 

Cells with density of 1 x 10
8
 cells/mL were incubated with 8 µM pL-ce6 and then 

exposed to 0-30 Jcm
-2 

light doses. The values shown are means of at least three 

independent experiments and each measured in triplicate. Bars indicate ± SD.       

* = p < 0.05; ** = p < 0.01; *** = p < 0.001 by 2-tailed unpaired Student’s t-test for 

comparison between the ATCC strain and the clinical resistant strains.  
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2.4 Discussion  

 This study has shown for the first time, with the use of two different cationic 

PSs, that MRSA is more sensitive to PDI-mediated killing than S. aureus (ATCC 

25923). This study is the first report to compare PDI-mediated killing of 

ESBL-producing E. coli with that of E. coli (ATCC 25922) and demonstrates that both 

phenotypes were equally susceptible. There are several previous reports comparing 

PDI of MRSA with S. aureus. Maisch et al. (2005) used XF porphyrins as the 

antimicrobial PS and found identical killing of MRSA (and methicillin resistant     

S. epidermidis) to that seen in the wild type strains. Wainwright et al. (1998) found 

that PDI with phenothiazinium dyes killed MRSA somewhat less efficiently when 

compared with wild type S. aureus strains. Embleton et al. (2005) employed a phage 

delivery system to carry out PDI with the PS Sn-ce6 and again found that MRSA was 

somewhat less susceptible compared to wild type S. aureus strains. How can we 

explain our observation of the increased susceptibility of MRSA compared to       

S. aureus (ATCC 25923) to PDI mediated by TBO and pL-ce6? A possible reason may 

be due to differences in their cell-wall structure. The presence of altered penicillin 

binding protein (PBP2a) encoded by the mecA gene in MRSA exerts decreased 

affinity for methicillin and other β-lactams. PBP2a plays an important role in 

catalyzing the transpeptidational activity which is crucial for cross-linkage of 

peptidoglycan (Berger-Bachi & Rohrer, 2002). This may suggest that MRSA actually 
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has a more permeable cell wall than the S. aureus wild type strain. The altered 

architectural structure in MRSA may therefore favour the penetration of TBO and 

pL-ce6 across the cell wall, resulting in increased killing of MRSA upon illumination. 

In order to test this hypothesis, and verify whether MRSA was more susceptible to 

TBO- and pL-ce6-mediated PDI, the PDI effect of TBO and pL-ce6 against other 

clinical MRSA isolates were further investigated and are reported in chapter 3.  

  In terms of the PDI effects on all the bacteria, pL-ce6 is a much more potent 

PS than TBO. pL-ce6 showed a higher phototoxic effect on the gram-negative E. coli 

when compared to its effect on the gram-positive S. aureus. The reverse situation was 

found with TBO where S. aureus was more susceptible compared to E. coli. The 

relative susceptibility order of different species (gram-positive and gram-negative) in 

response to the TBO and pL-ce6-mediated PDI was consistent with that reported by 

Demidova and Hamblin (2005). It is known that the double lipid bilayer cell envelope 

structure of gram-negative E. coli is more complicated than that of gram-positive    

S. aureus (see Fig. 1.3). In addition, the presence of strongly negatively charged LPS 

in the outer membrane provides the gram-negative bacteria with a very effective 

permeability barrier to exclude hydrophobic and large hydrophilic solutes. As a result, 

anionic and neutral PS do not bind well to the gram-negative outer membrane due to 

the absence of electrostatic charge attraction and, furthermore, cannot penetrate the 
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permeability barrier and are therefore unable to inactivate these bacteria (Hamblin & 

Hasan, 2004; Jori & Brown, 2004; Maisch et al., 2004). On the other hand, positively 

charged PS or cationic PS-conjugates bind to the negatively charged bacterial surface 

and displace the naturally occurring divalent cations (Ca
2+

 and Mg
2+

) that anchor the 

LPS in place. This displacement weakens the outer membrane structure and creates 

“cracks” in the permeability barrier, which allows the PS to penetrate the inner plasma 

membrane, which is thought to be the crucial site of photodamage (Minnock et al., 

2000).  

  For the gram-positive bacteria, there is a relatively porous peptidoglycan 

layer surrounding the cytoplasmic membrane (see Fig. 1.3). They possess a slightly 

negatively charged surface and are also sensitive to cationic PS. But anionic and 

neutral PS can also be used to eradicate gram-positive bacteria (Hamblin & Hasan, 

2004; Jori & Brown, 2004; Maisch et al., 2004).  

  The susceptibility differences observed between E. coli and S. aureus and 

TBO and pL-ce6 may be due to the different chemical properties of these drugs 

(Demidova & Hamblin, 2004). Although both pL-ce6 and TBO are cationic, pL-ce6 

possesses a relatively larger molecular weight and the molecule has a greater number 

of potentially positive charged groups than TBO. The large molecular weight of 
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pL-ce6 means that it may not readily penetrate the cell wall of the gram-positive     

S. aureus and cause photodestruction. In the case of the gram-negative E. coli, the 

polycationic nature of pL-ce6 conjugate gives it higher binding affinity to LPS and is 

better at displacing the divalent cations referred to above, thus causing “self-promoted 

uptake” (Hancock & Bell, 1988; Minnock et al., 2000; Hamblin & Hasan, 2004).   

 In summary, our study showed that the selected MDR pathogens were equally 

or more susceptible to PDI-mediated killing than their ATCC strains. The PDI 

efficacies of TBO and pL-ce6 were not affected by the antibiotic resistant mechanisms 

present among MRSA and ESBL-producing E. coli. These data suggest that PDI may 

be a feasible treatment for localized infections caused by these two MDR pathogens. 
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Chapter 3 Photodynamic inactivation mediated by poly-L-lysine 

chlorin (e6) conjugate (pL-ce6) and polyethyleneimine 

chlorin (e6) conjugate (PEI-ce6) in gram-negative and 

gram-positive bacteria  

3.1 Introduction 

 Many studies have been conducted on the prevalence of MRSA in local 

hospitals and community settings, but little is known about this issue among 

ESBL-producing E. coli. In this chapter, we investigated the predominant ESBLs 

types among the isolated ESBL-producing E. coli in Hong Kong. According to their 

genotypes, they were divided into different groups and then representative members 

from each group were selected for subsequent PDI study. After having been separated 

into the appropriate groups, the PDI study was carried out. When the effective PDI 

dose from the study model was determined, the optimized drug and light doses were 

applied to those representative members of MRSA isolates and ESBL-producing    

E. coli isolates. As a result, we can determine whether the cytotoxicity will remain the 

same as on other MRSA and ESBLs-producing E. coil strains that exhibit different 

antibiotic resistant patterns. Finally, the mode of action of two photosensitizers 

(pL-ce6 and PEI-ce6) on the bacterial membrane was investigated. 
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 ESBLs were initially reported in 1983 in a nosocomial K. pneumoniae strain 

isolated in Germany. They have become increasingly prevalent in Europe and now 

increased prevalence is being reported around the world (Knothe et al., 1983; Shah & 

Stille, 1983; Bradford, 2001; Paterson & Bonomo, 2005). There is no consensus as to 

the precise definition of ESBLs, but a commonly used working definition is that the 

ESBLs are β-lactamases capable of conferring bacterial resistance to the penicillins, 

first-, second-, and third-generation cephalosporins (e.g., cefotaxime and ceftazidime) 

and monobactams (e.g., aztreonam) (but not the cephamycins or carbapenems) by 

hydrolysis of these antibiotics, and are inhibited by β-lactamase inhibitors such as 

clavulanic acid (Paterson et al., 2000; Pfaller & Segreti, 2006; Romero et al., 2007). 

They are usually plasmid-mediated. Most ESBLs have evolved by genetic mutation 

from native β-lactamases, particularly TEM-1, TEM-2, and SHV-1 (Pfaller & Segreti, 

2006; Romero et al., 2007). There are now over 400 ESBLs characterized, which are 

detailed on the authoritative website on the nomenclature of ESBLs, hosted by George 

Jacoby and Karen Bush (http://www.lahey.org/studies/webt.htm). 

Although ESBLs have been reported most frequently in E. coli and 

Klebsiella species, they have been found in other bacterial species as well, including 

Salmonella enterica, Pseudomonas aeruginosa, and Serratia marcescens (Paterson & 

Bonomo, 2005; Pfaller & Segreti, 2006; Bell et al., 2007; Romero et al., 2007). It has 
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been reported that TEM- and SHV-type ESBLs are predominant worldwide and are 

most usually found in E. coli and K. pneumoniae (Sturenburg & Mack, 2003; 

Giamarellou, 2005). TEM- and SHV-type β-lactamases are also found in 

Enterobacteriacae, Proteus mirabilis and other penicillin- or ampicillin-resistant 

gram-negative bacteria such as Haemophilus infuenzae and Neisseria gonorrhoeae. 

(Lee et al., 2003; Samaha-Kfoury & Araj, 2003). 

The TEM-type ESBLs are derivatives of TEM-1 and TEM-2. TEM-1 was 

first reported in 1965 from an E. coli isolate from a patient in Greece, named 

Temoneira (hence the name TEM) (Datta & Kontomichalou, 1965). TEM-1 is able to 

hydrolyse ampicillin faster than it is able to hydrolyse carbenicillin, oxacillin, or 

cephalothin, and has negligible activity against extended-spectrum cephalosporins, but 

is inhibited by clavulanic acid. TEM-2 has the same hydrolytic profile as TEM-1, but 

differs from TEM-1 by having a more active native promoter and by a difference in 

isoelectric point (5.6 compared to 5.4) (Paterson & Bonomo, 2005; Poirel et al., 2008). 

Since its discovery, TEM-type enzymes have become the most abundant class of 

ESBLs. More than 170 TEM derivatives have been documented 

(http://www.lahey.org/studies; last assessed 1 August, 2009).   

The SHV-type ESBLs may be more frequently found in clinical isolates 
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than any other type of ESBLs (Jacoby, 1997; Hawkey, 2008). SHV refers to sulfhydryl 

variable because it was thought that the inhibition of SHV activity by 

p-chloromercuribenzoate was substrate-related, and was variable according to the 

substrate used for the assay (Sykes & Bush 1982; Sturenburg & Mack, 2003). 

SHV-type ESBLs have been detected in a wide range of Enterobacteriaceae, and 

outbreaks of SHV-producing Pseudomonas aeruginosa and Acinetobacter spp. have 

now been reported (Huang et al., 2004; Poirel et al., 2004). The origin of members of 

the SHV family of β-lactamases can be traced to SHV-1, a plasmid-encoded enzyme 

that confers to K. pneumoniae high levels of resistance against ampicillin. More than 

120 SHV derivatives are currently documented (http://www.lahey.org/studies; last 

assessed 1 August, 2009). The TEM- and SHV-types ESBL groups described 

worldwide can hyrolyse ceftazidime better than it can hydrolyse cefotaxime (Bradford, 

2001; Paterson & Bonomo, 2005; Turner, 2005; Rodriguez-Bano & Navarro, 2008). 

More recently, non-TEM and non-SHV plasmid-mediated ESBL types have 

been reported. Among these, the CTX-M type ESBL is the most widespread. Their 

impact is currently comparable to that of TEM- and SHV-type ESBLs. The name CTX 

reflects the potent hydrolytic activity of these β-lactamases against cefotaxime. 

Therefore, CTX-M-type ESBLs confer, in most cases more resistance to cefotaxime 

than to ceftazidime. These enzymes are not closely related to TEM- and SHV-type 
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ESBLs, and have 40% or less identity with TEM- and SHV-type ESBLs. Instead, they 

show a very high degree of sequence homology with the chromosome-encoded 

AmpC-type β-lactamase of Kluyvera georgiana, suggesting that the CTX-M-type 

β-lactamases might represent genetic variants descended from the β-lactamase of 

Kluyvera species (Poirel et al., 2002). The CTX-M-type β-lactamases are carried on 

plasmids and have been found most commonly in Enterobacteriaceae, mainly in    

K. pneumoniae and E. coli. The detection of ESBLs in other genera such as 

Salmonella, though unusual some years ago, is becoming more frequent (Paterson et 

al., 2003; Canton & Coque, 2006; Rossolini et al., 2008). More than 80 CTX-M 

derivatives are currently documented (http://www.lahey.org/studies; last assessed    

1 August, 2009). 

For some years, CTX-M ESBLs were predominantly found in three 

geographic areas: South America, the Far East and Eastern Europe. In Western Europe 

and North America, CTX-M-type β-lactamases were not commonly found. However, 

in recent years, a number of authors have reported the advent of CTXM- type ESBLs 

in these regions (De et al., 2000; Alobwede et al., 2003; Bonnet, 2004; Munday et al., 

2004; Woodford et al., 2004; Canton & Coque, 2006; Eisner et al., 2006; Jin & Ling, 

2006; Mugnaioli et al., 2006; Rossolini et al., 2008). Given the widespread isolation 

of CTX-M-type ESBLs in China and India, it is speculated that CTX-M-type ESBLs 
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are now actually the most frequently occurring ESBL type worldwide.  

The emergence of ESBLs has been tied to the overuse and misuse of 

third-generation cephalosporins and other antimicrobials. Their prevalence can vary 

greatly from one site to another and even over time for a given site. The diverse nature 

of ESBLs, with different enzymes having different substrate preferences among the 

oxyimino-β-lactams, means that selection pressure should favour those ESBLs that are 

highly active against β-lactams and that are currently used at a centre (Bradford, 2001; 

Rodriguez-Bano et al., 2004; Walther-Rasmussen & Hoiby, 2004; Ben-Ami et al., 

2006; Bin et al., 2006; Pfaller & Segreti, 2006; Rodriguez-Bano & Navarro, 2008). 

Detecting the presence of ESBL-producing pathogens in specimens obtained from 

patients has important implications for clinical decision-making such as the choice of 

appropriate therapy. In addition to its clinical value, detection can also aid in 

infection-control measures by helping to guide patient isolation procedures. As a result, 

regional and local estimates are probably more useful to clinical decision-making than 

are more global assessment (Karim, 2001; Rodriguez-Bano et al., 2004; 

Walther-Rasmussen & Hoiby, 2004; Ho et al., 2005b; Paterson & Bonomo, 2005; 

Pfaller & Segreti, 2006; Rodriguez-Bano et al., 2006; Yu et al., 2006; Hawkey, 2008; 

Rodriguez-Bano & Navarro, 2008; Rossolini et al., 2008). Interest in ESBLs study in 

Hong Kong is a comparatively recent phenomenon and is not comprehensive, 
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particularly in relation to genotypes. Therefore, in this study, we investigated the 

predominant ESBL-types in clinical ESBL-producing E. coli isolates. With the 

knowledge of the most common ESBL types among the screened ESBL-producing   

E. coli isolates, representative isolates from each ESBL-type were selected and used 

for the subsequent bactericidal study, in order to determine whether similar PDI 

susceptibility will be seen among the different ESBL-type of ESBL-producing E. coli 

isolates.   

Antimicrobial PDI is a novel treatment method which combines a nontoxic 

PS with visible light of specific wavelength to generate singlet oxygen to kill 

microbial cells. In view of the membrane structural difference between gram-positive 

and gram-negative strains, cationic and anionic PSs exhibit different PDI efficiency 

upon them. In general, many commonly used PSs can mediate photodestruction of the 

gram-positive organisms, however, few can exert a similar killing effect upon 

gram-negative organisms (Demidova & Hamblin, 2005; Jori et al., 2006).  

 In chapter two, we compared the effectiveness of TBO and one pL-ce6 

conjugates (a polymer with an average length of 164 lysine residues attached to an 

average of 6 chlorin (e6) molecules) upon both gram-positive and gram-negative 

pathogens and demonstrated that the photokilling effect of pL-ce6 is more effective 
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than that of TBO. In this study, the efficacy of two synthesized polycationic PSs, 

namely, pL-ce6 conjugates and PEI-ce6, on S. aureus (ATCC 25923), MRSA, E. coli 

(ATCC 25922) and ESBL-producing E. coli were compared.  

 The bacterial culture medium will influence the binding of the antibacterial 

agent to the bacterial membrane to various degrees. Therefore, the efficacy of 

pL-ce6-mediated and PEI-ce6-mediated PDI towards tested bacteria in both nutrient 

broth and in PBS were compared. 

 After determination of the effective PDI dose of pL-ce6 conjugates and 

PEI-ce6 on the selected bacterial strains, these optimized drug and light doses were 

applied to those representative group members of MRSA isolates and 

ESBL-producing E. coli isolates. As a result, we determine whether the cytotoxicity 

will remain the same on other MRSA and ESBLs-producing E. coil strains which 

exhibit different antibiotic resistant patterns.    

 In addition to the bactericidal effect on different bacterial strains, the 

interaction of the tested PSs on the bacterial membrane was investigated. Scanning 

electron microscopy (SEM) was used to examine the surface morphological changes 

of pL-ce6-treated and PEI-ce6-treated bacterial cells. Propidium Iodide, (PI), a red 
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fluorescent phenanthridium nucleic acid dye, commonly used for evaluating 

cytoplasmic membrane integrity was used to access the changes of membrane 

integrity mediated by PDI-treated cells. If the cell is intact, PI would be excluded from 

the membrane. When the membrane becomes permeabilized, PI would be able to enter 

the cell and bind to the bacterial DNA and RNA, thereby increasingly its fluorescence 

intensity by up to 20 to 30 fold (Arndt-Jovin & Jovin, 1989).  

 Since gram-negative bacteria possess both an outer and inner membrane, it 

would be interesting to investigate the mode of PS action by looking at whether the 

outer membrane is penetrated first, followed by the inner membrane, or whether the 

drug can penetrate both membranes simultaneously. In order to assess the outer 

membrane and inner membrane permeabilization of gram-negative bacteria, 

assessment of the release of β-lactamase and cytoplasmic β-galactosidase from the 

bacteria into the culture medium were monitored. β-lactamase is localized within the 

periplasmic space. If the outer membrane of β-lactamase producing gram-negative 

bacteria is damaged, β-lactamase will be released into the medium. The activity of 

released β-lactamase can be monitored using nitrocefin as a substrate. β-galactosidase 

is an intracellular enzyme located within the cytoplasm. This enzyme is able to 

hydrolyze ONPG to ONP. If the inner membrane becomes damaged, β-galactosidase 

is released into the medium. With the addition of ONPG into the medium, the activity 
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of the released β-galactosidase can be measured by monitoring the production of ONP 

(Lehrer et al., 1988; O’Neill & Chopra, 2004). 

 In this study, the bactericidal efficacy of pL-ce6 and PEI-ce6 on four bacterial 

strains in both nutrient broth and PBS, and their interaction with the bacterial 

membrane were investigated. In order to study the main interaction between the 

pL-ce6 and PEI-ce6 with the tested bacteria, the protein in the culture medium was 

removed and the bacterial cells were resuspended in PBS before the drug sensitization 

step for the mechanistic study. Their surface morphological changes were captured by 

SEM. The membrane integrity of pL-ce6-treated and PEI-ce6-treated cells was 

evaluated by studying the cellular uptake of PI using flow cytometry. The ability of 

pL-ce6 and PEI-ce6 to permeabilize the outer membrane and inner membrane of    

E. coli was monitored by looking at the release of intracellular β-lactamase 

(periplasmic) and β-galactosidase (cytoplasmic), respectively. 

3.2 Materials and Methods  

3.2.1 Identification and confirmation of bacterial strains  

 One hundred and three archived non-duplicate clinical ESBL-producing    

E. coli isolates were collected from a Hong Kong hospital from 2004 to 2006. All 
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isolates were identified by Vitek GNI card (Biomerieux Vitek Inc., Hazelwood, MO, 

USA). Production of ESBL by the strains was screened by the disk diffusion method. 

Then a phenotypic confirmatory test was performed on those isolates suspected of 

producing ESBL. Cefpodoxime (CPD, 10 µg) and cefpodoxime-clavulanic acid 

(CD01, 10/1 µg) disks were used in the confirmatory test. The disks were placed 25 or 

30 mm away from each other on Mueller-Hinton (MH) agar plates (Oxoid, 

Basingstoke, UK). An organism was regarded as an ESBL-producer if the zone 

diameter of cefpodoxime-clavulanic acid was greater by five millimetres or more than 

the zone diameter of cefpodoxime (NCCLS, 2002). E. coli (ATCC 25922), E. coli 

(ATCC 35218) and Pseudomonas aeruginosa (ATCC 27853) were used as controls. 

This process of identification and confirmation was conducted by the hospital staff 

from which the patient samples were obtained. 

 The identities of all collected isolates were confirmed with conventional 

methods (Farmer, 2003). The isolates were stored at -70°C in bacterial preservers 

(Protect, Technical Service Consultants Limited, Heywood, England) before being 

cultured on nutrient agar plates (Oxoid, Basingstoke, UK) for subsequent experiments. 

3.2.2 Susceptibility testing and antibiotics 

 Antimicrobial susceptibility of the isolates was determined by the disk 
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diffusion method as described by Clinical and Laboratory Standards Institute (CLSI) 

(CLSI, 2005). The inoculum was prepared by the direct colony suspension method 

and adjusted to a turbidity of 0.5 MacFarland Standard. Antibiotic susceptibility tests 

were performed on MH agar. The following antimicrobial agents were included: 

amikacin (30 µg), ampicillin (10 µg), amoxicillin/clavulanic acid (20/10 µg), 

ampicillin/sulbactam (30/10 µg), aztreonam (30 µg), cefotaxime (30 µg), 

cefotaxime/clavulanic acid (30/10 µg), ceftazidime (30 µg), ceftazidime/clavulanic 

acid (30/10 µg), ceftriaxone (30 µg), cefuroxime (30 µg), ciprofloxacin (30 µg) 

gentamicin (120 µg), imipenem (10 µg), ofloxacin (5 µg), nitrofurantion (300 µg) and 

ticarcillin/clavulanic acid (75/10 µg), trimethoprim/sulfamethoxazol   (1.25/23.75 

µg). All antibiotic disks were obtained commercially (BBL, Becton Dickinson, 

Cockeysville, MD, USA). The plates were incubated at 35°C in ambient air for 16 to 

18 hours. The results were interpreted according to the guidelines of CLSI (CLSI, 

2005). E. coli (ATCC 25922) and E. coli (ATCC 35218) were used as quality control 

strains. 

 Bacterial strains included in PDI study were S. aureus (ATCC 25923), eleven 

clinical isolates of MRSA, E coli (ATCC 25922) and eleven clinical isolates of 

ESBL-producing E. coli. The antibiograms of these clinical isolates of MRSA and 

ESBL-producing E. coli are listed in appendix 1.  
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3.2.3 Detection of ESBL 

 Production of ESBL in all archived isolates was assessed by the 

cephalosporin/clavulanate combination disk test. For this test, bacterial strains were 

tested on two MH agar plates with cefotaxime (30 µg), ceftazidime (30 µg), 

cefotaxime/clavulanic acid (30/10 µg) and ceftazidime/clavulanic acid (30/10 µg) 

(CLIS, 2005). The agar plates were inoculated as described for the disk diffusion test 

(see section 3.2.2). An organism was regarded as an ESBL-producer if the zone 

diameter of cefpodoxime-clavulanic acid was greater by five millimetres or more than 

the zone diameter of cefpodoxime.  

3.2.4 Molecular studies of ESBL-producing E. coli 

3.2.4.1 DNA extraction 

 DNA was obtained by the heat lysis method (Sambrook et al., 1989). The 

bacterial isolates were grown on blood agar at 37°C overnight, then suspended in   

500 µL phosphate buffered saline (PBS) and centrifuged at 10,000 g for 1 minute. The 

supernatant was then removed and the pellet resuspended in 200 µL of PBS. Then  

800 µL of 0.05 M NaOH (BDH, Laboratory Suppliers, England) was added and the 

mixture was incubated at 60°C for 45 minutes. After incubation, it was neutralized 
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with 240 µL of 1 M Tris-HCl (pH 7.0) (Sigma-Aldrich Corporation, Missouri, USA) 

and the mixture was centrifuged at 10,000 g for 3 minutes. The supernatant was 

collected in a new micro-centrifuge tube and frozen at -70°C until later use. 

3.2.4.2 Primer design  

 Two primer pairs were designed using the software OLIGO, version 6 

(Molecular Biology Insights, Inc, Cascade, USA) to amplify the entire blaTEM and 

blaSHV genes. The conserved region of blaCTX-M and the entire coding sequence of the 

blaCTX-M gene were amplified using published primers (Ho et al., 2005a; Ho et al., 

2005b). All primers were purchased from Invitrogen (Life Technologies Inc., 

Gaithersburg, MD, USA). The primer sequences and their corresponding 

amplification regions are shown in Table 3.1
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Table 3.1. Primers used for screening for the presence of β-lactamase genes (blaTEM, blaSHV, and blaCTX-M) 

 

β-lactamase genes Primers Primer sequence (5’�3’) Product length Accession number Position 

TEMF 5’ TAT AAA ATT CTT GAA GAC GA 3’ 3735-3754 
blaTEM 

TEMR 5’ ACA GTT ACC AAT GCT TAA T 3’ 

1080 (bp) V00613 

4796-4814 

SHVF 5’ TCT TAT TTG TCG CTT CTT TA 3’ 65-84 

blaSHV 

SHVR 5’ ATG CCG CCG CCA GTC ATA TC 3’ 

995 (bp) M59181 

1040-1059 

CTX-MF 5’ SCV ATG TGC AGY ACC AGT AA 3’ 270-289 

blaCTX-M 

CTX-MR 5’ CCG CRA TAT GRT TGG TGG TR 3’ 

525 (bp) X92506 

813-794 

CTX-M9F 5’ ACA AAG AGA GTG CAA CGG 3’ 118-135 

blaCTX-M 

CTX-M9R 5’ ATG ATT CTC GCC GCT GAA GCC 3’ 

848 (bp) D89862 

945-965 

Abbreviations: S: G or C, Y: C or T, R: A or G, V: A or T or C or G 
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3.2.4.3 Detection of ESBL genes by polymerase chain reaction 

 PCR amplification of the blaTEM blaSHV and blaCTX-M genes was performed in 

a final volume of 25 µL reaction mixture. This contained 1 x PCR Gold buffer, 2 µL 

of DNA template, 0.3 µM of each primer, 0.2 mM of each deoxyribonucleoside 

triphosphates (dNTPs), 2.5 mM of MgCl2, 0.5 unit of AmpliTaq Gold polymerase 

(Applied Biosystems, Foster City, USA). Amplification was performed using a 

96-well GeneAmp PCR system 9700 (Applied Biosystems, Foster City, USA). 

 The primers used for amplification of the entire blaTEM gene were TEMF and 

TEMR (Table 3.1). The amplification reaction was initiated by heating at 95°C for 5 

minutes, followed by 35 cycles of denaturation at 94°C for 30 seconds, annealing at 

50°C for 30 seconds, extension at 72°C for 2 minutes plus a final extension at 72°C 

for 5 minutes.  

 The primers used for amplification of the entire blaSHV gene were SHVF and 

SHVR (Table 3.1). The amplification reaction was initiated by heating at 95°C for 5 

minutes, followed by 35 cycles of denaturation at 94°C for 30 seconds, annealing at 

48°C for 30 seconds, extension at 72°C for 1.5 minutes plus a final extension at 72°C 

for 5 minutes. 

 Two primers that covered the regions with high levels of sequence homology 

to the blaCTX-M genes were chosen to screen for the presence of blaCTX-M gene and 

these were used for amplification of the conserved region of blaCTX-M were CTX-MF 

and CTX-MR (Table 3.1). The amplification reaction was initiated by heating at 95°C 

for 5 minutes and followed by 35 cycles of denaturation at 94°C for 25 seconds, 

annealing at 50°C for 25 seconds, extension at 72°C for 40 seconds plus a final 
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extension at 72°C for 5 minutes. 

3.2.5 Agarose gel electrophoresis 

 The amplified PCR products were analysed on 1.5% agarose gel. All PCR 

products and 1 Kb plus ladder, the DNA marker added for identifying the product 

sizes (Invitrogen, Life Technologies Inc., Gaithersburg, MD, USA) were subjected to 

electrophoresis at 150 V for 1.5 hours and then visualized with ethidium bromide.  

3.2.6 Cycle sequencing 

 For the strains which were both blaTEM-positive and blaCTX-M-positive, both 

its blaTEM and blaCTX-M genes were sequenced. The primers CTX-M9F and CTX-M9R 

were used to amplify the entire coding sequence of the blaCTX-M gene. The sequences 

of the primers are shown in Table 3.1. The amplification reaction was initiated by 

heating at 95°C for 5 minutes, followed by 35 cycles of denaturation at 94°C for 25 

seconds, annealing at 50°C for 25 seconds, extension at 72°C for 1 minute plus a final 

extension at 72°C for 5 minutes. 

 The PCR products that contained the complete coding regions of the blaTEM 

and blaCTX-M genes were purified with the QIAquick PCR purification kit (QIAGEN, 

GmbH, Hilden, Germany). The purified PCR products were then sequenced in both 

directions with the same PCR amplification primers (TEMF, TEMR, CTX-M9F and 

CTX-M9R). Three microlitres of the purified PCR products of the blaTEM and 

blaCTX-M genes were mixed with 1.6 pmol of primer separately, then 4 µL ABI Prism 

BigDye Terminator cycle Sequencing Ready Reaction kit version 3.1 (PE Applied 

Biosystems, Foster city, USA) were added. The reaction mixtures were made up to 10 
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µL for each tube with Milli Q water. 

 The cycling sequencing was performed in a 96-well GeneAmp PCR system 

9700. The sequencing profile was as follows: denaturation at 96°C for 1 minute and 

30 cycles of denaturation at 96°C for 30 seconds, annealing at 50°C for 15 seconds 

and 60°C for 4 minutes. The cycle sequencing products were then purified by the 

DyeEx 2.0 Spin Kit (QIAGEN, GmbH, Hilden, Germany). The purified cycle 

sequencing products were dried in a vacuum centrifuge and resuspended in 10 µL 

sequencing loading dye. The suspension was mixed and denatured at 95°C for 5 

minutes. This was kept on ice until analysis by the ABI PRISM 3100 Genetic 

Analyzer (PE Applied Biosystems, Foster city, USA) 

3.2.7 Photosensitizers  

 The stock solutions of pL-ce6 and PEI-ce6 conjugates were provided by 

Professor Hamblin (Harvard Medical School, Boston). Both stock solutions were   

3.3 mM ce6 equivalent and stored at 4°C in the dark and were diluted with PBS to 

give working solutions when required (Demidova & Hamblin, 2006; Tegos et al., 

2006). 

3.2.8 Effect of medium on the photodynamic inactivation efficacy of   

  photosensitizers 

 The bacterial suspensions (1 x 10
8
 cells/mL) were prepared as described in 

section 2.2.3. The bacterial cells that were resuspended in nutrient broth for PDI were 

sensitized with 4-8 µM pL-ce6 or 0.25-4 µM PEI-ce6 at RT in the dark for 30 minutes. 

For comparison, the bacterial cells resuspended in PBS were sensitized with 0.25-1 
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µM pL-ce6 or 0.125-2 µM PEI-ce6 at RT in the dark for 30 minutes. After incubation, 

150 µL cell suspensions (including the excess PS in the cell suspensions) were 

subjected to irradiation with red light (10-30 Jcm
-2

) and streaked on nutrient agar 

plates in triplicate for estimation of the survival fraction. Light-alone control and dark 

control were included. The procedures of PDI are illustrated in Fig. 3.1. Results are 

presented as described in section 2.2.3.  
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Figure 3.1 Schematic presentation of the procedure of comparison of PDI in the 

presence of different media. 
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3.2.9 Morphological changes after PDI by Scanning Electron Microscopy  

 SEM was used to study the morphological changes induced by 

pL-ce6-mediated and PEI-ce6-mediated PDI. All the PS-treated samples for SEM 

study were prepared as described in sections 2.2.3 and 3.2.8. In brief, the untreated 

control, dark controls, pL-ce6-mediated PDI and PEI-ce6-mediated PDI bacteria were 

suspended in PBS with a cell density of 1 x 10
8
 cells/mL. S. aureus strains were 

treated with 0.25 µM or 1 µM pL-ce6 at 20 Jcm
-2

, and 0.125 µM or 0.5 µM PEI-ce6 at 

20 Jcm
-2

. E. coli strains were treated with 0.25 µM and 1 µM pL-ce6 at 20 Jcm
-2

, and 

0.25 µM and 2 µM PEI-ce6 at 30 Jcm
-2

. All control and treated bacteria were washed 

and serially diluted with PBS. Finally, 10 µL of the diluted bacterial samples were 

streaked on separate coverslips and allowed to air dry at RT. All procedures were 

carried out in the dark. The samples were sputter-coated with a thin layer of gold and 

then examined with JEOL JSM-6335F field mission scanning electron microscope 

(JEOL USA Inc., USA) (Li et al., 2006). 

3.2.10 Drug uptake studies by flow cytometry 

 The uptake of pL-ce6 and PEI-ce6 by bacterial cells was measured by 

Cytomics FC 500 flow cytometer (Beckman-Coulter Corporation, Miami, FL, USA) 

equipped with a 15 mW argon ion laser providing excitation at 488 nm. Both the 

pL-ce6 and PEI-ce6 gave an emission spectrum in the range of 580 to 700 nm 

(Demidova & Hamblin, 2005). In this set of experiments, emission spectra from 600 

nm were recorded. Bacterial suspensions (1 x 10
8
 cells/mL) in PBS were incubated 

with various concentrations of pL-ce6 (0.25-1 µM) or PEI-ce6 (0.125-2 µM) in the 

dark for 30 minutes. The sensitized cells were centrifuged and washed twice with 

sterile PBS in order to wash away the unbound PSs. The cells were then resuspended 
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in sterile PBS for flow cytometric analysis. The cell suspensions were excited and the 

fluorescence intensity was measured by photomultiplier tube. A minimum of 10,000 

cells per sample was analyzed in at least three independent experiments and each 

measured in triplicate. The uptake of pL-ce6 and PEI-ce6 in terms of fluorescence 

intensity at the single cell level is presented in section 3.3.9. Flow cytometry data 

were analyzed by using WinMDI v. 2.9 (a freeware available at 

http://facs.scripps.edu/software.html)   

3.2.11 PDI-mediated cytoplasmic membrane integrity by flow cytometry  

  analysis 

 The permeability of cytoplasmic membrane of pL-ce6-treated or 

PEI-ce6-treated cells was determined by the uptake of PI (Sigma, St. Louis, MO, USA) 

using Cytomics FC 500 flow cytometer (Beckman-Coulter Corporation, Miami, FL, 

USA) equipped with a 15 mW argon ion laser providing excitation at 488 nm. Cell 

suspensions (1 x 10
8
 cells/mL) were sensitized with pL-ce6 (0.25 µM-1 µM) or 

PEI-ce6 (0.125 µM-2 µM) for 30 minutes in the dark. Then, 150 µL of each sensitized 

suspensions were placed in a 96-well microtitre plate and irradiated at 20 Jcm
-2

. Dark 

controls were included. 

 After that, 100 µL of control cells, dark control, pL-ce6-mediated PDI and 

PEI-ce6-mediated PDI cells were incubated with 400 µL of PI (5 µg/mL) for 5 

minutes. The cells were then subjected to flow cytometric analysis. The fluorescence 

signal of PI was detected by photomultiplier tube. A minimum of 10,000 cells per 

sample was analyzed in at least three independent experiments and each measured in 

triplicate. Cells with PI only were used as a negative control, while the cells heated at 

80°C for 5 minutes and then stained with PI were used as positive control. Data were 
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analyzed using WinMDI v. 2.9 

3.2.12 Outer membrane permeabilization detection in ESBL-producing E. coli  

  In this assay, only the ESBL-producing E. coli strain was included because 

the ESBLs gene absent in E. coli (ATCC 25922) will not produce extended spectrum 

β-lactamase. The permeability of the outer membrane of PDI-treated gram-negative 

bacteria was investigated by measuring the release of β-lactamase into the culture 

medium. Cells were treated with pL-ce6 (0.25-1 µM) or PEI-ce6 (0.25-2 µM). The 

mixtures were incubated at RT in the dark for 30 minutes. They were then subjected to 

20 Jcm
-2 

of light. The cell suspensions were centrifuged at 6000 g for 10 min. The 

supernatant was aspirated and pipetted into a 96-well microtitre plate. Nitrocefin 

(Calbiochem, San Diego, Calif.) was added to each well at a final concentration of 

100 µM and incubated for 15 minutes in the dark. The β-lactamase activity was 

assessed by measuring the changes in absorbance at 492 nm with a spectrophotometer 

(model TECAN, Genius). The assay was performed in at least two independent 

experiments and each measured in duplicate (O'Callaghan et al., 1972; Ross et al., 

1973; Ross & O'Callaghan, 1975). 

3.2.13 Inner membrane permeabilization detection in E. coli (ATCC 25922)  

  and ESBL-producing E. coli  

 The permeability of the inner membrane of PDI-treated gram-negative 

bacteria was investigated by measuring the cytoplasmic β-galactosidase released by 

the bacteria into the culture medium. ONPG was used as the substrate to determine the 

β-galactosidase activity. Cell suspensions were mixed with an equal volume of PBS 

(pH 7.4) or pL-ce6 (0.25-1 µM) or PEI-ce6 (0.25-2 µM), respectively. Cells and drug 
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mixture were incubated at RT in the dark for 30 minutes then subjected to light 

irradiation or kept in the dark. The cell suspensions were then centrifuged at 6000 g 

for 10 minutes. The supernatant was pipetted into a microtitre plate. Ten microlitres of 

30 mM ONPG was added to each well. The production of ONP was monitored with a 

spectrophotometer (model TECAN; Genius) at 405 nm. The assay was performed in at 

least two independent experiments and each measured in duplicate (Lehrer et al., 1988; 

Liu et al., 2004; O’Neill & Chopra., 2004).  

3.2.14 Statistics 

  Results are presented as means and SD. Differences between two means 

were tested for significance by a 2-tailed unpaired Student’s t-test when two groups 

were compared. One way or two way analysis of variance (ANOVA) followed by 

Bonferroni’s correction were used when three or more groups were compared. The 

statistical analyses were evaluated by the GraphPad Prism software (version 4.0).  

Significance level was sought at p < 0.05. 

3.3 Results 

3.3.1 Antimicrobial susceptibility of clinical ESBL-producing E. coli 

 During the study period, a total of 103 non-duplicate ESBL-producing E. coli 

isolates were collected. The identities of all collected isolates were confirmed using 

conventional methods. Their antibiotic susceptibility was evaluated and the results are 

shown in Table 3.2. All of the ESBL-producing isolates were resistant to ampicillin. 

The isolates were characterized by a reduced susceptibility or resistance to 

second-generation (cefuroxime) and third-generation cephalosporins (ceftriaxone, 
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ceftazidime and cefotaxime). The resistance rate of the ESBL-positive isolates to 

cefuroxime, ceftriaxone, ceftazidime and cefotaxime was 95.1% (98/103), 80.6% 

(83/103), 93.2% (96/103) and 96.1% (99/103), respectively.  

 For the β-lactam/β-lactamase inhibitor combination, greater than 50% of the 

clinical isolates were resistant to amoxicillin/clavulanic acid, ticarcillin/clavulanic acid 

and ampicillin/sulbactam. Ampicillin/sulbactam was the least effective antibiotic, as 

76.8% of the clinical isolates were resistant to this antibiotic. Greater than 50% and 

60% of the isolates were resistant to gentamicin and trimethoprim/sulfamethoxazole, 

respectively  

 It has been reported that ESBL-producers are resistant to monobactams. In 

our study, we found that 67.7% of the isolates were not susceptible to aztreonam. 

Furthermore, more than 70% of isolates were found to be resistant to fluoroquinolones 

(ciprofloxacin and ofloxacin). Among the tested antibiotics, impienem was the only 

one that was found to be active against all the ESBL-producing E. coli while amikacin 

and nitrofurantion were active against 92% of the isolates.   
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Table 3.2: The antimicrobial susceptibility of 103 clinical ESBL-producing E. coli 

isolates.  

Antibacterial agents 
No. (%) 

Susceptible 

No. (%) 

Intermediate 

No. (%) 

Resistant 

Aminopenicillins 

Ampicillin 0 (0%) 0 (0%) 103 (100%) 

Second-generation cephalosporins 

Cefuroxime 4 (3.9%) 1 (1%) 98 (95.1%) 

Third-generation cephalosporins 

Ceftriaxone 4 (3.9%) 16 (15.5%) 83 (80.6%) 

Ceftazidime 1 (1.0%) 6 (5.8%) 96 (93.2%) 

Cefotaxime 2 (1.9%) 2 (1.9%) 99 (96.1%) 

β-lactam/β-lactamase inhibitor combinations 

Amoxicillin/clavulanic acid 16 (15.5%) 30 (29.1%) 57 (55.4%) 

Ticarcillin/clavulanic acid 20 (19.4%) 12 (11.3%) 71 (69.4%) 

Ampicillin/sulbactam 8 (7.3%) 16 (15.9%) 79 (76.8%) 

Monobactam 

Aztreonam 32 (31.1)% 43 (41.7%) 28 (27.2)% 

Aminoglycosides 

Amikacin 97 (94.2%) 3 (2.9%) 3 (2.9%) 

Gentamicin 50 (48.5%) 2 (1.9%) 51 (49.6%) 

Carbapenems    

Imipenem 103 (100%) 0 (0%) 0 (0%) 

Fluoroquinolones 

Ciprofloxacin 29 (27.7%) 3 (2.9%) 71 (69.4%) 

Ofloxacin 36 (35.4%) 1 (1%) 66 (63.6%) 

Folate pathway inhibitor 

Trimethoprim/sulfamethoxazole 41 (39.4%) 1 (1%) 61 (59.6%) 

Nitrofurantion 95 (91.9%) 2 (2.3%) 6 (5.8%) 

Interpretation of susceptibility was according to CLSI (2005). 
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3.3.2 PCR screening of β-lactamase genes (blaTEM, blaSHV, and blaCTX-M) 

 Polymerase chain reaction screening for the presence of blaTEM, blaSHV and 

blaCTX-M genes was carried out separately. All the ESBL-producing isolates were 

screened for the presence of blaTEM, blaSHV and blaCTX-M genes. Each PCR 

amplification generated a DNA fragment with the expected size. The presence of the 

blaTEM gene resulted in an amplicon of 1080 base pairs, the presence of blaSHV gene 

resulted in an amplicon of 995 base pairs and the presence of blaCTX-M gene resulted in 

an amplicon of 525 base pairs. E. coli (ATCC 25922) and non-ESBLs-producing    

E. coli were included in each batch of PCR amplification as a negative control.  

 Among the 103 phenotypically confirmed ESBL-producing E. coli isolates, 

one isolate was found to contain the blaTEM gene only. Forty seven of the 103 isolates 

harboured the blaCTX-M gene only, while 37 of the 103 isolates harboured both the 

blaTEM and blaCTX-M genes. Five of the 103 isolates harboured the blaSHV and blaCTX-M 

genes. Furthermore, 9 of the 103 isolates carried all three of these β-lactamase genes. 

The four remaining isolates gave a negative result in this PCR screening assay. The 

distribution frequency of β-lactamase genes in these 103 ESBLs-producing E. coli is 

shown in Table 3.3. 
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Table 3.3 The distribution frequency of β-lactamase genes in the 103 ESBL-producing 

  E. coli 

β-lactamase genes detected by PCR 

blaTEM blaSHV blaCTX-M None 

No of identified isolate 

(%) 

�    1 (0.97%) 

  �  47 (45.63%) 

�  �  37 (35.92%) 

 � �  5 (4.85%) 

� � �  9 (8.73%) 

   � 4 (3.88%) 

47 (45.63%) 14 (13.59%) 98 (95.15%) 4 (3.88%)  

 

 

3.3.3 Sequencing analysis of an ESBL-producing E. coli isolate with blaTEM 

  and blaCTX-M genes. 

 Sequencing analysis of the β-lactamase gene was only performed on the 

isolates that were chosen for the following antibacterial study. At the beginning of our 

study, a small number of ESBL-producing E. coli isolates were collected. These 

isolates can be divided into three groups according to the PCR screening results. 

These are the isolates with both blaTEM and blaCTX-M genes, the isolate with blaCTX-M 

gene only and the isolates with neither gene. Therefore, an isolate with both blaTEM 

and blaCTX-M genes was selected for the following study and its β-lactamase gene 

sequence was analyzed. The sequence of the blaTEM gene was analyzed with the use of 

TEMF and TEMR primers and the resulting DNA sequence was confirmed as blaTEM-1. 

For analyzing the sequence of blaCTX-M, CTX-M9F and CTX-M9R were used and the 

resulting DNA sequence was confirmed as blaCTX-M-14. 
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3.3.4 The effect of excess PS on phototoxicity 

 In chapter two, it was shown that pL-ce6 is a much more potent PS than TBO. 

pL-ce6 showed a greater phototoxic effect towards both S. aureus strains and E. coli 

strains. In this chapter, we further investigated the effect of washing excess PS from 

the cell suspension, and the influence of the medium in which the cells are suspended 

with excess PS not having been washed away. In these sets of experiments, pL-ce6 

was tested on both S. aureus and E. coli. 

 Preliminary experiments were conducted to determine the possible ranges of 

both the light and PS doses to obtain the drug and light dose-response curves of the 

various bacterial species under different incubation parameters (data not shown). The 

phototoxicity was determined from survival fractions expressed as the ratios of CFU 

from treated cultures to control cultures treated with light only. The survival fraction 

corresponding to 0 Jcm
-2

 indicated the dark toxicity of the PS. 

 We compared the PDI effect of pL-ce6 when excess PS was washed from the 

cell suspension and when excess PS was left in the cell suspension during illumination. 

The results are shown in Fig. 3.2. The photokilling effect was enhanced when pL-ce6 

was left in the cell suspension during illumination.  

 When the excess PS was washed away from the cell suspension, the best PDI 

effect was obtained with a concentration of pL-ce6 equal to 8 µM and illumination at 

a light dose of 30 Jcm
-2

. Under these conditions, 2.9 log killing of S. aureus (ATCC 

25923) and 3.8 log killing of the MRSA were observed. In contrast, 6 log killing was 

observed when both sensitized S. aureus strains were treated with the same drug and 

light dose in the presence of excess PS (Fig. 3.2a). 
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 A similar response was also found with E. coli strains. This effect was also 

observed in the case of strains treated with pL-ce6, as shown in Fig. 3.2b, when E. coli 

(ATCC 25922) and clinical ESBL producing E. coli were treated with 8 µM pL-ce6 

and a light dose of 30 Jcm
-2

 with the removal of excess PS, 4.8 log and 4.9 log killing 

were obtained respectively. In contrast, if the cell suspensions were subjected to light 

in the presence of excess PS, 6 log killing was achieved with this drug and light dose 

(Fig 3.2b). This result suggested that under the same pL-ce6-mediated PDI conditions, 

the presence of excess PS in the cell suspension during illumination enhanced the 

photokilling effect by 1 to 2 log on all the bacterial strains tested. 
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Figure 3.2. The efficacy of pL-ce6-mediated PDI on the tested bacterial strains in 

nutrient broth with and without the presence of excess PS. 

S. aureus (ATCC 25923), an MRSA (a), E. coli (ATCC 25922) and an 

ESBL-producing E. coli (b) in nutrient broth with density of 1 x 10
8
 cells/mL were 

incubated with pL-ce6 (4-8 µM) at RT for 30 minutes. They were then exposed to 30 

Jcm
-2 

light doses. The presence of excess PS in the cell suspension during illumination 

enhanced the photokilling effect with 2.5 to 3.5 log on the tested S. aureus (ATCC 

25923) and MRSA, respectively. When both sensitized E. coli strains were treated 

with the same drug and light dose in the presence of excess PS, the photokilling effect 

was further increased with 1 log. No significant dark toxicity was demonstrated in 

either case. The values shown are means of at least three independent experiments and 

each measured in triplicate. Bars indicate ± SD. * = p < 0.05; ** = p < 0.01;      

*** = p < 0.001 by 2-tailed unpaired Student’s t-test for comparison between no wash 

and corresponding wash (at the highest PDI dose). 
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3.3.5 Comparison of the influence of different incubation media in the   

  presence of excess pL-ce6 on PDI  

 The bacterial culture medium will influence the binding of the antibacterial 

agent to the bacterial membrane to various degrees. In order to study the main 

interaction between the pL-ce6 and the tested bacteria, the protein in the culture 

medium was removed and the bacterial cells were resuspended in PBS before the drug 

sensitization step. The efficacy of pL-ce6-mediated PDI towards tested bacteria in 

PBS was evaluated and the results are shown in Fig. 3.3 and 3.4. With the removal of 

the culture medium, a lower concentration of pL-ce6 with a decreased light dose can 

be used to initiate the PDI effect on the tested bacteria. The minimum drug 

concentration corresponding to the onset of irradiation effect on the tested S. aureus 

strains and E. coli strains in PBS was 0.25 µM. The greatest killing was obtained at  

1 µM pL-ce6 and 20 Jcm
-2

, when 6 log killing were achieved for all four strains. 

 For pL-ce6-mediated PDI with 0.25 µM pL-ce6 and 20 Jcm
-2

, 3 log killing of 

both S. aureus (ATCC 25923) (Fig. 3.3a) and MRSA (Fig. 3.3b) was seen and 3.9 log 

killing of E. coli (Fig 3.4a) and ESBL-producing E. coli (Fig. 3.4b) were obtained. 

Further increasing the light dose gave no further killing in any of the strains. However, 

dark toxicity (0.7 log) was observed with 1 µM pL-ce6 for all tested bacteria. By 

comparing the effect of removal the protein from the bacterial culture before the drug 

sensitization and PDI, it was apparent that a lower concentration of PS and light doses 

can be employed for washed bacteria (removal of the protein from the culture medium) 

to achieve the same bactericidal effect as unwashed bacteria (protein remaining in the 

culture medium).  
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Figure 3.3. The efficacy of pL-ce6-mediated PDI on S. aureus (ATCC 25923) and 

MRSA in PBS. 

S. aureus (ATCC 25923) (a) and an MRSA (b) in PBS with density of 1 x 10
8
 cells/mL 

were incubated with pL-ce6 (0.25-1 µM) at RT for 30 minutes and then exposed to 

0-20 Jcm
-2 

light doses. Six log photokilling was obtained for both S. aureus (ATCC 

25923) and MRSA with 1 µM pL-ce6 and 20 Jcm
-2

. In both cases, 0.7 log of dark 

toxicity was demonstrated. The values shown are means of at least three independent 

experiments and each measured in triplicate. Bars indicate ± SD. 
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Figure 3.4. The efficacy of pL-ce6-mediated PDI on E. coli (ATCC 25922) and 

ESBL-producing E. coli in PBS. 

E. coli (ATCC 25922) (a) and an ESBL-producing E. coli (b) strains in PBS with 

density of 1 x 10
8
 cells/mL were incubated with pL-ce6 (0.25-1 µM) at RT for 30 

minutes. Then they were exposed to 0-20 Jcm
-2 

light doses. With 1 µM pL-ce6 and 20 

Jcm
-2

, 6 log killing for E. coli (ATCC 25922) and ESBL-producing E. coli were 

obtained. No significant dark toxicity was demonstrated in either case. The values 

shown are means of at least three independent experiments and each measured in 

triplicate. Bars indicate ± SD.  
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3.3.6 Comparison of the influence of different incubation media in the   

  presence of excess PEI-ce6 on PDI  

3.3.6.1 Efficacy of PEI-ce6-mediated PDI on the cells resuspended in nutrient 

  broth 

 The efficacy of PEI-ce6-mediated PDI on cells resuspended in nutrient broth 

was evaluated and the results are shown in Fig. 3.5 and 3.6. The results demonstrated 

that there was no significant dark toxicity when cells were illuminated in nutrient 

broth with PEI-ce6 in all 4 tested bacterial strains (p > 0.05). In Fig. 3.5a, at 0.25 µM 

PEI-ce6 and 30 Jcm
-2

, 3 log killing was obtained for S. aureus (ATCC 25923) and 

MRSA; at 0.5 µM PEI-ce6 and 30 Jcm
-2

, 4.9 log and 4.7 log killing were obtained for 

S. aureus (ATCC 25923) (Fig. 3.5a) and MRSA (Fig. 3.5b), respectively. The greatest 

killing (5.9 log) was obtained when either S. aureus (ATCC 25923) and MRSA treated 

with 1 µM PEI-ce6 and 30 Jcm
-2

.  
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Figure 3.5 The efficacy of PEI-ce6-mediated PDI on S. aureus (ATCC 25923) and 

MRSA in nutrient broth. 

S. aureus (ATCC 25923) (a) and an MRSA (b) strains in nutrient broth with density of    

1 x 10
8
 cells/mL were incubated with 0.25-1 µM PEI-ce6 at RT for 30 minutes. Then 

they were exposed to 0-30 Jcm
-2 

light doses. For both S. aureus (ATCC 25923) and 

MRSA treated with 1 µM PEI-ce6 and 30 Jcm
-2

, 5.9 log photokilling was obtained. No 

significant dark toxicity was demonstrated in either case. The values shown are means 

of at least three independent experiments each measured in triplicate. Bars indicate ± 
SD. 
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         In contrast, when 0.25 µM PEI-ce6 and 30 Jcm
-2 

of light was delivered to  

E. coli strains, there was no loss of viability and therefore higher concentrations of 

PEI-ce6 (1-4 µM) were employed for PDI of these strains. At 2 µM PEI-ce6 and    

30 Jcm
-2

, 4.8 log and 4.5 log killing were obtained on E. coli (ATCC 25922) (Fig. 3.6a) 

and ESBL-producing E. coli (Fig. 3.6b), respectively. The greatest killing was 

obtained at 4 µM PEI-ce6 and 30 Jcm
-2

, 5.7 log and 5.9 log killing were observed for 

E. coli (ATCC 25922) (Fig. 3.6a) and ESBL-producing E. coli (Fig. 3.6b), 

respectively.  

  Overall, the degrees of killing observed for S. aureus (ATCC 25923) were 

very similar to those observed for MRSA at every PS and at every light dose. This 

phenomenon can also be observed in the PEI-ce6-mediated PDI against E. coli strains. 

Also the PDI effect of PEI-ce6 showed a drug and light dose-dependent manner on the 

proposed strains.  
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Figure 3.6 The efficacy of PEI-ce6-mediated PDI on E. coli (ATCC 25922) and 

ESBL-producing E. coli in nutrient broth. 

E. coli (ATCC 25922) (a) and an ESBL-producing E. coli (b) strains in nutrient broth 

with density of 1 x 10
8
 cells/mL were incubated with PEI-ce6 (1-4 µM) at RT for 30 

minutes. Then they were exposed to 0-30 Jcm
-2 

light doses. With 4 µM PEI-ce6 and 30 

Jcm
-2

, 5.7 log killing for E. coli (ATCC 25922) and 5.9 log killing for 

ESBL-producing E. coli were obtained. No significant dark toxicity was demonstrated 

in either case. The values shown are means of at least three independent experiments 

and each measured in triplicate. Bars indicate ± SD.  
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3.3.6.2 Efficacy of PEI-ce6-mediated PDI on cells resuspended in PBS 

 The greatest killing for both S. aureus (ATCC 25923) and MRSA was 

obtained at 1 µM PEI-ce6 and 20 Jcm
-2

, with 6 log killing achieved. At 0.125 µM 

PEI-ce6 and 20 Jcm
-2

, 3.5 log killing of S. aureus (ATCC 25923) (Fig 3.7a) and    

3.4 log killing of MRSA (Fig 3.7b) were obtained. At 0.5 µM PEI-ce6 and 20 Jcm
-2

, 

5.8 log killing of S. aureus (ATCC 25923) (Fig 3.7a) and 6 log killing of MRSA   

(Fig 3.7b) were obtained.  

 For the E. coli (ATCC 25922) and ESBL-producing E. coli, the best 

photokilling effect was obtained with 2 µM PEI-ce6 and 30 Jcm
-2

; where 5.9 log 

killing of E. coli (ATCC 25922) and 5.8 log killing of ESBL-producing E. coli were 

obtained. At 0.25 µM PEI-ce6 and 30 Jcm
-2

, 2 log killing of E. coli (ATCC 25923) 

(Fig 3.8a) and 2.4 log killing of ESBL-producing E. coli (Fig. 3.8b) were obtained.  
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Figure 3.7 The efficacy of PEI-ce6-mediated PDI on S. aureus (ATCC 25923) and 

MRSA in PBS 

S. aureus (ATCC 25923) (a) and an MRSA (b) strains in PBS with density of 1 x 10
8
 

cells/mL were incubated with PEI-ce6 (0.125-1 µM) at RT for 30 minutes and then 

exposed to 0-20 Jcm
-2 

light doses. Six log photokilling was obtained for both S. aureus 

(ATCC 25923) and MRSA with 1 µM PEI-ce6 and 20 Jcm
-2

. The values shown are 

means of at least three independent experiments and each measured in triplicate. Bars 

indicate ± SD. 
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Figure 3.8 The efficacy of PEI-ce6-mediated PDI on E. coli (ATCC 25922) and 

ESBL-producing E. coli in PBS 

E. coli (ATCC 25922) (a) and an ESBL-producing E. coli (b) strains in PBS with 

density of 1 x 10
8
 cells/mL were incubated with PEI-ce6 (0.25-2 µM) at RT for 30 

minutes. Then they were exposed to 0-30 Jcm
-2 

light doses. At 2 µM pL-ce6 and 30 

Jcm
-2

, 5.9 log killing for E. coli (ATCC 25922) and 5.8 log killing of ESBL-producing 

E. coli were obtained. The values shown are means of at least three independent 

experiments and each measured in triplicate. Bars indicate ± SD. 
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3.3.7 pL-ce6-mediated and PEI-ce6-mediated photokilling on 10 MRSA  

  isolates and 10 ESBL-producing E. coli in PBS. 

  In order to ascertain whether under the same drug and light dose conditions, 

the same cytotoxicity is exerted on bacteria of the same strains, but with different 

antibiotic resistant profiles, ten additional isolates of ESBL-producing E. coli and ten 

additional isolates of MRSA (not including the bacterial strains used in section 3.3.4 

to 3.3.7) were evaluated in the pL-ce6-mediated PDI and PEI-ce6-mediated PDI 

susceptibility test.  

  The MRSA strains (in PBS) were sensitized with 1 µM pL-ce6 and 0.5 µM 

PEI-ce6 individually and then subjected to 20 Jcm
-2

 light doses or kept in the dark. 

The ESBL-producing E. coli strains (in PBS) were sensitized with 1 µM pL-ce6 and  

2 µM PEI-ce6, then subjected to 20 or 30 Jcm
-2

 light doses or kept in the dark. pL-ce6 

exerted a similar bactericidal effect on each tested group. At 1 µM pL-ce6 and     

20 Jcm
-2

, 5.6 log to 6 log killing among the MRSA isolates (Fig. 3.9a) and 5.8 to 5.95 

log killing among the ESBL-producing E. coli isolates (Fig. 3.9b) were achieved.  

 For the MRSA treated with 0.5 µM PEI-ce6 and 20 Jcm
-2

, 5.85 log to 5.95 

log killing were obtained (Fig. 3.10a). For the ESBL-producing E. coli isolates treated 

with 2 µM PEI-ce6 and 30 Jcm
-2

, 5.7 to 5.95 log killing were achieved (Fig. 3.10b). 

Therefore, under the assigned PS and light dose, pL-ce6 and PEI-ce6 can exert a 

consistent photobactericidal effect among the MRSA strains (p > 0.05 by one way 

ANOVA) and ESBL-producing E. coli strains (p > 0.05 by one way ANOVA). 

 



94 

 

Figure 3.9  pL-ce6-mediated PDI effect 

on 10 isolates of MRSA and 

ESBL-producing E. coli  

Ten isolates of MRSA (a) and 10 isolates 

of ESBL-producing E. coli (b) in PBS 

with density of 1 x 10
8
 cells/mL were 

incubated with 1 µM pL-ce6 at RT for 30 

minutes. Then they were exposed to 0 

and 20 Jcm
-2

 light doses. With 1 µM 

pL-ce6 and 20 Jcm
-2

, 5.6 log to 6 log 

killing among the MRSA isolates and 5.8 

to 5.95 log killing among the 

ESBL-producing E. coli isolates were 

obtained. The values shown are means 

of at least three independent 

experiments and each measured in 

triplicate. Bars indicate ± SD. 
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Figure 3.10 PEI-ce6-mediated PDI effect on 

10 isolates of MRSA and ESBL-producing  

E. coli  

Ten isolates of MRSA (a) and 10 isolates of 

ESBL-producing E. coli (b) strains in PBS 

with density of 1 x 10
8
 cells/mL were 

incubated with 0.5 µM PEI-ce6 or 2 µM 

PEI-ce6 at RT for 30 minutes. Then MRSA 

isolates were exposed to 0 and 20 Jcm
-2

, 

ESBL-producing E. coli isolates were 

exposed to 0 and 30 Jcm
-2 

light doses, 

respectively. With 0.5 µM PEI-ce6 and 20 

Jcm
-2

, 5.85 log to 5.95 log killing among the 

MRSA isolates were obtained. With 2 µM 

PEI-ce6 and 30 Jcm
-2

, 5.7 to 5.95 log killing 

among the ESBL-producing E. coli isolates 

were obtained. The values shown are means 

of at least three independent experiments and 

each measured in triplicate. Bars indicate ± 
SD. 
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3.3.8 Scanning Electron Microscopy of morphological changes after PDI   

 The morphological changes of pL-ce6-treated and PEI-ce6-treated S. aureus 

(ATCC 25923), an MRSA, E. coli (ATCC 25922) and an ESBL-producing E. coli 

were examined by SEM (Fig. 3.11-3.14). As shown in Fig 3.11a and e, untreated     

S. aureus (ATCC 25923) and untreated MRSA had a smooth cell surface. After 

incubating S aureus and MRSA with 1 µM pL-ce6 (Fig. 3.11b and 3.11f), a slight 

depression of the cell surfaces was observed. When 20 Jcm
-2

 was applied to 0.25 µM 

pL-ce6 sensitized S aureus and MRSA, the cell surfaces were crenulated (Fig. 3.11c 

and Fig. 3.11g). For PDI doses of 1 µM pL-ce6 and 20 Jcm
-2

 of light, the cell surfaces 

were irregular and remarkably dented (Fig. 3.11d and Fig. 3.11h).  
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S. aureus (ATCC 25923)     MRSA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Scanning Electron Micrographs of pL-ce6-treated S. aureus (ATCC 25923) 

and MRSA  

Magnification of figures (a) to (h) was 30,000X. The red arrows indicate the distorted 

structure of the cell membranes. 

b. cells with 1 µM pL-ce6 in the dark     f. cells with 1 µM pL-ce6 in the dark 

d 

c 

c. cells with 0.25 µM pL-ce6 at 20 Jcm
-2  

 g. cells with 0.25 µM pL-ce6 at 20 Jcm
-2

 

d. cells with 1 µM pL-ce6 at 20 Jcm
-2 

   h. cells with 1 µM pL-ce6 at 20 Jcm
-2
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h 

a. control cells                 e. control cells 

a 
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 The scanning electron micrographs of pL-ce6-treated E. coli (ATCC 25922) 

and pL-ce6-treated ESBL-producing E. coli are shown in Fig. 3.12. The untreated   

E. coli and untreated ESBL-producing E. coli had a smooth cell surface (Fig. 3.12a 

and Fig. 3.12e). After sensitizing with 1 µM pL-ce6 in the dark (Fig. 3.12b and Fig. 

3.12f), slight depressions of the cell surfaces was observed on pL-ce6 sensitized cells. 

As for the E. coli (ATCC 25922) and ESBL-producing E. coli treated with 0.25 µM 

pL-ce6 and 20 Jcm
-2

 of light (Fig. 3.12c and Fig. 3.12g), the cells were collapsed and 

some indentations were found on the cell surface. At 1 µM pL-ce6 and 20 Jcm
-2

 of 

light, the cell surfaces of E. coli (ATCC 25922) and ESBL-producing E. coli were 

rough and crenulated and more prominent indentations were seen (Fig. 3.12d and   

Fig. 3.12h). 
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c. cells with 0.25 µM pL-ce6 at 20 Jcm
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  g. cells with 0.25 µM pL-ce6 at 20 Jcm
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d. cells with 1 µM pL-ce6 at 20 Jcm
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     h. cells with 1 µM pL-ce6 at 20 Jcm
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Figure 3.12 Scanning electron micrographs of pL-ce6-treated E. coli (ATCC 25922) 

and ESBL-producing E. coli 

Magnification of figures (a) to (h) was 10,000X. The red arrows indicate the distorted 

structure of the cell membranes. 
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 The morphological changes of PEI-ce6 treated S. aureus strains and E. coli 

strains were analyzed by SEM (Fig. 3.13-3.14). As shown in Fig 3.13a and Fig 3.13e, 

untreated S. aureus (ATCC 25923) and untreated MRSA had a smooth cell surface. 

After incubating with 0.5 µM PEI-ce6 in the dark (Fig. 3.13b and Fig 3.13f), slight 

depressions of the cell surfaces were observed. When 20 Jcm
-2

 was applied to    

0.125 µM PEI-ce6 sensitized S aureus, the cell surfaces were wrinkled (Fig. 3.13c and 

Fig 3.13g). Further increasing PDI doses to 0.5 µM PEI-ce6, 20 Jcm
-2

, resulted in 

irregular cell surfaces and prominent indentations (Fig. 3.13d and Fig 3.13h). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



101 

 S. aureus (ATCC 25923)        MRSA 

 

 

 

 

 

 

 

 

 

 

a. control cells                 e. control cells 

 

 

 

 

 

 

 

 

 

 

b. cells with 0.5 µM PEI-ce6 in the dark    f. cells with 0.5 µM PEI-ce6 in the dark 

 

 

 

 

 

 

 

 

 

 

 

c. cell with 0.125 µM PEI-ce6 at 20 Jcm
-2

    g. cell with 0.125 µM PEI-ce6 at 20 Jcm
-2
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h. cells with 0.5 µM PEI-ce6 at 20 Jcm
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Figure 3.13 Scanning electron micrographs of PEI-ce6 treated S. aureus  (ATCC 

25923) and MRSA 

Magnification of figures (a) to (h) was 30,000X. The red arrows indicate the distorted 

structure of the cell membranes. 
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 The scanning electron micrographs of PEI-ce6 treated E. coli (ATCC 25922) 

and ESBL-producing E. coli are shown in Fig. 3.14. The untreated E. coli and 

untreated ESBL-producing E. coli had a smooth cell surface (Fig. 3.14a and Fig. 

3.14e). After sensitizing with 2 µM PEI-ce6 in the dark (Fig. 3.14b and Fig. 3.14f), 

slight depressions of the cell surfaces were observed on PEI-ce6 sensitized cells. As 

for the E. coli (ATCC 25922) and ESBL-producing E. coli treated with 0.25 µM 

PEI-ce6 and 30 Jcm
-2 

(Fig. 3.14c and Fig. 3.14g), the cells appeared ‘collapsed’ and 

some indentations were observed on the cell surface. At 2 µM PEI-ce6 and 30 Jcm
-2

, 

the cell surfaces of E. coli (ATCC 25922) and ESBL-producing E. coli were rough and 

crenulated; more prominent indentations were seen (Fig. 3.14d and Fig. 3.14h). 
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 E. coli (ATCC 25922)            ESBL-producing E. coli  
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d. cells with 2 µM PEI-ce6 at 30 Jcm
-2           

h. cells with 2 µM PEI-ce6 at 30 Jcm
-2 

 

Figure 3.14 Scanning electron micrographs of PEI-ce6-treated E. coli (ATCC 25922) 

and ESBL-producing E. coli  

Magnification of figures (a) to (h) was 10,000X. The red arrows indicate the distorted 

structure of the cell membranes. 
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3.3.9 Uptake of PS by bacterial cells 

 The different killing effect seen in S. aureus strains and E. coli strains is 

dependent upon their uptake of pL-ce6 and PEI-ce6. The uptake of pL-ce6 (0.25-1 µM) 

by S. aureus (ATCC 25923), an MRSA, E. coli (ATCC 25922) and an 

ESBL-producing E. coli after 30 minutes of incubation is shown in Fig. 3.15. When 

the S. aureus (ATCC 25923) was sensitized with increasing concentration of pL-ce6 

(0.25-1 µM), the mean cell fluorescence intensity was increased to 15, 25 and 55 

(arbitrary units as provided by the flow cytometer). For MRSA, the mean cell 

fluorescence was increased to 20, 30 and 60 (Fig. 3.15). For the E. coli (ATCC 25922) 

and ESBL-producing E. coli, their mean cell fluorescence intensity was increased 

from 5, 10 and 25 (Fig. 3.15). The uptake of pL-ce6 by all four strains was drug 

concentration dependent. S. aureus strains showed a greater drug uptake of pL-ce6 

when compared to E. coli strains (p < 0.001). 
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Figure 3.15 Uptake of pL-ce6 by the tested strains using flow cytometry 

S. aureus (ATCC 25923), an MRSA, E. coli (ATCC 25922) and an ESBL-producing   

E. coli (1 x 10
8
 cells/mL) were sensitized with pL-ce6 (0.25-1 µM) for 30 minutes, 

followed by washing with PBS and then subjected to flow cytometric analysis. The 

uptakes of pL-ce6 by all four strains were drug concentration dependent. This graph 

shows the background standardised mean fluorescence intensity of the tested strains. The 

values shown are means of at least three independent experiments and each measured in 

triplicate. Bars indicate ± SD. Drug uptake of S. aureus strains was greater than that of  

E. coli strains. *** = p < 0.001 by two way ANOVA for comparison between the      

S. aureus strains and E. coli strains. 
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 The uptake of 0.125-1 µM PEI-ce6 by the tested bacterial strains after 30 

minutes of incubation is shown in Fig. 3.16. When the S. aureus (ATCC 25923) was 

sensitized with increasing concentration of PEI-ce6 (0.125-1 µM), the mean cell 

fluorescence intensity was increased to 0.6, 9 and 15 (arbitrary units as provided by 

the flow cytometer), while for MRSA, the mean cell fluorescence was increased to 0.6, 

11 and 19 (Fig. 3.16). For the E. coli (ATCC 25922) and ESBL-producing E. coli 

sensitized with (0.5-2 µM), their mean cell fluorescence intensity was increased from 

17, 27 and 43 (Fig. 3.16). The uptake of PEI-ce6 by these four tested bacterial strains 

was shown to be drug concentration dependent. E. coli strains showed a greater drug 

uptake of PEI-ce6 when compared to S. aureus strains (p < 0.001). 
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Figure 3.16 Uptake of PEI-ce6 by the tested strains by flow cytometry  

S. aureus (ATCC 25923) and an MRSA (1 x 10
8
 cells/mL) were sensitized with 

PEI-ce6 (0.125-1 µM) for 30 minutes, whereas E. coli (ATCC 25922) and an 

ESBL-producing E. coli (1 x 10
8
 cells/mL) were sensitized with PEI-ce6 (0.5-2 µM) 

for 30 minutes, respectively, followedwashing with PBS and then subjected to flow 

cytometric analysis. The uptake of PEI-ce6 by all four strains was drug concentration 

dependent. E. coli showed a greater drug uptake when compared to S. aureus. This 

graph shows the background standardised fluorescence intensity. The values shown 

are means of at least three independent experiments and each measured in triplicate.         

Bars indicate ± SD. *** = p < 0.001 by two way ANOVA for comparison between the  

S. aureus strains and E. coli strains. 
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 3.3.10 Membrane integrity 

 In order to assess the pL-ce6 and PEI-ce6-mediated permeability effect on 

the cytoplasmic membrane of S. aureus strains and E. coli strains, the treated cells   

(S. aureus (ATCC 25923), an MRSA, E. coli (ATCC 25922) and an ESBL-producing 

E. coli) were stained with PI and analyzed by flow cytometric methods. Percentage of 

membrane damaged cells with respect to different PDI doses are shown in     

Tables 3.4-3.6. The percentage of damaged cells is calculated by the number of cells 

damaged in the experimental set-up minus the number of cells damaged in the control 

set-up.  

 The percentage of membrane damaged cells increased with the PDI doses. 

The four bacterial strains receiving 0.25 µM pL-ce6 at 20 Jcm
-2

 had more than 70% 

cell membrane damage whereas dark toxicity resulted in less than 10% damaged cells. 

The cells receiving 0.5 µM and 1 µM pL-ce6 at 20 Jcm
-2

 treatments had more than 

80% cell damage, however, these doses gave a dark toxicity of greater than 10%. 

 For the S. aureus (ATCC 25923) and MRSA treated with PEI-ce6 (0.25, 0.5, 

1 µM) at 20 Jcm
-2

, 70%-80% of the cells showed membrane damage. When these two 

tested cell types were sensitized with PEI-ce6 (0.25-1 µM) only, the dark toxicity was 

less than 10%. For the E. coli (ATCC 25922) and ESBL-producing E. coli treated with 

0.25-2 µM PEI-ce6 and 20 Jcm
-2 

of light, the percentage of cells with membrane 

damage was increased from 45% to >80%. When these two tested cells were 

sensitized with PEI-ce6 (0.25-2 µM) only, the dark toxicity was less than 10%. Over 

90% of cells with membrane damaged was seen in the heat-treated controls cells. As 

the PEI-ce6-mediated membrane damaging effect was in good agreement with its 
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photodestruction effect upon the tested bacteria, we suggest that the cytoplasmic 

membrane is one of the major sites for pL-ce6 to exert its killing effect. 
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Table 3.4: Percentage of PI stained cells with cell membrane damage among pL-ce6- 

treated and pL-ce6-mediated PDI bacterial strains by flow cytometry. Data 

(mean ± SD) obtained from at least three independent experiments and 

each measured in triplicate. 

Membrane damage (%) 

Bacterial strain 
pL-ce6 concentration 

(µM) / Heat control 0 Jcm
-2

 20 Jcm
-2

 

0 0 0 

0.25 7 ± 0.9 79 ± 4.1 

0.5 12 ±1.3 85 ± 3.3 

1 18 ± 1.1 82 ± 3.8 

S. aureus (ATCC 25923) 

Heat control 92 ± 2.5  

0 0 0 

0.25 5 ± 0.6 74 ± 5.3 

0.5 12 ± 1.0 86 ± 4.0 

1 18 ± 1.1 81 ± 4.6 

MRSA 

Heat control 91 ± 3.3  

0 0 0 

0.25 7 ± 0.7 73 ± 5.1 

0.5 12 ± 0.6 89 ± 4.0 

1 20 ± 2.7 84 ± 2.9 

E. coli (ATCC 25922) 

Heat control 93 ± 6.4  

0 0 0 

0.25 7 ± 0.5 80 ± 3.0 

0.5 13 ± 1.5 86 ± 4.7 

1 20 ± 3.8 84 ± 2.4 

ESBL-producing E. coli 

Heat control 93 ± 3.6  

 

 



 111 

Table 3.5: Percentage of PI stained cells with cell membrane damage among 

PEI-ce6-treated and PEI-ce6-mediated PDI S. aureus strains by flow 

cytometry. Data (mean ± SD) obtained from at least three independent 

experiments and each measured in triplicate.  

Membrane damage (%) 

Bacterial strain 
PEI-ce6 concentration  

(µM) / Heat control 
0 Jcm

-2
 20 Jcm

-2
 

0 0 0 

0.125 3 ± 0.2 56 ± 2.3 

0.25 6 ± 1.2 74 ± 2.4 

0.5 8 ± 1.2 82 ± 3.0 

1 10 ± 1.6 77 ± 6.7 

 

 

S. aureus (ATCC 25923) 

Heat control 92 ± 2.5  

0 0 0 

0.125 3 ± 0.6 52 ± 4.4 

0.25 5 ± 0.8 72 ± 1.5 

0.5 8 ± 0.7 82 ± 3.4 

1 10 ± 1.2 77 ± 4.5 

MRSA 

Heat control 90 ± 3.3  
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Table 3.6: Percentage of PI stained cells with cell membrane damage among 

PEI-ce6-treated and PEI-ce6-mediated PDI E. coli strains by flow cytometry. Data 

(mean ± SD) obtained from at least three independent experiments and each measured 

in triplicate. 

Membrane damage (%) 
Bacterial strain 

PEI-ce6 concentration  

(µM) / Heat control 
0 Jcm

-2
 20 Jcm

-2
 

0 0 0 

0.25 2 ± 0.6 44 ± 2.9 

0.5 4 ± 0.6 60 ± 2.8 

1 7 ± 1.0 86 ± 4.4 

2 10 ± 1.6 81 ± 6.0 

E. coli (ATCC 25922) 

Heat control 93 ± 6.4  

0 0 0 

0.25 2 ± 0.9 46 ± 3.0 

0.5 5 ± 0.6 65 ± 2.5 

1 6 ± 0.7 88 ± 1.9 

2 10 ± 1.6 87 ± 2.7 

ESBL-producing E. coli 

Heat control 93 ± 3.6  
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3.3.11 Outer membrane permeabilization assay for ESBL-producing E. coli 

 In order to study the interaction of pL-ce6, PEI-ce6 and E. coli, the release of 

β-lactamase into the
 
culture medium was measured using nitrocefin as a substrate. An 

ESBL-producing E. coli isolate was used as the test model in this assay. The release of 

β-lactamase from ESBL-producing E. coli under a range of PS concentrations and 

light doses is shown in Fig. 3.17 and Fig. 3.18. When the ESBL-producing E. coli (1 x 

10
8
 cells/mL) were sensitized with pL-ce6 or PEI-ce6 in the dark, release of 

β-lactamase was statistically insignificant when compared to the dark controls (p > 

0.05 by one way ANOVA). At 20 Jcm
-2

, the release of β-lactamase from the cells 

treated with 0.5 µM pL-ce6 increased 2-fold when compared with the release of 

β-lactamase from the cells treated with 0.25 µM pL-ce6. The release of β-lactamase 

reached its maximum at 0.5 µM pL-ce6 and 20 Jcm
-2

. When the cells were treated 

with a higher concentration of PS (1 µM pL-ce6) at the same light dose, there was a 

33% decrease of β-lactamase activity compared with its maximum reading. 

  Similar results were also observed for the PEI-ce6-mediated PDI. At 30 

Jcm
-2

, the release of β-lactamase from the cells treated with 1 µM PEI-ce6 increased 

by around 3-fold when compared with the release of β-lactamase from the cells treated 

with 0.5 µM PEI-ce6. The release of β-lactamase reached its maximum at 1 µM 

PEI-ce6 and 30 Jcm
-2

. When the cells were treated with a higher concentration of PS 

(2 µM PEI-ce6) at the same light dose, there was a 40% decrease of the β-lactamase 

activity compared with its maximum reading. 
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Figure 3.17 Measurement of periplasmic β-lactamase released from ESBL-producing 

E. coli after pL-ce6-mediated PDI 

ESBL-producing E. coli with density of 1 x 10
8
 cells/mL was sensitized with pL-ce6 

(0.25-1 µM) and light (0 and 20 Jcm
-2

), the release of β-lactamase from 

ESBL-producing E. coli was measured by spectrophotometer at 492 nm. Nitrocefin 

was used as a substrate to determine the β-lactamase activity. The release of 

β-lactamase reached its maximum at 0.14 with 0.5 µM pL-ce6 and 20 Jcm
-2

. The 

values were shown as means of at least two independent experiments in duplicate and 

bars indicate ± SD. * = p < 0.05; ** = p < 0.01; *** = p < 0.001 by two way ANOVA 

(compare to the dark controls) 
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Figure 3.18 Measurement of periplasmic β-lactamase released from ESBL-producing 

E. coli after PEI-ce6-mediated PDI 

ESBL-producing E. coli with density of 1 x 10
8
 cells/mL was sensitized with PEI-ce6 

(0.25-2 µM) and light (0-30 Jcm
-2

), the release of β-lactamase from ESBL-producing 

E. coli was measured by spectrophotometer at 492 nm. Nitrocefin was used as a 

substrate to determine the β-lactamase activity. The release of β-lactamase reached 

0.14 at 1 µM PEI-ce6 and 30 Jcm
-2

. The values are means of at least two independent 

experiments in duplicate and bars indicate ± SD. * = p < 0.05; ** = p < 0.01;          

*** = p < 0.001 by two way ANOVA (compare to the dark controls) 

 

 

 

 

 

 

0.5 1.0 1.5 2.0 2.5

-0.05

0.00

0.05

0.10

0.15

0.20 0 Jcm
-2

20 Jcm
-2

30 Jcm
-2

***

*

***

***
***

Concentration of PEI-ce6 (µµµµM)

A
b

s
o

rb
a
n

c
e
 a

t 
4
9
2
 n

m



 116 

3.3.12 Inner membrane permeabilization assay for E. coli (ATCC 25922)   

  and ESBL-producing E. coli 

 The ability of pL-ce6 and PEI-ce6 to permeate the inner membrane of E. coli 

(ATCC 25922) and an ESBL-producing E. coli was examined by measuring the 

release of β-galactosidase into the culture medium. The activity of the released 

β-galactosidase was determined using ONPG as a substrate and the result is shown in 

Fig. 3.19 and Fig. 3.20. pL-ce6 (0.25-1 µM) and PEI-ce6 (0.25-2 µM) permeated the 

inner membrane in a dose-dependent manner.  

 When the ESBL-producing E. coli were sensitized with pL-ce6 and PEI-ce6 

without light activation, the release of β-galactosidase was insignificant (p > 0.05 one 

way ANOVA). It was observed that the trend of β-galactosidase release into the 

culture medium was very similar to that of release of β-lactamase. At 20 Jcm
-2

, the 

release of cytoplasmic β-galactosidase from the E. coli (ATCC 25922) treated with 0.5 

µM pL-ce6 increased by 50% compared with the cells treated with 0.25 µM pL-ce6. 

The release of cytoplasmic β-galactosidase reached 0.022 at 0.5 µM pL-ce6 and 20 

Jcm
-2

. When E. coli (ATCC 25922) was treated with a higher concentration of PS   

(1 µM pL-ce6) at the same light dose, there was a 35% decrease of the β-galactosidase 

activity compared with its maximum reading (Fig 3.19a). 

  At 20 Jcm
-2

, the release of cytoplasmic β-galactosidase from the 

ESBL-producing E. coli treated with 0.5 µM pL-ce6 increased by 20% when 

compared with the cells treated with 0.25 µM pL-ce6. The release of cytoplasmic 

β-galactosidase reached 0.022 at 0.5 µM pL-ce6 and 20 Jcm
-2

. When ESBL-producing 

E. coli was treated with a higher concentration of PS (1 µM pL-ce6) at the same light 
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dose, there was a 20% decrease of the β-galactosidase activity compared with its 

maximum reading (Fig. 3.19b). 

 At 30 Jcm
-2

, the release of cytoplasmic β-galactosidase from the E. coli 

(ATCC 25922) treated with 1 µM PEI-ce6 increased by 2-fold compared with the cells 

treated with 0.5 µM PEI-ce6. The release of cytoplasmic β-galactosidase reached 

0.022 at 1 µM PEI-ce6 and 30 Jcm
-2

. When E. coli (ATCC 25922) was treated with a 

higher concentration of PS (2 µM PEI-ce6) at the same light dose, there was an 

approximately 20% decrease of the β-galactosidase activity compared with its 

maximum reading (Fig 3.20a). 

  At 30 Jcm
-2

, the release of cytoplasmic β-galactosidase from the 

ESBL-producing E. coli treated with 1 µM PEI-ce6 increased 1.5-fold compared with 

the cells treated with 0.5 µM PEI-ce6. The release of cytoplasmic β-galactosidase 

reached 0.021 at 1 µM PEI-ce6 and 30 Jcm
-2

. When ESBL-producing E. coli was 

treated with a higher concentration of PS (2 µM PEI-ce6) at the same light dose, there 

was a 22% decrease of the β-galactosidase activity compared with its maximum 

reading (Fig 3.20b). 
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Figure 3.19 Measurement of pL-ce6-mediated release of β-galactosidase from E. coli 

(ATCC 25922) and ESBL-producing E. coli 

E. coli (ATCC 25922) (a) and ESBL-producing E. coli (b) with density of 1 x 10
8
 

cells/mL were sensitized with pL-ce6 (0.25-1 µM) and light (0 and 20 Jcm
-2

), the 

release of cytoplasmic β-galactosidase from the E. coli strains were measured by 

spectrophotometer at 405 nm. ONPG was used as the substrate to determine the 

β-galactosidase activity. At 0.5 µM pL-ce6 and 20 Jcm
-2

, the release of cytoplasmic 

β-galactosidase from E. coli (ATCC 25922) and ESBL-producing E. coli both reached 

0.022. The values were shown as means of at least two independent experiments in 

duplicate and bars indicate ± SD. * = p < 0.05; ** = p < 0.01; *** = p < 0.001 by two 

way ANOVA (compare to the dark controls) 
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Figure 3.20 Measurement of PEI-ce6-mediated release of β-galactosidase from E. coli 

(ATCC 25922) and ESBL-producing E. coli.  

E. coli (ATCC 25922) (a) and an ESBL-producing E. coli (b) with density of 1 x 10
8
 

cells/mL were sensitized with PEI-ce6 (0.25-2 µM) and light (0-30 Jcm
-2

), the release 

of cytoplasmic β-galactosidase from the E. coli strains were measured by 

spectrophotometer at 405 nm. ONPG was used as the substrate to determine the 

β-galactosidase activity. At 1 µM PEI-ce6 and 30 Jcm
-2

, the release of cytoplasmic 

β-galactosidase from E. coli (ATCC 25922) and ESBL-producing E. coli reached 

0.022 and 0.021, respectively. The values were shown as means of two independent 

experiments in duplicate and bars indicate ± SD. * = p < 0.05; ** = p < 0.01;        

*** = p < 0.001 by two way ANOVA (compare to the dark controls). 
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3.4 Discussion  

 With the majority of research efforts focused on MRSA, the increasing levels 

of resistant gram-negative pathogens have gone unnoticed. ESBL-producing E. coli is 

a hospital-acquired pathogen which become problematic. Strains producing ESBLs 

are resistant to penicillins, oxyimino cephalosporins and monobactams. Furthermore, 

they often show multi-resistance to aminoglycosides and fluoroquinolones (Paterson 

& Bonomo, 2005; Rodriguez-Bano & Navarro, 2008). In our study, the majority of the 

collected isolates were resistant to penicillins, as well as second-generation and 

third-generation cephalosporins. More than 70% of the isolates were resistant to 

fluoroquinolones, while about half of the tested isolates were resistant to one of the 

aminoglycosides (gentamicin).  

 Ho et al. (2007b) examined the antimicrobial resistance profile in urinary   

E. coli isolates from local women, and reported that 6.6% of the isolates in 2004 and 

10% of the isolates in 2005 were ESBL-producing E. coli. Among the 

ESBL-producing E. coli isolates, all of them were resistant to ampicillin. Sixty-eight 

point five percent and 66.3% of the ESBL-producers were resistant to ciprofloxacin 

and co-trimoxazole, respectively. In our study, we also demonstrated that all 

ESBL-producers were resistant to ampicillin (Table 3.2). The resistance rate of 

ciprofloxacin and co-trimoxazole (trimethoprim/sulfamethoxazole) were 69.4% and 

59.6%, respectively. Although our isolates were collected from various specimen types, 

such as urine and wound swabs, their resistance pattern were in good agreement with 

Ho et al.’s (2007b).  

 In a study involving 6 provinces in China from 1998 to 2002, 50 

ESBL-producing E. coli and ESBL-producing K. pneumoniae were collected. Of these 
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isolates, less than 20% were susceptible to some β-lactam/β-lactamase inhibitor 

combinations, such as amoxicillin/clavulanic acid, ampicillin/sulbactam and 

ticarcillin/clavulanic acid. The investigators suggested that cefotaxime was a major 

substrate for the ESBL isolates in China (Yu et al., 2007). We also found that most of 

our ESBL isolates were resistant to cefotaxime. 

 Since the mid-1990s, the prevalence of CTX-M-type ESBL among the 

clinical isolates of Enterobacteriaceae has dramatically increased in Europe and Asia. 

Their emergence complicated the detection of ESBL-producers. It was reported that 

CTX-M enzymes related primarily to isolates obtained from inpatients in Asian 

countries (Bonnet, 2004). In this study, the blaCTX-M gene was identified as the 

predominant gene in ESBL-producing E. coli. Overall, the most prevalent genotype of 

ESBL-producing E. coli were the isolates with the blaCTX-M gene only (45.63%) (Table 

3.3). The second most prevalent type were the isolates with the blaTEM and blaCTX-M 

genes (35.92%). The isolates with the blaTEM, blaSHV and blaCTX-M genes were also 

identified. However, results from another local study concerning the predominant 

ESBL type among urinary isolates from women deviated from ours. The different 

findings between this study and Ho et al’s. study are listed in Table 3.7. The 

investigators showed that the blaCTX-M gene was identified in all (42 isolates) urinary 

ESBL-producing E. coli. Among them, blaTEM was found in 26 isolates and blaSHV 

was found in one isolate. No isolate was reported as having three β-lactamase genes. 

Therefore, the most prevalent genotype of ESBL-producing E. coli in their study was 

the isolates with the blaCTX-M and blaTEM genes (Ho et al., 2007a).  
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Table 3.7 Comparsion of the distribution frequency of β-lactamase genes in 

ESBLs-producing E. coli from Ho’s et al. (2007a) study with our study 

β-lactamase genes detected by PCR 

blaTEM blaSHV blaCTX-M None 

Ho’s et al. study 

(2007a) 

No. of identified 

isolates = 42 (%) 

Our study 

No. of identified 

isolates = 103 (%) 

�    0 (0%) 1 (0.97%) 

  �  15 (35.7%) 47 (45.63%) 

�  �  26 (61.9%) 37 (35.92%) 

 � �  1 (2.4%) 5 (4.85%) 

� � �  0 (0%) 9 (8.73%) 

   � 0 (0%) 4 (3.88%) 

     

 

 The different findings seen between this study and Ho et al’s. may be due to the 

difference in the target source. In our study, the isolates were obtained from 

hospitalized inpatients. We were studying the predominant ESBL type in the hospital 

setting, and the urinary CTX-M-type ESBL-producing E. coli were mainly isolated 

from outpatients whereas Ho et al. focused on the predominant ESBL type in the 

community. It was reported that the blaTEM-1 gene often coexist with the blaCTX-M gene 

on the same plasmid and there is a possible association of blaCTX-M gene with blaTEM-2, 

blaOXA-1-type, and blaSVH-type genes (Sabate et al., 2000; Karim et al., 2001; Bonnet, 

2004). Although there are some deviations between Ho et al’s. study and our findings, 

both our studies demonstrated that CTX-M-type ESBL is the most common genotype 

of ESBL-producing E. coli in Hong Kong. 

In the early 1990s, Enterobacteriaceae producing CTX-M enzymes became 

prevalent in South America. By the late 1990s, the occurrence of these 

Enterobacteriaceae was reported from many parts of the world. More than 70 

different types of CTX-M β-lactamase have been reported so far. According to their 

amino acid identities, they can be divided into 6 groups and are listed in Table 3.8 
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(Pitout et al., 1997; Bonnet, 2004; Rossolini et al., 2008).  

Table 3.8 CTX-M β-lactamase clusters and its members 

CTX-M clusters  Membranes within the clusters 

CTX-M-1 

(cluster members: 24) 

CTX-M-1, CTX-M-3, CTX-M-10, CTX-M-11, 

CTX-M-12, CTX-M-15 (UOE-1), CTX-M-22, 

CTX-M-23, CTX-M-28, CTX-M-29, CTX-M-30, 

CTX-M-32, CTX-M-33, CTX-M-36, CTX-M-54, 

CTX-M-34, CTX-M-37, CTX-M-42, CTX-M-52, 

CTX-M-53, CTX-M-57, CTX-M-58, CTX-M-60, 

CTX-M-61 

CTX-M-2 

(cluster members: 10) 

CTX-M-2, CTX-M-4, CTX-M-6, CTX-M-7, 

CTX-M-20, CTX-M-31, CTX-M-44 (Toho-1), 

CTX-M-5,      CTX-M-35,    CTX-M-43 

CTX-M-8 

(cluster members: 3) 
CTX-M-8,    CTX-M-40,    CTX-M-63 

CTX-M-9 

(cluster members: 20) 

CTX-M-9, CTX-M-13, CTX-M-14, CTX-M-16, 

CTX-M-17, CTX-M-18, CTX-M-19, CTX-M-24, 

CTX-M-27, CTX-M-45 (Toho-2), CTX-M-46, 

CTX-M-47, CTX-M-48, CTX-M-49, CTX-M-50, 

CTX-M-21, CTX-M-38, CTX-M-51, CTX-M-55, 

CTX-M-65 

CTX-M-25 

(cluster members: 4) 

CTX-M-25,   CTX-M-26,   CTX-M-39,  

CTX-M-41 

Unclassified 

(cluster members: 14) 

CTX-M-56, CTX-M-59, CTX-M-62, CTX-M-64, 

CTX-M-66, CTX-M-67, CTX-M-68, CTX-M-69, 

CTX-M-70, CTX-M-71, CTX-M-72, CTX-M-73, 

CTX-M-74, CTX-M-75, 

Data adapted from Pitout et al., 1997; Bonnet, 2004; Rossolini et al., 2008 and Lahey 

(http://www.lahey.org/studies; last assessed 31 July, 2008). 
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In the Argentinean public hospitals, about two-thirds of all ESBLs were 

CTX-M type (Quinteros et al., 2003). A similar situation was also observed in Japan, 

Taiwan and China (Munday et al., 2004).  

In Spain, CTX-M-9 and CTX-M-14 are the most frequent ESBLs in 

Enterobacteriaceae (Hernandez et al., 2005; Novais et al., 2006). CTX-M-2 is 

common in most South American countries and Israel (Ben-Ami et al., 2006; Canton 

& Coque, 2006;). CTX-M-2 and CTX-M-3 are predominant in Japan (Yagi et al., 

2000; Yamasaki et al., 2003). In China, CTX-M-3, CTX-M-9, CTX-M-13, and 

CTX-M-14 enzymes have been isolated from E. coli, K. pneumoniae and E. cloacae 

strains (Chanawong et al., 2002; Xiong et al., 2002; Li et al., 2003; Wang et al., 2003; 

Munday et al., 2004). 

In Taiwan, inter- and intra-hospital clonal dissemination of 

CTX-M-3-producing and CTX-M-14-producing K. pneumoniae were reported during 

the period of 1998 to 2000 in 24 hospitals. Subsequently, these two enzymes were also 

identified in E. coli and E. cloacae (Yu et al., 2002; Ma et al., 2005; Yu et al., 2006). 

 In our study, our main focus was to investigate the antimicrobial effect of the 

proposed PSs on the clinical MDR pathogens. Thus, sequence analysis of the 

β-lactamase gene was not applied to all collected ESBLs-producing E. coli isolates. 

Only one isolate with the blaTEM and blaCTX-M genes was subjected to sequencing 

analysis to re-confirm its genotype and phenotype. It was identified as carrying the 

blaTEM-1 and blaCTX-M-14 genes. A recent local study reported that CTX-M-14 was the 

predominant ESBL type among urinary isolates from women (Ho et al., 2007a). 

Considering these reports and comparing the predominant molecular types of CTX-M 
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enzymes with nearby regions and countries, we suggest that CTX-M-14 is likely the 

predominant CTX-M type ESBL among the clinical ESBL-producing E. coli isolates. 

 Over the last few years, there has been an increasing frequency of 

ESBL-producing Enterobacteriaceae outbreaks in hospitals and the responsible strains 

are often characterized by their co-resistance to multiple drugs (Meyer et al., 1993; 

Grogan et al., 1998; Luzzaro et al., 2001; Rossolini et al., 2008). It is suggested that 

the heavy use of third-generation cephalosporins is considered an important factor for 

selecting the ESBL resistance in these isolates. In addition, Ho et al. also suggested 

that the high fluoroquinolone resistance rate among the local isolates was associated 

with the wide use of fluoroquinolone class antibiotics since the early 1990s (Ho et al., 

2007b). As a result, the multidrug resistant phenotype of the ESBL-producers leaves 

limited therapeutic options for clinical use. 

 It is clear that the CTX-M type ESBLs has emerged in local hospitals and the 

community. Owing to the horizontal gene transfer among the Enterobacteriaceae, 

CTX-M type ESBLs have been identified in local strains of Proteus mirabilis and E. 

coli (Ho et al., 2005, Ho et al., 2007a). Because of the complex characters of these 

strains, highly specific screening methods are needed to identify them. The use of 

molecular epidemiological tests will provide help in detecting and monitoring the 

possible dissemination of CTX-M β-lactamase among Enterobacteriaceae and the 

situation in community and hospital settings. Furthermore, specific infection control 

measures need to be implemented in order to bring an outbreak under control. This 

includes appropriate isolation measures, reinforced hand hygiene procedures, 

environment disinfection measures, and reconsideration of antibiotics policy 

periodically.  
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 The increasing emergence of MDR pathogens along with the limited 

therapeutic treatment options led to a major research effort to find alternative 

antibacterial therapy. There is growing interest in developing PDI to combat these 

MDR pathogens. Due to the complex membrane structure of gram-negative pathogens, 

they show intrinsic resistance to conventional photosensitizers and so pL-ce6 and 

PEI-ce6 were synthesized to eradicate the gram-negative pathogens although these 

were found to be also effective on gram-positive pathogens and yeast. 

 In the earlier part of this study, the presence or absence of excess PS on the 

cells were compared. During the sensitization step, some bacterial cells may not have 

taken up the PS. If the loosely bound or excess PS was removed from the cell 

suspension, only the PS that have been taken up by the cells would exert their 

phototoxic effect on the pathogens. If the excess or loosely bound PS were not 

removed from the cell suspension before illumination, this PS could also be excited 

and produce ROS. This ROS generated would be outside the cell, and may not cause 

fatal damage upon the bacterial cell, but it can cause damage to the outer membrane.  

The damaged outer membrane allows the unexcited PS or ROS to diffuse into the 

inner part of the bacterial cell. The localized PS (inside the cells) also becomes excited 

upon illumination and so induces further photodestruction on the cell. 

 In the previous chapter, we have demonstrated that under the same pL-ce6 

concentration and the same light dose, the PDI effect of pL-ce6 towards E. coli was 

greater than S. aureus (see section 2.3.2). Here, results showed that when the bacterial 

cells were exposed to light in the presence of excess pL-ce6, both S. aureus and E. coli 

strains showed a similar susceptibility to pL-ce6-mediated PDI. However, when there 

was excess pL-ce6 in the cell suspension, no statistically significant difference 

between the phototoxic effect of pL-ce6 towards either S. aureus and E. coli strains 
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was seen (see section 3.3.4). This may be due to the cell membrane structure of      

S. aureus being less complex than that of E. coli.  

  Because E. coli was more suspceptible than S. aureus to pL-ce6-mediated 

PDI, but S. aureus was more susceptible than E. coli to PEI-ce6-mediated PDI, the 

cellular uptake of these two PSs by the tested bacteria was evaluated. Although the 

cellular uptake results and the PDI results did not agree with each other, our findings 

did agree with Demidova and Hamblin’s study (2005) and Tegos et al’s study (2006). 

A possible explanation of these findings as suggested by Demidova and Hamblin’s 

study was that even with a high degree of binding of pL-ce6 to the surface of       

S. aureus, the large molecular weight of the pL-ce6 conjugate (in the region of 22,000) 

reduces its ability to penetrate the outer peptidoglycan of the gram-positive S. aureus 

cell wall. As a result, limited pL-ce6 conjugate can reach the cytoplasmic membrane 

of the S. aureus and exert a phototoxic effect. In the case of PEI-ce6-mediated PDI, it 

is expected that S. aureus are more sensitive to the ROS that is generated in the 

medium than E. coli. Even though S. aureus does not take up as much PEI-ce6 as E. 

coli, it is more susceptible to ROS attack because of the simple structure of the S. 

aureus cell. Hence, the presence of unwashed pL-ce6 and PEI-ce6 greatly enhances 

the photo killing on S. aureus and a similar killing effect on E. coli is seen. 

 We also compared the efficacy of these two PSs on bacteria resuspended in 

broth and in PBS. The results showed that, with the removal of the culture medium 

from the cell suspension, the PDI effect can be triggered at lower drug and light doses. 

If the cells in culture medium are used for PDI study, more PS and a higher light dose 

were required to obtain the same killing effect as that for the cells in PBS. A possible 

reason may be due to the protein in the culture medium impeding the binding of the 

PSs to the bacterial cells.  
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 As mentioned in section 3.3.5, Nitzan et al. (1998) noted that the bacterial 

culture medium is an important factor significantly influencing bacterial PDI 

susceptibility. It was reported that high protein content in brain heart infusion induced 

less killing effect than the low protein nutrient broth. Another study indicated that the 

type of protein in the culture medium and its concentration also affect the 

susceptibility of the bacteria in PDI (Merchat et al., 1996).  

  In chapter two, we have demonstrated that under the same pL-ce6 

concentration and same light dose, the PDI effect of pL-ce6 towards E. coli was 

stronger than S. aureus (see section 2.3.2). Here, it showed that when the bacterial 

cells were exposed to light in the presence of excess pL-ce6, both S. aureus and E. coli 

strains showed similar susceptibility to pL-ce6-mediated PDI (see section 3.3.4).  

  However, in contrast to our findings, Demidova and Hamblin reported that 

the PDI effect of pL-ce6 was stronger on E. coli than on S. aureus in their 

experimental setting. In addition, S. aureus cannot grow at high concentrations of 

pL-ce6 (0.75 µM) in the dark (Demidova & Hamblin, 2005). It is believed that the 

high concentration of PS increases their chance of penetrating the cell wall of       

S. aureus and so cause toxicity. This theory is confirmed as increasing the drug 

concentrations or increasing incubation time between cell and drug also resulted in an 

increased toxicity effect. So the contradiction of our findings and Demidova and 

Hamblin could be due to the longer incubation time used by us. The chance of PS to 

be taken up by S. aureus is increased and more cells can be eradicated. 

 In order to test whether pL-ce6 and PEI-ce6 exhibited the same killing effect 

among the MRSA isolates and the ESBL-producing E. coli isolates, ten isolates from 
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each group were treated under the same drug and light dose. The data showed that the 

efficacy of pL-ce6-mediated PDI and PEI-ce6-mediated PDI would not be affected by 

the antibiotic resistance mechanism presented by MRSA and ESBL-producing E. coli. 

This implies that pL-ce6 and PEI-ce6 are potential candidates for combating these two 

multi-drug resistance pathogens. 

 The bacterial culture medium will influence the binding of antibacterial 

agents to the bacterial membrane to various degrees. In order to study the main 

interaction between the PSs and the tested bacteria, the protein in the culture medium 

was removed and the bacterial cells were resuspended in PBS before the drug 

sensitization step. The cells in PBS were used for the drug uptake and membrane 

damage study.  

  The cell membrane structure of gram-negative E. coli is more complicated 

than that of gram-positive S. aureus. In addition, the presence of strongly negatively 

charged LPS in the outer membrane offers the gram-negative bacteria a very effective 

permeation barrier to exclude the hydrophobic and large hydrophilic solutes. There is 

no electrostatic charge attraction between the anionic and neutral PSs with the outer 

membrane of gram-negative bacteria membrane. These PSs do not bind well to their 

outer membrane. Thus, they cannot penetrate the permeability barrier and are 

therefore unable to inactivate the gram-negative bacteria (Hamblin & Hasan, 2004; 

Jori & Brown, 2004; Maisch et al., 2004). In contrast, positively charged PS or 

cationic PS-conjugates potentially favour the binding to the negatively charged 

bacterial surface, allowing the gram-negative cells to be photosensitized. For the 

gram-positive bacteria, there is a relatively porous peptidoglycan layer surrounding 

the cytoplasmic membrane. They possess a slightly negatively charged surface and are 

more sensitive to anionic and neutral PS, but cationic PS can also be used to eradicate 
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the gram-positive bacteria (Hamblin & Hasan, 2004; Jori & Brown, 2004; Maisch et 

al., 2004). pL and PEI are two commercially available cationic polymers. Their 

polycationic nature and membrane disorganizing properties allow them to act as 

cationic ligand to conjugate with PS. The resulting polycationic PS, such as 

conjugates between pL and porphycenes, and conjugates between pL and 

meso-substituted porphyrins, demonstrated effective photokilling effect on both 

gram-positive and gram-negative bacteria (Helander et al., 1997; Polo et al., 2000; 

Lauro et al., 2002; Tome et al., 2004). 

 Our study demonstrated that pL-ce6 and PEI-ce6 act similarly on 

gram-negative bacteria. The integrity of the outer membrane was disrupted by the 

binding of pL-ce6 or PEI-ce6 to the gram-negative bacteria as evidenced by the results 

obtained from SEM study and leakage of β-lactamase from the treated cells. It is 

believed that they penetrate the outer membrane of the gram-negative E. coli by a 

“self-promoted uptake” pathway (Hamblin et al., 2002b; Maisch et al., 2004). In this 

process, pL-ce6 and PEI-ce6 interact with the divalent cations that cross-link LPS 

molecules to stabilize the outer membrane. The replacement of divalent cations with 

these two polycationic PS distorts the outer membrane structure and increases the 

outer membrane permeability. This was evident from the increasing leakage of 

β-lactamase from the treated cells with the increasing concentration of PS loaded. 

Another study also indicated that the binding of pL-ce6 to the outer membrane causes 

liberation of a large proportion of LPS (Vaara & Vaara, 1983a; Vaara & Vaara, 1983b). 

However, this has not been reported in the PEI treated cells. 

 The increased permeability of the outer membrane resulted in more PSs 

entering into the bacterial cells. Once the PSs penetrate through the outer membrane, 

they bind with the inner membrane, i.e. the cytoplasmic membrane. The assay 
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measuring the release of β-galactosidase from the treated cells indicated that pL-ce6 

slightly permeated the inner membrane at the PS concentration that exhibited dark 

toxicity. This phenomenon was also expected as it is reported that polylysine would 

interact with cytoplasmic membrane. In contrast, release of β-galactosidase was not 

observed from the PEI-ce6 treated cell. This implies that the binding of PEI-ce6 alone 

did not alter the permeability of inner membrane. It is reported that PEI induces the 

formation of strong folds of the outer membrane of Salmonella typhimurium but it did 

not cause any observable alteration in the cytoplasmic membrane under thin section 

electron microscopy examination (Helander et al., 1998). When the pL-ce6 and 

PEI-ce6 sensitized cells were exposed to light irradiation, massive alterations of the 

inner membrane were observed in both cases and this led to leakage of cytoplasmic 

components (for example, β-galactosidase). The release of β-lactamase and 

β-galactosidase were initially increased with the PS concentration and light doses used. 

For the PS dose and light dose that caused massive photokilling of the bacteria, the 

detectable β-lactamase and β-galactosidase were decreased. This is most probably due 

to the generated ROS or unbounded PS binding to the released β-lactamase and 

β-galactosidase, leading to the inactivation of the enzyme. 

 For the gram-positive S. aureus strains, the pL-ce6-treated bacterial strains 

showed slight depression on their cell surfaces before illumination under electron 

microscopic observation. In contrast, no noticeable cell surface changes were found on 

the PEI-ce6-treated cells. After light was applied, the damaging effect was more 

profound in both pL-ce6-treated and PEI-ce6-treated cells. The treated cells were 

collapsed and wrinkled. These observed bacterial membrane damage effects induced 

by pL-ce6 and PEI-ce6 were found to be consistent with the increased uptake of the 

membrane-impermeable dye, PI among all the S. aureus cells. The increased PI uptake 

of the pL-ce6-sensitized cells and the pL-ce6-mediated PDI cells indicated that slight 
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damaging effects on cytoplasmic membrane can be observed in the pL-ce6 loaded 

cells. But, the binding of PEI-ce6 will not permeate the cytoplasmic membrane of the 

S. aureus cells. The light activation of the membrane-bound PS permeabilized the 

cytoplasmic membrane and caused cytoplasmic constituents to leak with increasing 

drug concentration and light doses. On the basis of the above, it can reasonably be 

postulated that the bacterial membrane was the prime reaction site for pL-ce6 and 

PEI-ce6.   

3.5 Conclusion 

 This study provided information regarding the antimicrobial susceptibility, 

the current prevalence and molecular types of local clinical ESBL-producing E. coli 

isolates. Our results indicated all ESBL-producers were resistant to multiple classes of 

antibiotics. Only amikacin, imipenem and nitrofurantion remain active against nearly 

90% of the isolates. Among the local clinical ESBL-producing E. coli isolates, isolates 

with the blaCTX-M gene were the most prevalent (95.15%). CTX-M-14 is likely the 

predominant CTX-M type ESBLs in Hong Kong. The isolates with the blaTEM and 

blaCTX-M genes coexisting on the same plasmid were also identified and were the 

second most prevalent. The emergence of CTX-M type ESBLs in local hospitals and 

the community is of concern and deserves close monitoring. 

In this study, we demonstrated the efficacy of pL-ce6 and PEI-ce6 on S. aureus 

and E. coli strains. They were able to induce significant PDI effect on all four strains 

at low PS doses and light doses. However, their in vitro PDI effect was influenced by 

the presence of protein in the culture medium. Thus, optimization of the effective PDI 

doses should be determined in further in vivo studies or animal model studies. From 

studying the mode of action, we indicated that pL-ce6 and PEI-ce6 targeted the 
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cytoplasmic membrane of S. aureus and E. coli to exert their photobactericidal effect. 

The understanding of their action on both S. aureus and E. coli strains provided useful 

information on predicting the effectiveness of these two PSs on other bacterial strains. 

These findings might provide useful information for designing other polycationic PSs 

which exhibit stable and broad spectrum antibacterial activity in various PDI 

conditions. In summary, both pL-ce6 and PEI-ce6 exhibit effective photokilling of   

S. aureus, E. coli and their corresponding resistant strains. These data reinforce 

suggestions that these two PSs may be used as an alternative therapeutic regime for 

localized infections caused by gram-positive and gram-negative pathogens. The 

findings also manifest the high potential to develop as an alternative anti-MRSA and 

anti-ESBL-producing E. coli therapeutic options.  
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Chapter 4: Photoinactivation effect of hypericin on clinical isolated      

 pathogens 

4.1 Introduction 

 Increasing prevalence of antibiotic resistance is one of the most pressing 

global public health issues. Over the past few decades, an increasing number of 

commonly occurring bacteria have become antibiotic resistant. In addition, more 

bacteria are becoming MDR and have an increasing tendency to spread around the 

hospital setting and the community. Since these MDR pathogens show resistance to a 

broad range of clinical utility antibiotics, they pose a therapeutic dilemma and it is a 

challenge to prevent these infections from spreading. It is imperative to develop some 

novel antimicrobial agents, and PDI offers an alternative approach to combat these 

MDR pathogens. PDI uses PSs, harmless visible light of specific wavelength and 

oxygen to kill the sensitized bacterial cells under suitable environmental conditions, 

and can be used to treat infections caused by a variety of bacterial species. 

 Hypericin, a natural perylenequinonoid pigment isolated from the plant, 

Hypericum perforatum (St. John’s wort) and related species, has been used as a 

traditional remedy for centuries. It has been documented that it possesses 

antidepressant, antiviral, antitumour and antibacterial effects, while HY has gained 

increasing interest for its potential antitumoural and antiviral applications. In recent 

years, its phototoxic and mechanistic action on various cancerous cells, such as HL-60 

cells and nasopharyngeal carcinoma cells, have been extensively studied (Lavie et al., 

1999; Ali et al., 2002; Kiesslich et al., 2006). However, only a few reports have 

focused on its PDI of bacteria. We have reported that HY exerted PDI effects on both 

methicillin sensitive S. aureus (MSSA) and MRSA but not on E. coli (ATCC 25922), 
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ESBL-producing E. coli, K. pneumoniae and ESBL-producing K. pneumoniae    

(Yow et al., 2006). We suggested that gram-negative bacteria were resistant to HY. It 

is suspected that HY was not able to penetrate the gram-negative bacterial cell 

membrane to reach the target sites and exert its anticipated antimicrobial effect. 

Therefore, it was of interest to explore the mode of action of hypericin-mediated PDI 

(HY-mediated PDI) of both gram-positive and gram-negative pathogens. 

 For antimicrobial agents to be effective, it must bind to the bacterial 

membrane or be able to penetrate the membrane barrier to reach their target site   

(Jori et al., 2006). Due to the differences in membrane structure between 

gram-positive and gram-negative bacteria, HY may exert different inhibition effects. 

In order to gain insight into the mode of action of HY-mediated PDI on proposed 

bacteria, we evaluated the HY-mediated PDI effect on S. aureus (ATCC 25923) and  

E. coli (ATCC 25922), clinical isolates of MRSA and ESBL-producing E. coli. HY 

has been reported as membrane active (Jankowski et al., 2005), and we hypothesized 

that it exerted its photodamage effect through interfering with the membrane. 

Therefore, SEM was used to examine the surface morphological changes of 

HY-treated bacterial cells. The membrane integrity was assessed by measuring the 

leakage of UV-absorbing substances. When a bacterial cytoplasmic membrane is 

damaged, its cytoplasmic constituents, including DNA and RNA would be released 

into the surroundings. These substances can be detected at 260 nm (O’ Neill & Chopra, 

2004).  
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4.2 Materials and methods 

4.2.1 Bacterial strains and susceptibility testing 

 Bacterial strains used in this study were S. aureus (ATCC 25923), E. coli 

(ATCC 25922), clinical isolated MRSA and clinical isolated ESBL-producing E. coli. 

The bacterial isolates used in this study were the same as the group tested in 

experiments detailed in chapter 3. For full details of sample collection and 

identification, please refer to section 2.2.1 and 3.2.2. Their antibiograms are listed in 

appendix 1.   

4.2.2 Photosensitizers  

 Hypericin was purchased from Sigma (St. Louis, MO). One milligram per 

millilitre of HY stock solution was prepared by dissolving it in 100% DMSO. For the 

working solution of HY, the final concentration of DMSO was less than 0.5%. This 

was then stored at 4°C in the dark and used within 2 weeks (Schempp et al., 1999). 

4.2.3 Photodynamic inactivation  

For details on how the cell suspensions were prepared for PDI and how the 

drugs were applied onto the cells, please refer to section 2.2.3 and 3.2.8.  

4.2.4 Scanning Electron Microscopy 

 SEM was used to study the effect of HY upon the morphology of the 

bacteria. Details of cell preparation are given in section 3.2.9.  
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4.2.5 Measurement of leakage of UV-absorbing substances  

 The membrane integrity was examined by detecting the leakage of 

UV-absorbing substances from the treated cells. The untreated and HY-treated (2-8 

µM HY, 15 and 30 Jcm
-2

) cell suspensions were prepared as detailed in section 4.2.3. 

Then the cell suspensions were centrifuged at 6000 g for 10 min. The supernatant was 

aspirated and its absorbance at 260 nm was measured with a spectrofluorophotometer 

(Magellan TECAN, Austria). The assay was performed in duplicate in two 

independent experiments (Chen & Cooper, 2002). 

4.2.6 Drug uptake studies by flow cytometry 

The uptake of hypericin by bacterial cells were measured by Coulter Epics 

Elite ESP flow cytometer (Beckman-Coulter Corporation, Miami, FL, USA) equipped 

with a 15 mW argon ion laser providing excitation at 488 nm. Bacterial suspensions  

(1 x 10
8
 cells/mL) in PBS were incubated with a range of concentration (as detailed in 

the results section) of HY in the dark for 30 minutes. The sensitized cells were 

centrifuged and washed twice with sterile PBS in order to wash away the unbound HY. 

The cells were then resuspended in sterile PBS to give a cell suspension of 1 x 10
8
 

cells/mL for flow cytometric analysis. The cell suspensions were excited and the 

fluorescence intensity, indicating drug uptake, was measured by photomultiplier tube 

with 610 nm long-pass filter. For details of data analysis, please refer to section 3.2.10.  

(As the Coulter Epics Elite ESP flow cytometer was disused during my study period, a 

new replacement Flow Cytometer was used during the latter part of my studies). 
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4.2.7 Statistics 

  Results were analysed using Graphpad Prism software as detailed in section 

3.2.14. 

4.3 Results 

4.3.1 Photodynamic inactivation effect  

The photobactericidal effects of a PS vary between different bacterial species. 

Experiments were conducted to determine the ranges of the light and drug doses that 

would endow a light dose-dependent killing of S. aureus (ATCC 25923), MRSA, E. 

coli (ATCC 25922) and ESBL-producing E. coli. The chosen dose ranges were 

investigated on the bacterial cells (S. aureus (ATCC 25923), MRSA, E. coli (ATCC 

25922) and ESBL-producing E. coli and the results are shown in Fig. 4.1-4.3. The 

phototoxicity of HY was determined from survival fractions, which were expressed as 

the ratios of CFU from treated cultures to CFU from control cultures without light or 

PS. The survival fraction corresponding to 0 Jcm
-2

 indicated the dark toxicity of HY. 

The results demonstrated that there was no significant dark cytotoxicity (p > 0.05 by 

one way ANOVA) observed for any of the included bacterial strains.  

4.3.2 Efficacy of hypericin on S. aureus (ATCC 25923) and MRSA in PBS 

For S. aureus (ATCC 25923) and MRSA, a range of HY concentrations  

(1-8 µM) and light doses (0-30 Jcm
-2

) were applied to both S. aureus strains in PBS. 

As shown in Fig. 4.1, HY-mediated PDI among S. aureus strains were dependent upon 

the drug concentration and the light dose (p < 0.001 by two way ANOVA). The best 
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photokilling effect was obtained with 8 µM HY at 30 Jcm
-2

; under this PDI dose, 

complete killing (6 log) of the S. aureus (ATCC 25923) (Fig. 4.1a) and MRSA    

(Fig. 4.1b) were observed. Increasing the concentration of HY under the same light 

dose resulted in a greater photokilling of both S. aureus strains. A similar degree of 

killing was observed for S. aureus (ATCC 25923) and MRSA at every PS dose and at 

every light dose.  
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Figure 4.1 Hypericin mediated PDI effect on S. aureus (ATCC 25923) and MRSA in 

PBS. 

S. aureus (ATCC 25923) (a) and an MRSA (b) strains in PBS with density of 1 x 10
8
 

cells/mL were incubated with 1-8 µM HY at RT for 30 minutes. They were then 

irradiated with 0-30 Jcm
-2 

light doses. Survival fractions were expressed as ratios of 

CFU from bacteria treated with HY and light over CFU of bacteria treated with the 

same condition but without light and PS. The values shown are means of at least three 

independent experiments in triplicate. Bars indicate ± SD.  
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  In order to test whether the protein content in nutrient broth would affect the 

susceptibility of bacteria towards HY-mediated PDI, S. aureus (ATCC 25923) and 

MRSA in nutrient broth were included in the PDI study and the survival curves are 

shown in Fig 4.2. The killing pattern of S. aureus (ATCC 25923) and MRSA in PBS 

(Fig.4.1a-4.1b) and in nutrient broth (Fig. 4.2a-4.2b) were found to be nearly identical. 

Five point eight log and 6 log killing were observed with 8 µM HY at 30 Jcm
-2

 on   

S. aureus (ATCC 25923) and MRSA in nutrient broth. There was no significant 

difference using two way ANOVA (p > 0.05) in PDI effect using S. aureus cells either 

in PBS or in nutrient broth for the subsequent drug sensitization step.  
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Figure 4.2 Hypericin mediated PDI effect on S. aureus (ATCC 25923) and MRSA in 

nutrient broth. 

S. aureus (ATCC 25923) (a) and MRSA (b) strains in nutrient broth with density of  

1 x 10
8
 cells/mL were incubated with 1-8 µM HY at RT for 30 minutes. Survival 

fractions are expressed as ratios of CFU from bacteria treated with hypericin and light 

over CFU of bacteria treated with the same condition but without light and PS. The 

values shown are means of at least three independent experiments in triplicate and 

bars indicate ± SD. 
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4.3.3 Efficacy of hypericin on E. coli and ESBL-producing E. coli in PBS 

The results of HY-mediated PDI against the E. coli strains in PBS are shown 

in Fig 4.3. When 8 µM hypericin and 30 Jcm
-2

 were delivered to E. coli strains, only 

0.06 log of E. coli (ATCC 25922) (Fig. 4.3a) and ESBL-producing E. coli (Fig. 4.3b) 

were killed. Therefore higher concentrations of HY (20 µM and 40 µM) were 

employed for the PDI study of E. coli strains. As shown in Fig. 4.3a and 4.3b, both   

E. coli strains showed small but identical degrees of killing with increasing drug 

concentration (p > 0.05 by two way ANOVA); both obtained 0.12 log killing at 20 µM 

HY and 30 Jcm
-2 

and 0.18 log killing at 40 µM HY and 30 Jcm
-2

.  
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Figure 4.3 Hypericin mediated PDI effect on E. coli (ATCC 25922) and 

ESBL-producing E. coli.  

E. coli (ATCC 25922) (a) and ESBL-producing E. coli (b) in PBS with density of    

1 x 10
8
 cells/mL were incubated with 8-40 µM HY in the dark for 30 minutes and 

were exposed to light doses of 10-30 Jcm
-2

. The values shown are means of at least 

three independent experiments in triplicate and bars indicate ± SD. 
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4.3.4 Hypericin mediated killing on 10 MRSA isolates 

 In order to test whether the obtained HY-mediated PDI dose was effective 

among MRSA, 10 more MRSA isolates with different antibiotic susceptibility patterns 

were further used in the HY-mediated PDI susceptibility test. Their antibiograms are 

listed in appendix 1. The selected bacterial suspension in PBS was treated with 8 µM 

HY, 30 Jcm
-2

. The result in Fig. 4.4 demonstrated that HY exerted a similar 

bactericidal effect on each tested group (p > 0.05 by one way ANOVA). At 8 µM HY 

and 30 Jcm
-2

, 5.2 to 6 log killing were achieved among the MRSA isolates. These 

results suggest that the efficacy of HY against MRSA was independent of their 

antibiotic resistance patterns. 
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 Figure 4.4 The spectrum of antimicrobial activity of 8 µM HY against ten MRSA isolates. 

Ten selected MRSA isolates in PBS with density of 1 x 10
8
 cells/mL were sensitized with 8 µM HY in the dark for 30 minutes and were 

exposed to light doses of 30 Jcm
-2

. The values shown are means of at least three independent experiments in triplicate and bars indicate 

± SD. 
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4.3.5 Electron microscopic observations 

 The morphological changes of HY-treated S. aureus strains (Fig. 4.5) and   

E. coli strains (Fig.4.6) were analyzed using SEM. As shown in Fig 4.5a and 4.5e,   

S. aureus (ATCC 25923) and MRSA treated only with PBS had a smooth cell surface. 

After sensitizing with 8 µM HY in the dark, slight depressions on the cell surfaces 

were observed on HY sensitized S. aureus strains (Fig. 4.5b and 4.5f). When the     

S. aureus strains were treated with 2 µM HY and 20 Jcm
-2

, the cell surfaces were 

wrinkled (Fig. 4.5c and 4.5g). At 8 µM HY and 20 Jcm
-2

, the cell surfaces were 

irregular and remarkably dented (Fig. 4.5d and 4.5h). In contrast, no such distinctive 

changes could be observed on HY treated E. coli (ATCC 25922) and ESBL-producing 

E. coli. Even when the E. coli (ATCC 25922) and ESBL-producing E. coli were 

subjected to 40 µM HY at 20 Jcm
-2

 (Fig. 4.6b and 4.6d), the cell surface remained as 

smooth as untreated E. coli (Fig. 4.6a and 4.6c).   
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S. aureus (ATCC 25923)     MRSA 

 

 

 

 

 

a. control cells                  e. control cells 

 

 

 

 

 

  b. cells with 8 µM HY in the dark          f. cells with 8 µM HY in the dark 

 

 

 

 

 

  c. cells with 2 µM HY at 20 Jcm
-2 

          g. cells with 2 µM HY at 20 Jcm
-2

 

 

 

 

 

 

d. cells with 8 µM HY at 20 Jcm
-2 

          h. cells with 8 µM HY at 20 Jcm
-2

 

Figure 4.5. Scanning Electron Micrographs of hypericin and light dose PDI responses 

of S. aureus and MRSA.  

Magnification of figure a to h was 30,000X. The red arrows indicate the distorted 

structure of the cell membranes. 
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E. coli (ATCC 25922)           ESBL-producing E. coli  

 

 

 

 

 

a. control cells                  c. control cells 

 

 

 

 

 

  b. cells with 40 µM HY at 20 Jcm
-2         

d. cells with 40 µM HY at 20 Jcm
-2

 

 

Figure 4.6 Scanning Electron Micrographs of hypericin and light dose PDI responses 

of E. coli strains.  

Magnification of figure a to d was 10,000X.  
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4.3.6  Assessment of cell membrane integrity  

As the tested E. coli strains were not susceptible to HY-mediated PDI and 

there was no observable membrane damage on the HY-treated E. coli cells from the 

SEM study, the membrane integrity of HY-treated E. coli cells was not studied. In 

order to assess the effect of HY on the membrane integrity of S. aureus strains, the 

leakage of UV-absorbing substances at 260 nm from the HY-treated cells were 

measured instead of studying the uptake of PI or measuring the release of β-lactamase 

and β-galactosidase. The fluorescence emission spectrums of PI and HY overlapped, 

thus, the fluorescence signal from the HY-treated cells and PI stained (membrane 

damaged) cells were collected simultaneously in the same photomultiplier tube. On 

the other hand, measuring the release of β-lactamase and β-galactosidase is commonly 

used for more detailed examination of the antibacterial agents upon the gram-negative 

cell envelope (O’ Neill & Chopra, 2004). It is noted here that the results are presented 

as a measure of optical density since this is the parameter used to measure the 

concentration of UV-absorbing substances leaking from the damaged cells. 

As shown in Fig 4.7, if S. aureus (ATCC 25923) (a) and MRSA (b) were 

sensitized with 1-8 µM HY only, very little amount of UV-absorbing substances were 

recorded with increasing concentrations of HY. When the sensitized bacterial cells 

were subjected to 15 Jcm
-2 

light dose, the amount of UV-absorbing substances 

increased gradually with increasing concentration of HY (1-8 µM). At 30 Jcm
-2 

light 

doses, the amount of UV-absorbing substances sharply increased with increasing 

concentrations of HY. The pattern of leakage of UV-absorbing substances at 260 nm 

exhibited a drug and light dose dependent response and was in good agreement with 

the killing kinetics of HY for both S. aureus strains.  
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Figure 4.7. Measurement of the leakage of UV-absorbing substances from HY-treated 

cells under 15 Jcm
-2

 or 30 Jcm
-2

 light doses.  

S. aureus (ATCC 25923) (a) and MRSA (b) in PBS with density of 1 x 10
8
 cells/mL 

were incubated with 1-8 µM HY at RT for 30 minutes. They were then exposed to 0, 

15 or 30 Jcm
-2 

light doses. The values shown are means of at least two independent 

experiments in duplicate and bars indicate ± SD. * = p < 0.05;  ** = p < 0.01;    

*** = p < 0.001 by two way ANOVA (compare to the dark controls).  

 

0 1 2 3 4 5 6 7 8 9
0.00

0.01

0.02

0.03

0.04

0 Jcm-2

15 Jcm-2

30 Jcm-2

b

**

***

***

***

***

***

***

Concentration of Hypericin (µµµµM)

A
b

s
o

rb
a
n

c
e
 a

t 
2
6
0
 n

m



 152 

4.3.7 Uptake of hypericin by bacterial cells 

  As the E. coli strain was resistant to HY-mediated PDI, we investigated the 

HY uptake pattern of S. aureus strains and E. coli strains to see whether the different 

killing effects among S. aureus strains and E. coli strains could be explained by their 

uptake pattern of HY. Since excess PS was washed away after cell-drug incubation, 

only the PS that was actually taken up by the cells would be relevant and measured. 

After 30 minutes of incubation, the uptake of HY (1-8 µM) by S. aureus (ATCC 

25923) in terms of mean cell fluorescence intensity was increased to 0.4, 23 and 42 

(arbitrary units as provided by the flow cytometer). In the case of MRSA, mean cell 

fluorescence intensity was increased to 0.2, 21 and 45 (Fig. 4.8). 

 For both S. aureus strains, the results showed that the uptake fluorescence 

intensity was found to be drug concentration (8 µM > 4 µM > 1 µM) dependent. On 

the other hand, E. coli strains depicted a remarkably different uptake pattern. Even 

though a much higher concentration of HY (40 µM) was used to sensitize E. coli 

(ATCC 25922) and ESBL-producing E. coli (Fig. 4.8), there was no change in 

fluorescence intensity when compared with either 20 µM HY or untreated cells. The 

drug uptake patterns were found to be similar between S. aureus (ATCC 25923) and 

MRSA, and between E. coli (ATCC 25922) and ESBL-producing E. coli. However, 

the uptake patterns between S. aureus and E. coli were totally different.  
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Fig. 4.8 Uptake of hypericin by the tested bacterial cells 

S. aureus (ATCC 25923) and MRSA with density of 1 x 10
8
 cells/mL were incubated 

with 1-8 µM HY; while, E. coli (ATCC 25922) and ESBL-producing E. coli with 

density of 1 x 10
8
 cells/mL were incubated with 20-40 µM HY. After 30 minutes 

incubation, they were washed with PBS and subjected to flow cytometric analysis. 

The values shown are means of at least three independent experiments and each 

measured in triplicate. Bars indicate ± SD. The uptake of HY by S. aureus strains 

showed that it was drug concentration dependent. However, HY was not taken up by  

E. coli (ATCC 25922) and ESBL-producing E. coli strains. *** = p < 0.001 by two 

way ANOVA for comparison between the S. aureus strains and E. coli strains.  
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4.4 Discussion 

 Our results here showed that HY-mediated PDI of representative species from 

gram-positive pathogens of S. aureus (ATCC 25923) and clinical MRSA, and 

gram-negative pathogens of E. coli and ESBL-producing E. coli demonstrated that 

gram-positive, are more responsive than gram-negative pathogens, to HY-mediated 

killing. For the drug and light doses at 8 µM and 30 Jcm
-2

, complete killing was 

achieved for the S. aureus strains but only 0.06 log) of either E. coli strains were killed. 

Even when a 5-fold higher drug concentration was applied to the E. coli strains, the 

killing effect was only increased to 0.18 log). Jankowski et al. employed an even 

higher drug concentration to study the HY-mediated PDI on Shigella strains, E. coli 

K12 and Bacillus subtilius. These investigators demonstrated that the PDI effect 

varied, but overall less than 1 log killing was observed among these bacterial strains 

(Jankowski et al., 2005).  

Our observation for the HY-mediated photokilling between S. aureus strains 

and E. coli strains may be due to the fact that HY cannot penetrate the gram-negative 

membrane barrier and therefore cannot access the target sites. By studying the uptake 

of HY for the four tested pathogens, it was seen that HY was not taken up by the two 

E. coli strains even when a 5-fold higher HY concentration (40 µM) than that of the  

S. aureus strains was used.   

 We therefore used SEM to observe the morphological changes and measure 

leakage of UV-absorbing substances in order to gain more insight into the interaction 

between HY with the tested pathogens.  
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 Disruption of the cytoplasmic membrane would also be indicated by the 

leakage of cellular constituents to the medium. When the membrane is disrupted, 

cellular constituents tend to leach out in sequence from small ions such as potassium, 

followed by ATP and then larger molecules such as DNA and RNA (Rye & Wiseman, 

1964; Davies et al., 1968). Since these nucleotides exhibit strong UV absorption, by 

monitoring the leakage of UV-absorbing substances from the treated cells, the changes 

of membrane integrity could be demonstrated (Hugo & Snow, 1981; Denyer & Hugo, 

1991). In this study, no leakage of UV-absorbing substances was detected, suggesting 

that HY causes no alteration of cytoplasmic membrane permeability among the E. coli 

strains. All of these findings suggest that HY was unable to translocate into the 

cytoplasmic membrane of the E. coli and so the ineffectiveness of HY towards E. coli 

was not unexpected.  

 It is noted that HY is a hydrophobic compound and generally regarded as a 

neutral PS. Shen et al. also reported that HY tends to dissociate one proton and act as 

an anion in polar solvents (Shen et al., 2006). Therefore, HY may act as a neutral or 

anionic PS. It is known that the double lipid bilayer cell envelope structure of 

gram-negative E. coli is more complicated than that of gram-positive S. aureus. In 

addition, the presence of strong negatively charged LPS in the outer membrane of the 

gram-negative bacteria provide a very effective barrier to exclude hydrophobic and 

large hydrophilic solutes. As a result of the absence of electrostatic charge attraction, 

anionic and neutral PS do not bind well to the gram-negative outer membrane, they 

cannot penetrate the permeability barrier, and therefore are unable to inactivate these 

bacteria (Phoenix & Harris, 2003; Maisch et al., 2004).  

Gram-positive bacteria have a relatively porous peptidoglycan layer 
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surrounding the cytoplasmic membrane. They possess a slightly negatively charged 

surface and are responsive to cationic PS, but anionic and neutral PS can also be used 

to eradicate gram-positive bacteria (Phoenix & Harris, 2003; Maisch et al., 2004).  

Another aspect investigated in this study was the efficacy of HY-mediated PDI 

upon the S. aureus strains cultured in diferent media.  It was reported that high 

protein content in the incubation medium would affect the susceptibility of bacteria 

towards PDI (Merchat et al., 1996; Nitzan et al., 1998). We then compared the 

HY-mediated PDI effects on the S. aureus strains either in PBS or in nutrient broth. 

Our data showed that there was no significant difference in the HY-mediated PDI 

effect when bacterial strains were cultured in PBS or in nutrient broth. These results 

implied that the protein content in the nutrient broth did not affect the binding between 

HY and the S. aureus strains.  

In view of the hydrophobic character of HY and its phototoxic effect on the   

S. aureus strains, the cytoplasmic membrane is probably the key target site in 

HY-mediated PDI on S. aureus strains. As demonstrated in the SEM, when the 

sensitized S. aureus strains were subjected to PDI, their cell surface became 

increasingly wrinkled with the increasing concentration of HY (Fig. 4.5-4.6). For 

further study of the interaction between the S. aureus strains and HY at pre- and 

post-PDI treatment, the changes of cytoplasmic membrane integrity were investigated. 

The results indicated that increasing leakage of UV-absorbing substance was observed 

between HY-sensitized S. aureus strains before and after light irradiation. The 

mechanistic study of bacterial cell death during PDI is still very premature. So far the 

proposed mechanisms of PDI induced bactericidal activity include: cleavage of 

cytoplasmic membrane that leads to leakage of cellular contents, inactivation of the 
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membrane transport system, and DNA damage (Wainwright, 1998; Hamblin & Hasan, 

2004; Maisch et al., 2004; Jori et al., 2006). Further mechanistic study such as 

HY-mediated PDI mediated bacterial DNA damage and their impact on 

macromolecular synthesis of S. aureus are worth pursuing in order to locate the targets 

of HY-mediated PDI for gram-positive bacteria. 

  In summary, our findings suggested that gram-positive pathogens (as 

represented by S. aureus strains) are more sensitive to HY-mediated killing than 

gram-negative pathogens (as represented by E. coli strains). Since the double lipid 

bilayer cell envelope structure of gram-negative E. coli is more complicated and their 

outer membranes are negatively charged, they are impermeable to HY and no obvious 

PDI effect was observed upon gram-negative pathogen by HY. However, the 

gram-positive bacteria are permeable to HY and as a result, a remarkable killing effect 

was obtained by HY-mediated PDI.  In view of the photokilling action of HY upon 

the S. aureus strains, we proposed that once the HY was taken up by the S. aureus 

strains, they were localized in the cytoplasmic membrane without altering their 

membrane permeability. When light was received, HY was activated and the activated 

HY reacts with in situ molecular oxygen to generate the ROS. The ROS then reacts 

immediately within its confined environment, causing increased membrane 

permeability, leakage of the cytoplasmic contents to the surroundings and eventually 

cell death. These results suggested that the cytoplasmic membrane of the 

gram-positive bacteria is the prime reaction site for HY to exhibit their bactericidal 

effect. Our data gives an indication that HY-mediated PDI can be developed as an 

alternative therapeutic regimen for localized infections caused by gram-positive 

pathogens as welll as a high potential to be developed as an alternative anti-MRSA 

therapeutic option.  
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Chapter 5  General conclusion, Future work and Limitations of the 

Study 

The overall aims of the study were to explore the photodynamic potential of 

four PSs for clinical MDR pathogens with MRSA and ESBL-producing E. coli as 

models. They acted as the respresentive members of MDR gram-positive and MDR 

gram-negative pathogens for the PDI study. The standard strains of S. aureus and    

E. coli from ATCC were evaluated in parallel for comparsion.  

At the beginning of our study, we characterized the antimicrobial 

susceptibility profile and the predominant ESBL types of local clinical 

ESBL-producing E. coli. Our results indicated all ESBL-producers were resistant to 

multiple classes of antibiotics. Limited drugs of choice are currently available for 

treating inferctions caused by ESBL-producing E. coli. The isolates with blaCTX-M 

gene were the most prevalent, and the co-existence of the blaTEM and blaCTX-M genes 

on the same plasmid was also common among ESBL-producing E. coli local isolates. 

The emergence of CTX-M-type ESBL-producing E. coli has been reported in the local 

community. It is believed that CTX-M type ESBLs are disseminated among the 

community and hospitals and further molecular epidemiologic typing of these isolates, 

such as DNA sequencing analysis and pulsed-field gel electrophoresis (PFGE), could 

give more comprehensive information of the molecular type of the CTX-M enzyme 

persisting in Hong Kong. By comparing the pattern observed in PFGE analysis, we 

will be able to identify the degree of genetic diversity among different E. coli isolates, 

which could be useful in distinguishing plasmid mediated dissemination of clonal 

transmission. 
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Since multi-drug resistance of local ESBL-producing E. coli are common 

there is an urgent need to explore alternative antimicrobial regimes to combat these 

MDR pathogens. In the second part of our study, the efficacy of four PSs, namely, 

TBO, pL-ce6, PEI-ce6 and HY, were evaluated. Among them, two polycationic PSs 

(pL-ce6 and PEI-ce6) were the most potent on S. aureus (ATCC 25923), MRSA,    

E. coli (ATCC 25922) and ESBL-producing E. coli. In the subsequent study, we 

focused on the interaction of three effective PSs (pL-ce6, PEI-ce6 and HY) with the 

bacterial membrane. We demonstrated that the cytoplasmic membrane was the prime 

reaction site for pL-ce6, PEI-ce6 and HY. All of these PSs exhibit the same 

photokilling effect among the clinical strains and their ATCC control strains. The 

implication of these data presented here is that PDI offered a very new and effective 

alternative antimicrobial regimen for clinical MDR pathogens, especially 

pL-ce6-mediated PDI and PEI-ce6-mediated PDI.  

It has been reported that PDI of bacteria is usually a multi-target process 

(Maisch et al., 2004). Other potential target sites should be located to gain further 

understanding into how PDI kills bacteria. The potential target sites include the 

transport system and DNA. Studies have indicated that increasing membrane damage 

is commonly correlated to diminishing potassium ion and ATPase activity. Thus, the 

proposed PSs will also cause some damaging effects on the ionic pump and the 

metabolic pathways. Studying the change of ATPase activity at pre- and post-PDI 

provides useful information about the effect of these proposed PSs on the bacterial 

metabolic pathways and the bacterial respiratory system (Romanova et al., 2003). 

The impact of the proposed PSs upon the bacterial DNA can be investigated 

by two aspects. One is concerned with whether the PSs will exert a photodamaging 
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effect on the DNA at certain PDI-doses. The potential genotoxic effect in the form of 

DNA strand breaks against the bacteria can be investigated by the comet assay at 

various PDI-doses (Singh et al., 1999; Sayed et al., 2005). Another aspect is 

concerned with the impact of the proposed PSs upon the DNA of bacteria which has 

survived treatment. Therefore, it is concerned with the investigation of any 

accumulated adverse effect on the DNA of the surviving bacteria post-PDI. Regarding 

this aspect, DNA and RNA synthesis was monitored in the post-PDI cells by 

determining the incorporation of [methyl-
3
H] thymidine into the macromolecular 

fraction (Oliva et al., 2003). Furthermore, the mutation frequencies for repeated 

photosensitization of the surviving cells should be evaluated (Martinez & Baquero, 

2000; O'Neill & Chopra, 2001).  

 The assays testing the tolerant PDI-doses of individual PS on the normal 

epithelial cells and their effect on haemolytic activity should be included. These 

assays assess the potential usefulness of the proposed PSs to act as antimicrobial 

agents for human use. In addition, further research can be planned and conducted to 

investigate PDI in animal models bearing infections due to MRSA and 

ESBL-producing E. coli. Animal studies can generate more information for the in vivo 

manifestation of pL-ce6-medaited PDI and PEI-ce6-mediated PDI on localized 

infection before the clinical application. 

Strengths and Limitations of the Study 

  This study was the first to investigate the genotypes of ESBL-producing   

E. coli occurring in Hong Kong. This information will provide clinicians with a better 

idea of the predominant strain in Hong Kong, and will allow them to target specific 
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therapy on those strains. It would also be useful for clinicians to have an idea of which 

particular class or type of drug has been overused, and has resulted in the emergence 

of multidrug resistant ESBL-producing E. coli and can therefore limit their use of 

these antiobiotics. Information on which bacterium is predominant will allow 

investigators to select appropriate substrates to screen for ESBL-producers.  

 Due to resource limitations and it beyond the scope of this study, it was not 

possible to investigate the effect of PDI on the intracellular organelles. If transmission 

electron microscopy was used to study damaged cells, more information could 

become available with regard to the extent of intracellular damage, and therefore an 

insight into the mechanism of PDI-mediated damage of these bacteria can be gained. 

In addition, we do not have the appropriate equipment to investigate the DNA damage 

exerted on the baterial cells by PDI.  

 Bacterial efflux mechanisms are recognised as a major contributor to 

microbial resistance to many classes of antibiotics. Some efflux pumps will selectively 

pump out specific antibiotics, while others are not so specific and will exclude 

structurally diverse compounds. Since the main target site of the drugs used in this 

study are membrane active, it would be interesting to study whether any of the drugs 

used in this study were subtrates for the efflux pumps of the bacterial strains used.  

 

 

 



 162 

References 

Agostinis P, Vantieghem A, Merlevede W, de Witte PA. (2002) Hypericin in cancer 

treatment: more light on the way. Int J Biochem Cell Biol 34, 221-241. 

Ali SM, Chee SK, Yuen GY, Olivo M. (2002) Hypericin induced death 

receptor-mediated apoptosis in photoactivated tumor cells. Int J Mol Med 9, 601-616. 

Alobwede I, M'Zali FH, Livermore DM, Heritage J, Todd N, Hawkey PM. (2003) 

CTX-M extended-spectrum beta-lactamase arrives in the UK. J Antimicrob 

Chemother 51, 470-471. 

Amor KB, Breeuwer P, Verbaarschot P, Rombouts FM, Akkermans AD, De Vos WM, 
Abee T. (2002) Multiparametric flow cytometry and cell sorting for the assessment of 

viable, injured, and dead bifidobacterium cells during bile salt stress. Appl Environ 

Microbiol 68, 5209-5216. 

Arndt-Jovin DJ, Jovin TM. (1989) Fluorescence labeling and microscopy of DNA. 

Methods Cell Biol 30, 417–448 

Ashkenazi H, Malik Z, Harth Y, Nitzan Y. (2003a) Eradication of Propionibacterium 

acnes by its endogenic porphyrins after illumination with high intensity blue light. 

FEMS Immunol Med Microbiol 35, 17-24. 

Ashkenazi H, Nitzan Y, Gal D. (2003b) Photodynamic effects of antioxidant 

substituted porphyrin photosensitizers on gram-positive and -negative bacterial. 

Photochem Photobiol 77, 186-191. 

Bell JM, Chitsaz M, Turnidge JD, Barton M, Walters LJ, Jones RN. (2007) Prevalence 

and Significance of a Negative Extended-Spectrum β-Lactamase (ESBL) 

Confirmation Test Result after a Positive ESBL Screening Test Result for Isolates of 

Escherichia coli and Klebsiella pneumoniae: Results from the SENTRY Asia-Pacific 

Surveillance Program. J Clin Microbiol 45, 1478-1482. 

Bell JM, Turnidge JD. (2002) High prevalence of oxacillin-resistant Staphylococcus 

aureus isolates from hospitalized patients in Asia-Pacific and South Africa: results 

from SENTRY antimicrobial surveillance program, 1998-1999. Antimicrob Agents 

Chemother 46, 879-881. 

Ben-Ami R, Schwaber MJ, Navon-Venezia S, Schwartz D, Giladi M, Chmelnitsky I, 

Leavitt A, Carmeli Y. (2006) Influx of extended-spectrum beta-lactamase-producing 

enterobacteriaceae into the hospital. Clin Infect Dis 42, 925-934. 



 163 

Benov L, Batinic-Haberle I, Spasojevic I, Fridovich I. (2002) Isomeric 

N-alkylpyridylporphyrins and their Zn(II) complexes: inactive as SOD mimics but 

powerful photosensitizers. Arch Biochem Biophys 402, 159-165. 

Berger-Bachi B, Rohrer S. (2002) Factors influencing methicillin resistance in 

staphylococci. Arch Microbiol 178, 165-171. 

Bertoloni G, Lauro FM, Cortella G, Merchat M. (2000) Photosensitizing activity of 

hematoporphyrin on Staphylococcus aureus cells. Biochim Biophys Acta 1475, 

169-174. 

Bezman SA, Burtis PA, Izod TP, Thayer MA. (1978) Photodynamic inactivation of  

E. coli by rose bengal immobilized on polystyrene beads. Photochem Photobiol 28, 

325-329. 

Bilia AR, Gallori S, Vincieri FF. (2002) St. John's wort and depression: efficacy, safety 

and tolerability-an update. Life Sci 70, 3077-3096. 

Bin C, Hui W, Renyuan Z, Yongzhong N, Xiuli X, Yingchun X, Yuanjue Z, Minjun C. 

(2006) Outcome of cephalosporin treatment of bacteremia due to CTX-M-type 

extended-spectrum beta-lactamase-producing Escherichia coli. Diagn Microbiol Infect 

Dis 56, 351-357. 

Bissonnette R, Lui H. (1997) Current status of photodynamic therapy in dermatology. 

Dermatol Clin 15, 507-519. 

Bonnet R. (2004) Growing group of extended-spectrum beta-lactamases: the CTX-M 

enzymes. Antimicrob Agents Chemother 48, 1-14. 

Bonnett R. (2000) Introduction.  In: Chemical aspects of photodynamic therapy.   

1
st
 edition. Gordon and breach science publishers. pp.1-13 

Bootsma MC, Diekmann O, Bonten MJ. (2006) Controlling methicillin-resistant 

Staphylococcus aureus: quantifying the effects of interventions and rapid diagnostic 

testing. Proc Natl Acad Sci U S A 103, 5620-5625. 

Boyce JM. (1995) Strategies for controlling methicillin-resistant Staphylococcus 

aureus in hospitals. J Chemother 7 Suppl 3, 81-85. 

Boyle-Vavra S, Labischinski H, Ebert CC, Ehlert K, Daum RS. (2001) A spectrum of 

changes occurs in peptidoglycan composition of glycopeptide-intermediate clinical 

Staphylococcus aureus isolates. Antimicrob Agents Chemother 45, 280-287. 



 164 

Bradford PA. (2001) Extended-spectrum beta-lactamases in the 21st century: 

characterization, epidemiology, and detection of this important resistance threat. Clin 

Microbiol Rev 14, 933-51, table. 

Calin MA, Parasca SV (2009) Light sources for photodynamic inactivation of bacteria. 

Lasers Med Sci 24, 453-60 

Canton R, Coque TM. (2006) The CTX-M beta-lactamase pandemic. Curr Opin 

Microbiol 9, 466-475. 

Chai LY, Ng TM, Habib AG, Singh K, Kumarasinghe G, Tambyah PA. (2005) 

Paradoxical increase in methicillin-resistant Staphylococcus aureus acquisition rates 

despite barrier precautions and increased hand washing compliance during an 

outbreak of severe acute respiratory syndrome. Clin Infect Dis 40, 632-633. 

Chanawong A, M'Zali FH, Heritage J, Xiong JH, Hawkey PM. (2002) Three 

cefotaximases, CTX-M-9, CTX-M-13, and CTX-M-14, among Enterobacteriaceae in 

the People's Republic of China. Antimicrob Agents Chemother 46, 630-637. 

Chopra I (2003) Antibiotic resistance in Staphylococcus aureus: concerns, causes and 

cures. Expert Rev Anti Infect Ther 1, 45-55 

Clinical and Laboratory Standards Institute. (2005) Performance standards for 

antimicrobial susceptibility testing. 15th informational supplement (M100-S15) 

Wayne, PA: CLSI 

Cuevas O, Cercenado E, Vindel A, Guinea J, Sanchez-Conde M, Sanchez-Somolinos 

M, Bouza E. (2004) Evolution of the antimicrobial resistance of Staphylococcus spp. 

in Spain: five nationwide prevalence studies, 1986 to 2002. Antimicrob Agents 

Chemother 48, 4240-4245. 

Dahl TA, Midden WR, Hartman PE. (1989) Comparison of killing of gram-negative 

and gram-positive bacteria by pure singlet oxygen. J Bacteriol 171, 2188-2194. 

Datta N, Kontomichalou P. (1965) Penicillinase synthesis controlled by infectious R 

factors in Enterobacteriaceae. Nature 208, 239-241. 

Davies J, Davis BD. (1968) Misreading of ribonucleic acid code words induced by 

aminoglycoside antibiotics: The effect of drug concentration. J. Biol. Chem. 243, 

3312–3316. 

De CC, Sirot D, Chanal C, Bonnet R, Sirot J. (2000) A 1998 survey of 

extended-spectrum beta-lactamases in Enterobacteriaceae in France. The French 

Study Group. Antimicrob Agents Chemother 44, 3177-3179. 



 165 

De Jode ML, Mcgilligan JA, Dilkes MG, Cameron I, Hart PB, Grahn MF. (1997) A 

comparison of novel light sources for photodynamic therapy. Lasers Med Sci 12, 

260–8. 

Dees C. (2001). Conquering Cancer: An Alternate View. World and I, 16, 130. 

Demidova TN, Hamblin MR. (2004) Photodynamic therapy targeted to pathogens.  

Int J Immunopathol Pharmacol 17, 245-254. 

Demidova TN, Hamblin MR. (2005) Effect of cell-photosensitizer binding and cell 

density on microbial photoinactivation. Antimicrob Agents Chemother 49, 2329-2335. 

Denyer SP, Hugo WB. (1991) Mechanisms of action of chemical biocides. Oxford: 

Blackwell Scientific Publications 

Dolmans DE, Fukumura D, Jain RK. (2003) Photodynamic therapy for cancer.    

Nat Rev Cancer 3, 380-387. 

Dougherty TJ, Gomer CJ, Henderson BW, Jori G, Kessel D, Korbelik M, Moan J, 
Peng Q. (1998) Photodynamic therapy. J Natl Cancer Inst 90, 889-905. 

Drakulovic MB, Torres A, Bauer TT, Nicolas JM, Nogue S, Ferrer M. (1999) Supine 

body position as a risk factor for nosocomial pneumonia in mechanically ventilated 

patients: a randomised trial. Lancet 354, 1851-1858. 

Du B, Long Y, Liu H, Chen D, Liu D, Xu Y, Xie X. (2002) Extended-spectrum 

beta-lactamase-producing Escherichia coli and Klebsiella pneumoniae bloodstream 

infection: risk factors and clinical outcome. Intensive Care Med 28, 1718-1723. 

Durantini EN. (2006) Photodynamic Inactivation of Bacteria. Current Bioactive 

Compounds 2, 127-142. 

Eisner A, Fagan EJ, Feierl G, Kessler HH, Marth E, Livermore DM, Woodford N. 

(2006) Emergence of Enterobacteriaceae isolates producing CTX-M 

extended-spectrum beta-lactamase in Austria. Antimicrob Agents Chemother 50, 

785-787. 

Embleton ML, Nair SP, Heywood W, Menon DC, Cookson BD,Wilson M. (2005) 

Development of a novel targeting system for lethal photosensitization of 

antibiotic-resistant strains of Staphylococcus aureus. Antimicrob Agents Chemother 

49, 3690-3696. 

Farmer JJ III. (2003) Enterobacteriaceae: introduction and identification. In: Murray 



 166 

PR, Baron EJ, Pfaller MA, Jorgensen JH, Yolken RH, eds. Manual of Clinical 

Microbiology, 8th ed. ASM Press, Washington DC p.636-653. 

Fish DN, Ohlinger MJ. (2006) Antimicrobial resistance: factors and outcomes. Crit 

Care Clin 22, 291-311. 

Gad F, Zahra T, Hasan T, Hamblin MR. (2004) Effects of growth phase and 

extracellular slime on photodynamic inactivation of gram-positive pathogenic bacteria. 

Antimicrob Agents Chemother 48, 2173-2178. 

Giamarellou H. (2005) Multidrug resistance in Gram-negative bacteria that produce 

extended-spectrum beta-lactamases (ESBLs). Clin Microbiol Infect 11 Suppl 4, 1-16. 

Girotti AW. (1990) Photodynamic lipid peroxidation in biological systems. Photochem 

Photobiol 51, 497-509. 

Girotti AW. (2001) Photosensitized oxidation of membrane lipids: reaction pathways, 

cytotoxic effects, and cytoprotective mechanisms. J Photochem Photobiol B 63, 

103-113. 

Golding PS, King TA, Maddocks L, Drucker DB, Blinkhorn AS. (1998) 

Photosensitization of Staphylococcus aureus with malachite green isothiocyanate: 

inactivation efficiency and spectroscopic analysis. J Photochem Photobiol B 47, 

202-210. 

Grogan J, Murphy H, Butler K. (1998) Extended-spectrum beta-lactamase-producing 

Klebsiella pneumoniae in a Dublin paediatric hospital. Br J Biomed Sci 55, 111-117. 

Hamblin MR, Hasan T. (2004) Photodynamic therapy: a new antimicrobial approach 

to infectious disease? Photochem Photobiol Sci 3, 436-450. 

Hamblin MR, O'Donnell DA, Murthy N, Contag CH, Hasan T. (2002a) Rapid control 

of wound infections by targeted photodynamic therapy monitored by in vivo 

bioluminescence imaging. Photochem Photobiol 75, 51-57. 

Hamblin MR, O'Donnell DA, Murthy N, Rajagopalan K, Michaud N, Sherwood ME, 
Hasan T. (2002b) Polycationic photosensitizer conjugates: effects of chain length and 

Gram classification on the photodynamic inactivation of bacteria. J Antimicrob 

Chemother 49, 941-951. 

Hamblin MR, Zahra T, Contag CH, McManus AT, Hasan T. (2003) Optical monitoring 

and treatment of potentially lethal wound infections in vivo. J Infect Dis 187, 

1717-1725. 



 167 

Hancock RE, Bell A. (1988) Antibiotic uptake into gram-negative bacteria. Eur J Clin 

Microbiol Infect Dis 7, 713-720. 

Hardy KJ, Hawkey PM, Gao F, Oppenheim BA. (2004) Methicillin resistant 

Staphylococcus aureus in the critically ill. Br J Anaesth 92, 121-130. 

Harris F, Chatfield LK, Phoenix DA. (2005) Phenothiazinium based 

photosensitisers--photodynamic agents with a multiplicity of cellular targets and 

clinical applications. Curr Drug Targets 6, 615-627. 

Hass BS, Webb RB. (1981) Photodynamic effects of dyes on bacteria. IV. Lethal 

effects of acridine orange and 460- or 500-nm monochromatic light in strains of 

Escherichia coli that differ in repair capability. Mutat Res 81, 277-285. 

Hawkey PM. (2008) Prevalence and clonality of extended-spectrum beta-lactamases 

in Asia. Clin Microbiol Infect 14 Suppl 1, 159-165. 

Helander IM, Alakomi HL, Latva-Kala K, Koski P. (1997) Polyethyleneimine is an 

effective permeabilizer of gram-negative bacteria. Microbiology 143 (Pt 10), 

3193-3199. 

Hernandez JR, Martinez-Martinez L, Canton R, Coque TM, Pascual A. (2005) 

Nationwide study of Escherichia coli and Klebsiella pneumoniae producing 

extended-spectrum beta-lactamases in Spain. Antimicrob Agents Chemother 49, 

2122-2125. 

Herold E. (2000) Macular degenaration: The Downside of Living Longer. USA Today 

129, 58. 

Hirakata Y, Matsuda J, Miyazaki Y, Kamihira S, Kawakami S, Miyazawa Y, Ono Y, 

Nakazaki N, Hirata Y, Inoue M, Turnidge JD, Bell JM, Jones RN, Kohno S. (2005) 

Regional variation in the prevalence of extended-spectrum beta-lactamase-producing 

clinical isolates in the Asia-Pacific region (SENTRY 1998-2002). Diagn Microbiol 

Infect Dis 52, 323-329. 

Ho PL. (2003) Carriage of methicillin-resistant Staphylococcus aureus, 

ceftazidime-resistant Gram-negative bacilli, and vancomycin-resistant enterococci 

before and after intensive care unit admission. Crit Care Med 31, 1175-1182. 

Ho PL, Chan WM, Tsang KW, Wong SS, Young K. (2002) Bacteremia caused by 

Escherichia coli producing extended-spectrum beta-lactamase: a case-control study of 

risk factors and outcomes. Scand J Infect Dis 34, 567-573. 

Ho PL, Ho AY, Chow KH, Wong RC, Duan RS, Ho WL, Mak GC, Tsang KW, Yam 



 168 

WC, Yuen KY. (2005a) Occurrence and molecular analysis of extended-spectrum 

β-lactamase-producing Proteus mirabilis in Hong Kong, 1999-2002. J Antimicrob 

Chemother 55, 840-845. 

Ho PL, Poon WW, Loke SL, Leung MS, Chow KH, Wong RC, Yip KS, Lai EL, Tsang 

KW. (2007a) Community emergence of CTX-M type extended-spectrum 

beta-lactamases among urinary Escherichia coli from women. J Antimicrob 

Chemother 60, 140-144. 

Ho PL, Shek RH, Chow KH, Duan RS, Mak GC, Lai EL, Yam WC, Tsang KW, Lai 

WM. (2005b) Detection and characterization of extended-spectrum beta-lactamases 

among bloodstream isolates of Enterobacter spp. in Hong Kong, 2000-2002. J 

Antimicrob Chemother 55, 326-332. 

Ho PL, Tsang DN, Que TL, Ho M, Yuen KY. (2000) Comparison of screening 

methods for detection of extended-spectrum beta-lactamases and their prevalence 

among Escherichia coli and Klebsiella species in Hong Kong. APMIS 108, 237-240. 

Ho PL, Wong RC, Yip KS, Loke SL, Leung MS, Mak GC, Chow FK, Tsang KW, Que 

TL. (2007b) Antimicrobial resistance in Escherichia coli outpatient urinary isolates 

from women: emerging multidrug resistance phenotypes. Diagn Microbiol Infect Dis 

59, 439-445. 

Hopkinson HJ, Vernon DI, Brown SB. (1999) Identification and partial 

characterization of an unusual distribution of the photosensitizer 

meta-tetrahydroxyphenyl chlorin (temoporfin) in human plasma. Photochem 

Photobiol 69, 482-488. 

Hospital Authority Central Committee on Infectious Disease. (2003) Fact sheet on the 

Control of Methicillin-Resistant S. aureus in Hong Kong hospitals. 

Huang Z. (2005) A review of progress in clinical photodynamic therapy. Technol 

Cancer Res Treat 4, 283-293. 

Huang ZM, Mao PH, Chen Y, Wu L, Wu J. (2004) Study on the molecular 

epidemiology of SHV type beta-lactamase-encoding genes of multiple-drug-resistant 

acinetobacter baumannii. Zhonghua Liu Xing Bing Xue Za Zhi 25, 425-427. 

Hugo W, Snow G (1981) Biochemistry of antibacterial action. London: Chapman & 

Hall 

Jacoby GA. (1997) Extended-spectrum beta-lactamases and other enzymes providing 

resistance to oxyimino-beta-lactams. Infect Dis Clin N Am 11, 875–887. 



 169 

Jankowski A, Jankowski S, Mironczyk A, Niedbach J. (2005) The action of 

photosensitizers and serum in a bactericidal process. II. The effects of dyes: hypericin, 

eosin Y and saphranine O. Pol J Microbiol 54, 323-330. 

Jett BD, Hatter KL, Huycke MM, Gilmore MS. (1997) Simplified agar plate method 

for quantifying viable bacteria. Biotechniques 23, 648-650. 

Jin Y, Ling JM. (2006) CTX-M-producing Salmonella spp. in Hong Kong: an 

emerging problem. J Med Microbiol 55, 1245-1250. 

Jori G, Brown SB. (2004) Photosensitized inactivation of microorganisms. Photochem 

Photobiol Sci 3, 403-405. 

Jori G, Fabris C, Soncin M, Ferro S, Coppellotti O, Dei D, Fantetti L, Chiti G, 
Roncucci G. (2006) Photodynamic therapy in the treatment of microbial infections: 

basic principles and perspective applications. Lasers Surg Med 38, 468-481. 

Karim A, Poirel L, Nagarajan S, Nordmann P. (2001) Plasmid-mediated 

extended-spectrum beta-lactamase (CTX-M-3 like) from India and gene association 

with insertion sequence ISEcp1. FEMS Microbiol Lett 201, 237-241. 

Karim SS. (2001) Clinical testing of microbicides: a global research priority. AIDS 15, 

929-930. 

Kiesslich T, Krammer B, Plaetzer K. (2006) Cellular mechanisms and prospective 

applications of hypericin in photodynamic therapy. Curr Med Chem 13, 2189-2204. 

Kim KJ, Yu HH, Jeong SI, Cha JD, Kim SM, You YO. (2004) Inhibitory effects of 

Caesalpinia sappan on growth and invasion of methicillin-resistant Staphylococcus 

aureus. J Ethnopharmacol 91, 81-87. 

Knothe H, Shah P, Krcmery V, Antal M, Mitsuhashi S. (1983) Transferable resistance 

to cefotaxime, cefoxitin, cefamandole and cefuroxime in clinical isolates of Klebsiella 

pneumoniae and Serratia marcescens. Infection 11, 315-317. 

Komerik N, Wilson M, Poole S. (2000) The effect of photodynamic action on two 

virulence factors of gram-negative bacteria. Photochem Photobiol 72, 676-680. 

Kubin A, Wierrani F, Jindra RH, Loew HG, Grunberger W, Ebermann R, Alth G. 

(1999) Antagonistic effects of combination photosensitization by hypericin, 

meso-tetrahydroxyphenylchlorin (mTHPC) and photofrin II on Staphylococcus aureus. 

Drugs Exp Clin Res 25, 13-21. 



 170 

Lauro FM, Pretto P, Covolo L, Jori G, Bertoloni G. (2002) Photoinactivation of 

bacterial strains involved in periodontal diseases sensitized by porphycene-polylysine 

conjugates. Photochem Photobiol Sci 1, 468-470. 

Lavie G, Kaplinsky C, Toren A, Aizman I, Meruelo D, Mazur Y Mandel M. (1999) A 

photodynamic pathway to apoptosis and necrosis induced by dimethyl 

tetrahydroxyhelianthrone and hypericin in leukaemic cells: possible relevance to 

photodynamic therapy, Br J Cancer 79, 423–432. 

Lazzeri D, Rovera M, Pascual L, Durantini EN. (2004) Photodynamic studies and 

photoinactivation of Escherichia coli using meso-substituted cationic porphyrin 

derivatives with asymmetric charge distribution. Photochem Photobiol 80, 286-293. 

Lee N, Yuen KY, Kumana CR. (2003) Clinical role of beta-lactam/beta-lactamase 

inhibitor combinations. Drugs 63, 1511-1524. 

Lee SH, Kim JY, Lee SK, Jin W, Kang SG, Lee KJ. (2000) Discriminatory detection of 

extended-spectrum beta-lactamases by restriction fragment length 

dimorphism-polymerase chain reaction. Lett Appl Microbiol 31, 307-312. 

Lee SY, Kam KM. (1999) Antibiotic resistance surveillance in the Department of 

Health, 1998. Public Health & Epidemiology Bullen 3, 17-20 

Lehrer RI, Barton A, Ganz T. (1988) Concurrent assessment of inner and outer 

membrane permeabilization and bacteriolysis in E. coli by multiple-wavelength 

spectrophotometry. J Immunol Methods 108, 153-158. 

Li CR, Li Y, Zhang PA. (2003) Dissemination and spread of CTX-M 

extended-spectrum beta-lactamases among clinical isolates of Klebsiella pneumoniae 

in central China. Int J Antimicrob Agents 22, 521-525. 

Li Y, Leung P, Yao L, Song QW, Newton E. (2006) Antimicrobial effect of surgical 

masks coated with nanoparticles. J Hosp Infect 62, 58-63 

Liu FF, Brian CW. (1998) Hyperthermia and photodynamic therapy. In: The basic 

science of oncology. Tannock Ian F, Hill Richard P. 3
rd

 edition. McGraw-Hill press. 

pp.443-465 

Lowy FD. (2003) Antimicrobial resistance: the example of Staphylococcus aureus. J 

Clin Invest 111, 1265-1273. 

Luzzaro F, Perilli M, Amicosante G, Lombardi G, Belloni R, Zollo A, Bianchi C, 
Toniolo A. (2001) Properties of multidrug-resistant, ESBL-producing Proteus 

mirabilis isolates and possible role of beta-lactam/beta-lactamase inhibitor 



 171 

combinations. Int J Antimicrob Agents 17, 131-135. 

Ma L, Chang FY, Fung CP, Chen TL, Lin JC, Lu PL, Huang LY, Chang JC, Siu LK. 

(2005) Variety of TEM-, SHV-, and CTX-M-type beta-lactamases present in recent 

clinical isolates of Escherichia coli, Klebsiella pneumoniae, and Enterobacter cloacae 

from Taiwan. Microb Drug Resist 11, 31-39. 

Maisch T, Bosl C, Szeimies RM, Lehn N, Abels C. (2005) Photodynamic effects of 

novel XF porphyrin derivatives on prokaryotic and eukaryotic cells. Antimicrob 

Agents Chemother 49, 1542-1552. 

Maisch T. (2007) Anti-microbial photodynamic therapy: useful in the future? Lasers 

Med Sci 22, 83-91. 

Maisch T, Szeimies RM, Jori G, Abels C. (2004) Antibacterial photodynamic therapy 

in dermatology. Photochem Photobiol Sci 3, 907-917. 

Malik Z, Hanania J, Nitzan Y. (1990) Bactericidal effects of photoactivated 

porphyrins--an alternative approach to antimicrobial drugs. J Photochem Photobiol B 

5, 281-293. 

Malik Z, Ladan H, Nitzan Y. (1992) Photodynamic inactivation of Gram-negative 

bacteria: problems and possible solutions. J Photochem Photobiol B 14, 262-266. 

Martinez JL, Baquero F. (2000) Mutation frequencies and antibiotic resistance. 

Antimicrob Agents Chemother 44, 1771-1777. 

McManus J. (1999) Vancomycin resistant staphylococcus reported in Hong Kong. 

BMJ 318, 626. 

Merchat M, Bertolini G, Giacomini P, Villanueva A, Jori G. (1996) Meso-substituted 

cationic porphyrins as efficient photosensitizers of gram-positive and gram-negative 

bacteria. J Photochem Photobiol B 32, 153-157. 

Meyer KS, Urban C, Eagan JA, Berger BJ, Rahal JJ. (1993) Nosocomial outbreak of 

Klebsiella infection resistant to late-generation cephalosporins. Ann Intern Med 119, 

353-358. 

Minnock A, Vernon DI, Schofield J, Griffiths J, Parish JH, Brown SB. (2000) 

Mechanism of uptake of a cationic water-soluble pyridinium zinc phthalocyanine 

across the outer membrane of Escherichia coli. Antimicrob Agents Chemother 44, 

522-527. 



 172 

Moan J, Peng Q. (2003) An outline of the hundred-year history of PDT. Anticancer 

Res 23, 3591-3600. 

Mugnaioli C, Luzzaro F, De LF, Brigante G, Perilli M, Amicosante G, Stefani S, 

Toniolo A, Rossolini GM. (2006) CTX-M-type extended-spectrum beta-lactamases in 

Italy: molecular epidemiology of an emerging countrywide problem. Antimicrob 

Agents Chemother 50, 2700-2706. 

Munday CJ, Xiong J, Li C, Shen D, Hawkey PM. (2004) Dissemination of CTX-M 

type beta-lactamases in Enterobacteriaceae isolates in the People's Republic of China. 

Int J Antimicrob Agents 23, 175-180. 

Nagasawa M, Sato S, Kawauchi S, Shinomiya N, Saito D, Ashida H, Obara M. (2005) 

Pulsed photodynamic inactivation of gram-negative bacteria: electron microscopic 

study. In: Manns F, Soederberg, PG, Ho A, Stuck, BE, Belkin M. Ophthalmic 

Technologies XV Proceedings of the SPIE, 5689, 270-275 

National Committee for Clinical Laboratory Standards. (NCCLS) (2002) Performance 

standards for antimicrobial susceptibility testing: 12th informational supplement 

(M100 - S12). Villanova, PA: NCCLS. 

Nitzan Y, Ashkenazi H. (2001) Photoinactivation of Acinetobacter baumannii and 

Escherichia coli B by a cationic hydrophilic porphyrin at various light wavelengths. 

Curr Microbiol 42, 408-414. 

Nitzan Y, Balzam-Sudakevitz A, Ashkenazi H. (1998) Eradication of Acinetobacter 

baumannii by photosensitized agents in vitro. J Photochem Photobiol B 42, 211-218. 

Nitzan Y, Gutterman M, Malik Z, Ehrenberg B. (1992) Inactivation of gram-negative 

bacteria by photosensitized porphyrins. Photochem Photobiol 55, 89-96. 

Nitzan Y, Salmon-Divon M, Shporen E, Malik Z. (2004) ALA induced photodynamic 

effects on gram positive and negative bacteria. Photochem Photobiol Sci 3, 430-435. 

Nitzan Y, Shainberg B, Malik Z. (1989) The mechanism of photodynamic inactivation 

of Staphylococcus aureus by deuteroporphyrin Curr Microbiol 19, 265–269. 

Novais A, Canton R, Valverde A, Machado E, Galan JC, Peixe L, Carattoli A, Baquero 

F, Coque TM. (2006) Dissemination and persistence of blaCTX-M-9 are linked to 

class 1 integrons containing CR1 associated with defective transposon derivatives 

from Tn402 located in early antibiotic resistance plasmids of IncHI2, IncP1-alpha, and 

IncFI groups. Antimicrob Agents Chemother 50, 2741-2750. 

O'Callaghan CH, Morris A, Kirby SM, Shingler AH. (1972) Novel method for 



 173 

detection of beta-lactamases by using a chromogenic cephalosporin substrate. 

Antimicrob Agents Chemother 1, 283-288. 

Oliva B, Miller K, Caggiano N, O'Neill AJ, Cuny GD, Hoemann MZ, Hauske JR, 

Chopra I. (2003) Biological properties of novel antistaphylococcal quinoline-indole 

agents. Antimicrob Agents Chemother 47, 458-66. 

O'Neill AJ, Chopra I. (2001) Use of mutator strains for characterization of novel 

antimicrobial agents. Antimicrob Agents Chemother 45, 1599-1600. 

O'Neill AJ, Chopra I. (2004) Preclinical evaluation of novel antibacterial agents by 

microbiological and molecular techniques. Expert Opin Investig Drugs 13, 1045-1063. 

Paterson DL, Bonomo RA. (2005) Extended-spectrum beta-lactamases: a clinical 

update. Clin Microbiol Rev 18, 657-686. 

Paterson DL, Hujer KM, Hujer AM, Yeiser B, Bonomo MD, Rice LB, Bonomo RA. 

(2003) Extended-spectrum beta-lactamases in Klebsiella pneumoniae bloodstream 

isolates from seven countries: dominance and widespread prevalence of SHV- and 

CTX-M-type beta-lactamases. Antimicrob Agents Chemother 47, 3554-3560. 

Paterson DL, Mulazimoglu L, Casellas JM, Ko WC, Goossens H, Von GA, Mohapatra 

S, Trenholme GM, Klugman KP, McCormack JG, Yu VL. (2000) Epidemiology of 

ciprofloxacin resistance and its relationship to extended-spectrum beta-lactamase 

production in Klebsiella pneumoniae isolates causing bacteremia. Clin Infect Dis 30, 

473-478. 

Pfaller MA, Segreti J. (2006) Overview of the epidemiological profile and laboratory 

detection of extended-spectrum beta-lactamases. Clin Infect Dis 42 Suppl 4, 

S153-S163. 

Pfeltz FR, Singh VK, Schmidt JL, Batten MA, Baranyk CS, Nadakavukaren MJ, 

Jayaswal RK, Wilkinson BJ. (2000) Characterization of passage-selected 

vancomycin-resistant Staphylococcus aureus strains of diverse parental backgrounds, 

Antimicrob Agents Chemother 44, 294–303. 

Phoenix DA, Harris F. (2003) Phenothiazinium-based photosensitizers: antibacterials 

of the future? Trends Mol Med 9, 283-285. 

Phoenix DA, Harris F. (2006) Light activated compounds as antimicrobial agents - 

patently obvious? Recent Pat Antiinfect Drug Discov 1, 181-199. 

Phoenix DA, Sayed Z, Hussain S, Harris F, Wainwright M. (2003) The phototoxicity 

of phenothiazinium derivatives against Escherichia coli and Staphylococcus aureus. 



 174 

FEMS Immunol Med Microbiol 39, 17-22.  

Pitout JD, Sanders CC, Sanders WE, Jr. (1997) Antimicrobial resistance with focus on 

beta-lactam resistance in gram-negative bacilli. Am J Med 103, 51-59. 

Poirel L, Kampfer P, Nordmann P. (2002) Chromosome-encoded Ambler class A 

beta-lactamase of Kluyvera georgiana, a probable progenitor of a subgroup of CTX-M 

extended-spectrum beta-lactamases. Antimicrob Agents Chemother 46, 4038-4040. 

Poirel L, Lebessi E, Castro M, Fevre C, Foustoukou M, Nordmann P. (2004) 

Nosocomial outbreak of extended-spectrum beta-lactamase SHV-5-producing isolates 

of Pseudomonas aeruginosa in Athens, Greece. Antimicrob Agents Chemother 48, 

2277-2279. 

Poirel L, Naas T, Nordmann P. (2008) Genetic support of extended-spectrum 

beta-lactamases. Clin Microbiol Infect 14 Suppl 1, 75-81. 

Polo L, Segalla A, Bertoloni G, Jori G, Schaffner K, Reddi E. (2000) 

Polylysine-porphycene conjugates as efficient photosensitizers for the inactivation of 

microbial pathogens. J Photochem Photobiol B 59, 152-158. 

Quinteros M, Radice M, Gardella N, Rodriguez MM, Costa N, Korbenfeld D, Couto E, 
Gutkind G. (2003) Extended-spectrum beta-lactamases in enterobacteriaceae in 

Buenos Aires, Argentina, public hospitals. Antimicrob Agents Chemother 47, 

2864-2867. 

Rodriguez-Bano J, Navarro MD. (2008) Extended-spectrum beta-lactamases in 

ambulatory care: a clinical perspective. Clin Microbiol Infect 14 Suppl 1, 104-110. 

Rodriguez-Bano J, Navarro MD, Romero L, Martinez-Martinez L, Muniain MA, 

Perea EJ, Perez-Cano R, Pascual A. (2004) Epidemiology and clinical features of 

infections caused by extended-spectrum beta-lactamase-producing Escherichia coli in 

nonhospitalized patients. J Clin Microbiol 42, 1089-1094. 

Rodriguez-Bano J, Navarro MD, Romero L, Muniain MA, Perea EJ, Perez-Cano R, 

Hernandez JR, Pascual A. (2006) Clinical and molecular epidemiology of 

extended-spectrum beta-lactamase-producing Escherichia coli as a cause of 

nosocomial infection or colonization: implications for control. Clin Infect Dis 42, 

37-45. 

Romanova NA, Brovko LY, Moore L, Pometun E, Savitsky AP, Ugarova NN, Griffiths 

MW. (2003) Assessment of photodynamic destruction of Escherichia coli O157:H7 

and Listeria monocytogenes by using ATP bioluminescence. Appl Environ Microbiol 

69, 6393-6398. 



 175 

Romero ED, Padilla TP, Hernandez AH, Grande RP, Vazquez MF, Garcia IG, 

Garcia-Rodriguez JA, Munoz Bellido JL. (2007) Prevalence of clinical isolates of 

Escherichia coli and Klebsiella spp. producing multiple extended-spectrum 

beta-lactamases. Diagn Microbiol Infect Dis 59, 433-437. 

Romero L, Lopez L, Rodriguez-Bano J, Ramon HJ, Martinez-Martinez L, Pascual A. 

(2005) Long-term study of the frequency of Escherichia coli and Klebsiella 

pneumoniae isolates producing extended-spectrum beta-lactamases. Clin Microbiol 

Infect 11, 625-631. 

Ross GW, Chanter KV, Harris AM, Kirby SM, Marshall MJ, O'Callaghan CH. (1973) 

Comparison of assay techniques for beta-lactamase activity. Anal Biochem 54, 9-16. 

Ross GW, O'Callaghan CH. (1975) Beta-lactamase assays. Methods Enzymol 43, 

69-85. 

Rossolini GM, D'Andrea MM, Mugnaioli C. (2008) The spread of CTX-M-type 

extended-spectrum beta-lactamases. Clin Microbiol Infect 14 Suppl 1, 33-41. 

Russell AD. (1996) Understanding antibacterial action and resistance, 2nd ed. Ellis 

Horwood, London.  

Rye RM, Wiseman D. (1964) Release of phosphorous-32 containing compounds from 

Micrococcus lysodeicticus treated with chlorhexidine. J Pharm Pharmacol 16, 

516–21. 

Sabate M, Tarrago R, Navarro F, Miro E, Verges C, Barbe J, Prats G. (2000) Cloning 

and sequence of the gene encoding a novel cefotaxime-hydrolyzing beta-lactamase 

(CTX-M-9) from Escherichia coli in Spain. Antimicrob Agents Chemother 44, 

1970-1973. 

Samaha-Kfoury JN, Araj GF. (2003) Recent developments in beta lactamases and 

extended spectrum beta lactamases. BMJ 327, 1209-1213. 

Sambrook J, Fritsch EF, Maniatis T. (1989) Molecular Cloning: A Laboratory Manual, 

2
nd

 ed. Cold Spring Harbor, N.Y.: Cold Spring Harbor Laboratory 

Sayed Z, Harris F, Phoenix DA. (2005) A study on the bacterial photo-toxicity of 

phenothiazinium based photosensitisers. FEMS Immunol Med Microbiol 43, 367-372. 

Scalise I, Durantini EN. (2005) Synthesis, properties, and photodynamic inactivation 

of Escherichia coli using a cationic and a noncharged Zn(II) 

pyridyloxyphthalocyanine derivatives. Bioorg Med Chem 13, 3037-3045  



 176 

Schafer M, Schmitz C, Horneck G. (1998) High sensitivity of Deinococcus 

radiodurans to photodynamically-produced singlet oxygen. Int J Radiat Biol 74, 

249-253. 

Schafer M, Schmitz C, Facius R, Horneck G, Milow B, Funken KH, Ortner J. (2000) 

Systematic study of parameters influencing the action of Rose Bengal with visible 

light on bacterial cells: comparison between the biological effect and singlet-oxygen 

production. Photochem Photobiol 71, 514-523.  

Schempp CM, Pelz K, Wittmer A, Schopf E, Simon JC. (1999) Antibacterial activity 

of hyperforin from St John’s wort, against multi-resistant Staphylococcus aureus and 

gram-positive bacteria. Lancet 353, 2129. 

Schmidt FR. (2004) The challenge of multidrug resistance: actual strategies in the 

development of novel antibacterials. Appl Microbiol Biotechnol 63, 335-343. 

Shah PM, Stille W. (1983) Escherichia coli and Klebsiella pneumoniae strains more 

susceptible to cefoxitin than to third generation cephalosporins. J Antimicrob 

Chemother 11, 597-598. 

Shen L, Ji HF, Zhang HY. (2006) Anion of hypericin is crucial to understanding the 

photosensitive features of the pigment. Bioorg Med Chem Lett 16, 1414-1417.  

Siboni G, Weitman H, Freeman D, MazurY, Malik Z, Ehrenberg B. (2002) The 

correlation between hydrophilicity of hypericins and bianthrone: internalization 

mechanisms, subcellular distribution and photodynamic action in colon carcinoma 

cells. Photochem Photobiol Sci 1, 483-491. 

Singh NP, Stephens RE, Singh H, Lai H. (1999) Visual quantification of DNA 

double-strand breaks in bacteria. Mutat Res 429, 159-168. 

Skalkos D, Gioti E, Stalikas CD, Meyer H, Papazoglou TG, Filippidis G. (2006) 

Photophysical properties of Hypericum perforatum L. extracts--novel photosensitizers 

for PDT. J Photochem Photobiol B 82, 146-151. 

Sturenburg E, Mack D. (2003) Extended-spectrum beta-lactamases: implications for 

the clinical microbiology laboratory, therapy, and infection control. J Infect 47, 

273-295. 

Sykes RB, Bush K. (1982) Physiology, biochemistry and inactivation of 

beta-lactamases. In: Morin RB and Gorman M (ed.). The chemistry and biology of 

beta-lactam antibiotics, vol. 3. Academic Press, London, England. p. 155–207 

Szocs K, Gabor F, Csik G, Fidy J. (1999) delta-Aminolaevulinic acid-induced 



 177 

porphyrin synthesis and photodynamic inactivation of Escherichia coli B. J 

Photochem Photobiol B 50, 8-17 

Tawakol A, Castano AP, Anatelli F, Bashian G, Stern J, Zahra T, Gad F, Chirico S, 

Ahmadi A, Fischman AJ, Muller JE, Hamblin MR. (2006) Photosensitizer delivery to 

vulnerable atherosclerotic plaque: comparison of macrophage-targeted conjugate 

versus free chlorin(e6). J Biomed Opt 11, 021008. 

Tegos GP, Anbe M, Yang C, Demidova TN, Satti M, Mroz P, Janjua S, Gad F, 
Hamblin MR. (2006) Protease-stable polycationic photosensitizer conjugates between 

polyethyleneimine and chlorin(e6) for broad-spectrum antimicrobial photoinactivation. 

Antimicrob Agents Chemother 50, 1402-1410. 

Tegos GP, Hamblin MR. (2006) Phenothiazinium antimicrobial photosensitizers are 

substrates of bacterial multidrug resistance pumps. Antimicrob Agents Chemother 50, 

196-203. 

Tome JP, Neves MG, Tome AC, Cavaleiro JA, Soncin M, Magaraggia M, Ferro S, Jori 

G. (2004) Synthesis and antibacterial activity of new poly-S-lysine-porphyrin 

conjugates. J Med Chem 47, 6649-6652. 

Tortora GJ, Funke BR, Case CL. (1986) Microbiology: An Introduction. The 

Benjamin/Cummings Publishing Company, Inc., California. 

Turner PJ. (2005) Extended-spectrum beta-lactamases. Clin Infect Dis 41 Suppl 4, 

S273-S275. 

Usacheva MN, Teichert MC, Biel MA. (2001) Comparison of the methylene blue and 

toluidine blue photobactericidal efficacy against gram-positive and gram-negative 

microorganisms. Lasers Surg Med 29, 165-173. 

Usacheva MN, Teichert MC, Biel MA. (2003) The interaction of lipopolysaccharides 

with phenothiazine dyes. Lasers Surg Med 33, 311-319. 

Vaara M. (1992) Agents that increase the permeability of the outer membrane. 

Microbiol Rev 56, 395-411. 

Vaara M, Vaara T. (1983a) Polycations as outer membrane-disorganizing agents. 

Antimicrob Agents Chemother 24, 114-122. 

Vaara M, Vaara T. (1983b) Polycations sensitize enteric bacteria to antibiotics. 

Antimicrob Agents Chemother 24, 107-113. 



 178 

Valduga G, Breda B, Giacometti GM, Jori G, Reddi E. (1999) Photosensitization of 

wild and mutant strains of Escherichia coli by meso-tetra (N-methyl-4-pyridyl) 

porphine. Biochem Biophys Res Commun 256, 84-88. 

van der Meulen FW, Ibrahim K, Sterenborg HJ, Alphen LV, Maikoe A, Dankert J. 

(1997) Photodynamic destruction of Haemophilus parainfluenzae by endogenously 

produced porphyrins. J Photochem Photobiol B 40, 204-208. 

Wainwright M. (1998) Photodynamic antimicrobial chemotherapy (PACT).         

J Antimicrob Chemother 42, 13-28. 

Wainwright M, Mohr H, Walker WH. (2007) Phenothiazinium derivatives for 

pathogen inactivation in blood products. J Photochem Photobiol B 86, 45-58. 

Wainwright M, Phoenix DA, Laycock SL, Wareing DR, Wright PA. (1998) 

Photobactericidal activity of phenothiazinium dyes against methicillin-resistant strains 

of Staphylococcus aureus. FEMS Microbiol Lett 160, 177-181. 

Walther-Rasmussen J, Hoiby N. (2004) Cefotaximases (CTX-M-ases), an expanding 

family of extended-spectrum beta-lactamases. Can J Microbiol 50, 137-165. 

Wang H, Kelkar S, Wu W, Chen M, Quinn JP. (2003) Clinical isolates of 

Enterobacteriaceae producing extended-spectrum beta-lactamases: prevalence of 

CTX-M-3 at a hospital in China. Antimicrob Agents Chemother 47, 790-793. 

Wilson M. (1994) Bactericidal effect of laser light and its potential use in the 

treatment of plaque-related diseases Int Dent J 44,181–189. 

Wilson BC, Patterson MS. (2008) The physics, biophysics and technology of 

photodynamic therapy. Phys Med Biol 53, R61-109 

Wilson M, Pratten J. (1995) Lethal photosensitisation of Staphylococcus aureus in 

vitro: effect of growth phase, serum, and pre-irradiation time Laser Surg. Med. 16, 

272–276. 

Wilson M, Yianni C. (1995) Killing of methicillin-resistant Staphylococcus aureus by 

low-power laser light. J Med Microbiol 42, 62-66. 

Wong TW, Wang YY, Sheu HM, Chuang YC. (2005) Bactericidal effects of toluidine 

blue-mediated photodynamic action on Vibrio vulnificus. Antimicrob Agents 

Chemother 49, 895-902 

Woodford N, Ward ME, Kaufmann ME, Turton J, Fagan EJ, James D, Johnson AP, 



 179 

Pike R, Warner M, Cheasty T, Pearson A, Harry S, Leach JB, Loughrey A, Lowes JA, 

Warren RE, Livermore DM. (2004) Community and hospital spread of Escherichia 

coli producing CTX-M extended-spectrum beta-lactamases in the UK. J Antimicrob 

Chemother 54, 735-743. 

Xiong Z, Zhu D, Wang F, Zhang Y, Okamoto R, Inoue M. (2002) Investigation of 

extended-spectrum beta-lactamase in Klebsiellae pneumoniae and Escherichia coli 

from China. Diagn Microbiol Infect Dis 44, 195-200. 

Yagi T, Kurokawa H, Shibata N, Shibayama K, Arakawa Y. (2000) A preliminary 

survey of extended-spectrum beta-lactamases (ESBLs) in clinical isolates of 

Klebsiella pneumoniae and Escherichia coli in Japan. FEMS Microbiol Lett 184, 

53-56. 

Yamasaki K, Komatsu M, Yamashita T, Shimakawa K, Ura T, Nishio H, Satoh K, 

Washidu R, Kinoshita S, Aihara M. (2003) Production of CTX-M-3 

extended-spectrum beta-lactamase and IMP-1 metallo beta-lactamase by five 

Gram-negative bacilli: survey of clinical isolates from seven laboratories collected in 

1998 and 2000, in the Kinki region of Japan. J Antimicrob Chemother 51, 631-638. 

Yow CM, Lai WM, Wong KC, Tang HM, Chu ES, Wu RW. (2006) Photoinactivation 

of clinical multi-drug resistant pathogens in Hong Kong. In the 33rd Annual Meeting 

of the American Society for Photobiology, Rio Grande, Puerto Rico, 2006. Absrtract 

36 

Yow CM, Mak NK, Szeto S, Chen JY, Lee YL, Cheung NH, Huang DP, Leung AW. 

(2000) Photocytotoxic and DNA damaging effect of temoporfin (mTHPC) and 

merocyanine 540 (MC540) on nasopharyngeal carcinoma cell. Toxicol Lett 115, 

53-61. 

Yu WL, Chuang YC, Walther-Rasmussen J. (2006) Extended-spectrum 

beta-lactamases in Taiwan: epidemiology, detection, treatment and infection control. J 

Microbiol Immunol Infect 39, 264-277. 

Yu Y, Ji S, Chen Y, Zhou W, Wei Z, Li L, Ma Y. (2007) Resistance of strains 

producing extended-spectrum beta-lactamases and genotype distribution in China. J 

Infect 54, 53-57. 

Yu Y, Zhou W, Chen Y, Ding Y, Ma Y. (2002) Epidemiological and antibiotic resistant 

study on extended-spectrum beta-lactamase-producing Escherichia coli and Klebsiella 

pneumoniae in Zhejiang Province. Chin Med J (Engl ) 115, 1479-1482. 

 

 



180 

 Appendix 1:  The antibiograms of the selected MRSA isolates for the PDI study 

 

 

 S:  Susceptible 

 I:  Intermediate 

 R:  Resistant 

        Note:    MRSA 11 was the isolate that used for optimize the PDI doses 

             MRSA 1 - MRSA 10 were the isolates for particular PDI dose evaluation.   

 

 

 

 MRSA 1 MRSA 2 MRSA 3 MRSA 4 MRSA 5 MRSA 6 MRSA 7 MRSA 8 MRSA 9 MRSA 10 MRSA 11 

Amikacin S R R S R S S S I I R 

Cloxacillin R R R R R R R R R R R 

Fusidic acid S R R S R S S R R R I 

Rifampin S S S S S S S S S S S 

Trimethoprim / 

sulfamethoxazole 
S R R S R S R R S S I 

Vancomycin S S S S S S S S S S S 
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 Appendix 2:  The antibiograms of the selected ESBLs producing E. coli isolates for the PDI study 

 

 S:  Susceptible 

 I:  Intermediate 

 R:  Resistant 

        Note:    ESBL-producing E. coli 11  was the isolate that used for optimize the PDI dose 

             ESBL-producing E. coli 1-10 were the isolates for particular PDI dose evaluation.   

 

 

ESBL- 

producing 

E. coli 1 

ESBL- 

producing 

E. coli 2 

ESBL- 

producing 

E. coli 3 

ESBL- 

producing 

E. coli 4 

ESBL- 

producing 

E. coli 5 

 ESBL- 

producing 

E. coli 6 

ESBL- 

producing 

E. coli 7 

ESBL- 

producing 

E. coli 8 

 ESBL- 

producing 

E. coli 9 

ESBL- 

producing 

E. coli 10 

ESBL- 

producing 

E. coli 11 

Ceftriaxone S R S R R R R R R S S 

Amoxicillin/ 

clavulanic acid 
R R R R R R I I I R R 

Ticarcillin/ 

clavulanic acid 
R R R I I S R S S R I 

Ampicillin/ 

sulbactam 
S S S R S I S R I R S 

Aztreonam R R S R S S S S S I I 

Gentamicin S I R S R I R S S S I 




