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Abstract 
      Infection is a disease caused by the invasion of pathogenic bacteria or microorganisms that 
breed on the wound. Infectious bacteria such as Staphylococcus aureus can cause wound 
infections. Systemic therapy using antibiotics leads to bacterial resistance. Meanwhile, bacteria 
naturally produce light-sensitive porphyrins, as endogenous photosensitizer. Light irradiance with 
suitable wavelength spectrum to the spectral absorption of porphyrin with the proper irradiation 
energy density can cause inactivation of bacterial cells. This study aims to determine effectiveness 
photodynamic inactivation with wide spectrum range of diode laser 405 nm to inactivate the 
Staphylococcus aureus bacteria with endogenous photosensitizer. 
      In order to determine the role of energy density of diode laser to activate the endogenous 
photosensitizer porphyrin in bacteria, the study was divided into two parts: 1) characterization of 
diode laser light source and absorption spectrum of endogenous photosensitizer Staphylococcus 
aureus, 2) determine the antimicrobial effect of diode laser with endogenous photosensitizer. 
Combination treatment were divided into the following experimental groups: C group for the control 
group without laser irradiation treatment and T group for groups with laser irradiation at various 
exposure time (120; 150; 180, 210; 240; 270) s. The results were analyzed by Anova and the Tukey 
test with P value ≤0.05. 
      The statistical analysis showed that there was no significantly difference between the control 
group and the laser treatments at 120 s exposure time, as well as on treatments with 180 s and 210 
s. Treatment of laser exposure resulting in significant differences in bacteria survival of 0.00 (P 
<0.05) at 150 s, 270 s and 240 s laser exposure time. 240 s laser exposure time with energy 
density of 55.02 J/cm2 resulted in the lowest bacteria survival of 5.89 log CFU/ml with a 55.22% 
reduction in bacterial reduction, which was significantly different from the other treatment groups. 
      The suitability between wavelength of the diode laser with photosensitizer’s absorption 
spectrum affect the effectiveness of bacterial inactivation. The more precisely the absorption of 
photon light energy, the more photosensitizer will be activated to produce various reactive oxygen 
species that have an effect on the number of bacterial deaths. 
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 Introduction 
 

Staphylococcus aureus (S.aureus) is a 
bacterium that lives commensally on human 
skin. under pathological conditions, S.aureus 
can cause a number of illnesses from minor 

skin diseases such as skin infections, acne 
vulgaris, to severe diseases such as pneumoni 
and meningitis 1. S.aureus infection can also be 
caused by direct contamination of the wound, 
e.g. in postoperative wound infections or post-
traumatic infection 2. Generally, dermatologists 
use systemic therapy in the form of antibiotics 
such as methicillin to reduce the number of 
infectious bacteria, so the mechanisms against 
inflammation can be formed and skin irritation 
can be corrected. However, this method often 
causes problems, since long-term antibiotics 
cause bacteria to become resistant 3-4. 

Some bacteria naturally produce 
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endogenous porphyrins as photosensitivity 
molecules which are light-sensitive 5-6. The 
ability of porphyrin to absorb light is specific. 
Theoretically, the porphyrins have 2 specific 
intensities, namely Soret Band and Q Band 7. 
The presence of porphyrins as endogenous 
photosensitizer can be used for photodynamic 
inactivation (PDI) bacteria 8-10. PDI is a method 
of bacterial inactivation utilizing light sources, 
photosensitizing agents, and oxygen 11-13. PDI 
can be applied for antimicrobial photodynamic 
therapy in various cases of skin, dental and 
oral diseases14-15. otherwise photodynamic 
activation produces a photobiomodulating 
effect. Photobiomodulation is a therapeutic 
modality by using light to eliminate 
inflammatory effects in various cases such as 
periodontitis15-18. 

The absorption of light by photosensitizer 
is related to the wavelength of light source and 
the photosensitizer absorption spectrum 19-20. 
This photophysical process will activate the 
occurrence of photochemical reactions resulting 
in various reactive oxygen species (ROS) 
products that inactivate bacterial cells 21. 
Photodynamic inactivation is inhibition of cell 
metabolic activity caused by cytoplasmic 
membrane damage due to peroxidation by 
reactive oxygen at lipids and proteins, results in 
cell lysis or inactivation of membrane transport 
systems and membrane transport enzyme 
systems in these bacterial cells 22. 

Various studies on the success of 
photoinactivation in microbes in vitro were also 
performed by Rolim et al. (2012) 23 and Tavares 
et al. (2010) 24. Nitzan et al. (2004) 10 
investigated photoinactivation with blue halogen 
lamp (407-420) nm (intensity 20 mW/cm2), 
energy dose of 100 J/cm2 on various strains of 
bacteria with exogenous ALA. Guffey et al. 
(2006) 25 investigated photoinactivation using 
light spectrum 405 nm and 470 nm in 
Pseudomonas aeruginosa bacteria in vitro. 

Some literatures suggest that visible light, 
particularly blue light in the 400-470 nm spectrum 
can cause photoinactivation in some bacteria 
through photostimulation in intracellular 
endogenous porphyrin 20. Imamura’s research 
(2014) to photodynamic therapy of C. albicans 
bacteria with 90% bacterial death percentage 
using laser diode 405nm power 0.2W with 1200s 
exposure time, whereas in bacteria P. gingivalis 
and P. intermedia obtained percentage of 

bacterial deaths of 60% and 80% with power 0.2 
W and 300 s exposure 26. Complementing the 
role of light characterizaztion in photodynamic 
microbial inactivation, this study aims to 
determine effectiveness photodynamic 
inactivation with wide spectrum range of diode 
laser 405 nm to inactivate the Staphylococcus 
aureus bacteria with endogenous photosensitizer, 
an in vitro study.  
 

Materials and methods 
 
 Bacterial Culture  

The bacterial strain, S. aureus ATCC 
25923 was inoculated from Tryptone Soy Agar 
(Oxoid, UK) and taken on Tryptone Soy Broth 
sterile (Oxoid, UK). The culture of bacteria was 
incubated in 37oC incubator CO2 until bacterial 
colonies reached ~108 CFU/mL or 1.0 McFarland 
Standard. The irradiation of the E. coli bacteria 
was done in vitro in Petri dishes.  

 
Characterization of Light Source 
Characterization of the light source aims 

to determine the role between the wavelength 
spectrum and energy density of diode laser with 
the absorbent spectrum of endogenous 
photosensitizer in Staphylococcus aureus 
bacteria. Characterization of light source was 
performed using wavelength meter and universal 
fiber optic detector Thorlabs PM 100D include 
diode laser spectrum, power stability over time, 
temperature and file area. Characterization of 
bacteria porphyryine’s resorptive spectrum was 
performed also. 

 
Antimicrobial Effect of Treatments 
Against S. aureus 
Combination treatment were divided into 

the two groups; group (C) for control group no 
laser treatment and group (T) for treatment group 
with diode laser exposure at varying time 
exposure (120; 150; 180, 210; 240, 270) s.  

After treatment, the bacteria suspension 
was planted and incubated at 37oC for 24 hours, 
and then the number of colony-forming units per 
milliliter (CFU/ml) was determined. The decrease 
in bacterial colony growth (D) was calculated 

using D(%):(C-T)/Cx 100%, where C and Y 
are the total numbers of bacterial colony, under 
treatment and control, respectively. The data 
were analyzed by Anova and the Tukey test with 
P value ≤0.05. 
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Results 
 
Wavelength characterization was done by 

a wavelength meter connected to a universal 
fiber optic detector. The wavelength of diode 
laser spectrum is shown in Figure 1. 

 
Figure 1. Wavelength spectrograph of diode 
laser. 
 

The wavelength characterization result 
show that the diode laser wavelength is in the 
wide range of (405-425) nm.  

The magnitude of laser exposure intensity 
be affected by exposure distance and the area of 
the laser spot. Figure 2 shows the laser power at 
various exposure distances. The diode laser 
power at a distance of 1.5 cm indicates power of 

(95.680.08) mW. At a distance of 1.5 cm, the 
characterization was done to check the power 
stability to the duration of diode laser exposure. 
The result of power stability characterization of 
diode laser in the varying time exposure is shown 
in Figure 3. 

The results of power characterization 
against laser exposure time show stability after 
100 seconds of laser exposure, i.e. at power of 

(82.530.06) mW. 
Laser diode is a diode that emits a 

coherent and directional photon at certain 
wavelength. The photon emitting process in the 
semiconductor diode laser is due to the electron 
transition from the conduction band to the 
valence band and recombine. Light intensity 
depends on the amount of current used. At low 
currents, the radiation emitted by the laser diode 
is the result of spontaneous emission. In the 
presence of an additional current, a radiation 
emitted is no longer due to spontaneous 

emissions, but to the emission of stimulation. The 
output power of the laser is also strongly 
influenced by the temperature; hence 
temperature changes will produce a light 
spectrum with different wavelengths. 
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Figure 2. Diode laser power stability at various 
irradiance distance. 
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Figure 3. Graph of diode laser stability at various 
time exposure. 
 
 Diode Laser has a narrower spectrum 
distribution than an LED. Laser light has a mode 
structure, with peaks separated in wavelength. 
Lasers are known to have Gaussian-shaped 
beams, the distribution of light can be viewed in a 
transverse direction ie perpendicular to the 
propagation axis. The light beam that has a 
diameter in the transverse direction, will spread 
with a spreading angle 27. If a light beam passes 
through a gap, then the intensity of light located 
at a distance from the gap will be oscillated in the 
transverse direction. The spread of the beam is 
caused by the diffraction event that is the flexing 
of light as it passes through a lattice gap that 
produces wave front along the z-direction and the 
diffraction angle θ. The laser file formed by the z-
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diffraction event is called a Gaussian beam. The 
Gaussian beam is the ideal and desired beam of 
a laser because in that shape the highest 
intensity is at the top and then the smaller at the 
edges of the beam. A laser beam having a 
gaussian profile at a particular location will have 
a gaussian profile for all z positions along the 
propagation direction. The peak intensity of the z-
axis can be attributed to the total power (P) 
propagated by the Gaussian beam. The intensity 
of the axis of the beam can be obtained through 
the equation with  is the effective area of the 
beam at position z 27: 

      (1) 

 
One of the weakness of the diode laser is 

each distance traveled will produce a different 
output that is elliptical with a large divergence 
angle; this is caused by light diffraction (light 
bending) when the light comes out of the laser. 
The further the radiation distance, the output light 
will be elliptical with a penumbra that tends to 
increase. The diameter of the beam intensity (A) 
on the x and y-axes is a distance function (z) 
according to the formulation of 28: 

    (2) 

 
With dx is the ellipse diameter on the x 

axis, dy is the ellipse diameter on the y-axis 28. 

Therefore, the size of the beam is 0.3617 . 
The intensity of laser diode exposure (I) in 
mW/cm2 is laser exposure power (P) divided by 
the area of the file (A). Whereas the energy 
density (E) of laser exposure in J/cm2 is the 
intensity (I) multiplied by exposure time (t). 

    (3) 

 
The magnitude of the energy density at 

various irradiation times is shown in Table 1. 
 

Treatment 
Power 
(mW) 

Area (  
Exposure 
time (s) 

Energy 
density 

(  

1  0.36   22.56 

2  0.36   34.39 

3  0.36   41.27 

4  0.36   48.14 

5  0.36   55.02 

6  0.36   61.89 

Table 1. Laser energy density at various time 
exposure. 
 

The results of the endogenous spectral 

absorption test of bacterial porphyrin 
Staphylococcus aureus are shown in Figure 4. 
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Figure 4. Bacterial absorption spectrum of 
Staphylococcus aureus. 
 

Figure 4 shows the peak of endogenous 
photosensitizer of Staphylococcus aureus 
bacteria is in the range of 372 nm to 472 nm with 
peak spectrum at 405 nm. 

Treatment results at various laser 
exposure time are shown in Figure 5. The 
statistical analysis showed not significantly 
different between the control group and the laser 
treatments at 120s exposure time, as well as on 
treatments with duration of 180 s and 210 s. 
Treatment of laser exposure resulting in 
significant differences in bacteria survival of 0.00 
(P <0.05) at laser exposure of 150 s, 270 s and 
240 s. At treatments of 240 s laser exposure with 
energy density of 55.02 J/cm2 resulted lowest 
bacteria survival of 5.89 log CFU/ml with a 
55.22% reduction in bacterial death, which was 
significantly different from that of the other 
treatment groups. 
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Figure 5. The effect of laser exposure time to bacteria 
survival. 
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 Discussion 
 

There are various kinds of porphyrins 
produced by the bacterium 6. Each bacterium 
accumulates a particular type of porphyrin with a 
specific absorptive spectrum 8. The synthesis of 
bacterial porphyrins occurs in the cytoplasm with 

the natural precursors of -aminolevulinic acid 
(dALA) which produces various types of 
porphyrins namely, coproporfirin III, uroporfirin III 
and protoporfirin IX 9. Nitzan et al. (2004) 10 

reported that Gram-positive Staphylococci 
bacteria produced coproporfirin III (68-75%). The 
advantages of porphyrins as endogenous 
photosensitizers are the strong absorbency at the 
visible spectrum of light, stable to light exposure, 
and low toxicity in dark conditions. 

The endogenous spectrum of 
endogenous phorpyrin bacteria Staphylococcus 
aureus lies at the wavelength of 405 nm. This 
result is consistent with previous research 
showing that it has 2 specific intensities, i.e. 
Soret Band located at wavelength of 402 nm and 
Q Band located at wavelength 272 nm, 631 nm, 
720 nm, and 930 nm 7. The result of the diode 
laser wavelength characterization is in spectrum 
range of (405-425) nm so that the diode laser 
spectrum is in the porphyrin absorption spectrum 
of Staphylococcus aureus bacteria. Light photon 
uptake by photosensitic molecules 
(photophysical process) occurs only in photons of 
wavelength corresponding to the absorbent 
spectrum of photosensitizer 21, 29. 

Lasers are known to have monochromatic, 
coherent, and focused beams. The laser light 
source has an intensity associated with the 
power per unit area. The larger power with a 
small surface area produces larger intensity. The 
intensity of diode laser exposure shows the 
number of emitted photons that appear at high 
brightness levels. Therefore, the diode laser 
energy density is the quantity of photon energy 
per unit area of light spot. The larger the diode 
laser energy density, the more photons with high 
energy can be absorbed by the photosensitizer 
molecule. The laser energy absorbed by the 
photosensitizer molecule will then activate the 
occurrence of photochemical reactions resulting 
in a radical product that damages the bacterial 
cell. 

The success of the photoinactivation of 
bacteria involves the process of 
photosensitization, i.e. the process of light 

absorption (photophysics) by photosensitizer 
porphyrins, which further activates the 
occurrence of chemical reactions resulting in 
various species of reactive oxygen. The initial 
mechanism of photosensitization is the 
absorption of photons by photosensitivity 
molecules followed by photochemical reactions21. 
Photochemical reactions mediated by porphyrins 
are most common from excited triplet states. 
Chemical reactions of type 1, optically excited 
photosensitive molecules react with substrates 
such as cell membranes or molecules and 
transfer a proton or an electron to produce an 
anion superoxide or radical cation. This radical 
will then react with oxygen to produce the 
reactive oxygen species (ROS). Anion 
superoxide will react with the substrate to 
produce hydrogen peroxide (H2O2). In type 2 
reactions, triplet photosensitizer can transfer 
energy directly to oxygen molecules that are in a 
triplet excitation state to produce electrophilic 
singlet oxygen (1O

2). The singlet oxygen reaction 
with the amino acids will form peroxides that 
damage cells. 

The results of this study indicate that laser 
exposure of 240 s with energy density of 55.02 
J/cm2 resulted in the lowest bacteria survival of 
5.89 log CFU/ml with a 55.22% reduction in 
bacterial mortality, which was significantly 
different from the other treatment groups. 
Photodynamic effects on Staphylococcus aureus 
bacteria are reported by Maclean et al. (2009) 19 
with a 405 nm blue LED without exogenous 
photosensitizer molecule at dose of 36 J/cm2 
resulted in a 14% percentage of Staphylococcus 
aureus bacterial death. The results of Imamura 26 
showed that the photodynamic effect of 405 nm 
and laser power of 0.2 W for 300s s decreased 
the bacterial population of P. gingivalis and P. 
intermedia by 60% - 80%, whereas in the 1200 s 
decreased C. albicans population by 90%. Based 
on research that has been done, the role of 
photon number and photon energy affect the 
number of bacterial deaths. The larger the 
photon intensity and the longer the exposure, the 
more photosensitizer will be activated to produce 
various ROS that have an effect on the number 
of bacterial deaths. 
 
 Conclusions 
 

Laser exposure of 240 s with energy density 
of 55.02 J/cm

2
 resulted in the lowest bacteria survival 
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of 5.89 log CFU/ml with a 55.22% reduction in 
bacterial death, which was significantly different from 
the other treatment groups. The suitability between 
wavelength of the diode laser with photosensitizer’s 
absorption spectrum affect the effectiveness of 
bacterial inactivation. The more precisely the 
absorption of photon light energy, the more 
photosensitizer will be activated to produce various 
reactive oxygen species that have an effect on the 
number of bacterial deaths. 
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