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Abstract: Photodynamic therapy (PDT) is suggested to have an impact on the treatment of early
stage head and neck cancers (HNSCC). We investigated the effect of PDT with methylene blue (MB)
and a diode laser (660 nm) as the laser source on HNSCC cell lines as an in vitro model of surface oral
squamous cell carcinoma. Cell-cultures were exposed to 160 µM MB for 4 min and to laser light for
8 min. Viability was proven via cell viability assay and clonogenic survival via clone counting assay.
The combination of MB and diode laser evidenced high efficient loss of cell viability by 5% of the
control, while treatment with the same concentration of MB for 4 min alone showed a viability of 46%
of the control. In both SCC-25 and Detroit 562 HNSCC cells, MB combined with the laser allowed
a significant abrogation of clonogenic growth (p < 0.01), especially in the case of Detroit 562 cells less
than 1% of the suspension plated cells were able to grow tumor cell nests. Multiresistant (Detroit 562)
HNSCC cells expressing cancer stem cell markers are sensitive to MB/red laser combined PDT.
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1. Introduction

Head and neck malignancies compose about 90% of squamous cell carcinoma (SCC). Depending
on several factors including stage of cancer and condition of the patient, different treatment options
are available. Main treatment principles include surgery, radiotherapy, chemotherapy, immune
therapy, or combinations thereof [1–3]. Occasionally, other treatment modalities may be beneficial in
selected patients.

Photodynamic therapy (PDT) is a treatment modality for precancerous skin lesions with good
cosmetic results and few adverse effects and allows application to multiple lesions [4]. Several studies
reported successful treatment of early stage head and neck squamous cell carcinoma (HNSCC) and its
precursor lesions with photodynamic therapy (PDT) [5,6].

Recently, an overall response rate of 91% with a complete response rate of 71% in early stage
oral cavity and oropharyngeal cancer was observed in 170 HNSCC-patients. In these studies,
the photosensitizer meta-tetrahydroxyphenylchlorin (mTHPC) was combined with a diode laser
at 652 nm for PDT [7]. Rigual and coworker [8] assessed the response of dysplasia, intraepithelial
neoplasia, and T1 carcinomas of the oral cavity to PDT with porfimer sodium and light at 630 nm.
Responses were evaluated at 1 week, 1 month, and 3 months following intervention. Initially,
25 patients had a complete response, one a partial response, and one patient did not respond.
Three patients with oral dysplasia with an initial complete response had a recurrence in the treatment
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field. The authors concluded that PDT with porfimer sodium is an effective treatment for these
indications [8]. PDT as possible treatment modality in high risk dysplasia, intraepithelial neoplasia,
and T1 SCC of the larynx was investigated in a single institution, Phase-Ib study on pyropheophorbide
(HPPH)-PDT. In this study, 29 subjects and 30 lesions were treated. Patients with T1 SCC had a complete
response rate of 82%. The most common adverse event was transient hoarseness. Two patients required
tracheostomy because of laryngeal edema [9].

1.1. Mechanisms of PDT and Common Photosensitizer

Photodynamic therapy (PDT) requires three components, the photosensitizer, oxygen, and light
source [4]. The basic principle of PDT is energy transfer from the photosensitizer to oxygen in the
tissue under light excitation. Under light excitation, reactive oxygen species, especially singlet oxygen,
are generated which cause cellular toxicity. Selective uptake of the photosensitizer in premalignant
or malignant cells is the clue to specificity of PDT [10]. Repeatability is an important feature of PDT,
furthermore PDT has no accumulative destructive effect and does not negatively influence further
treatment like radiation or chemotherapy [7]. A variety of photosensitizers are available [11,12].

5-aminolevulinic acid hydrochloride (5-ALA) is a porphyrin, which gets metabolized in the
target tissue to the proper photosensitizer. The porphyrin 5-ALA accumulates selectively in tumor
tissues and is rapidly eliminated from the human body. It is routinely used for PDT treatment of
actinic keratosis [13]. Another common photosensitizer is mTHPC, a lipophilic chlorin of the second
generation, which has a high tumor selectivity and a high yield of reactive oxygen species [11,14,15].

1.2. Methylene Blue as A Photosensitizer

Methylene blue (MB), also known as methylthioninium chloride, is a hydrophilic phenothiazine
derivative. It is a photosensitizer with light absorption at 660 nm [16]. This maximum lies well
within the emission range of common diode lasers used for low level laser therapy. These lasers are
frequently at hand at institutions treating head & neck cancer patients or are available at low cost [17].
Environmental light does barely activate MB. Therefore, adverse effects due to environmental light
exposure are not to be expected. Moreover, MB is an inexpensive photosensitizer.

MB is used for antimicrobial photodynamic therapy (APDT) and is used as a potent PDT
drug for local treatment of periodontal diseases [15], because of its efficiency against a broad
spectrum of microbes including bacteria, fungi, and viruses [18,19]. The efficiency of MB-APDT
has also been demonstrated on an antibiotic resistant polymicrobial biofilms of Pseudomonas aeruginosa
and Methicillin-resistant Staphylococcus aureus (MRSA) in a maxillary sinus model. An in vitro
maxillary sinus biofilm study demonstrated that APDT reduced the polymicrobial biofilm in chronic
rhinosinusitis by >99.99% after a single treatment [20]. Different MB concentration and exposure
times were reported. Betsy and coworker assessed 90 patients with untreated chronic periodontitis for
scaling and root planning and APDT or scaling and root planning alone. The photosensitizer used
consisted of MB suspended in double distilled water at a concentration of 10 mg/mL. As light source
a diode laser operating at 655 nm was used [21]. MB concentrations used in clinical studies ranged
from 100 µg/mL [22] to 10 µg/mL [23].

A Brazilian study group proved PDT in pediatric dentistry. APDT was performed using methylene
blue (50 µg/mL) as photosensitizer for 5 min as pre irradiation time and after the red laser was
delivered [24]. Another Brazilian study group used PDT with methylene blue for onychomycosis.
MB 2% aqueous solution was applied to the lesion until saturation occurred, followed by a rest period
of 3 min. The MB solution was not washed off. After the rest period, the lesion was immediately
illuminated with noncoherent red light (630 nm) [25]. Early reports suggest that tumor selectivity of
MB is low. Direct application of MB on the tumor site may result in accumulation within tumor cells.
In analogy to toluidine blue, this effect is probably due to impaired epithelial barrier at the tumor site.
In order to improve tumor cell selectivity, MB has been targeted specifically to tumor cells. Therefore,
MB was embedded into a nanoparticle carrying tumor antibodies or tumor-specific peptides [26–28].
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Recently Fan et al. [29] reported about the development of MB bound nanoplatform, which is capable
of delivering targeted diagnostic and photodynamic treatment of cancer. Once the nanoparticle binds
with the target cell surface, it can detect human prostate cancer cell selectively using fluorescence
imaging and PDT treatment using 785 nm, near infrared light indicates that the multimodal treatment
increases the possibility of destroying prostate cancer cells in vitro [29].

1.3. In Vitro Data

There exist various in vitro studies of PDT on different cell lines using various photosensitizers.
El-Khatib and coworker [30] examined the effect of PDT with 5-ALA in primary meningioma cell lines.
For PDT, about 5000 cells per well were plated in 20 wells of a blank 96-well plate. In each block of
four wells, 150 µL of 0, 25, 50, and 100 µg/mL 5-ALA solutions was inoculated and one block was
used as the negative control without 5-ALA and without light application. PDT was performed for 3 h
using a laser (635 nm, 18.75 J/cm2). A cell viability assay was performed 90 min after PDT. The authors
observed a significant and dose-dependent decrease of viability. Either 5-ALA or PDT alone did not
affect viability [30]. Mirzaei and coworker [31] evaluated the photodynamic effect with radachlorin as
photosensitizer on human liver cancer cells (HepG2) and normal liver cells (HFLF-PI4) measuring the
viability using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium (MTT)
assay. The photosensitizer radachlorin without light irradiation had no toxic effect on the cell lines. Cell
survival of HepG2 and HFLF-PI4 cells were decreased following PDT in a concentration-dependent
manner. The study group could also observe that the HepG2 cells were more sensitive to radachlorin
PDT than HFLF-PI4 cells. The 50% lethal dose of radachlorin HepG2 cells were 30 µg/mL and
20 µg/mL, 24 h after exposure to doses of 5 J/cm2 and 15, or 25 J/cm2. To kill HepG2 cells with
minimal effects on normal HFLF-PI4 cells the optimal radachlorin and light dose were 100 µg/mL
and 15 J/cm2 [31]. Another study group investigated the potential use of 5-ALA PDT induced
protoporphyrin IX (PPIX) on a nasopharyngeal carcinoma cell line. The cells were irradiated at 4 h after
incubation with 5-ALA (10–200 µg/mL) by a diode laser (630 nm) at various energy levels (1–50 J/cm2).
After incubation with 5-ALA, a time- and dose-dependent increase of cellular PPIX-fluorescence
was seen up to a threshold concentration of 1000 µg/mL 5-ALA. The combination of 5-ALA and
laser irradiation leaded to a significant, concentration-, energy-, and time-dependent increase of cell
death. Cellular survival at 100 µg/mL ALA and 10 J/cm2 laser irradiation was <5% after 48 h [32].
Guan and coauthors [33] evaluated PDT with MB on an osteosarcoma-derived cell line (UMR 106).
The photocytotoxicity on the cell line was investigated 24 h after MB PDT using sulforhodamine
B assay (SRB) and light microscopy. MB under red light irradiation caused a drug-concentration
(0–100 µM) and light-dose (0–32 J/cm2) dependent cytotoxicity. Furthermore, the SRB assay and light
microscopy showed a significant decrease of cell numbers after LED light-activated MB treatment
(100 µM, 32 J/cm2) [33].

It is particularly interesting to investigate the effect of PDT in therapy resistant tumor cells in
HNSCC. For this purpose, two cell lines have been included in this study. SCC-25 cells were originally
isolated from the primary tumor of a patient with tongue carcinoma [34,35]. SCC-25 cells formed
tumors in severe combined immunodeficiency (SCID) mice but not in athymic nude mice suggesting
less aggressive behavior. Moreover, SCC-25 induced tumors did not develop regional or distant
metastasis in mouse models [36]. In vitro, SCC-25 cells were found to be radioresistant [37]. SCC-25
cells contain a deletion and a frame shift in the TP53 gene protein coding region and do not synthesize
any p53 protein (own Sanger sequencing results). This cell line represents a typical issue also common
in HNSCC patients, the p53 protein loss. Detroit 562 cells grow tumors and develop regional and
lung metastases when injected in nude mice [38]. Detroit 562 was isolated from the malignant pleural
effusion of a patient with pharyngeal carcinoma [39,40]. A frequent gain of function mutation R175H
of TP53 gene is contained in Detroit 562 cells [41], which has been confirmed by us utilizing Sanger
sequencing. Both SCC-25 and Detroit 562 cells were HPV-negative [41].
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In the present study, we examined the photodynamic effect on these two HNSCC cell lines
using methylene blue as photosensitizer and a diode laser at 660 nm at a fixed area dose of 95 J/cm2.
We aimed to identify MB concentrations, MB exposure times and laser exposure times in order to
achieve maximum tumor toxicity due to phototoxic effect at minimum tumor toxicity due to MB alone.

2. Results

2.1. Stem Cell Characteristics in the SCC-25 and Detroit 562 Cell Lines

P75 neurotrophin receptor (p75NTR) and Nanog are described cancer stem cells markers in
HNSCC. In epithelial cells, p75NTR characterized an immature keratinocyte subset, which was
slow-cycling in vivo and presented a strong regenerative potential in vitro, demonstrating the main
requirements for stem cells, and introducing the importance of this receptor for the maintenance of
a stem cell pool through the induction of a quiescent state. In human adult oral mucosa lamina propria,
p75NTR-positive stem cells are self-renewing cells that co-express Oct4 and partially express Sox2
and Nanog transcription factors [42]. In this regard, we have done immunohistochemical stainings in
agarose and paraffin embedded SCC-25 and Detroit 562 cells using antibodies against CD-44, Nanog,
and p75NTR. Using a combined immunohistochemical reaction for CD-44 (green) and Nanog (red),
SCC-25 cells were frequently Nanog positive, but only scattered CD-44 positive (Figure 1A–C). Nearly
all Detroit 562 cells were both Nanog and CD-44 positive (Figure 1E–G). Practically, all Detroit 562
cells were p75NTR positive (Figure 1H), while SCC-25 cells were only relatively scattered p75NTR
positive (Figure 1D).

Figure 1. Detection of cancer stem cell markers in SCC-25 and Detroit 562 cells. SCC-25 (A–D) and
Detroit 562 (E–H) cells have been cultured to confluency, collected in pellets, embedded in agarose
and in paraffin, sectioned and were subjected to combined indirect immunohistochemical reactions
for Nanog (detected in red) and CD-44 (detected in green) (A–G) and to single immunohistochemical
reaction for p75NTR (detected in green; D,H). Detroit 562 cells showed more frequent reactions for all
cancer stem cell markers. Scale bars: 50 µm.

2.2. MB Effects on Cell Viability with and without Photoactivation

A low level 600 nm diode laser with a constant area dose of 95 J/cm2 with up to 15 min exposure
caused a nonsignificant loss of cells in HNSCC tumor cell culture, which is comparable with the
viability of routine cell culture (Figure 2) [43].



Int. J. Mol. Sci. 2018, 19, 1107 5 of 17

Figure 2. Time and concentration dependent toxic effects of MB on Detroit 562 cells, in percentage
of viable cells. MB exposure at concentration of 160 µM for 6–8 min caused up to 75% loss of cells
compared to control (sham, scattered light in neighboring wells).

Detroit 562 cells were exposed to increasing concentrations of MB (Table 1) for 2–8 min, without
laser exposure. The time conditions were chosen in order to be also reasonable in a clinical oral tumor
surface treating, which also meant that we were able to increase the concentration of MB, but we
wanted to limit the exposure time. The µM concentrations of MB have been chosen in pre-experiments
completed on more cell lines and also on commercial normal fibroblasts. Increasing concentrations of
MB caused decreasing cell viability by 2–8 min exposure. The relationship between MB concentration
and percentage of control cell viability was linear by exposure times of 2, 6, and 8 min (r2 = 0.95–0.96),
and was not linear by exposure time of 4 min (Figure 2; r2 = 0.78).

Table 1. Time and concentration (µM) dependent toxic effects of methylene blue (MB) on Detroit 562
cells, in percentage of viable cells rounded to integer values.

MB-Exposure (min) 40 80 120 160

% Viability

2 88 69 65 50
4 73 56 60 46
6 57 41 34 25
8 55 44 41 34

Exposure to a diode laser at 660 nm at a fixed area dose of 95 J/cm2 for 2–8 min resulted in
a phototoxic effect on top of MB-toxicity (p < 0.001) (Table 2). Estimated marginal means of photoxicity
when adjusted for the effects of MB-concentration (ranging from 40 µmol/L to 160 µmol/L) and
MB-exposure time (ranging from 2 to 8 min) were up to 52% (95%, CI 50% to 55%), MB at 120 µM
concentration for 4 min and laser exposure 8 min. For loss of at least 95% of the viable cells 120–160 µM
MB was required for at least 4 min, followed by 6–8 min of 660 nm laser exposure. The highest
light-depending effect was measured after 120–160 µmol/L 4 min MB treatment followed by 8 min of
laser exposure.

The phototoxic effect was not monotonically decreasing with increasing laser exposure times.
The laser exposure further increased the MB toxicity, 8 min laser exposure allowed at least 95% tumor
cell loss after at least 80 µM MB for 4–6 min. The best specific impact for the combination of MB and
laser exposure was found in 4 min MB exposure with the concentration of 160 µM and 8 min laser
exposure, which allowed up to 95% reduction of the cell viability in comparison to the control (sham,
scattered light in neighboring wells). Interestingly, MB alone at concentrations of 120–160 µmol/liter
also achieved a 67% reduction of cell viability, when they were treated for 6–8 min. Therefore, the best
specific effects were achieved with high concentration of MB, and as short treatment time as possible,
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and with the maximal laser exposure time. Taking the cell viability results together: since MB alone
has an intensive, up to 75% toxicity without light exposure, the MB treatment time was considered to
be kept as short as possible by high MB concentrations, and the maximal light-dependent cell toxicity
was chosen, which was by 8 min laser exposure. The final preferred conditions: 4 min MB exposure
with the concentration of 160 µM and 8 min laser exposure, allowed up to 95% reduction of the cell
viability in comparison to the control, and 41% of this cell loss was due to light specific effects and not
to MB only (Figure 3).

Table 2. Phototoxic effect on top of MB-toxicity 660 nm laser exposure after MB pretreatment at
different concentrations and times on Detroit 562 cells. MB alone achieved up to 75% cell loss (written
in blue). The treatment aim was to decrease the cell viability up to 95% cell loss, which was only
achieved in combination of MB and 660 nm laser exposure. The combinations achieved this aim are
written in green. The lower part of the table shows the differential effects of 660 nm laser exposure on
top of the MB effect. The highest laser-specific effect, which was accompanied with at least 95% cell
loss, is written in red.

660 nm Laser
Exposure (min)

MB-Exposure
(min)

MB Concentration, µM

40 80 120 160

% of viable cells

0 2 88 69 65 50
0 4 73 56 60 46
0 6 57 41 34 25
0 8 55 44 41 34
2 2 66 54 41 31
2 4 51 39 34 29
2 6 40 14 10 22
2 8 28 23 18 12
4 2 52 39 31 27
4 4 64 44 35 24
4 6 30 14 7 3
4 8 21 14 8 8
6 2 49 38 30 30
6 4 69 55 33 25
6 6 31 6 8 4
6 8 19 14 7 6
8 2 46 38 36 27
8 4 39 8 8 5
8 6 26 3 2 2
8 8 19 11 5 3

Viablility % difference
to t = 0 min Laser

exposure

2 2 22 16 24 19
2 4 22 16 26 17
2 6 17 27 24 3
2 8 28 20 23 22
4 2 36 30 34 23
4 4 9 12 25 22
4 6 27 27 27 22
4 8 35 29 32 26
6 2 39 31 35 20
6 4 5 0 27 21
6 6 26 35 26 21
6 8 36 30 34 28
8 2 42 31 30 24
8 4 34 47 52 41
8 6 31 38 32 23
8 8 36 32 36 30
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Figure 3. Toxic effects of 160 µM 4 min MB and 8 min laser exposure on Detroit 562 cells. Laser
exposure alone ensured 95.8% ± 2.2% cell viability, which was not significantly different from the
control (p = 0.76 with Mann Whitney test); 160 µM 4 min MB ensured 46.1% ± 0.9% cell viability, which
was significantly different from the control (****: p < 10−4 with Mann Whitney test), the combined
MB + 660 nm laser exposure allowed 4.9% ± 0.5% cell viability, which was significantly different from
the MB exposure and from the 660 nm laser exposure alone (****: p < 10−4 with Mann Whitney test).

2.3. PDT Effects on Clonogenic Survival

The main interest of the current study is not the analysis of cell viability, which might be a transient
reduction of MTT-assay measured mitochondrial and cytoplasmic enzymes [44] but to estimate the
tumor reproduction capacity of HNSCC tumor cells after the above-detailed optimized MB and laser
treatment conditions. In this regard, the capacity of both SCC-25 and Detroit 562 cells was investigated
for producing the numbers of progeny in clonogenic assays. After completion of treatments,
2000 cells/treatment were seeded in 75cm2 culture dishes in 15 mL serum-supplemented culture
medium for 2 weeks followed by counting the Gentian Violet-stained visible colonies (approximately
50 cells in each colony) (Figure 4). In the culture of SCC-25 cells 173 ± 13 colonies have grown
from the plated 2000 cells in conditions of scattered light (control), 160 µM MB alone did not induce
significant change in the number of colonies, whereas 160 µM MB (4 min) + 8 min laser treatment high
significantly reduced the number of surviving colonies to 38± 8 (p < 0.01, by Mann-Whitney test, n = 4;
four biological repeats) (Figure 4A). In the culture of Detroit 562 cells, 466 ± 44 colonies have grown
from the plated 2000 cells in conditions of scattered light (control), 160 µM MB alone did not induce
significant change in the number of colonies, whereas 160 µM MB (4 min) + 8 min laser treatment high
significantly reduced the number of the surviving colonies to 19 ± 26 (p < 0.01, by Mann-Whitney test,
n = 4; four biological repeats) (Figure 4B).
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Figure 4. Clonogenic survival of SCC-25 (A) and Detroit 562 (B) cells after laser and MB treatment.
After completion of treatments, 2000 cells/treatment were seeded in 75cm2 culture dishes in 15 mL
serum-supplemented culture medium for 2 weeks followed by counting the Gentian Violet-stained
visible colonies (approximately 50 cells in each colony). In both SCC-25 (A) and Detroit 562 cells (B) MB
significantly reduced (**: p < 0.01 by Mann-Whitney test) the number of growing colonies compared
to the controls, and MB + laser further significantly (*: p < 0.05 by Mann-Whitney test) reduced the
number of growing colonies compared to the only MB treated cells, n = 4; four biological repeats.

3. Discussion

Especially in dermatology PDT is used routinely for patients with malignant skin cancer. PDT with
ALA (aminolevulinic acid) is an effective treatment for actinic ceratosis and part of standard treatment.
Furthermore, PDT is recommended for squamous cell carcinoma (SCC) in situ, particularly in multiple
lesions, where multiple surgeries would be necessary [4,45,46]. Hodgkinson and coworkers [47]
reported PDT to be a treatment modality for colorectal cancer using an aid of drug carriers and
immune conjugates for enhanced photodynamic therapy efficacy. These modifications could prove
effective in targeting cancer stem cells that are thought to be resistant to photodynamic therapy [47].
Another study group described that encapsulation of the photosensitizer MB in nanoparticles leads
to an increased production of reactive oxygen species under both normoxic and hypoxic conditions.
The authors concluded that nanoparticle encapsulated MB has the capacity to eliminate cancer stem
cells under hypoxic conditions, an important goal of current cancer therapy [48]. Also in HNSCC
studies could demonstrate PDT to have an effect on HNSCC and has been thoroughly reported in
early stage oral cavity tumors. Recently, a Dutch study group matched two groups of patients with
early stage oral cavity tumor treated with mTHPC (meta-tetrahydroxyphenylchlorin) mediated PDT
(n = 55) and treated with surgery (n = 43) together, the tumor was thinner than 5 mm. This was the
first comparison of PDT to the surgical treatment and PDT was suggested as an alternative to surgery
in this tumor state [49]. There are several comparable studies reporting about favorable results for
PDT in HNSCC and several photosensitizer such as 3-(1′-hexyloxyethyl) pyropheophorbide [50,51],
porfimer sodium [52], mTHPC [53], or 5-aminolevulinic acid [54] have been used to enhance tumor
cell death in PDT [55]. Unfortunately, there is less data about PDT with methylene blue in HNSCC.
In this study, we found that PDT with methylene blue (MB) and low level laser (LLL) at 660 nm has an
effective impact on HNSCC cell lines. Interestingly, methylene blue alone without the use of a laser
source could bring a toxic effect on the HNSCC cell lines. In other tumor entities, studies reported the
effectiveness of MB-PDT as cancer treatment modality. For melanoma MB-PDT was suggested to be
a cheap and efficient method to decrease the volume of malignant melanoma not eligible for surgery.
In mice, MB-PDT showed a decrease of 99% in tumor volume and 75% in tumor weight compared with
untreated mice (p < 0.05) [56]. Previous studies are reporting MB-PDT to induce apoptosis in human
lung adenocarcinoma cells. The study group found MB to sensitize A549 cells, adenocarcinomic
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human alveolar basal epithelial cells to PDT-induced apoptosis. Inter alia the viability assay was used,
in contrast to our result MB alone had little effect on cell viability, MB treatment followed by PDT
significantly decreased cell viability [57]. According to their results, it was reported that MB was more
toxic to leukemia cells then to normal peripheral blood mononuclear cells. This indicates MB to be
more toxic in cancer cells than in normal cells [58]. The cytotoxic effect of MB and its derivatives
was also proven on murine mammary tumor cell lines, showing a dark toxicity of 7.9% for MB with
a concentration of 18.7 µM/L [59]. A cytotoxic effect of MB could also be found on human brain tumor
cells suggesting that the treatment of MB may be useful in the therapeutic applications of human
brain tumors [60]. In conclusion, our study suggests a significant potential of combined MB-660 nm
laser therapy in HNSCC, but MB alone has a remarkable toxicity in HNSCC tumor cell lines. First,
the maximal photodynamic effect was assessed. Therefore the best concentration of MB, exposure time
of MB, and time of laser exposure were researched. It was considered that the minimal MB exposure
time with minimal light exposure with minimal toxicity for tumor cells trough MB alone and the
maximal toxicity for tumor cells in combination of MB and light exposure had to be detected to find
a reasonable adaptability.

Toxicity of MB

The American National Institutes of Health and Public Health Service published in 2008 toxicology
and carcinogenesis studies of methylene blue trihydrate. Groups of 50 rats received 5, 25, or 50
milligrams of methylene blue trihydrate per kilogram body weight five days per week for two years.
Another group of 50 mice received 2.5, 12.5, or 25 milligrams of methylene blue per kilogram of body
weight for the same duration. Animals receiving methylcellulose alone served as controls. Exposure
to methylene blue caused pancreatic islet tumors in male rats and small intestine tumors in male
mice. Malignant lymphomas in male and female mice were possibly associated with methylene
blue trihydrate exposure. Methylene blue trihydrate caused blood abnormalities and anemia in
male and female rats and mice [61]. Chang and coworker [62] investigated the cytotoxicity of
various dyes in corneal endothelial cells in a rabbit model. Structural changes in corneal endothelial
cells after dye exposure were evaluated by light microscopy and transmission electron microscopy.
MB 0.20% did not induce significant damage to corneal endothelial cells. Significant cytotoxicity
was observed with higher dye concentrations, postoperative corneal edema due to endothelial
toxicity was caused [62]. Kirszberg and coworker [58] measured the cytotoxicity of MB by MTT
assay in erythroleukemic and melanoma lineages, comparing it with normal cells, lymphocytes,
and melanocytes. The authors observed that MB was more toxic on erythroleukemic cells than to
normal peripheral blood mononuclear cells. The group found that MB was able to inhibit in vitro
growth of erythroleukemic cells. The study group concluded MB to be more cytotoxic for tumoral cells
and suggests MB to be used as a chemotherapeutic agent [58].

MB exposure at concentration of 160 µM for 6–8 min caused up to 75% loss of cells compared to
control (sham, scattered light in neighboring wells).

Exposure to a diode laser at 660 nm at a fixed area dose of 95 J/cm2 for 2–8 min resulted in
a phototoxic effect on top of MB-toxicity (p < 0.001). Therefore, the best specific effects were achieved
with high concentration of MB, and as short treatment time as possible, and with the maximal laser
exposure time. Taken the cell viability results together: since MB alone has an intensive, up to 75%
toxicity without light exposure, the MB treatment time was considered to keep as short as possible
by high MB concentrations, and the maximal light-dependent cell toxicity was chosen, which was by
8 min laser exposure. The final preferred conditions: 4 min MB exposure with the concentration of
160 µM and 8 min laser exposure, allowed up to 95% reduction of the cell viability in comparison to the
control, and 41% of this cell loss was due to light specific effects and not to MB only. These optimized
conditions were used in clonogenic survival assays resulting in significant reduction of growing clones
in both SCC-25 and Detroit 562 cells if MB treatment was combined with 8 min 660 nm diode laser
exposure. MB treatment alone has shown a visible reduction of the number of colonies, but it was not
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significant either in cases of SCC-25 or Detroit 562 cells. As visible on Figure 4A,B) Detroit 562 cells
have a two-time higher basic cell clone producing capacity than SCC-25 cells, but the MB + laser
treatment reduces this capacity to 19 ± 26 colonies, which is lower than that of 38 ± 8 colonies of
SCC-25 cells. Immunohistochemical stainings of agarose and paraffin embedded cell pellets of Detroit
562 and SCC-25 cells revealed a high representation of cancer stem cells in the Detroit 562 culture,
which is highly consistent with the result that Detroit 562 cell culture has a high clone producing
capacity in normal culture conditions. It is particularly interesting, that a short time high concentrated
MB treatment followed by 8 min of light exposition, which are, at least from the point of view of time,
clinically also endurable, delivered a highly efficient killing of tumorigenic cancer stem cells.

4. Materials and Methods

4.1. Cell Lines

Detroit 562 cells were purchased from Cell Lines Service (CLS Cell Lines Service, Heidelberg,
Germany) and were routinely cultured in DMEM/F12 (PAA) supplemented with 10% FBS (PAA),
2 mM L-glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin at 37 ◦C and 5%
CO2 [39]. SCC-25 cells were acquired from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany, DSMZ no.: ACC 617), and were cultured in DMEM/F12
medium, supplemented with 10% FBS, 2 mM L-glutamine, 100 units/mL penicillin and 100 µg/mL
streptomycin [34,63–66].

4.2. Evaluation of Cancer Stem Cells—Related Markers in Cultured Cell Lines

Routinely cultured cell lines (2–4 × 106) were collected by centrifugation and embedded as cell
pellet in agarose as published before [67], modified as follows: Cells were harvested by centrifugation
at 290 g for 10 min at 4 ◦C, and the resulting pellet was fixed in 10 mL neutral buffered 4% formaldehyde
solution (SAV liquid production, Flintsbach am Inn, Germany). After fixation the cells were centrifuged
by 400 g for 10 min at room temperature. The cell pellet was resuspended in 300 µL PBS, transferred
to Eppendorf tube (1.5 mL), and kept on ice. Low melting point agarose (with gelling temperature
point 34–37 ◦C) was prepared in PBS as 3% solution in labor glassware by microwave warming and
it was equilibrated in a thermoblock to 65 ◦C for at least 30 min. The 300 µL PBS—cell suspension
was also equilibrated to 65 ◦C for not more than 10 min. 600 µL melted equilibrated agarose was
pipetted to the cell suspension, followed by spinning at 2000× g for 5 min at room temperature. After
that, the tube was placed on ice, the cell pellet was trimmed and it was placed in embedding cassette.
The cell pellet in the cassette was stored in PBS containing 0.05–0.1% sodium azide until embedded in
paraffin, which was done using a Histos 5 (Histocom, Wiener Neudorf, Austria) paraffin embedding
system, following the instructions of the manufacturer. After embedding, cell pellets were serially
sectioned at 5 µm thickness using a HM 355S microtome (Microm, Walldorf, Germany), affixed onto
SuperfrostTM Plus slides (Menzel, Braunschweig, Germany), and used for immunohistochemistry.
Immunohistochemistry was performed utilizing a Ventana Roche® Discovery Immunostainer (Roche,
Mannheim, Germany), applying a manufacturer supplied FISH procedure. Antigen retrieval was
performed by epitope unmasking via a heat induction methodology performed while the sections
were immersed in EDTA buffer (Cell Conditioning Solution CC1, Ventana 950–124; (Roche, Mannheim,
Germany). Cell pellet affixed slides were incubated with appropriate primary antibodies (CD44,
mouse monoclonal (Antibodies Online, Aachen, Germany, Cat. Nr. ABIN1020059), and Nanog
rabbit monoclonal (Cell Signaling Technology; Leiden, The Netherlands, Cat. Nr. 4903)) at 37 ◦C
for 1 h. The primary antibodies were detected with anti-mouse or anti-rabbit Alexa 488 or Alexa
594 conjugated secondary antibodies (Invitrogen, Eugene, OR, USA) incubating for 30 min in the
Ventana Discovery immunostainer. In addition mouse monoclonal p75NTR antibody (Sigma, Vienna,
Austria, Cat. Nr. N5408) was also used as a single staining detected by Alexa 488 conjugated secondary
anti–mouse antibody. The Alexa fluorochrome conjugated secondary antibody signals were detected
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after 5 min 4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen Eugene, OR, USA) counterstaining on
Vectashield mounted slides using fluorescent microscopy. The entire immunohistochemical staining
reaction was benchmarked against appositive controls that were supplemented to each experiment.
Auxiliary negative controls were acquired by alternating the primary antibodies with reaction buffer
or substituting them with isotype matching immunoglobulins. These auxiliary negative controls never
yielded any immunostaining.

The antibodies reacted samples were scanned and photographed with Tissue Faxs (Tissue Gnostics
Medical & Biotech Solutions, Vienna, Austria). A 2.5× objective was used for the preview and a 20×
objective was utilized for the acquisition. As master channel for the focus DAPI was used. The percent
of single and double positive cells was identified after scanning the sections in the TissueFaxs system
and evaluating with Tissuequest (TissueGnostics, version, Vienna, Austria) software.

4.3. MB-Exposure

MB was used as photosensitizer in a 1% solution approved for use in human BLUEbact®: 1 mL
contained 10 mg of methylthionium chloride and 50 mg of glucose in 1 mL water). MB was chosen
as photosensitizer because of the absorption maximum at 660 nm, which was ideal for the used light
source (wavelength of 660 nm). This material has been provided by “Heltschl Medizin Technik”,
Schlüsslberg, Austria.

The cells were exposed to increasing MB concentrations, several MB exposure times and laser
exposure times. On the first day 105 cells/well (105 cells/2 mL medium in DMEM-F12, supplemented
with 10% serum) have been plated. On the second day cell media were removed and replaced with
medium containing MB in chosen concentrations. After the chosen MB-exposure times the cells were
washed twice with 10% serum containing medium. The medium was then replaced trough transparent
Leibovitz-15 medium (Lonza, Vienna, Austria, 1 mL/well) and laser-radiation was performed for
desired durations. Afterwards, the medium has been replaced with serum containing medium
(Full DMEM-F12) again.

4.4. Laser Source and Treatment

GaAlAs diode area laser sources were used parallel above four wells of a 12-well plate (FL 3500,
660 nm, 350 mW, Heltschl GmbH, Schluesslberg, Austria), 2 cm above the cell culture and the culture
dishes were uncovered under the laser source (Figure 5). The area laser source has been described by
Schartinger and coworker previously [43].

Figure 5. Photodynamic therapy (PDT) exposure after MB treatment. GaAlAs diode area laser sources
were used parallel above four wells of a 12-well plate (FL 3500, 660 nm, 350 mW, Heltschl GmbH), 2 cm
above the cell culture and the culture dishes were uncovered under the laser source. Control cells in
the neighboring wells received scattered light.
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For laser irradiation the Detroit 562 cells were plated in a 12 well cell culture plate at 105 cells/well.
For all experiments, a constant area dose of 95 J/cm2 was applied. Three factors were systematically
varied. MB exposure time of cultured cells was tested for 0 (cells were washed only)/2/4/8/10 min.
MB concentration was tested for 0 (glucose 5%)/40/80/120/160 µM/L. Light exposure was tested for
0/2/4/8/10 min. The response-variable was the viability of cells in percent of control.

Twenty-four hours after treatment cells were released from the treatment plates (four wells control,
four wells laser and MB exposed, and four wells only MB exposed), and all cells from one well of the
12 well plate were resuspended in 1.2 mL medium and plated in 11 wells of 96 well plate, 100 µL cell
suspension/well. The 96 well plate was incubated for 72 h followed by an MMT assay [68].

For further experiments, cell-cultures were exposed to MB with a concentration of 160 µM for
4 min and then to laser light for 8 min. With these settings, the effects on viability (MTT assay) and the
clonogenicity were assessed as described.

4.5. MTT Assay

Twenty-four hours after MB and laser treatment all cells including controls and only MB-treated
cells were removed from the 12-well plates using Trypsin-EDTA (PAA) collecting all wells in separate
centrifugation tubes. Cell suspensions were centrifuged by 290 g at 4 ◦C for 5 min, the supernatant was
removed and cells in one well of 12-well plate were resuspended in 1.2 mL complete medium. The cell
suspension of one well of 12-well plate was distributed in 11 wells of 96 well plate. The plate was
incubated for 72 h, followed by cell viability evaluation using MTT-assay as previously described [43].

Briefly: cells were incubated for 4 h at 37 ◦C and then the formazan reaction product was dissolved
using 10% sodium dodecylsulfate in 10 mM HCl at 37 ◦C for 12 h. Absorbance was read at 550 nm
using a microtiter plate reader (Athos 2010, Salzburg, Austria).

4.6. Clongenic Assay

Twenty-four hours after MB and laser treatment all cells including controls and only MB-treated
cells were removed from the 12-well plates using Trypsin-EDTA (PAA) and collected to 15 mL
centrifuge tubes, separate treatments to separate tubes. Cell suspensions were counted using
a hämocytometer (Unilab, Innsbruck, Austria) and 2000 cells/treatment were seeded in 75 cm2

culture dishes in 15 mL DMEM/F12 supplemented with 10% fetal bovine serum, 2 mM L-glutamin,
100 units/mL penicillin and 100 µg/mL streptomycin (GE Healthcare Cell Culture, Pasching, Austria)
for 2 weeks for clonogenic assays. After 14 days of growth the visible colonies (approximately 50 cells
in each colony) were visualized by 0.5% Gentian Violet in methanol, which was kept in the culture
dishes for 30 s, and differentiated with a gentle stream of lukewarm water.

Stained flasks were scanned in 1200 dpi resolution using a commercial flat-bed scanner.
Based upon the resulting micrographs, colonies were counted and occupied areas measured
semi-automatically using a macro written in imageJ/FIJI (LOCI in Madison, WI, USA, home of
ImageJ2) [69] macro language. Background subtraction was performed on single images using
rolling-ball-algorithm. Micrographs were subjected to color deconvolution [70] and filtered using
a Fourier band-pass filter. Colonies were segmented using auto-thresholding algorithms. Segmented
colonies were counted and occupied areas measured. Resulting data were subjected to statistical
analysis, counted were number of colonies by culture dishes.

4.7. Statistics

Viability was calculated as percent viable cells or number of colonies under each experimental
condition compared with the control conditions by mean comparison using either Student’s t-test or
Mann-Whitney test depending on the normal distribution of the data.
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5. Conclusions

MB was used in relatively high concentrations for short time treatments followed by 8 min of
660 nm laser exposure in this study, as an experimental model for PDT for easily accessible oral SCC.
MB alone caused a significant toxicity, but in the preferred conditions of 4 min 160 µM MB and 8 min
laser exposure 41% of cell viability reduction was light specific. This combination was also particularly
effective against cancer stem cells, which were enriched in the multiresistant Detroit 562 cell culture.
MB, as we also observed, is relative unselective, for better targeting several research groups try to pack
it into nanoparticles as published by Usacheva and coauthors [48]. MB as a PDT agent for the treatment
of respiratory tract cancer in animal models was described to be efficient [71]. Further studies are
needed to assess the safety and efficacy of MB-associated PDT for the treatment of cancer in humans.
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Abbreviations

5-ALA 5-aminolevulinic acid hydrochloride
APDT antimicrobial photodynamic therapy
DAPI diamidino-2-phenylindole
DMEM/F-12 Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
EDTA ethylenediaminetetraacetic acid
FISH fluorescence in situ hybridization
FBS fetal bovine serum
HNSCC head and neck squamous cell carcinoma
HPPH 2-(1-Hexyloxyethyl)-2-devinyl pyropheophorbide
HPV Human papilloma virus
LLL low level laser
MB methylene blue
mTHPC meta-tetrahydroxyphenylchlorin
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
PBS Phosphate Buffered Saline
PDT Photodynamic therapy
PPIX protoporphyrin IX
SCC squamous cell carcinoma
SCID severe combined immunodeficiency
SRB sulforhodamine B assay

References

1. Sunar, U. Monitoring photodynamic therapy of head and neck malignancies with optical spectroscopies.
World J. Clin. Cases 2013, 1, 96–105. [CrossRef] [PubMed]

2. Hopper, C.; Niziol, C.; Sidhu, M. The cost-effectiveness of Foscan mediated photodynamic therapy
(Foscan-PDT) compared with extensive palliative surgery and palliative chemotherapy for patients with
advanced head and neck cancer in the UK. Oral Oncol. 2004, 40, 372–382. [CrossRef] [PubMed]

http://dx.doi.org/10.12998/wjcc.v1.i3.96
http://www.ncbi.nlm.nih.gov/pubmed/24303476
http://dx.doi.org/10.1016/j.oraloncology.2003.09.003
http://www.ncbi.nlm.nih.gov/pubmed/14969816


Int. J. Mol. Sci. 2018, 19, 1107 14 of 17

3. Menzin, J.; Lines, L.M.; Manning, L.N. The economics of squamous cell carcinoma of the head and neck.
Curr. Opin. Otolaryngol. Head Neck Surg. 2007, 15, 68–73. [CrossRef] [PubMed]

4. Wan, M.T.; Lin, J.Y. Current evidence and applications of photodynamic therapy in dermatology. Clin. Cosmet.
Investig. Dermatol. 2014, 7, 145–163. [PubMed]

5. Nelke, K.H.; Pawlak, W.; Leszczyszyn, J.; Gerber, H. Photodynamic therapy in head and neck cancer.
Postepy Hig. Med. Dosw. (Online) 2014, 68, 119–128. [CrossRef] [PubMed]

6. Jerjes, W.; Upile, T.; Hamdoon, Z.; Alexander Mosse, C.; Morcos, M.; Hopper, C. Photodynamic therapy outcome
for T1/T2 N0 oral squamous cell carcinoma. Lasers. Surg. Med. 2011, 43, 463–469. [CrossRef] [PubMed]

7. Karakullukcu, B.; van Oudenaarde, K.; Copper, M.P.; Klop, W.M.; van Veen, R.; Wildeman, M.; Bing Tan, I.
Photodynamic therapy of early stage oral cavity and oropharynx neoplasms: An outcome analysis of 170
patients. Eur. Arch. Otorhinolaryngol. 2011, 268, 281–288. [CrossRef] [PubMed]

8. Rigual, N.R.; Thankappan, K.; Cooper, M.; Sullivan, M.A.; Dougherty, T.; Popat, S.R.; Loree, T.R.; Biel, M.A.;
Henderson, B. Photodynamic therapy for head and neck dysplasia and cancer. Arch. Otolaryngol. Head
Neck Surg. 2009, 135, 784–788. [CrossRef] [PubMed]

9. Shafirstein, G.; Rigual, N.R.; Arshad, H.; Cooper, M.T.; Bellnier, D.A.; Wilding, G.; Tan, W.; Merzianu, M.;
Henderson, B.W. Photodynamic Therapy with 3-(1′-hexyloxyethyl) pyropheophorbide a (HPPH) for Early
Stage Cancer of the Larynx—Phase Ib Study. Head Neck 2016. [CrossRef] [PubMed]

10. Lu, K.; He, C.; Lin, W. Nanoscale metal-organic framework for highly effective photodynamic therapy of
resistant head and neck cancer. J. Am. Chem. Soc. 2014, 136, 16712–16715. [CrossRef] [PubMed]

11. Dolmans, D.E.; Fukumura, D.; Jain, R.K. Photodynamic therapy for cancer. Nat. Rev. Cancer 2003, 3, 380–387.
[CrossRef] [PubMed]

12. Dougherty, T.J.; Gomer, C.J.; Henderson, B.W.; Jori, G.; Kessel, D.; Korbelik, M.; Moan, J.; Peng, Q.
Photodynamic therapy. J. Natl. Cancer Inst. 1998, 90, 889–905. [CrossRef] [PubMed]

13. Kennedy, J.C.; Marcus, S.L.; Pottier, R.H. Photodynamic therapy (PDT) and photodiagnosis (PD) using
endogenous photosensitization induced by 5-aminolevulinic acid (ALA): Mechanisms and clinical results.
J. Clin. Laser Med. Surg. 1996, 14, 289–304. [PubMed]

14. Wang, J.D.; Quan, Z.W.; Shen, J.; Zhou, X.P.; Luo, F.H.; Wang, S.Y.; Yan, J.H.; Yang, D. Pharmacokinetics
of photosensitizer m-THPC in rat models of liver cancer via orthotropic implantation using Walker-256.
Zhonghua Wai Ke Za Zhi 2011, 49, 341–345. [PubMed]

15. Sharman, W.M.; Allen, C.M.; van Lier, J.E. Photodynamic therapeutics: Basic principles and clinical
applications. Drug. Discov. Today 1999, 4, 507–517. [CrossRef]

16. Chen, C.W.; Chan, Y.C.; Hsiao, M.; Liu, R.S. Plasmon-Enhanced Photodynamic Cancer Therapy by
Upconversion Nanoparticles Conjugated with Au Nanorods. ACS Appl. Mater. Interfaces 2016, 8, 32108–32119.
[CrossRef] [PubMed]

17. Gonzalez-Arriagada, W.A.; Ramos, L.M.A.; Andrade, M.A.C.; Lopes, M.A. Efficacy of low-level laser
therapy as an auxiliary tool for management of acute side effects of head and neck radiotherapy. J. Cosmet.
Laser Ther. 2017. [CrossRef] [PubMed]

18. De Souza, S.C.; Junqueira, J.C.; Balducci, I.; Koga-Ito, C.Y.; Munin, E.; Jorge, A.O. Photosensitization of
different Candida species by low power laser light. J. Photochem. Photobiol. B 2006, 83, 34–38. [CrossRef]
[PubMed]

19. Usacheva, M.N.; Teichert, M.C.; Biel, M.A. Comparison of the methylene blue and toluidine blue
photobactericidal efficacy against gram-positive and gram-negative microorganisms. Lasers Surg. Med.
2001, 29, 165–173. [CrossRef] [PubMed]

20. Biel, M.A.; Pedigo, L.; Gibbs, A.; Loebel, N. Photodynamic therapy of antibiotic-resistant biofilms in
a maxillary sinus model. Int. Forum. Allergy Rhinol. 2013, 3, 468–473. [CrossRef] [PubMed]

21. Betsy, J.; Prasanth, C.S.; Baiju, K.V.; Prasanthila, J.; Subhash, N. Efficacy of antimicrobial photodynamic
therapy in the management of chronic periodontitis: A randomized controlled clinical trial. J. Clin. Periodontol.
2014, 41, 573–581. [CrossRef] [PubMed]

22. Leal, C.R.L.; Alvarenga, L.H.; Oliveira-Silva, T.; Kato, I.T.; Godoy-Miranda, B.; Bussadori, S.K.; Ribeiro, M.S.;
Prates, R.A. Antimicrobial photodynamic therapy on Streptococcus mutans is altered by glucose in the
presence of methylene blue and red LED. Photodiagn. Photodyn. Ther. 2017, 19, 1–4. [CrossRef] [PubMed]

http://dx.doi.org/10.1097/MOO.0b013e328017f669
http://www.ncbi.nlm.nih.gov/pubmed/17413405
http://www.ncbi.nlm.nih.gov/pubmed/24899818
http://dx.doi.org/10.5604/17322693.1088044
http://www.ncbi.nlm.nih.gov/pubmed/24491903
http://dx.doi.org/10.1002/lsm.21071
http://www.ncbi.nlm.nih.gov/pubmed/21761416
http://dx.doi.org/10.1007/s00405-010-1361-5
http://www.ncbi.nlm.nih.gov/pubmed/20706842
http://dx.doi.org/10.1001/archoto.2009.98
http://www.ncbi.nlm.nih.gov/pubmed/19687399
http://dx.doi.org/10.1002/hed.24003
http://www.ncbi.nlm.nih.gov/pubmed/25580824
http://dx.doi.org/10.1021/ja508679h
http://www.ncbi.nlm.nih.gov/pubmed/25407895
http://dx.doi.org/10.1038/nrc1071
http://www.ncbi.nlm.nih.gov/pubmed/12724736
http://dx.doi.org/10.1093/jnci/90.12.889
http://www.ncbi.nlm.nih.gov/pubmed/9637138
http://www.ncbi.nlm.nih.gov/pubmed/9612195
http://www.ncbi.nlm.nih.gov/pubmed/21612701
http://dx.doi.org/10.1016/S1359-6446(99)01412-9
http://dx.doi.org/10.1021/acsami.6b07770
http://www.ncbi.nlm.nih.gov/pubmed/27933825
http://dx.doi.org/10.1080/14764172.2017.1376097
http://www.ncbi.nlm.nih.gov/pubmed/29020483
http://dx.doi.org/10.1016/j.jphotobiol.2005.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16413196
http://dx.doi.org/10.1002/lsm.1105
http://www.ncbi.nlm.nih.gov/pubmed/11553906
http://dx.doi.org/10.1002/alr.21134
http://www.ncbi.nlm.nih.gov/pubmed/23307793
http://dx.doi.org/10.1111/jcpe.12249
http://www.ncbi.nlm.nih.gov/pubmed/24617449
http://dx.doi.org/10.1016/j.pdpdt.2017.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28414082


Int. J. Mol. Sci. 2018, 19, 1107 15 of 17

23. Dos Santos, A.F.; Terra, L.F.; Wailemann, R.A.; Oliveira, T.C.; Gomes, V.M.; Mineiro, M.F.; Meotti, F.C.;
Bruni-Cardoso, A.; Baptista, M.S.; Labriola, L. Methylene blue photodynamic therapy induces selective and
massive cell death in human breast cancer cells. BMC Cancer 2017, 17, 194. [CrossRef] [PubMed]

24. Da Silva Barbosa, P.; Duarte, D.A.; Leite, M.F.; de Sant’ Anna, G.R. Photodynamic therapy in pediatric
dentistry. Case Rep. Dent. 2014, 2014, 217172. [CrossRef] [PubMed]

25. Figueiredo Souza, L.W.; Souza, S.V.; Botelho, A.C. Randomized controlled trial comparing photodynamic
therapy based on methylene blue dye and fluconazole for toenail onychomycosis. Dermatol. Ther. 2014, 27,
43–47. [CrossRef] [PubMed]

26. Christian, S.; Pilch, J.; Akerman, M.E.; Porkka, K.; Laakkonen, P.; Ruoslahti, E. Nucleolin expressed at the cell
surface is a marker of endothelial cells in angiogenic blood vessels. J. Cell Biol. 2003, 163, 871–878. [CrossRef]
[PubMed]

27. Porkka, K.; Laakkonen, P.; Hoffman, J.A.; Bernasconi, M.; Ruoslahti, E. A fragment of the HMGN2 protein
homes to the nuclei of tumor cells and tumor endothelial cells in vivo. Proc. Natl. Acad. Sci. USA 2002, 99,
7444–7449. [CrossRef] [PubMed]

28. Qin, M.; Hah, H.J.; Kim, G.; Nie, G.; Lee, Y.E.; Kopelman, R. Methylene blue covalently loaded
polyacrylamide nanoparticles for enhanced tumor-targeted photodynamic therapy. Photochem. Photobiol. Sci.
2011, 10, 832–841. [CrossRef] [PubMed]

29. Fan, Z.; Dai, X.; Lu, Y.; Yu, E.; Brahmbatt, N.; Carter, N.; Tchouwou, C.; Singh, A.K.; Jones, Y.; Yu, H.; et al.
Enhancing targeted tumor treatment by near IR light-activatable photodynamic-photothermal synergistic
therapy. Mol. Pharm. 2014, 11, 1109–1116. [CrossRef] [PubMed]

30. El-Khatib, M.; Tepe, C.; Senger, B.; Dibue-Adjei, M.; Riemenschneider, M.J.; Stummer, W.; Steiger, H.J.;
Cornelius, J.F. Aminolevulinic Acid-mediated photodynamic therapy of human meningioma: An in vitro
study on primary cell lines. Int. J. Mol. Sci. 2015, 16, 9936–9948. [CrossRef] [PubMed]

31. Mirzaei, H.; Djavid, G.E.; Hadizadeh, M.; Jahanshiri-Moghadam, M.; Hajian, P. The efficacy of
Radachlorin-mediated photodynamic therapy in human hepatocellular carcinoma cells. J. Photochem.
Photobiol. B 2015, 142, 86–91. [CrossRef] [PubMed]

32. Betz, C.S.; Lai, J.P.; Xiang, W.; Janda, P.; Heinrich, P.; Stepp, H.; Baumgartner, R.; Leunig, A. In vitro
photodynamic therapy of nasopharyngeal carcinoma using 5-aminolevulinic acid. Photochem. Photobiol. Sci.
2002, 1, 315–319. [CrossRef] [PubMed]

33. Guan, J.; Lai, X.; Wang, X.; Leung, A.W.; Zhang, H.; Xu, C. Photodynamic action of methylene blue in
osteosarcoma cells in vitro. Photodiagn. Photodyn. Ther. 2014, 11, 13–19. [CrossRef] [PubMed]

34. Dudas, J.; Bitsche, M.; Schartinger, V.; Falkeis, C.; Sprinzl, G.M.; Riechelmann, H. Fibroblasts produce
brain-derived neurotrophic factor and induce mesenchymal transition of oral tumor cells. Oral Oncol.
2011, 47, 98–103. [CrossRef] [PubMed]

35. Rheinwald, J.G.; Beckett, M.A. Tumorigenic keratinocyte lines requiring anchorage and fibroblast support
cultured from human squamous cell carcinomas. Cancer Res. 1981, 41, 1657–1663. [PubMed]

36. Chen, Y.W.; Lin, G.J.; Chia, W.T.; Lin, C.K.; Chuang, Y.P.; Sytwu, H.K. Triptolide exerts anti-tumor effect on
oral cancer and KB cells in vitro and in vivo. Oral Oncol. 2009, 45, 562–568. [CrossRef] [PubMed]

37. Sinha, U.K.; Schorn, V.J.; Hochstim, C.; Chinn, S.B.; Zhu, S.; Masood, R. Increased radiation sensitivity of
head and neck squamous cell carcinoma with sphingosine kinase 1 inhibition. Head Neck 2011, 33, 178–188.
[CrossRef] [PubMed]

38. Sano, D.; Xie, T.X.; Ow, T.J.; Zhao, M.; Pickering, C.R.; Zhou, G.; Sandulache, V.C.; Wheeler, D.A.; Gibbs, R.A.;
Caulin, C.; et al. Disruptive TP53 mutation is associated with aggressive disease characteristics in an
orthotopic murine model of oral tongue cancer. Clin. Cancer Res. 2011, 17, 6658–6670. [CrossRef] [PubMed]

39. Peterson, W.D., Jr.; Stulberg, C.S.; Simpson, W.F. A permanent heteroploid human cell line with type B
glucose-6-phosphate dehydrogenase. Proc. Soc. Exp. Biol. Med. 1971, 136, 1187–1191. [CrossRef] [PubMed]

40. Peterson, W.D., Jr.; Stulberg, C.S.; Swanborg, N.K.; Robinson, A.R. Glucose-6-phosphate dehydrogenase
isoenzymes in human cell cultures determined by sucrose-agar gel and cellulose acetate zymograms.
Proc. Soc. Exp. Biol. Med. 1968, 128, 772–776. [CrossRef] [PubMed]

41. Martin, D.; Abba, M.C.; Molinolo, A.A.; Vitale-Cross, L.; Wang, Z.; Zaida, M.; Delic, N.C.; Samuels, Y.;
Lyons, J.G.; Gutkind, J.S. The head and neck cancer cell oncogenome: A platform for the development of
precision molecular therapies. Oncotarget 2014, 5, 8906–8923. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s12885-017-3179-7
http://www.ncbi.nlm.nih.gov/pubmed/28298203
http://dx.doi.org/10.1155/2014/217172
http://www.ncbi.nlm.nih.gov/pubmed/25371829
http://dx.doi.org/10.1111/dth.12042
http://www.ncbi.nlm.nih.gov/pubmed/24502311
http://dx.doi.org/10.1083/jcb.200304132
http://www.ncbi.nlm.nih.gov/pubmed/14638862
http://dx.doi.org/10.1073/pnas.062189599
http://www.ncbi.nlm.nih.gov/pubmed/12032302
http://dx.doi.org/10.1039/c1pp05022b
http://www.ncbi.nlm.nih.gov/pubmed/21479315
http://dx.doi.org/10.1021/mp4002816
http://www.ncbi.nlm.nih.gov/pubmed/24568338
http://dx.doi.org/10.3390/ijms16059936
http://www.ncbi.nlm.nih.gov/pubmed/25941934
http://dx.doi.org/10.1016/j.jphotobiol.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25528192
http://dx.doi.org/10.1039/b109817a
http://www.ncbi.nlm.nih.gov/pubmed/12653468
http://dx.doi.org/10.1016/j.pdpdt.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24629696
http://dx.doi.org/10.1016/j.oraloncology.2010.11.002
http://www.ncbi.nlm.nih.gov/pubmed/21147546
http://www.ncbi.nlm.nih.gov/pubmed/7214336
http://dx.doi.org/10.1016/j.oraloncology.2008.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19359213
http://dx.doi.org/10.1002/hed.21418
http://www.ncbi.nlm.nih.gov/pubmed/20848438
http://dx.doi.org/10.1158/1078-0432.CCR-11-0046
http://www.ncbi.nlm.nih.gov/pubmed/21903770
http://dx.doi.org/10.3181/00379727-136-35455
http://www.ncbi.nlm.nih.gov/pubmed/5554463
http://dx.doi.org/10.3181/00379727-128-33119
http://www.ncbi.nlm.nih.gov/pubmed/5668122
http://dx.doi.org/10.18632/oncotarget.2417
http://www.ncbi.nlm.nih.gov/pubmed/25275298


Int. J. Mol. Sci. 2018, 19, 1107 16 of 17

42. Marynka-Kalmani, K.; Treves, S.; Yafee, M.; Rachima, H.; Gafni, Y.; Cohen, M.A.; Pitaru, S. The lamina
propria of adult human oral mucosa harbors a novel stem cell population. Stem. Cells 2010, 28, 984–995.
[CrossRef] [PubMed]

43. Schartinger, V.H.; Galvan, O.; Riechelmann, H.; Dudas, J. Differential responses of fibroblasts, non-neoplastic
epithelial cells, and oral carcinoma cells to low-level laser therapy. Support Care Cancer 2012, 20, 523–529.
[CrossRef] [PubMed]

44. Bernas, T.; Dobrucki, J. Mitochondrial and nonmitochondrial reduction of MTT: Interaction of MTT with
TMRE, JC-1, and NAO mitochondrial fluorescent probes. Cytometry 2002, 47, 236–242. [CrossRef] [PubMed]

45. Morton, C.A.; Szeimies, R.M.; Sidoroff, A.; Braathen, L.R. European guidelines for topical photodynamic
therapy part 1: Treatment delivery and current indications—Actinic keratoses, Bowen's disease, basal cell
carcinoma. J. Eur. Acad. Dermatol. Venereol. 2013, 27, 536–544. [CrossRef] [PubMed]

46. Truchuelo, M.; Fernandez-Guarino, M.; Fleta, B.; Alcantara, J.; Jaen, P. Effectiveness of photodynamic therapy
in Bowen's disease: An observational and descriptive study in 51 lesions. J. Eur. Acad. Dermatol. Venereol.
2012, 26, 868–874. [CrossRef] [PubMed]

47. Hodgkinson, N.; Kruger, C.A.; Abrahamse, H. Targeted photodynamic therapy as potential treatment modality
for the eradication of colon cancer and colon cancer stem cells. Tumor Biol. 2017, 39, 1010428317734691.
[CrossRef] [PubMed]

48. Usacheva, M.; Swaminathan, S.K.; Kirtane, A.R.; Panyam, J. Enhanced photodynamic therapy and effective
elimination of cancer stem cells using surfactant-polymer nanoparticles. Mol. Pharm. 2014, 11, 3186–3195.
[CrossRef] [PubMed]

49. Karakullukcu, B.; Stoker, S.D.; Wildeman, A.P.; Copper, M.P.; Wildeman, M.A.; Tan, I.B. A matched cohort
comparison of mTHPC-mediated photodynamic therapy and trans-oral surgery of early stage oral cavity
squamous cell cancer. Eur. Arch. Otorhinolaryngol. 2013, 270, 1093–1097. [CrossRef] [PubMed]

50. Rigual, N.; Shafirstein, G.; Cooper, M.T.; Baumann, H.; Bellnier, D.A.; Sunar, U.; Tracy, E.C.; Rohrbach, D.J.;
Wilding, G.; Tan, W.; et al. Photodynamic therapy with 3-(1′-hexyloxyethyl) pyropheophorbide a for cancer
of the oral cavity. Clin. Cancer Res. 2013, 19, 6605–6613. [CrossRef] [PubMed]

51. Rigual, N.R.; Shafirstein, G.; Frustino, J.; Seshadri, M.; Cooper, M.; Wilding, G.; Sullivan, M.A.; Henderson, B.
Adjuvant intraoperative photodynamic therapy in head and neck cancer. JAMA Otolaryngol. Head Neck Surg.
2013, 139, 706–711. [CrossRef] [PubMed]

52. Ikeda, H.; Tobita, T.; Ohba, S.; Uehara, M.; Asahina, I. Treatment outcome of Photofrin-based photodynamic
therapy for T1 and T2 oral squamous cell carcinoma and dysplasia. Photodiagn. Photodyn. Ther. 2013, 10,
229–235. [CrossRef] [PubMed]

53. de Visscher, S.A.; Melchers, L.J.; Dijkstra, P.U.; Karakullukcu, B.; Tan, I.B.; Hopper, C.; Roodenburg, J.L.;
Witjes, M.J. mTHPC-mediated photodynamic therapy of early stage oral squamous cell carcinoma:
A comparison to surgical treatment. Ann. Surg. Oncol. 2013, 20, 3076–3082. [CrossRef] [PubMed]

54. Yamamoto, M.; Fujita, H.; Katase, N.; Inoue, K.; Nagatsuka, H.; Utsumi, K.; Sasaki, J.; Ohuchi, H.
Improvement of the efficacy of 5-aminolevulinic acid-mediated photodynamic treatment in human oral
squamous cell carcinoma HSC-4. Acta Med. Okayama 2013, 67, 153–164. [PubMed]

55. Peng, Q.; Warloe, T.; Moan, J.; Godal, A.; Apricena, F.; Giercksky, K.E.; Nesland, J.M. Antitumor effect
of 5-aminolevulinic acid-mediated photodynamic therapy can be enhanced by the use of a low dose of
photofrin in human tumor xenografts. Cancer Res. 2001, 61, 5824–5832. [PubMed]

56. Wagner, M.; Suarez, E.R.; Theodoro, T.R.; Machado Filho, C.D.; Gama, M.F.; Tardivo, J.P.; Paschoal, F.M.;
Pinhal, M.A. Methylene blue photodynamic therapy in malignant melanoma decreases expression of
proliferating cell nuclear antigen and heparanases. Clin. Exp. Dermatol. 2012, 37, 527–533. [CrossRef] [PubMed]

57. Lim, E.J.; Oak, C.H.; Heo, J.; Kim, Y.H. Methylene blue-mediated photodynamic therapy enhances apoptosis
in lung cancer cells. Oncol. Rep. 2013, 30, 856–862. [CrossRef] [PubMed]

58. Kirszberg, C.; Rumjanek, V.M.; Capella, M.A. Methylene blue is more toxic to erythroleukemic cells than to
normal peripheral blood mononuclear cells: A possible use in chemotherapy. Cancer Chemother. Pharmacol.
2005, 56, 659–665. [CrossRef] [PubMed]

59. Wainwright, M.; Phoenix, D.A.; Rice, L.; Burrow, S.M.; Waring, J. Increased cytotoxicity and phototoxicity
in the methylene blue series via chromophore methylation. J. Photochem. Photobiol. B 1997, 40, 233–239.
[CrossRef]

http://dx.doi.org/10.1002/stem.425
http://www.ncbi.nlm.nih.gov/pubmed/20474080
http://dx.doi.org/10.1007/s00520-011-1113-0
http://www.ncbi.nlm.nih.gov/pubmed/21340656
http://dx.doi.org/10.1002/cyto.10080
http://www.ncbi.nlm.nih.gov/pubmed/11933013
http://dx.doi.org/10.1111/jdv.12031
http://www.ncbi.nlm.nih.gov/pubmed/23181594
http://dx.doi.org/10.1111/j.1468-3083.2011.04175.x
http://www.ncbi.nlm.nih.gov/pubmed/21740466
http://dx.doi.org/10.1177/1010428317734691
http://www.ncbi.nlm.nih.gov/pubmed/28990490
http://dx.doi.org/10.1021/mp5003619
http://www.ncbi.nlm.nih.gov/pubmed/25061685
http://dx.doi.org/10.1007/s00405-012-2104-6
http://www.ncbi.nlm.nih.gov/pubmed/22773192
http://dx.doi.org/10.1158/1078-0432.CCR-13-1735
http://www.ncbi.nlm.nih.gov/pubmed/24088736
http://dx.doi.org/10.1001/jamaoto.2013.3387
http://www.ncbi.nlm.nih.gov/pubmed/23868427
http://dx.doi.org/10.1016/j.pdpdt.2013.01.006
http://www.ncbi.nlm.nih.gov/pubmed/23993848
http://dx.doi.org/10.1245/s10434-013-3006-6
http://www.ncbi.nlm.nih.gov/pubmed/23686100
http://www.ncbi.nlm.nih.gov/pubmed/23804138
http://www.ncbi.nlm.nih.gov/pubmed/11479222
http://dx.doi.org/10.1111/j.1365-2230.2011.04291.x
http://www.ncbi.nlm.nih.gov/pubmed/22299594
http://dx.doi.org/10.3892/or.2013.2494
http://www.ncbi.nlm.nih.gov/pubmed/23708127
http://dx.doi.org/10.1007/s00280-005-1014-3
http://www.ncbi.nlm.nih.gov/pubmed/16052340
http://dx.doi.org/10.1016/S1011-1344(97)00061-4


Int. J. Mol. Sci. 2018, 19, 1107 17 of 17

60. Lee, Y.S.; Wurster, R.D. Methylene blue induces cytotoxicity in human brain tumor cells. Cancer Lett. 1995, 88,
141–145. [CrossRef]

61. National Toxicology Program. Toxicology and carcinogenesis studies of methylene blue trihydrate (Cas No.
7220-79-3) in F344/N rats and B6C3F1 mice (gavage studies). Natl. Toxicol. Program Tech. Rep. Ser. 2008, 540,
1–224.

62. Chang, Y.S.; Tseng, S.Y.; Tseng, S.H. Comparison of dyes for cataract surgery. Part 2: Efficacy of capsule
staining in a rabbit model. J. Cataract Refract. Surg. 2005, 31, 799–804. [CrossRef] [PubMed]

63. Dudás, J.; Fullár, A.; Bitsche, M.; Schartinger, V.; Kovalszky, I.; Sprinzl, G.M.; Riechelmann, H. Tumor-produced,
active interleukin-1β regulates gene expression in carcinoma-associated fibroblasts. Exp. Cell Res. 2011, 317,
2222–2229. [CrossRef] [PubMed]

64. Dudás, J.; Fullár, A.; Romani, A.; Pritz, C.; Kovalszky, I.; Hans Schartinger, V.; Mathias Sprinzl, G.;
Riechelmann, H. Curcumin targets fibroblast-tumor cell interactions in oral squamous cell carcinoma.
Exp. Cell Res. 2013, 319, 800–809. [CrossRef] [PubMed]

65. Fullár, A.; Kovalszky, I.; Bitsche, M.; Romani, A.; Schartinger, V.H.; Sprinzl, G.M.; Riechelmann, H.; Dudás, J.
Tumor cell and carcinoma-associated fibroblast interaction regulates matrix metalloproteinases and their
inhibitors in oral squamous cell carcinoma. Exp. Cell Res. 2012, 318, 1517–1527. [CrossRef] [PubMed]

66. Steinbichler, T.B.; Metzler, V.; Pritz, C.; Riechelmann, H.; Dudas, J. Tumor-associated fibroblast-conditioned
medium induces CDDP resistance in HNSCC cells. Oncotarget 2015, 7, 2508. [CrossRef] [PubMed]

67. Choi, S.J.; Choi, Y.I.; Kim, L.; Park, I.S.; Han, J.Y.; Kim, J.M.; Chu, Y.C. Preparation of compact agarose cell
blocks from the residues of liquid-based cytology samples. Korean J. Pathol. 2014, 48, 351–360. [CrossRef]
[PubMed]

68. Dudas, J.; Schartinger, V.H.; Romani, A.; Schweigl, G.; Kordsmeyer, K.; Marta, P.I.; Url, C.; Kral, F.;
Riechelmann, H. Cell cycle association and hypoxia regulation of excision repair cross complementation
group 1 protein (ERCC1) in tumor cells of head and neck cancer. Tumor Biol. 2014, 35, 7807–7819. [CrossRef]
[PubMed]

69. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.;
Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods
2012, 9, 676–682. [CrossRef] [PubMed]

70. Montironi, R.; Mazzucchelli, R. Reflection on the past, present and future of analytical and quantitative
cytology and histology. Anal. Quant. Cytol. Histol. 2008, 30, 249–253. [PubMed]

71. Obstoy, B.; Salaun, M.; Bohn, P.; Veresezan, L.; Sesboue, R.; Thiberville, L. Photodynamic therapy using
methylene blue in lung adenocarcinoma xenograft and hamster cheek pouch induced squamous cell
carcinoma. Photodiagn. Photodyn. Ther. 2016, 15, 109–114. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0304-3835(94)03629-W
http://dx.doi.org/10.1016/j.jcrs.2004.09.029
http://www.ncbi.nlm.nih.gov/pubmed/15899459
http://dx.doi.org/10.1016/j.yexcr.2011.05.023
http://www.ncbi.nlm.nih.gov/pubmed/21664353
http://dx.doi.org/10.1016/j.yexcr.2012.12.001
http://www.ncbi.nlm.nih.gov/pubmed/23247073
http://dx.doi.org/10.1016/j.yexcr.2012.03.023
http://www.ncbi.nlm.nih.gov/pubmed/22516051
http://dx.doi.org/10.18632/oncotarget.6210
http://www.ncbi.nlm.nih.gov/pubmed/26497215
http://dx.doi.org/10.4132/KoreanJPathol.2014.48.5.351
http://www.ncbi.nlm.nih.gov/pubmed/25366070
http://dx.doi.org/10.1007/s13277-014-2001-2
http://www.ncbi.nlm.nih.gov/pubmed/24817012
http://dx.doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
http://www.ncbi.nlm.nih.gov/pubmed/18980155
http://dx.doi.org/10.1016/j.pdpdt.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/26993762
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mechanisms of PDT and Common Photosensitizer 
	Methylene Blue as A Photosensitizer 
	In Vitro Data 

	Results 
	Stem Cell Characteristics in the SCC-25 and Detroit 562 Cell Lines 
	MB Effects on Cell Viability with and without Photoactivation 
	PDT Effects on Clonogenic Survival 

	Discussion 
	Materials and Methods 
	Cell Lines 
	Evaluation of Cancer Stem Cells—Related Markers in Cultured Cell Lines 
	MB-Exposure 
	Laser Source and Treatment 
	MTT Assay 
	Clongenic Assay 
	Statistics 

	Conclusions 
	References

