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Abstract
Photodynamic therapy (PDT) is a photo chemotherapeutic strategy that is the application of photosensitizing agent and light 
on disease or tumor site. The aim of this study is to confirm the feasibility for femtosecond (fs) laser for aminolevulinate (ALA) 
mediated PDT on skin, breast and bladder cancer cells. Also the remarkable aspects of ALA mediated and laser induced PDT 
with respect to other literally known applications were investigated. 
Metastatic melanoma cells SK-MEL30, mammary epithelial carcinoma cells MCF-7 and bladder cancer cells UMUC-3 were 
treated with ALA and then the cells were irradiated by fs laser at thirty wavelengths in between  230 and 800 nm for 30s 
and 60s. Anti-cancer effects of ALA phototherapy on different cancer cell lines were determined. Protoporphyrin IX (PpIX) 
accumulation was visualized by confocal microscopy. The effective PDT wavelengths were applied to evaluate the degree of 
apoptosis and necrosis in cells.
The viability tests demonstrated that wavelengths 400-440 nm and 600-630 nm were found to decrease the viability on three 
model cell lines.  PDT at 630 nm exerted cell death by necrosis and apoptosis after 30 s and 60 s periods.
This paper confirms that ALA and femtosecond laser mediated PDT may be used together as therapeutic and diagnostic 
method to target breast, skin and urinary bladder cancer cells. The use of fs laser allows the flexibility for optimization of wa-
velength for photosensitizing agents.  
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Introduction 
It has been proven more than 15 years ago that, rapid laser technology can be used to mi-
cro-structure materials by laser pulses very accurately (1).  Femtosecond (fs) laser source 
develops very low thermal and physical deterioration to the neighboring material and 
tissue.  This property leads the adaptation of fs laser technology to medicine.  The usage 
of fs technology has been demonstrated in cornea shaping, photodynamic therapy, den-
tal and ear surgery (2). The advantages of fs lasers in PDT include deep penetration of 
long laser wavelengths, the potential to reach the location of the tissue to be treated and 
decreased photo-bleaching of the photosensitizing agent (3). Photodynamic therapy has 
been proven to be an effective therapeutic way in dentistry for the treatment of periodon-
tal pockets and osteo-necrosis in jaw (4). Photofrin (Porfimer Sodium) is a United States 
Food and Drug Administration (U.S. FDA) approved photosensitizing agent commonly 
used to treat esophageal cancer and non-small cell lung cancer by red laser induced PDT 
(5). So, PDT seems one of the novel therapeutic strategies deserving of work on for opti-
mizing the parameters (6). 

The therapy strategies for cancer patients with solid tumors have been developing 
through improvement of new generation drugs and therapeutic regimens (7). On the oth-
er hand, resistance acquired by tumor cells during chemotherapy develops demand to 
find other therapy protocols (8). One of the effective therapy protocols may be photody-
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namic therapy that the light source and photosensitizing agent 
stimulates the oxidative damage in tumor cells (9). PDT is a 
type of photo-chemotherapy which is based on the application 
of photosensitizer through systemic or topical ways and irradi-
ation of the region by light sources.  Photosensitizer and light 
interaction will develop reactive oxygen radicals in the cells.  
Porphyrin derivatives or porphyrin precursors may be used as 
photosensitizer and laser or incoherent light may be used as 
light source during PDT. Because malignant cells accumulate 
photosensitizer more than normal cells do, irradiation of the 
target region by light source will cause destruction of cancer 
cells preferentially due to highly reactive singlet oxygen accu-
mulation and increased oxidative stress (9, 10). This feature 
makes PDT, a good targeted therapeutic strategy for cancer 
treatment. Photodynamic therapy provides the advantages like: 
tumor tissue specificity, prevention of resistance, multi PDT ap-
plication on to the same tumor (10). ALA-PDT therapy is not 
developed very recently however the intensions of researchers 
for investigating the suitable photosensitizing material and its 
optimal concentration, light source and its effective intensity, 
and optimum wavelength, are going on. (11). Aminolevulinate 
(Aminolevulinic acid, 5-ALA) is metabolized to PpIX through 
heme pathway (12). PpIX activation induces the generation of 
singlet oxygen species in mitochondria and cell death is expe-
rienced (13, 14, 15). 5-ALA has some potential advantages as 
photosensitizer as it is naturally occurring intermediate in the 
heme biosynthetic pathway, low amount of external ALA will 
be sufficient to induce PpIX. ALA also does not have intrinsic 
photosensitizer effect different from most of the photosensitiz-
ers and it has a more rapid photosensitizer clearance (16, 17). 
ALA-HCl has been approved by U.S. FDA as a drug to be used 
for brain tumor diagnosis on June 2017 (Gleolan, NX Develop-
ment Corp.). Since 5-ALA is a naturally occurring metabolite 
not only in animal cells but also in some bacteria, it is produced 
by biotechnological methods in biorefinery concept (18). It is 

a potential valuable natural photosensitizing agent, so we fo-
cused on to establish the optimum wavelength for ALA-medi-
ated fs-PDT to provide insight its usage as therapeutic tool and 
its dual function for cancer theranostics. 

A Ti:Sapphire femtosecond (fs) pulsed facility was used to 
irradiate the tumor model cells. It provides the opportunity to 
work different wavelengths and to investigate the effects of al-
tered wavelength on the efficacy of photodynamic therapy. 

The aim of this study is to investigate the therapeutic effects 
of 5-ALA mediated and fs induced photodynamic therapy in 
breast cancer MCF-7, metastatic skin cancer SKMEL-30 and 
high grade bladder cancer UMUC-3 cells in time and wave-
length dependent manner. The potential use of femtosecond 
laser at the most effective wavelength between Ultraviolet (UV, 
230nm) –and Near Infrared (NIR, 800nm) in ALA-PDT in 
cancer therapy was evaluated. The use of fs laser provides the 
ease of working at varying wavelengths with single equipment 
for different photosensitizers having different absorbance fea-
tures. The use of ALA- PDT by  fs laser induction may lead 
a new theranostic tool for breast cancer, melanoma and high 
grade bladder cancer.

Materials and methods
Cell-lines and conditions 
SK-MEL30  (cat.ATC151, DSMZ) melanoma cell line,  UMUC-
3 (ATCC® CRL-1749™) high grade bladder cancer cell line and 
MCF-7 mammary epithelial carcinoma cells were maintained 
as monolayer type cell culture in DMEM F12, MEM Earl’s Me-
dium and RPMI-1640 medium respectively (Figure 1). The cell 
culture medium pH was buffered to 7.0-7.4 both during cultur-
ing and during PDT. The culture medium was supplemented 
with 10% serum (FBS, v/v) and 1% antibiotic solution (penicil-
lin/streptomycin, v/v). When the adherent cells occupied 70% 
of the cell culture vessel, they were transferred into new T25 
flasks by mobilizing the cells with trypsin-EDTA. Three cells 

Figure 1. Cancer model cell lines: A) UMUC-3, B) SK-MEL30 C) MCF-7 (Invert, phase contrast light microscope)
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lines were studied at different times by different researchers 
(listed as co-authors) for this study. 

Application of 5-ALA mediated photodynamic therapy to de-
termine the optimum laser wavelength 
A Ti:Sapphire fs pulsed laser system was used to irradiate the 
cells. It consists of three parts: an oscillator (Quantronix,-
Ti-Light, USA) laser that delivers laser pulses with 90 fs pulse 
duration at 85MHz repetition rate at a wavelength in the near 
infrared region about 790–810 nm a; an amplifier (Quantro-
nix, Integra-C, USA) system pumped by Ti-Light oscillator 
and used to amplify pulse energy, the output of which gives 
a 90 fs laser pulse train with 1kHz repetition rate at 800 nm 
wavelength with an energy per pulse up to 3.5 mJ and; an OPA 
(Quantronix, Palitra, USA) system pumped by output of Integ-
ra-C delivering laser pulses at 90 fs pulse duration over a wave-
length range covering from UV to NIR in the spectrum.  These 
facilities provided the opportunity to work wavelength depen-
dence of light effect on the PDT. The beam area incident on the 
multi-well plates is about 0.5 cm2. The power of the light trans-
mitted to inside of the 96-well plate was measured (45 mW), 
eventually 0.09 W/cm2 laser peak power density was applied. 
The spectral bandwidth of the laser is about 30 nm. Hence the 
used wavelengths in this study were chosen taking into account 
this bandwidth. The applied laser fluence in this study was 9 x 
10-5 J/cm2 with 1 kHz repetition rate and 90 fs pulse durations. 
These peak power density and also peak energy fluence values 
were applied for all used laser wavelengths on the cells both 30s 
and 60s irradiations durations. During experimenting, laser 
energy was very stable and intensity of laser during the irradia-
tion did not change for all wavelengths. 

5-ALA was used as precursor for PpIX induction. SK-
MEL30, UMUC-3, MCF-7 cells were seeded to microplates 
(10,000 cells per each microwell) and incubated for attach-
ment. 5-ALA (1mM final concentration) was added in to the 
growth medium (pH 7.0-7.4) of microwells to be treated. To 
prevent the irradiation of neighbor wells, at least one row and 
one horizontal line wells were left empty from each side of the 
experiment wells. The pH of the medium is an important pa-
rameter that effects the PpIX production. The PpIX production 
requires pH 7.2 media. The cell culture medium contains so-
dium bicarbonate buffer system that works in the presence of 
CO2 in culture incubator (19). The micro plates were incubated 
for 4h after treatment in dark to prevent toxicity from light, 
and then the well content was refreshed with medium that does 
not contain ALA (11). Cells were irradiated by thirty different 
wavelengths form UV to NIR (230 nm- 800 nm) for 30 and 60 
seconds. The irradiation was performed from the bottom of cell 
culture plates directing the laser light on to the each single well. 
Laser control wells attributed for each wavelength were not 
treated with 5-ALA, cell control wells were not applied 5-ALA 
and laser. The cells were incubated overnight. Each experiment 
sets were replicated three times. 

Evaluation of the effects of photodynamic therapy with differ-

ent fs laser wavelengths on the viability of skin, bladder and 
breast cancer cell lines
After the PDT treatment and incubation, XTT solution (XTT 
is a negatively charged, tetrazolium salt, Biological industries) 
was added to the wells and activated by activating solution, the 
cells were left for incubation for 4h in CO2 incubator. Optical 
density of the plates were measured at 490 nm by a 96-well 
plate reader (BioTek Instruments). The viability level of control 
cells was set to 100% and % viability of the ALA-PDT on cancer 
cells were determined from the mean of at least three results 
for each laser wavelength. The effective laser wavelengths, that 
inhibited SKMEL-30, UMUC-3 and MCF-7 cell viability after 
ALA-phototherapy, were determined. In this study, the PDT 
wavelengths was  judged as “effective” when the viability of the 
cancer cells treated with ALA-phototherapy was found to be 
maximum 50-60%. The cell viability tests generally aim to find 
the conditions that inhibit the fifty percent of the viability. So 
here we have chosen the conditions that the cell viability was 
50-60% and lower to study the cell death mechanisms. Also 
control cell viabilities should be at high percentages (more than 
60%). We used the ALA-PDT conditions (laser wavelength) 
that resulted in maximum 50-60% cell viability to evaluate the 
cell death mechanisms in further experiments.

Evaluation of apoptosis and necrosis levels in melanoma, blad-
der and breast cancer cells after PDT
The most effective PDT wavelengths were determined by XTT 
assays as explained in previous sections. The validation of cell 
death mechanisms in those fs wavelengths were identified by 
analysis of apoptosis and necrosis by AnnexinV/ 7-AAD detec-
tion kits. Flow cytometry was used (FACS Aria III, BD, Canada) 
for fluorescent measurements. 10,000 cells from three different 
cell lines were seeded in microplates and incubated in 1 mM 
5-ALA containing medium (DMEM, EMEM or RPMI) one 
night.  Output wavelength of fs laser system was set to the 630 
and 420 nm for UMUC-3, 600 nm and 400 nm for SK-MEL-30 
and 440 nm and 630 nm for MCF-7 cells and the cells were 
irradiated for 30s and 60 s durations. After overnight dark in-
cubation, attached and already detached SKMEL-30, UMUC-3 
and MCF-7 cells after PDT were harvested from wells and the 
cells were treated with AnnexinVAPC  (Biolegend) and 7-ami-
no-actinomycin D (7-AAD, Biolegend) (11). The flow cytome-
ter was adjusted for each cell line with unstained cells. Finally, 
fluorescence gates were analyzed according to the directions of 
staining kits. High 7-AAD staining quadrant (Q1, Q2) demon-
strates death cells (due to apoptosis or necrosis), high Annex-
in-V (Q4) staining quadrant demonstrates apoptotic cells.

Visualization of 5-ALA mediated fluorescent PpIX accumula-
tion 
The intracellular fluorescent PpIX accumulation was observed 
by confocal microscope (CLSM, Nikon A1+). 200,000 cells 
model for different cancer tissues were seeded in glass bot-
tomed cell view plates (Greiner) and the cells for incubated for 
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Figure 2. Cell viability profiles of the A) UMUC-3 cells, B) SK-MEL-30, C) MCF-7 cells at the selected PDT wavelength condi-
tions. The significantly different groups were demonstrated by asterisk (p<0.05). 

24 hours for attachment. Afterwards, the attached cells were 
treated with 4 mM ALA in serum-free medium for 4 hours. 
The cell plates were washed with ice-cold PBS for three times, 
the fluorescence was detected in living cancer cells. The 5-ALA 
concentration and treatment duration was found non-toxic as 
previously tested (11). Light emission from PpIX was detected 
when the untreated wells were attributed as negative control. 
Control untreated cells and ALA treated cells were observed in 
white field by transmitted detector (TD) and then by confocal 
microscope with standard detector (SD) and TD. The confocal 
laser scanned images were analyzed by NIS Elements View-
er 4.0 (Nikon) then the images captured by TD and SD were 
merged to visualize the intracellular fluorescent accumulation 
(excitation: 405 nm; emission: 614 nm).

Statistics
The analyses regarding cell viability assessments were repeat-
ed at least three times and the significant variations between 
treatment groups were examined by applying Student’s t-test 
(p<0.05).

Results 
Effect of femtosecond laser mediated PDT on the viability of 
UMUC-3, SK-MEL-30 and MCF-7 cells
The PDT wavelengths were judged as effective when the via-
bility of the cells treated with ALA-phototherapy was 50-60% 
and lower. Additionally, the other key wavelength selection cri-
terion was that the control group (without ALA) achieved at 
least 60% cell viability at the chosen wavelength. The viability 
tests on high grade urinary bladder, metastatic melanoma and 
breast cancer cells revealed that femtosecond laser irradiation 
with wavelengths lower than 400 nm resulted in low viability 
(lower than 50%) in both control and ALA-PDT groups. Addi-
tionally, the treatment wavelengths between 440 nm- 600 nm 
and 630-800 nm did not exert the effective cell death, which 
was more than 50% cell death. The only effective results (cell 
death more than 50% in PDT group and lower than 40% in 
control group) that passed the PDT criteria were obtained with 
400-440 nm and 600-630 nm fs PDT in-vitro therapeutic pro-
tocol on model cell lines. Figure 2 demonstrates the cell viabil-
ity profiles of the cells after PDT. According to the results, PDT

decreased the viability of MCF-7 cells dramatically when com-
pared to the other two more aggressive cancer cell models. La-
ser irradiation at UV wavelengths caused a decrease in viability 
of non-ALA cells. So, UV wavelengths seem to be not feasible 
for ALA-phototherapy protocol. The cell death in UV wave-
lengths may be due to the effect of UV light only. The viability 
of MCF-7 cells was decreased to 26% and 39% after 440 nm 
fs laser PDT for 30 s and 60 s respectively. The cell viability 
was decreased to 40% and 45% when PDT at 630 nm wave-
length was applied for 30 s and 60 s durations respectively. 420 
nm PDT was the most effective therapy on high grade bladder 
cancer cell line which exerted 62% and 40% anti-proliferative 
effect after 30s and 60s irradiation respectively when compared 
to non-ALA laser treated control cells. 380-400 nm PDT was 
the most effective on metastatic skin cancer cell line which ex-
erted 67-69% anti-proliferative effect after 30s and 60s irradi-
ations when compared to no ALA laser treated control cells. 
Interestingly, 60s fs laser irradiated (non-ALA) UMUC-3 cell 
line viability was higher than non-treated control group. The 
inhibitory effects should also be investigated with further mo-
lecular analyses.

Flow cytometry analysis for the evaluation of apoptosis and 
necrosis levels in bladder, melanoma, and breast cancer cells 
after PDT
The flow cytometry analysis results exhibit the cell popula-
tions at different analysis quadrants (Figure 3-5). Q3 quadrant 
constitutes the living cells that were not stained by Annexin 
and 7-AAD.  Q4 quadrant exhibits the cells that are apoptot-
ic, phosphotidyl serine molecules of the apoptotic cell mem-
branes were stained by fluorescent conjugated Annexin. Q1 
and Q2 quadrants represent the cells that are in late apoptosis 
and in necrosis. In that case late apoptotic and necrotic DNA 
fragments were stained by 7-AAD. According to the flow cy-
tometry results, there is considerable percentage of cell death 
in UMUC-3 and MCF-7 populations after 420 nm and 440 nm 
PDT, respectively (Table 1).  It seems that the 420 nm fs medi-
ated, 1mM 5-ALA PDT is the best therapeutic way that inhib-
its the viability of high grade UMUC-3 cells in-vitro. However 
the cell death of SKMEL-30 cells was not demonstrated well by 
flow cytometry apoptosis and necrosis analysis (Table 1). PDT 



211The EuroBiotech Journal

Figure 3. Annexin-V/7-AAD apoptosis/necrosis analysis of 30 s and 60 s PDT treated UMUC-3 cells. 

at 440 nm for 30s and 60s durations induced cell death in about 
70% of the MCF-7 population (Figure 5, Table 1). 

Confocal microscopy for detection of 5-ALA mediated fluores-
cent PpIX accumulation
The fluorescent PpIX accumulation after induction of PpIX 
with non-fluorescent 5-ALA was observed in three cancer 
model cells at the same conditions by confocal microscope 
(Figure 6). The cells that were not treated with 5-ALA were 
used as negative control. 5-ALA is not a fluorescent molecule 
itself so the observed fluorescence is due to the accumulation 
of fluorescent PpIX emission after induction of the cells with 
5-ALA (20). Nontoxic concentrations of 5-ALA seems to be 
applicable for diagnosis of skin, bladder and breast cancer.  
Here the finding is both proof of the concept and it exhibits 
that three different cancer type cells may be diagnosed at the 
same conditions. Here it was shown that the non-toxic amount 
of 5-ALA (4mM) was enough to enhance the PpIX for visual-
ization of three different cancer cells. Here this finding is im-
portant because it is known that PpIX was pumped out by cell 
membrane proteins in some circumstances (21). Especially the 
drug efflux pump ABCG2 is responsible for the chemotherapy 
resistance and PDT resistance in cancer cells. So, accumulation 
of PpIX is one of the most important parameters of successful 
PDT and also ALA mediated diagnosis in cancer. 

Discussion
Efficacy of 5-ALA mediated photodynamic therapy with 30 
different laser wavelengths in bladder, skin and breast cancer 
models was investigated in this study. The most effective PDT 
wavelength was determined by evaluating the cell viability 

analyses. Findings will provide new experimental biomedici-
nal results to the literature that were arisen from application 
of femto second laser at 30 different wavelengths on amino-
levulinic acid treated bladder, skin and breast cancer cells. In 
our previous study we claimed that melanoma cells that were 
treated with fs induced ALA-phototherapy experienced apop-
totic and necrotic cell death (11). In that work, the cells were 
excited by fs laser pulses (10-15 sec) to target the light route, 
andalso it is known that fs-PDT does not cause any adverse 
effects to the nearby tissue (22). This treatment protocol may 
be very similar to the targeted therapy strategy. Three different 
model cell lines were used in this study and high grade bladder 
cancer cells and breast cancer cells were more sensitive to ALA-
PDT when compared to metastatic melanoma cells. 

The influence of ALA-PDT on bladder cancer cells is con-
siderable and promising in terms of the applicability of the 
treatment procedure to clinic. Bogoeva and his group applied 
Ruthenium (II) Porphyrin (RuP) mediated PDT with continu-
ous blue light laser for 10 minutes on bladder cancer cells (23). 
They have found that cell survival was dramatically reduced to 
14% after illumination of 20 µM RuP with 15.6 J/cm2 blue light. 
They declared that the high percentage of cell population expe-
rienced necrosis. However the effect was not due to light source 
or photo-activation but the major effect was due to the toxicity 
of photosensitizer ruthenium porphyrin alone. In our study we 
found promising results with application of very short fs laser 
durations (30s, 60s). In our study generally, exposure durations 
of 30s and 60s did not exerted any significant differences be-
tween each other for the analyzed wavelengths of 400nm and 
600 nm bands. So we may propose that use the lowest exposure 
time as possible would be more advantageous. This would pro-
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Figure 4. Annexin-V/7-AAD apoptosis/necrosis analysis of 30 s and 60 s PDT treated SK-MEL-30 cells.

Figure 5. Annexin-V/7-AAD apoptosis/necrosis analysis of 30 s and 60 s PDT treated MCF-7 cells.
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% Cell population (Flow cytometry analysis)
UMUC-3 SKMEL-30 MCF-7 UMUC-3 SKMEL-30 MCF-7

Fs laser wavelength 420 nm 630 nm 400 nm 600 nm 440 nm 630 nm
Irradiation duration 30s 60s 30s 60s 30s 60s 30s 60s 30s 60s 30s 60s

Q3      Living 26.4 31.5 60.9 59.2 71.1 68.0 73.1 72.4 39.9 27.6 45.4 41.7
Q4      Apoptosis 41.1 37.9 21.1 22.5 7.6 14.1 9.0 5.9 1.7 5.9 3.1 2.90
Q1     
Q2      

Late Apoptosis &
 Necrosis

32.4 30.6 18.0 18.3 21.3 17.8 17.9 21.7 58.4 66.6 51.5 55.5

Total Cell Death *73.5 *68.5 39.1 40.8 28.9 31.9 26.9 27.6 *60.1 *72.5 54.2 58.4

Table 1.  Representation of % cell populations that are living and that experience cell death through apoptosis and necrosis after 
PDT. (* Considerable cell death percentages)

Figure 6. Intracellular fluorescent (PpIX) accumulation induced by ALA treatment observed after PBS washes, (40X-oil, 
512x512). A) UMUC-3 cells non-ALA treated, observed by confocal microscope with standard detector-SD; B) UMUC-3 cells 
non-ALA treated, observed in white field by transmitted detector-TD;  C) ALA treated UMUC-3 cells, observed by confocal 
microscope with SD; D) ALA treated UMUC-3 cells observed by white field and confocal with SD and TD;  E) SK-MEL-30 cells 
non-ALA treated, observed by confocal microscope with SD; F) SK-MEL-30 cells non-ALA treated, observed in white field by 
TD; G) ALA treated SK-MEL-30 cells, observed by confocal microscope with SD; H) ALA treated SK-MEL-30 cells observed by 
white field and confocal with SD and TD; I) MCF-7 cells non-ALA treated, observed by confocal microscope with SD; J) MCF-7 
cells non-ALA treated, observed in white field by TD; K) ALA treated MCF-7 cells, observed by confocal microscope with SD; 
L) ALA treated MCF-7 cells, observed by white field and confocal with SD and TD. (Excitation: 405 nm; emission: 614 nm)
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vide the low light toxicity for the normal surrounding cells and 
also short therapy periods. It may be proposed that, the 5-ALA 
mediated, fs laser PDT may be targeted therapy with early re-
sponse for bladder cancer and breast cancer. On the other side, 
these suggestions need to be proven by in-vivo tests. 

Cell death after ALA-PDT with continuous light for 125 
and 500 seconds was proved to be occurred due to apoptosis 
originated from alterations in JAK/STAT pathway and Bcl-2, 
Bax gene expression levels in A431 and COLO-6 cells (24). Di 
Venosa et al. previously claimed that THP-ALA has a good sys-
temic distribution to be used for brain tumors and they have 
also proved that ALA derivatives have high topical infusion 
rate and stability to be used for skin cancers (25). It is known 
that, activation of photosensitizer by any light source; contin-
uous or pulsed; the reactive oxygen radicals develop in the 
presence of oxygen. These species oxidize cellular components, 
causing apoptosis and necrosis (26). It means that here the key 
factor is activating the photosensitizing molecule by any light 
source. On the other side, it would be preferred that duration 
of irradiation would be short, energy of the light is effective to 
cause cancer cell death and the conditions are safe for neigh-
boring healthy cells. In this study we regarded the PDT condi-
tions that allow cell viability at most 50-60% and at which the 
control cell viability is high as “the efficient condition”, addi-
tionally other parameters on real tissue experiments should be 
performed and optimization of the parameters for photo-che-
motherapy may be considered in that more narrow range in 
future studies. Here the conditions that the cells from different 
cancer sources experience cell death through apoptosis and/or 
necrosis after the fs-PDT were reported. On the other hand, 
the molecular mechanisms of the PDT resistance, the respon-
sible proteins and the genes should be investigated in detail in 
coming studies.

It was reported that, altered activities of heme biosynthesis 
enzymes, functions of mitochondria elements and activities 
of membrane transporters may be different in different can-
cer types (27). These parameters contribute to ALA mediated 
protoporphyrin accumulation in tumor cells. ALA mediated 
cancer diagnosis may be enhanced by molecular modulations. 
So, here our results revealed that ALA mediated PpIX accumu-
lation may be used in diagnostic applications in skin, bladder 
and breast cancer in the experimental parameters used in our 
work. Barcessat et al. tested ALA mediated PDT with diode la-
ser at a wavelength 660 nm, 40 mW power, 90 J/cm2 fluency for 
1.5 min in each point to treat oral lesions (28). They found that 
two sessions of ALA mediated PDT with indicated induction 
parameters was not enough for total remission of the lesion. 
They claimed that more PDT sessions must be applied to guar-
antee the total healing. The light source is important parameter 
in PDT; it is known that non-coherent light sources are easy 
to use and relatively cheap. However, lasers are useful as they 
produce mono-chromatic light of a predetermined wavelength, 
light dose can easily be calculated and the light can reach 
through the optical fiber to the target location (16). Hammer 
et al. claimed that femtosecond pulses are comparatively safe, 

having high threshold for laser-induced breakdown in aqueous 
matrix (29). Actually their results demonstrate that the pre-
dominating breakdown process of the fs pulse is multi-photon 
breakdown of water and this is not dependent to the existence 
of electrolytes. According to literature, pulsed light offers po-
tential advantages since pulsed lasers can generate low heating 
in the target tissue and neighboring tissue. Sometimes deliv-
ering light to deeper tissue may be preferred, like in cases of 
breast cancer tumors. In such cases increased power is needed 
to develop required energy at tumor site and that much pow-
er may result in tissue at the surface layer of the target tissue. 
In such circumstances pulsed light may be more effective (30). 
Hashmi et al. claimed that the “quench period” when the laser 
pulse is off, reduces heating and allows the use of much high-
er power intensity that may be safely applied to tissue without 
pain. In this study, we used femtosecond laser as a light source. 
To sum up, fs-laser has potential to be used as a light source for 
cancer therapy by PDT in clinic. 

 
Final remarks
According to our findings, all the cancer cells were not cleared 
with 100% cell death.  By selecting the possible effective wave-
lengths, we developed a background for the future studies. 
Accordingly, the parameters may be altered. Also it would be 
enlightening to focus on the gene expression analysis at the 
most effective parameters. The 400 nm and 630 nm ALA medi-
ated fs-PDT should be deeply studied to exhibit the other cel-
lular and molecular analysis. Collectively, 70% cell death was 
reached that may be assumed as a good beginning for a ther-
apeutic strategy for the cancer types we worked in this paper. 
At this point another question will be if the melanoma cells 
have exhibited resistance to ALA mediated fs-PDT. This is the 
first report which evaluates the ALA mediated PDT in different 
cancer cells with different fs laser wavelengths as light source. 
The results demonstrate that ALA and femtosecond laser me-
diated PDT may be used together as therapeutic and diagnostic 
tool to target different cancer types. Here, it is confirmed that 
the wavelength of laser treatment and treatment duration are 
important parameters that determine the destiny of ALA me-
diated fs laser-photodynamic therapy. 
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