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Abstract
Photodynamic inactivation (PDI) has been investigated to cope with the increasing incidence of
multidrug-resistant (MDR) pathogens. In Hong Kong, methicillin-resistant Staphylococcus aureus
(MRSA) and extended-spectrum β-lactamase (ESBL)-producing Escherichia coli are the two
commonest MDR pathogens. Here, we studied the photodynamic inactivation (PDI) mediated by
poly-L-lysine chlorin(e6) conjugate (pL-ce6) and toluidine blue O (TBO) in clinical MRSA and
ESBL producing E. coli, together with their corresponding American Type Culture Collection
(ATCC) strains. Both pL-ce6 and TBO mediated a light- and drug dose-dependent efficacy for the
four pathogens. pL-ce6 was more effective. pL-ce6 at 8 µM, 30 Jcm−2, attained 5 log killing for
ESBL-producing E. coli and E. coli (ATCC 25922); 4 log killing for MRSA, and 3 log killing for
S. aureus (ATCC 25923). TBO at 80 µM, 30 Jcm−2, only exhibited 3 log killing in MRSA and 2 log
killing in S. aureus (ATCC 25923). TBO (400 µM, 30 Jcm−2) induced equal killing for ESBL-
producing E. coli and E. coli (ATCC 25922). Our studied MRSA isolate responded better than S.
aureus (ATCC 25923). Thus, pL-ce6-mediated PDI in other MRSA isolates deserves further
investigation.
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Introduction
The relentless increase of multidrug-resistant (MDR) pathogens, together with the limited
development of novel antibiotics, makes it imperative to discover new anti microbial strategies
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to combat MDR pathogens. Methicillin-resistant Staphylococcus aureus (MRSA) and
extended-spectrum β-lactamase (ESBL)-producing Escherichia coli are two of the commonest
MDR pathogens at present causing worldwide concern.1,2 It is reported that 69.8% of all S.
aureus isolates are resistant to oxacillin,3 while ESBL-producing E. coli accounts for 11% of
all E. coli isolates in Hong Kong.4

Antimicrobial photodynamic inactivation (PDI) is perhaps an alternative strategy to combat
these MDR pathogens. PDI employs nontoxic photosensitizers (PSs), which localize in the
microbial cells and are activated by a specific wavelength of visible light.5 The excited-state
PS reacts with in situ molecular oxygen and transfers its energy to generate reactive oxygen
species (ROS), such as singlet oxygen and superoxide anion. These ROS can cause damage to
cell walls, proteins, nucleic acids, and membrane lipids, eventually causing cell death.6,7

Toluidine blue O (TBO), a phenothiazinium salt, is a moderately effective cationic PS causing
damage to the bacterial cell membrane.8 Poly-L-lysine chlorin(e6) conjugate (pL-ce6) is a
highly effective polycationic PS designed to bind and penetrate multiple classes of microbial
cells.9 It consists of tetrapyrrole chlorin(e6) covalently bonded to poly-L-lysine chains and is
photobactericidal against both Gram-positive and Gram-negative bacteria, as well as fungi, by
destroying the bacterial/fungal membrane structure.10,11 The main purpose of this study was
to explore the PDI effect of pL-ce6 and TBO on ATCC (American Type Culture Collection)
S. aureus and E. coli, and clinical isolates of MRSA and ESBL-producing E. coli.

Materials and methods
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. All clinical isolates
were collected from the University Clinic, Hong Kong Polytechnic University. The MRSA
was multiresistant to the following antibiotics: oxacillin, clindamycin, cloxacillin,
erythromycin, and ofloxacin. The ESBL-producing E. coli was multiresistant to the following
antibiotics: ampicillin, cefuroxime IV, cefuroxime axetil, gentamicin, ofloxacin, and
ampicillin/sulbactam.

Toluidine blue O (TBO) was purchased from Sigma (St. Louis, MO, USA). A 1-mM TBO
stock solution was prepared by dissolving TBO in sterile distilled water. The poly-L-lysine
chlorin(e6) conjugate (pL-ce6) was prepared according to previously described methods.12 It
had an average of six chlorin(e6) molecules conjugated to a polymer with an average length
of 164 lysine residues, and the stock solution was 3.3 mM ce6 equivalent. Both stock solutions
were stored at 4°C in the dark and diluted with phosphate-buffered saline (PBS) to give working
solutions of the PS.

The bacterial strains were grown exponentially to a cell density of 1 × 108 cells/ml at 37°C in
nutrient broth (Oxoid, Basingstoke, England). Aliquots of bacterial suspensions were
sensitized with a range of concentrations of PSs for 30 min. The PS-loaded cells were
centrifuged, washed twice with sterile PBS, and resuspended in nutrient broth. Aliquots of 150
µl treated cells were placed in a 96-well microtiter 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).13 Then 100 µl was withdrawn and serially diluted in PBS; 10 µl
from each dilution mixture was spread on nutrient agar plates in triplicate as described.14 The
plates were incubated at 37°C overnight. The numbers of colonies was enumerated to determine
the survival fractions. Light-alone controls (no-PS) and dark controls (PS-treated cell
suspension without light) were included.
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Results
Values for results are presented as means and SEs of five independent studies. Statistics were
analyzed by two-tailed unpaired Student’s t-test. The significance level was set at P < 0.05.

For photodynamic inactivation (PDI) mediated by pL-ce6, concentrations ranging from 4 to 8
µM with light doses from 10 to 30 Jcm−2 were employed; 4 log killing was obtained for MRSA
treated with 8-µM pL-ce6 at 30 Jcm−2. However, the S. aureus (ATCC 25923) only showed
2.8 log killing (Fig. 1). For pL-ce6-mediated PDI against the E. coli strains, the degrees of
killing observed for ESBL-producing E. coli were identical 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; 8 µM 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).

Figure 2 shows the results of PDI mediated by TBO in both S. aureus 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). Under the same TBO concentration and light
dose, the clinical MRSA isolate was consistently killed more when compared with S. aureus
(ATCC 25923). With 80 µM TBO at 30 Jcm−2, 3 log killing was obtained for the MRSA and
2 log killing was obtained for 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 (data not shown)
and therefore higher concentrations of TBO (100–400 µM) were employed for the PDI of E.
coli. Figure 3 shows the PDI mediated by 400 µM TBO towards clinical ESBL-producing E.
coli and E. coli (ATCC 25922) with light doses of 10–30 Jcm−2. Both strains showed modest
but identical degrees of killing; 95% killing at 400 µM TBO and 30 Jcm−2. Even further
increasing the TBO concentration to 1 mM gave no further killing of either strain (data not
shown).

Discussion
This study has shown, for the first time, that this isolated MRSA strain is more sensitive to
PDI-mediated killing than S. aureus (ATCC 25923), using two different cationic PSs. This
study also contains the first report comparing the PDI-mediated killing of ESBL E. coli with
that of E. coli (ATCC 25922) and demonstrating that both phenotypes are equally killed. There
have been several previous literature reports comparing the PDI of MRSA with that of S.
aureus. Maisch et al.15 used XF porphyrins as antimicrobial PSs and found identical killing of
MRSA (and methicillin-resistant S. epidermidis to that found with the wild-type strains).
Wainwright et al.16 found that PDI with phenothiazinium dyes killed MRSA somewhat less
efficiently than wild-type S. aureus strains. Embleton et al.17 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 pL-ce6 and TBO? A possible reason may be due to differences in their cell-wall structure.
The presence of altered penicillin-binding protein (PBP 2′a) encoded by the mecA gene in
MRSA exerts decreased affinity for methicillin and other β-lactams. PBP 2′a plays an important
role in catalyzing the transpeptidational activity which is crucial for the cross-linkage of
peptidoglycan.18 This may mean that MRSA actually has a more permeable cell wall than the
S. aureus naïve strain. The altered architectural structure in MRSA may therefore favor the
penetration of pL-ce6 and TBO across the cell wall, resulting in the higher killing of MRSA
upon illumination. In order to test for this hypothesis, the PDI effect of pL-ce6 and TBO against
other clinical MRSA isolates that exhibit different antibiotic patterns from this study will be
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further included in order to verify whether MRSA was more susceptible to pL-ce6 and TBO
mediated PDI.

Comparing the PDI effects of pL-ce6 and TBO towards all the bacteria, pL-ce6 was a much
more potent PS than TBO. pL-ce6 showed a higher phototoxic effect toward the Gram-negative
E. coli compared to 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
the 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.12 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 strongly negatively charged
lipopolysaccharides (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 PSs do not bind well to the Gram-negative outer membrane, due
to absence of electrostatic charge attraction, and furthermore, they cannot penetrate the
permeability barrier and are therefore unable to inactivate these bacteria.5,6,19 However,
positively charged PS or cationic PS-conjugates bind to the negatively charged bacterial surface
and displace the naturally occurring divalent cations (Ca2+ and Mg2+) that anchor the LPS in
place. This displacement weakens the outer membrane structure, creating “cracks” in the
permeability barrier, which allows the PS to penetrate to the inner plasma membrane that is
thought to be the crucial site of photodamage.20 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 also sensitive to cationic PS, although anionic and
neutral PSs can also be used to eradicate Gram-positive bacteria.5,6,19

The susceptibility differences observed between E. coli and S. aureus and pL-ce6 and TBO
may be due to their different chemical properties, as indicated by Demidova and Hamblin et
al.12 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 positively charged
groups than TBO. The large molecular weight of pL-ce6 may not facilitate its ready penetration
into the cell wall of the Gram-positive S. aureus leading to photodestruction. In the Gram-
negative E. coli, the polycationic nature of the pL-ce6 conjugate gives higher binding affinity
to LPS and is better at displacing the divalent cations referred to above, thus causing “self-
promoted uptake”.5,20,21

In summary, in our study, the selected MDR isolates were more susceptible to PDI-mediated
killing than their ATCC reference strains. The PDI efficacies of pL-ce6 and TBO were not
affected by the antibiotic resistance mechanism that presented in MRSA and ESBL-producing
E. coli. These data reinforce suggestions that PDI may be an alternative treatment for localized
infections caused by these two MDR pathogens.
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Fig. 1.
Photodynamic inactivation mediated by poly-L-lysine chlorin(e6) conjugate (pL-ce6) in
Staphylococcus aureus American Type Culture Collection (ATCC) 25923, methicillin-
resistant S. aureus (MRSA), Escherichia coli ATCC 25922, and extended-spectrum β-
lactamase (ESBL)-producing E. coli; 1 × 108 cells/ml were sensitized with 8 µM pL-ce6 and
then exposed to 0–30 Jcm−2 light doses. The values shown are means of at least five
independent experiments, and bars indicate SEs. *P < 0.05; **P < 0.01; ***P < 0.001 by two-
tailed unpaired Student’s t-test comparing the ATCC strain and clinical resistant strain
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Fig. 2.
Photodynamic inactivation mediated by toluidine blue O (TBO) in S. aureus ATCC 25923 and
MRSA; 1 × 108 cells/ml of S. aureus and MRSA were sensitized with 80 µM TBO and then
exposed to 0–30 Jcm−2 light doses. The values shown are means of at least five independent
experiments, and bars indicate SEs. *P < 0.05; **P < 0.01; ***P < 0.001 by two-tailed unpaired
Student’s t-test, comparing the ATCC strain and clinical resistant strain
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Fig. 3.
Photodynamic inactivation mediated by TBO in E. coli ATCC 25922 and ESBL-producing E.
coli; 1 × 108 cells/ml of E. coli ATCC 25922 and ESBL-producing E. coli were sensitized with
400 µM TBO and then exposed to 0–30 Jcm−2 light doses. The values shown are means of at
least five independent experiments, and bars indicate SEs
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