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Abstract

Propionibacterium acnes is a Gram-positive, microaerophilic bacterium that causes skin wounds. It is known to naturally produce high
amounts of intracellular porphyrins. The results of the present study confirm that the investigated strain of P. acnes is capable of
producing endogenic porphyrins with no need for any trigger molecules. Extracts from growing cultures have demonstrated emission
peaks around 612 nm when excited at 405 nm, which are characteristic for porphyrins. Endogenic porphyrins were determined and
quantified after their extraction from the bacterial cells by fluorescence intensity and by elution retention time on high-performance liquid
chromatography (HPLC). The porphyrins produced by P. acnes are mostly coproporphyrin, as shown by the HPLC elution patterns.
Addition of N-aminolevulinic acid (ALA) enhanced intracellular porphyrin synthesis and higher amounts of coproporphyrin have been
found. Eradication of P. acnes by its endogenic porphyrins was examined after illumination with intense blue light at 407^420 nm. The
viability of 24 h cultures grown anaerobically in liquid medium was reduced by less than two orders of magnitude when illuminated once
with a light dose of 75 J cm32. Better photodynamic effects were obtained when cultures were illuminated twice or three times
consecutively with a light dose of 75 J cm32 and an interval of 24 h between illuminations. The viability of the culture under these
conditions decreased by four orders of magnitude after two illuminations and by five orders of magnitude after three illuminations. When
ALA-triggered cultures were illuminated with intense blue light at a light dose of 75 J cm32 the viability of the treated cultures decreased
by seven orders of magnitude. This decrease in viability can occur even after a single exposure of illumination for the indicated light
intensity. X-ray microanalysis and transmission electron microscopy revealed structural damages to membranes in the illuminated
P. acnes. Illumination of the endogenous coproporphyrin with blue light (407^420 nm) apparently plays a major role in P. acnes
photoinactivation. A treatment protocol with a series of several illuminations or illumination after application of ALA may be suitable for
curing acne. Treatment by both pathways may overcome the resistance of P. acnes to antibiotic treatment.
< 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Propionibacterium acnes is a Gram-positive non-sporu-
lating bacterium which normally inhabits human seba-
ceous glands. These bacteria are also the major cause of
acne, which a¡ects more than 80% of young adults. Ex-
tensive research has shown that more than 40% of P. acnes
is resistant to commonly used topical and oral anti-acne
antibiotics [1^4]. Other anti-acne therapies are of limited
appeal due to their side e¡ects. Acquired resistance to

erythromycin, clindamycin and tetracycline has been re-
ported in strains from diverse geographical areas [5]. Re-
sistance to novel oligosaccharide antimicrobial agents was
also found [6]. The prevalence of resistance correlates with
antibiotic usage patterns in di¡erent countries [7,8]. Car-
riage of resistant strains results in the therapeutic failure of
most antibiotic regimes [9]. P. acnes is also known to
naturally produce high amounts of intracellular metal-
free porphyrins [10^14].
Since bacterial resistance to antibiotics is becoming an

increasing problem, research is being directed towards
photodynamic therapy as an alternative method for killing
bacteria [15]. Photoinactivation of various Gram-positive
bacteria, including P. acnes, has been demonstrated using
exogenous photosensitizers [10,16^20]. The e⁄cient and
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non-recovering antimicrobial killing e¡ects are indepen-
dent of the antibiotic resistance spectrum of the treated
bacteria [16,18,21,22]. A new method for photosensitizing
cells is by enhancing endogenous porphyrin production
with N-aminolevulinic acid (ALA), which is a naturally
occurring metabolite in the synthesis pathway of cellular
heme production [23]. In bacteria, addition of ALA may
also induce porphyrin synthesis. ALA induction leads to
an increase in the synthesis of uroporphyrin, copropor-
phyrin and protoporphyrin IX, which are the immediate
precursors of heme [24,25]. It has also been shown that
when illuminated with blue light, porphyrins damage the
cells very e⁄ciently [24^26]. The emission peak of the best
light source is at 407^420 nm, which is the most e⁄cient
porphyrin photodestructive wavelength range. In contra-
distinction to ultraviolet light, this visible blue light irra-
diation is not phototoxic to human cells. The aim of the
present study was to determine the sensitivity of P. acnes
to photokilling by its endogenously produced porphyrins
when illumination was produced by an intense narrow
band of UV-free blue light and to propose practical pos-
sibilities of photoeradication of P. acnes using solely illu-
mination or after application of ALA. Elucidation of the
ultrastructural changes and intracellular mechanisms of
bacterial photodestruction in P. acnes were also investi-
gated.

2. Materials and methods

2.1. Bacterial strain

The strain used in this study was P. acnes ATCC 6919
which was obtained from the American Type Culture Col-
lection at Rockville, MD, USA.

2.2. Growth media

P. acnes was grown on reinforced clostridial agar from
Oxoid (Basingstoke, Hampshire, UK) at pH=6^6.2. Illu-
mination tests were carried out when bacteria were grown
in reinforced clostridial broth which was prepared from
the same ingredients, except the agar, at pH=6^6.2.

2.3. Bacterial growth

P. acnes was transferred from the bacterial stock into
reinforced clostridial agar plates. Bacteria were streaked
on the plates for isolation of single colonies by the ‘clock
plate technique’. These plates were called ‘start plates’ and
were incubated for three days under anaerobic conditions
in an anaerobic jar. The jar contained Aaero Gen sachets
from Oxoid to maintain anaerobic conditions suitable for
P. acnes. Single colonies were transferred from the ‘start
plates’ into reinforced clostridial broth in the presence or
absence of ALA. Each broth culture was equally distrib-

uted into test tubes with screwed caps. Bacteria were then
allowed to grow anaerobically in the dark for 24, 48, 72 or
96 h. Monitoring the growth of bacteria was performed by
counting the colony-forming units at the indicated times
after appropriate dilution in saline and cultivation on the
reinforced clostridial agar plates under anaerobic condi-
tions for 3 days. Since P. acnes are microaerophilic bac-
teria, long periods of incubations were needed for the ex-
periments and for counting the viable bacteria.

2.4. Photosensitization procedure

Cultures in the test tubes were transferred to illumina-
tion by placing the test tubes horizontally in order to
obtain maximal exposure to the blue light. Some cultures
were illuminated again after 24 h and some were even
illuminated three times, after an additional 24 h as indi-
cated in the results. A sample was taken out from the
culture after each illumination and viable bacteria were
counted. The colony-forming units of the survivals were
calculated per ml. Unilluminated cultures served as con-
trols.

2.5. Illumination method

Illumination was carried out using a CL-420-1 acne
therapy system which utilized high intensity narrow band
blue light between 407 and 420 nm with total UV cuto¡.
The Lab model system contained a metal halide lamp
which produced 20 mW cm32 homogeneous illumination
at the tube surface. (Lab prototype of ClearLight1, by
CureLight, distributed by Lumenis). The lamp has a
square 17U15 cm shape and is located 10 cm above the
horizontal test tubes. Two ventilators are also located near
the lamp on both sides in order to prevent any heating of
the illuminated samples. Light £uence was calibrated with
a light power meter (OPHIR model PD2-A, Israel). It was
calculated that it takes 1 min to get 1.25 J cm32.

2.6. High-performance liquid chromatography (HPLC)
analysis

P. acnes cultures grown as above were extracted by a 0.1
M NH4OH acetone solution (1:9 v/v). Porphyrins from
the extracts were identi¢ed and quanti¢ed by an HPLC
system (Merck Hitachi D-7000) using a C-18 modi¢ed
silica column and a reversed phase system. The system
was equipped with a LaChrom £uorescence detector
L-7480, where the excitation wavelength was at 407 nm
and emission at 612 nm. Elution was performed using a
gradient consisting of 10% acetonitrile in 1 M ammonium
acetate pH=5.1 (solvent A) and 10% acetonitrile in meth-
anol (solvent B). Porphyrin chromatographic marker kit
(Porphyrin Product, Logan, UT, USA) was used as a stan-
dard kit for evaluation and quanti¢cation of the porphy-
rins produced. The amount of each porphyrin in the kit
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was 10 nmol ml31 and from the £uorescence intensities the
amounts of the related porphyrins in the tested sample
could be calculated.

2.7. Fluorescence measurements

P. acnes cultures were extracted as above and under-
went £uorescence spectral determination. This was per-
formed using a Perkin-Elmer model LS-50 spectro£uo-
rometer interfaced to a data station 7500 computer. The
excitation wavelength was 405 nm and emission spectra
were recorded in the 550^750 nm range. Extractions
from cultures at zero time, which were taken from the
‘start plates’, were used as controls.

2.8. ALA solution

Stock solutions of ALA were prepared by dissolving
ALA to a concentration of 5 mg ml31 in sterile distilled
water. Each stock solution was kept in the dark at 4‡C for
a maximum of 24 h.

2.9. Transmission electron microscopy

Treated and untreated control P. acnes cultures were
centrifuged and ¢xed in 2.5% glutaraldehyde/paraformal-
dehyde in phosphate bu¡er at room temperature for 1 h.
Samples were washed with phosphate bu¡er and post¢xed
in both 1% osmium tetraoxide and uranyl acetate. The
cells were dehydrated with ethanol and embedded in
Epon. Thin sectioned samples were prepared using an
LKB ultratome III and examined with a Jeol 1200 EX
transmission electron microscope.

2.10. X-ray microanalysis (XMRA)

XMRA combined with scanning electron microscopy
was used for elemental analysis of individual cells whose
content was ¢xed by deep-freezing. The method for bac-
terial cell analysis has been described previously [26,27]. In
brief, P. acnes cultures were washed twice with 0.1 M
ammonium acetate and resuspended in 20 Wl ammonium
acetate. Each suspension (20 Wl) was attached to an alu-
minum grid, air-dried at room temperature for at least 24 h
and then coated with a layer of carbon. XMRA was per-

formed using an X-ray system of the eXL Link type at-
tached to a Jeol 840 scanning electron microscope. Each
spectrum was an average determination of approximately
106 cells. The background level was the same during all
measurements.

3. Results

P. acnes cultures grown in reinforced clostridial broth,
in the absence or presence of ALA, for 0, 24, 48, 72 and 96
h have demonstrated increase in the viable number of
bacteria from 1.4U108 to 7.1U108 CFU ml31 after
4 days of growth. Growth in the presence of ALA was
not signi¢cantly di¡erent from the pattern without ALA
and the viable count increased from 1.4U108 to 6.7U108

CFU ml31 (Table 1). Fluorescence spectral examinations
of extractions from these samples revealed emission peaks
at 612 nm when excited at 405 nm (data not shown). This
emission peak is characteristic for porphyrins. These por-
phyrins are endogenous porphyrins produced and accumu-
lated in the growing bacteria.
Examination of P. acnes porphyrin content by HPLC

after extraction of the endogenic porphyrins from culture
grown anaerobically in broth for 24 h revealed that the
porphyrin produced by P. acnes is mostly coproporphyrin
(Fig. 1, upper panel). The retention time for the porphyrin
produced in the bacteria was 12 min exactly as the reten-
tion time of coproporphyrin in the standard kit. The ¢rst
peak, presented in both panels of Fig. 1, has a retention
time of 2 min and is of unidenti¢ed materials that contain
£uorescent molecules found in the cytoplasm of the bac-
terial cells and are not porphyrins. Addition of 100 Wg
ml31 ALA, an inducer of endogenous porphyrin synthesis,
demonstrated that this inducer causes a signi¢cant increase
in coproporphyrin production in the 24 h incubated cul-
ture (Fig. 1, lower panel). The porphyrins in both cases
were extracted from the same number of bacteria.
Porphyrin amounts increase as a function of growth

time as seen in Fig. 2. Addition of ALA (100 Wg ml31)
enhances this increase and the amounts of coproporphyrin
produced were signi¢cantly higher in the presence of ALA.
Almost zero amounts of porphyrins were detected at the
beginning of the experiment in the cells resuspended in the
broth medium which were transferred from the ‘start
plates’.
Photoinactivation of P. acnes was obtained when cul-

tures that grew anaerobically for 24 h in liquid medium
were illuminated by a blue light dose of 75 J cm31. Under
these conditions the viable count of the culture decreased
between one and two orders of magnitude. In cultures that
grew for 48 h and were illuminated once the viability is
decreased by almost two orders of magnitude. Two con-
secutive illuminations at an interval of 24 h between the
treatments (illumination at 24 h and 48 h of growth)
caused a decrease in the viable count of the culture by

Table 1
Growth of P. acnes anaerobically in the absence or presence of ALA
(100 Wg ml31)

Incubation time (h) Growth (CFU ml31)

3ALA +ALA

0 1.4U108 1.4U108

24 2.2U108 1.9U108

48 4.5U108 4.1U108

72 5.6U108 5.5U108

96 7.1U108 6.7U108
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four orders of magnitude. Three consecutive illuminations
(at 24, 48 and 72 h) resulted in a decrease in viability of
¢ve orders of magnitude (Fig. 3).
ALA-triggered cultures of P. acnes, where endogenous

porphyrin production was enhanced, exhibited a better
inactivation pattern upon illumination by intense 407^

420 nm blue light (Fig. 4). The viability of cultures grown
with ALA for 24 h and illuminated with a light dose of 75
J cm32 decreased by two orders of magnitude and when
illuminated by 100 J cm32 the viability decreased by three
orders of magnitude only (the last result is out of the light
£uence scale in Fig. 4). Cultures grown with ALA for 48 h
exhibited reduced viability by seven orders of magnitude
with a light dose of 75 J cm32. Cultures grown with ALA
for 72 h exhibited a decrease in viability by seven orders of
magnitude even with a light dose of 50 J cm32. The de-
crease in viability of the cultures grown with ALA and
illuminated with blue light was far more signi¢cant than
that of cultures grown without ALA. One illumination
only was su⁄cient for such photoinactivation after incu-
bation with ALA.
Fast ionic £uxes which were determined by XMRA re-

vealed that P. acnes cultures that have been incubated
with ALA (100 Wg ml31) for 24 h and illuminated with
100 J cm32 showed a loss of 90% of potassium by calcu-
lation (Fig. 5, upper panel). Furthermore, bacteria incu-
bated with the same concentration of ALA for 72 h and
illuminated with 75 J cm32 demonstrated the same leakage
of potassium (96%) but also a 40% decrease in phosphorus
content (Fig. 5 lower panel). The above results can be
interpreted as consequences of bacterial membrane dam-
ages. Observations by transmission electron microscopy
demonstrates the antibacterial e¡ects of the photosensiti-
zation process of endogenous porphyrins. The appearance
of low density areas in the middle of the cells can be
interpreted as leakage of intracellular components (Fig.
6B,C). Asymmetrical septation of treated cells was ob-
served (Fig. 6D). Undivided elongated cells connected
one to the other without separation of the daughter cells
was commonly detected (Fig. 6B,C). As a result of these
structural alterations in the treated bacteria, a lytic process
can be developed leading to bacterial cell death.

Fig. 1. HPLC of porphyrins extracted from P. acnes (upper panel) and
from cultures incubated with 100 Wg ml31 ALA (lower panel). Cultures
were incubated anaerobically for 24 h, then extracted and submitted to
HPLC analysis.

Fig. 2. Fluorescence intensities of coproporphyrin from P. acnes cultures
at various stages of growth. Cultures were grown in liquid medium
without (F) or with (R) ALA (100 Wg ml31) for 24, 48, 72 and 96 h.
Samples of each incubation time were extracted and transferred to
HPLC analysis. Fluorescence intensities of coproporphyrin were re-
corded for extracts taken from the same number of cells.

Fig. 3. Survival of P. acnes after illumination with intense blue light.
Cultures were grown anaerobically in liquid medium. Illuminations were
performed using 407^420 nm blue light with a light £uence of 75 J
cm32. A: Control culture with no illumination. B: Cultures illuminated
once after 24 h. C: Cultures illuminated twice, after 24 and 48 h.
D: Cultures illuminated three times, after 24, 48 and 72 h. E: Cultures
illuminated once after 48 h. Viable counts per ml were monitored. Each
point is the meanW S.D. of ¢ve experiments, P6 0.005 for each experi-
ment vs. control.
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4. Discussion

Photoinactivation of bacteria by endogenously pro-
duced porphyrins is of growing interest in the ¢eld of
photodynamic therapy [24,25,28,29] as well as in the ¢eld
of acne treatment [13,30^35]. The knowledge that P. acnes
produces porphyrins naturally and accumulates them in
the bacterial cell became known before the start of photo-
dynamic therapy [36]. Since the early days of photody-
namic treatment, investigators have tried to treat acne us-
ing visible light at various wavelengths [10,11,13,20,30,31,
33,37^39]. In the present study we demonstrate the possi-
bility of treating this infection by taking advantage of the
fact that P. acnes produces porphyrins which can be pho-
tosensitized and the bacteria will be killed by their own
products. We used an intense blue light lamp that produ-
ces blue light at a narrow band between 407 and 420 nm.
This light is free of all UV light and is not toxic to mam-
malian cells or to intact bacterial cells that do not contain
a photosensitizer. In the case of P. acnes or other bacterial
cells that produce porphyrins, the blue light may photo-
inactivate the intact bacterial cells as a consequence of the
photosensitizer molecules produced and stored within the
bacterial cells. Some investigators have used white light or
red light for photokilling of P. acnes, with little success
[30,32,34,38,39]. Red light is more penetratable into the
depth of the skin, but a high light intensity is necessary
for eradication of the bacteria by red light. On the other
hand, blue light is less penetratable into the skin, but low
intensities of light are needed for eradication of the bac-
teria [30,37]. The yield of bacterial photoeradication was a
factor for the protocol developed using phototreatment of
P. acnes.
Photoinactivation of P. acnes by its endogenous por-

phyrins can be caused by coproporphyrin, the predomi-
nant porphyrin found to be produced by this bacterium in
this study. In a recent study [40], protoporphyrin and
traces of coproporphyrin were found after 7 days of in-

cubation. An increase in these porphyrins was also found
after 14 days of incubation. On the other hand, other
works have analyzed predominance of coproporphyrin
and lower amounts of protoporphyrin [14,27,41]. The
amounts of porphyrin may vary with the pH of the growth
medium and the length of the incubation time [42]. Our
results are in agreement with the latter studies and dem-
onstrate that coproporphyrin is the main product and in-
creases as a function of incubation time up to 96 h
(4 days).
A similar phenomenon was observed when ordinary

bacterial strains were incubated with ALA, which is the
precursor for porphyrin synthesis. In bacterial strains that
naturally do not produce porphyrins in high amounts they
produce high amounts of porphyrins only upon induction
by ALA. Uroporphyrin was found [25] to be the main
porphyrin produced in the Gram-positive bacterium
Staphylococcus aureus. The predominant porphyrin pro-
duced in the Gram-negative Escherichia coli is also uro-
porphyrin, but protoporphyrin IX production is also sig-
ni¢cant. In another strain of E. coli it was found [43] that
ALA, after a very short incubation time, mainly induces
the formation of protoporphyrin IX followed by mesopor-
phyrin IX and minute amounts of coproporphyrin. In this
case, photoinactivation occurring upon illumination by
blue light causes photokilling of the bacteria [24,25,28,
29]. This phenomenon of porphyrin induction by ALA
has been demonstrated in P. acnes like in the other bac-

Fig. 4. Viable counts of P. acnes grown with ALA and illuminated with
blue light. P. acnes cultures were incubated with ALA (100 Wg ml31)
for 24 (b), 48 (F) and 72 h (R) and illuminated at various light £uen-
ces with 407^420 nm blue light. Cultures incubated with ALA but not
illuminated served as controls (8). Viable counts per ml were moni-
tored. Each point is the meanW S.D. of ¢ve experiments, P6 0.005 for
each experiment vs. control.

Fig. 5. X-ray elemental spectra of P. acnes treated with ALA. Bacteria
were incubated with ALA (100 Wg ml31) for 24 (upper panel) or 72 h
(lower panel). Cultures were illuminated with blue light at a light £u-
ence of 100 or 75 J cm32, respectively. Cultures incubated with ALA
but not illuminated served as controls.
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teria that naturally do not accumulate porphyrins. ALA
by itself is not toxic and can easily be used for topical
treatment of acne [32].
The increase in the amounts of porphyrins in P. acnes as

a result of ALA induction was signi¢cantly above the
natural production of this bacterium. From the results
shown in this study it is indicated that P. acnes can pro-
duce and accumulate more porphyrin than it produces
naturally. It seems that the maximal natural production
is not really the maximal amount that can be found in the
bacterium. Furthermore, the same porphyrin (copropor-
phyrin) was shown to be produced with or without the
inducer. From the point of photoinactivation it seems
that the greater the intracellular amount of the porphyrin
the better are the eradication results.
The e⁄ciency of bacterial photokilling by naturally pro-

duced endogenous porphyrins is relatively low and in or-
der to obtain a sharp decrease in viability of P. acnes two
or even three consecutive illuminations must be given in
order to reduce viability by four or ¢ve orders of magni-
tude (respectively). We postulated that since the amount of
porphyrins is relatively low, photosensitization may fur-
ther reduce this amount by destruction of the photosensi-
tizer molecules. The survivors now produce new porphyrin
molecules and the second or third illumination will photo-
inactivate the bacteria by additional orders of magnitude.
The above assumption may be proven from the fact that
when the bacteria produce more coproporphyrin, as ob-
served when ALA enhances their synthesis, the bacteria
are readily photoinactivated and viability decreases by sev-
en orders of magnitude at the same light intensity that
causes a decrease of only two orders of magnitude in the

non-ALA-induced P. acnes. Furthermore, the amount of
porphyrins increases in the bacteria as a function of incu-
bation time. It was demonstrated with ALA-induced
P. acnes that the older cultures are readily photoinacti-
vated. For example, the viability of cultures incubated
with ALA for 24 h and illuminated with 75 J cm32 is
decreased by less than two orders of magnitude whereas
48 h cultures decreased by seven orders of magnitude with
the same light intensity. Photokilling at seven orders of
magnitude was obtained for 72 h cultures even with a 50
J cm32 light intensity (66% less intensity). This leads to the
conclusion that the amount of endogenous porphyrin
plays a role in maintaining a successful phototreatment
of P. acnes. Successive illuminations by 407^420 nm blue
light exposure may result in a signi¢cant cure of patients
with acne. In this case no exogenous material is added. It
must be mentioned that the number of bacteria in an in-
fected acne wound is several orders of magnitude lower
than that in the initial steps of the in vitro experiments.
This fact may lead to better possible results upon in vivo
trials. Fully cured acne wounds of patients were shown by
dermatologists using the successive illumination regimen.
Another regimen of trials is by applying ALA on the acne
wounds for a certain period and then illuminating. Clinical
trials using this regimen are also under investigation, with
good preliminary results.
The mechanism by which the photoinactivation of

P. acnes bacteria occurs is suggested by the results ob-
tained from XMRA and transmission electron microsco-
py. Illumination of the naturally produced endogenous
coproporphyrin or the coproporphyrin induced by ALA
resulted in an e¥ux of potassium from the cells and a

Fig. 6. E¡ects of illumination by blue light on the ultrastructure of P. acnes. Transmission electron micrograph of P. acnes cells incubated with ALA
(100 Wg ml31) for 24 h and illuminated with 407^420 nm intense blue light at a £uence of 100 J cm32 (B,C,D). Arrows are pointing at: asymmetric sep-
tation (AS), elongated cells (EL) or leakage (L). Intact cells with no illumination after 24 h of incubation served as controls (A). Magni¢cation was
40 000 for panel A, 30 000 for panels B and C and 50 000 for panel D.
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signi¢cant loss of phosphate. These results can be inter-
preted as consequences of bacterial membrane damage,
probably to the various P. acnes ionic pumps. The free
radicals evolved by light-activated porphyrin play a major
role in membrane cross-linking disturbance and alteration
and may be responsible for diminishing Kþ and ATPase
activity and cell death.
Alterations in P. acnes cell ultrastructure as a result of

the photodynamic e¡ect are consistent with our previous
results with other Gram-positive bacteria photosensitized
by endogenous [25] or exogenous [44] porphyrins. Ultra-
structure alteration may indicate that the perturbations
occurring in the photosensitized cell, especially by photo-
sensitizers that are readily available in the bacterial cyto-
plasm, are conceivably related to the general cytotoxic
phenomenon of bacterial cell death.
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