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Abstract: The aim of this work was to study the photodynamic inactivation (PDI) of Staphylococcus aureus,

Escherichia coli and Pseudomonas aeruginosa using red light-emitting diode (LED) (4.5-27 J/ m2) and

haematoporphyrine IX dihydrochloride anionic porphyrin (HP).  The tested organisms could be successfully

photoinactivated by HP when suspended in phosphate buffer saline (PBS). In this medium, P. aeruginosa

was the most resistant organism. Changing the suspending medium from PBS to human blood serum reduced

the PDI of all three tested organisms. Photoinactivation of E. coli and P. aeruginosa increased after

pretreatment by different concentrations of ethylene diamine tetraacitic acid (EDTA) reached to 99.99% for

two species at 3mM concentration of EDTA.
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INTRODUCTION

The use of a photosensitizer and light to effect
biological damage has found extensive application in the
photodynamic therapy (PDT) of cancer. The application
of this approach to the destruction of microorganisms
also has considerable medical and technological
potential.

Antimicrobial photodynamic therapy research has
increased in the last 20 years because of concerns
resulting from the emergence of antibiotic-resistant
bacterial strains . Bacterial cells, as well as fungi,[1]

yeasts and viruses, treated with photosensitizers were
shown to be successfully killed by visible light .[2]

Several porphyrins and phthalocyanines have been
shown to display a potent photocytotoxic effect against
gram-positive bacteria , with a few exceptions .[3-4] [5-6]

Gram-negative bacteria have been resistant to the
photodynamic  action  of  these  sensitizers   unless
pre-treatment by chemical/biochemical agents like
ethylene diamine tetraacetic acid (EDTA)  or a[7]

polycationic agent like polymxin -B nonapeptide  was[8]

needed to overcome the strong permeability barrier of
the cell membrane in gram-negative bacteria towards the
penetration of photosensitizers . On the other hand,[9]

cationic porphyrins and phthalocyanines have been
found  to  inactivate  both   gram-positive    and  gram-
negative  bacteria  without any additional pretreatment[10-

. The reasons for the apparent resistance of gram-11]

negative bacteria to photosensitization are unclear, but
this could be related to the charge on the
photosensitizer. Most of the photosensitizer used in
PDT, which are ineffective towards Gram-negative
bacteria are negatively charged or neutral, but the
potential of cationic photosensitizers inactivating either
Gram-negative and Gram-positive bacteria.

The purpose of this study was to determine the
effect of Haematoporphyrin IX dihydrochloride of
negative   charge    on   the   photoinactivation  of
gram-positive bacteria (Staphylococcus. aureus) and
Gram-negative bacteria (Escherichia coli and
Pseudomonas aeruginosa) after pretreated   with
different concentrations of EDTA, also study the effect
of human serum on the photoinactivation of S. aureus ,
E. coli and P. aeruginosa.

MATERIALS AND METHODS

Microorganisms: Microorganisms, isolated from wound
patients were kindly provided by the Laboratory of
Bacteriology,  Cairo  University Hospitals. These were
S. aureus, E. coli and P. aeruginosa. The
microorganisms were grown aerobically in 10 ml brain
heart infusion broth (Oxoid, UK) at 37°C. After 18 hr
the stationary phase microorganisms were harvested by
centrifugation at 3000 rpm for 10 min, washed twice
with PBS (PH 7.4) and suspended in 2 ml PBS or
human serum. 
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Light Source: The illumination was performed with red

light-emitting diode (LED), manufactured by photon

scientific (Egypt). The spectrum emission ranging from

(620 - 650) nm. The fluence dose used in the

experiments ranged between (4.5 - 27 J/m2).

Photosensitizer: The stock solution of  the

photosensitizer Haematoporphyrin IX dihydrochloride

(HP) (Fluka, Sigma) was prepared in either PBS or

sterile distilled water at a concentration of 400 µg/ml

and stored at 2-4°C in darkness until use, different

dilutions from it were prepare.

PDI Studies: Aliqµuots (100µl) of a bacterial

suspension in saline (containing approximately 10 -107 8

CFU/ml) were transferred into a 96-well flat-bottomed

microtiter plate (sterilin, stone, UK) and incubated for

10 min with 100 µl of  (25, 50, 100 and 200 µg/ml HP

). The cell suspensions were then exposed to red light

emitted from light emitting diode (LED) at a fluence of

27 J/ m , at the end, 100µl aliquots of the cell2

suspensions were plated from each well onto nutrient

agar plate and allowed to grow for 24 hr at 37°C the

number of colonies were determined by direct plate and

expressed as colony forming units/ml (CFU/ml).

Similarly, the PDI was studied as a function of the

delivered light fluence. Bacterial cells were incubated

for 10 min with 100 µg/ml HP in case of S. aureus and

200µg/ml HP in case of E. coli and P. aeruginosa

followed by irradiation with different time intervals to

deliver a total fluence ranging between 4.5 - 27 J/ m .2

Other groups of cells were prepared to observe the

dark cytotoxic effect of HP as a function of

concentration.  Phototoxic effect of light alone as a

function of the fluence delivered, in addition to control

group of cells to determine the number of viable

bacterial prior to treatment .

PDI in Human Serum (HS): The tested organisms

described above were suspended in 50% human serum

(HS) .A photosensitizer concentrations of 25 or 200

µg/ml was used in this experiment. After addition of

photosensitizer , samples of 100 µl were irradiated at a

light dose of 27 J/ m .2

PDI in Ethylene Diamine Tetraacetic Acid (EDTA):

The gram-negative bacterial suspension E.coli and

P.aeruginosa  were  incub a ted  w ith different

concentrations (0.1, 1 and 3 mM) of EDTA for one

hour, 100ml of bacterial cells photoinactivated by

200µg/ml HP and light dose 27J/ m .2

RESULTS AND DISCUSSION

Results:

P h o t o d y n a m ic  in a c t iv a t io n  in  P B S :  T h e
photosensitization concentration dependent inactivation

of S. aureus, E. coli and P. aeruginosa suspended in
PBS is shown in Fig. 1. S.aureus was more sensitive to

PDI than E. coli and P. aeruginosa. At HP concentration
of 25 µg/ml and a light dose of 27 J/ m , P.aeruginosa2

showed no reduction in the viable count. Under the
same conditions S. aureus and E. coli showed a 50.4%

and 15.1% reduction in the viable count, respectively.
The minimum  effective  concentration   for   killing 

the  S. aureus was 25µg/ml while 200µg/ml was needed
to kill P. aeruginosa.

The three species studied showed some significant
variation in their sensitivity to PDI. The statistical

significant (P<0.05) variations between species. 
Small effects were observed in samples after

illumination in the absence of photosensitizer and in
samples that were incubated with the photosensitizer in

the dark. These effects were less than 2.8 % reduction
in the viable count for S. aureus and E. coli, but the

reduction  increase  to  25.2%  after   illumination  of
P. aeruginosa in absence of photosensitizer (data not

shown) . 
A significant increase in the reduction percentage of

colony forming units for all tested species (Fig. 2) up on
incubating cells with 100 µg/ml ( for S. aureus ) and

200µg/ml ( for E.coli and P.aeruginosa ) for 10 min
followed by irradiation with different light fluence

ranging between (4.5 - 27 J/ m ) . The reduction2

percentage reached 93.5 % for S. aureus and 76.7% &

46.8% for E. coli and P. aeruginosa respectively.
 

Photodynamic Inactivation in Human Serum: In the
presence of human serum, photoinactivation of the tested

organisms using light fluence 27 J/m2 were significantly
inhibited (Fig. 3). Photoinactivation using 25µg/ml HP

and irradiated at 30 min in 50% HS give a significant
(P< 0.05). 33.3 % reduction in the viable count

compared to the photoinactivation in the absence of 
serum (50.4%) in case of S.aureus . On the other hand

using concentration of 200 µg/ml HP and irradiated to
the same light dose achieved a 99.9%, 75.7%, 47%

reduction in the viable count in the presence of human
serum  in case of S.aureus, E. coli and P. aeruginosa ,

respectively ( P<0.001 ) .  

Photodynamic Inactivation in the Presence of EDTA:
Inactivation of E.coli and P.aeruginosa by using a light

fluence 27 J/ m2 and 200 µg/ml of HP after
pretreatment  with  different  concentration of EDTA 
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Fig. 1: Photoinactivation of S. aureus, E. coli and P. aeruginosa with (25-200 µg/ml) of HP, Samples were left for
10 minutes in the dark and then irradiated at 27 J/cm . 2

Fig. 2: Photoinactivation of S.aureus , E. coli and P. aeruginosa with fluence dose, (4.5-27 J/cm ), samples2

pretreated with 100 µg/ml in case of S. aureus and 200 µg/ml in case of E. coli and P. aeruginosa. 

Fig. 3: Photoinactivation of S.aureus, E. coli and P. aeruginosa in 50% Human serum (HS) using 25 or 200 µg/ml
HP. The cells were left for 10 min in the dark and then irradiated at light fluence dose 27 J/cm .2

Fig. 4: Photoinactivation of E. coli and P. aeruginosa with 200 µg/ml HP for 10 min in the dark, then irradiated

with light fluence 27 J/cm  after treatment with different concentration (0.1, 1,  3 mM) of EDTA.  2
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(0.1 - 3 mM) gave a significant increase ( P<0.001)

reduction in the colony forming units as the

concentrations of EDTA increased . 99.99% reduction

observed in the colony forming units at concentration

(3mM) of EDTA compared to76.7 % & 46.8% reduction

in the absence of EDTA in case of E. coli and

P.aeruginosa, respectively.

Discussion: It has been proposed that effective

photodynamic inactivation of gram-negative bacteria

requires either a photosensitizer with a pronounced

cationic charge  or the use of a method of increasing[10]

the permeability of the outer membrane (Such as a

combination of a lipophilic or anionic photosensitizer

with a polycationic peptide  .The approach of this study[8]

was to investigate photodynamic inactivation of

S.aureus, E.coli and P.aeruginosa (suspended in PBS )

by a combination of HP and LED red light. At high

fluence rate (27 J/cm2), the gram-negative bacteria

P.aeruginosa showed no resistance to photoinactivation

with  HP  in  the   presence  of   high  concentrations

(200µg/ml ) of the photosensitizer. However at the low

fluence rate (4.5 J/cm ) P. aeruginosa did show2

resistance  to  the  photoinactivation  (25µg/ml), while

S. aureus, E. coli were not resistant. The

photoinactivation of the tested organisms was dependent

on the light dose and HP concentration. The LED red

light alone was inactivate the P. aeruginosa. This killing

effect was not heat mediated as the temperature of the

bacterial suspensions . But this killing effect may be[12-13]

due to the endogenous pigments (pyoverdin and

pyocyanin) that may act as endogenous photosensitizer,

absorbing the light and result in the production of

bactericidal effect . A number of studies have shown[14]

that the gram-positive bacteria can be killed by

irradiation  with red light in the presence of

porphyrins . However the Photodynamic inactivation[15-16]

of gram-negative bacteria is related to the charge on the

photosensitizer itself . Positive charge promoted the[10 ,11]

binding of the porphyrine to the outer membrane leading

to limited damage that allow the penetration of the

photosensitizer . The differing sucepibilites of the[11]

gram-negative and gram-positive organisms to the

photoinactivation in this study are probably attributable

to the differences in cell wall structures. Gram-negative

bacteria have an outer membrane that may reduce the

uptake of the reactive oxygen species by the bacteria .[17]

In addition the presence of lipopolysaccharide in the

outer membrane of gram-negative bacteria acts as a very

effective permeability barrier to many of the molecules

in the external environment contributes to the

development of drug resistance in these organisms . In[12]

contrast, gram-positive bacteria have a porous outer

layer of peptidoglycan which is a less effective

permeability barrier . Gram-negative bacteria are[18]

known to be relatively impermeable to neutral or anionic

drugs  and HP is an anionic dye  .P. aeruginosa and[19]

E. coli were treatment with different concentrations (0.1,

1, 3 mM) of EDTA. The reduction in sensitivity to

photodynamic inactivation increaser and reached 99.99%

reduction for both species. The inactivation of E. coli

and P. aeruginosa cells with Tris-EDTA caused

alterations in the outer membrane permeability barrier

and increased the uptake . Ravalid et al.  found that[20] [21]

the Ce6 conjugated to a PL chain with five lysines

efficiently killed a range of gram-positive species and

several gram-negative anaerobes in the presence of

2.5mM EDTA and 662nm light . A prerequisite for an[21]

effective antimicrobial treatment for wound infections is

its efficiency in the presence of wound fluid. To create

an in vitro situation more comparable to wound fluid

than PBS, tested organisms  were suspended in human

blood serum. The reduction in sensitivity to

photodynamic inactivation was observed at the higher

concentration (200 µg/ml HP).

Human serum reduced the effectiveness of

photoinactivation of the tested organisms with 25µg/ml

HP possibly because serum proteins in the environment

bind to the HP thereby preventing its uptake by the

organisms  or may act as quenchers of the singlet[22]

oxygen produced thereby protecting the bacterial cells

from their lethal effect . However by increasing the[23]

concentration of HP (200µg/ml) over come the

inhibitory effect of serum suggesting that killing of the

tested organisms. 

Lambrechts et al.  showed that albumin inhibited[24]

the photodynamic inactivation of S.aureus, P.aeruginosa

and C.albicas dependently on the albumin content and

exerted a dose dependent protective effect against the

photoinactivation of the tested organisms . [24]

In summary, the results of the present study suggest

that  anionic  haematoporphyrin  IX    dihydrochloride

 (HP) in combination with LED red light is used for

photodynamic therapy of wound infections after

pretreatment with 3mM EDTA . Furthermore LED red

light itself may be able to disinfect wounds

contaminated with P.aeruginosa. Future potential

application of photodynamic inactivation for the

treatment of superficial wound infection in vivo. 
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