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(+)), and a group without 5-ALA (5-ALA (-)). For each OSCC cell line, 100
Copyright © 2021 by author(s) and ul of each concentration of cells of the 5-ALA groups was seeded onto fluo-
Scientific Research Publishing Inc. rescence plates, and fluorescence intensity was measured at 60-min intervals
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License (CC BY 4.0). 5-ALA (+) to 5-ALA (-). As cells at the concentration of 10° cells/ml pro-
http://creativecommons.org/licenses/by/4.0/ ~ vided the clearest results, fluorescence intensities of all cell lines were meas-

ured using this concentration at 20-min intervals for 700 min using the same

methods. Results: The 5-ALA (+) to (-) ratio increased in a cell concentra-

tion-dependent manner at 240 min; the ratio was highest with 10° cells/ml
and lowest with 10* cells/ml. With 10° cells/ml in the 5-ALA (+) group, fluo-
rescence intensity increased in a metabolic time-dependent manner; the in-
crease was highest in HSC-2 cells, followed by HSC-4 cells, HSC-3 cells, Sa3
cells, and HOK. Fluorescence intensity was significantly enhanced after 40
min in HSC-2, HSC-3, and HSC-4 cells, after 60 min in Sa3 cells, and after
100 min in HOK compared to the 5-ALA (-) group (P < 0.05). Moreover,
fluorescence intensity was significantly increased in OSCC cell lines com-
pared to HOK after 40 min. Conclusion: Early detection of OSCC is possible
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by screening only microplate reader measurements of fluorescence intensity
for PDD.
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Luminescence Plate Reader, 5-Aminolevulinic Acid (5-ALA), Photodynamic
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1. Introduction

Deaths from oral cancer have been on the rise for about 20 years in Japan [1].
This trend is expected to continue to increase with Japan’s super-aging society.
Approximately 90% of malignancies occurring in the oral cavity are squamous
cell carcinomas [2]. Generally, surgical resection, chemotherapy, and radiation
therapy are the treatments of choice for malignant tumors, and oral malignant
tumors are no different. Therefore, advanced oral cancer can cause serious dys-
function and aesthetic problems after treatment. The quality of life of patients
may become significantly impaired by these factors. For these reasons, early de-
tection and early treatment of oral malignant tumors are extremely important.

From the viewpoint of early detection, there is a significant difference between
oral malignant tumors and tumor in other parts of the body: The oral cavity can
be viewed and reached directly due to its location, so it is possible to determine
the local pathological condition by inspection or palpation; however, this is not
possible for tumors arising in other areas. Furthermore, when compared to other
areas of the body, it is relatively easy to collect specimens from the oral cavity for
testing. Despite these huge advantages when compared to tumors in other parts
of the body, the number of deaths from oral cancer is on the rise due to the lack
of early detection in Japan. A reason for this is the differences in diagnostic tech-
niques used among medical professionals [3] [4]. The basic methods used for the
early detection of oral cancer are inspection, palpation, medical consultation,
and imaging diagnosis. However, diagnostic evaluation depends on the expe-
rience and subjectivity of medical professionals, which can vary greatly between
individuals.

Exfoliative cytology is used as an adjunctive diagnostic method to reduce the
differences in evaluations among medical professionals. Exfoliative cytology has
been reported to be useful in the dental field due to the simplicity of specimen
collection, its low invasiveness, and the speed of obtaining test results [5]. How-
ever, due to the unique characteristics of the oral cavity, the evaluation of exfo-
liates from the oral cavity also varies depending on the experience of the cell
screener, and the agreement rate with histology results varies greatly depending
on the skill level of the individual performing the test. Therefore, it is extremely
important to establish a visual quantitative diagnostic method for the early de-
tection of oral cancer that can reduce the disparity in evaluations among medical
professionals.
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Photodynamic diagnosis (PDD) has been applied for the diagnosis of malig-
nancy and for the intraoperative diagnosis of cancers, and its ability to provide
an objective evaluation via fluorescence intensity measurements for determining
malignancy has been in the spotlight in the medical field.

PDD is a method of diagnosing tumors by detecting the fluorescence wave-
length generated by a photosensitizer (PS) that has been administered into the
body and taken up specifically by the tumor; the PS can be detected by irradia-
tion with excitation light [6]. PDD has been investigated as a new technique in
several tumors, and the clinical application of PDD using 5-aminolevulinic acid
(5-ALA) as the PS has begun in the fields of gastroenterology, urology, and neu-
rosurgery [7] [8] [9] [10]. 5-ALA is naturally present in small amounts in the
human body, but it does not fluoresce by itself. When 5-ALA is administered
intravitreally, it is taken up by tumors, and protoporphyrin IX (PpIX), a metabo-
lite of 5-ALA, accumulates in the tumor cells (Figure 1). Under an excitation
wavelength of 405 nm, PpIX emits fluorescence at 630 nm. PDD using fluores-

cence detection is effective in diagnosing the presence of tumors. However, in
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Figure 1. Metabolic pathway of exogenous 5-ALA administration. (Taken from the literature with some modifications [7] [9]).
When 5-ALA is administered exogenously, it goes through various metabolic pathways in the cytoplasm, then becomes PpIX in
the mitochondria. After that, Fe** forms a chelate complex with PpIX by the action of ferrochelatase to form heme.
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many malignant tumors, the lesions are located in areas that cannot be directly
seen or reached, and the procedure is performed using an endoscope or similar
device with limited vision and instrumentation.

Although 5-ALA is considered to be a substance with little phototoxicity or
biotoxicity since it is naturally present in small amounts in the human body, and
is only administered orally beforehand, there remains a possibility that 5-ALA
may show some toxicity when administered into the body. Therefore, it is also
important to ensure that its uptake is as efficient and harmless as possible.

This led us to focus on the use of exfoliative techniques as specimens from the
oral region. We also thought that it would be useful to quantify the fluorescence
intensity using a luminescence plate reader to eliminate subjectivity from indi-
vidual diagnosticians, and to clarify the diagnostic criteria. PDD using a fluores-
cent plate reader on an exfoliated sample has not been previously reported in the
Japanese or foreign literature. Therefore, we believe that the combined use of
oral exfoliative cytology and PDD, and the development of quantitative diagnos-
tic criteria for oral squamous cell carcinoma (OSCC) may enable the establish-
ment of a safe and highly accurate chairside method for the diagnosis of oral
cancer.

In this study, we performed PDD using 5-ALA on cultured human OSCC-derived
cell lines and normal human oral keratinocytes (HOK) to develop a safe and ac-
curate method for oral cancer diagnosis, and measured the fluorescence intensi-
ty of each cell line over time by irradiating them with excitation light and mea-

suring the fluorescence intensity with a luminescence plate reader.

2. Materials & Methods

1) Cell culture

In this study, we used the human OSCC cell lines HSC-2, HSC-3, HSC-4, and
Sa3 (RIKEN, Tokyo, Japan), and normal human primary cultures of oral kerati-
nocytes (HOK, ScienCell Research Laboratories, Carlsbad, CA, USA) as normal
cell line.

Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St. Louis, MO, USA)
containing 10% fetal bovine serum and 100 pg/ml penicillin-streptomycin (Gib-
co, St. Louis, MO, USA) was used for HSC-2, HSC-3, HSC-4, and Sa3, while oral
keratinocyte medium (ScienCell Research Laboratories) containing 5 ml of HOK
growth supplement and 5 ml of penicillin-streptomycin solution was used for
HOK. The cultures were maintained in an atmosphere of 5% CO,, 90% N,, and
5% O, at 37°C. The culture media were changed every 3 days.

When the cultured cells had reached confluence, they were washed twice with
phosphate-buffered saline, detached with 0.05% Trypsin-0.53 mmol/l EDTA-4Na
solution (Wako, Osaka, Japan) in an incubator, and collected by centrifugation.
For experimental use, the cells of the 3" to 6" passages were counted using a
hemocytometer, then adjusted to the concentrations of 1 x 10* (10%), 1 x 10°
(10°), and 1 x 10° (10°) cells/ml, and an equal volume of trypan blue was added
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to 10 ul of each cell suspension.

2) PS and fluorescence intensity measurement device

5-ALA (MW: 167.6, NeoPharma Japan, Tokyo, Japan) was used as the PS.

The 5-ALA was added to Dulbecco’s modified Eagle’s medium and adjusted
to a final concentration of 2 mM based on a previous report [11]. The fluores-
cence intensity was measured using a 1420 Multilable/Luminescence Counter
ARVO MX (Perkin Elmer Japan Co., Ltd., Kanagawa, Japan). Cells were irra-
diated with a wavelength of 405 nm, which is the excitation wavelength of the
PpIX produced from 5-ALA, and the emitted fluorescence at a wavelength of
635 nm was measured as the fluorescence intensity.

3) Measurement of fluorescence intensity of each cell line by PDD

Each cell line was divided into two groups: A group treated with 5-ALA
(5-ALA (+)) and a group without 5-ALA treatment as the control group (5-ALA
(-)). For each cell line, 100 pl of each of the tested concentrations of cells (10%
10°, and 10° cells/ml) was added to 96-well luminescence plates, and the fluores-
cence intensity was measured at 60-min intervals for 240 min. Subsequently, the
fluorescence intensity of cells at 10° cells/ml, which was the concentration that
showed the strongest fluorescence intensity, was measured at 20-min intervals
for 700 min under the same conditions (n = 7) (Figure 2).

4) Statistical analysis

The fluorescence intensities of the cell lines are shown as the mean * standard
deviation (mean *+ SD), and comparisons between the 5-ALA (—) group and the
5-ALA (+) group were performed using the Student’s #test.

For comparisons among cell lines, Scheffé’s multiple comparison test was used
after analysis of variance. P values < 0.05 were considered to be statistically sig-
nificant. Analyses were performed using IBM SPSS Statistics ver. 22 (IBM,
Tokyo, Japan).

3. Results

The fluorescence intensities obtained at 10* to 10° cells/ml for each cell line are
shown as the ratio between the 5-ALA (+) group and the 5-ALA (—) group
(Figures 3(a)-(d)).

In all cell lines, the 5-ALA (+)/5-ALA (-) ratio increased in a cell concentra-
tion-dependent manner: It was highest at the concentration of 10° and lowest at
the concentration of 10* at the metabolic time of 240 min.

At the concentration of 10° cells/ml, HOK showed a metabolic time-dependent
increase in the fluorescence intensity in the 5-ALA (+) group, but not in the
5-ALA (-) group. Furthermore, there was a significant difference in the fluores-
cence intensity between the 5-ALA (+) and 5-ALA (-) groups after 100 min (P <
0.05).

The fluorescence intensity in the 5-ALA (+) group was increased by about
2.3-fold at 700 min when compared to that immediately after 5-ALA adminis-
tration (Figure 4(a)).
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Figure 2. Measurement of the fluorescence intensity of each cell line using PDD. Each cell line was di-
vided into two groups: A group treated with 5-ALA (5-ALA (+)) and a group without 5-ALA treatment
as the control group (5-ALA (-)). For each cell line, 100 pl of each of the tested concentrations of cells
(10% 10° and 10° cells/ml) was added to 96-well luminescence plates, and the fluorescence intensity was

measured at 60-min intervals for 240 min. Subsequently, the fluorescence intensity of cells at 10°
cells/ml, which was the concentration that showed the strongest fluorescence intensity, was measured
at 20-min intervals for 700 min under the same conditions (n = 7). The fluorescence intensity was
measured using a 1420 Multilabel/Luminescence Counter ARVO MX. Cells were irradiated with a wa-
velength of 405 nm, which is the excitation wavelength of the PpIX produced from 5-ALA, and the

emitted fluorescence at a wavelength of 635 nm was measured as the fluorescence intensity.
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Figure 3. The 5-ALA (+)/5-ALA (-) ratio of each cell line at different cell concentrations
(10% 10° and 10° cells/ml). The 5-ALA (+)/5-ALA (=) ratios of (a) HSC-2, (b) HSC-3, (c)
HSC-4, and (d) Sa3 cells are shown. The y-axis shows the ratio of the fluorescence inten-
sity of the 5-ALA (-) group to that of the 5-ALA (+) group. The x-axis indicates the me-
tabolic time. The blue, orange, and gray lines indicate 10%, 10°, and 10° cells/ml, respec-
tively. In all cell lines, the 5-ALA (+)/5-ALA (-) ratio increased in a cell concentra-
tion-dependent manner: It was highest at the concentration of 10%, and lowest at the con-
centration of 10* at the metabolic time of 240 min.

(Lux) HOK : 106 cells/ml
1400

1200
1000

800

" 5.ALA ()

600
; : " 5-ALA (+)

Fluorescence intensity

400

200

020 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
Metabolic Time (min)
*vs. 5-ALA (-), P < 0.05

(a)

(Lux) * HSC-2 : 106 cells/ml

14000

12000
10000

8000

i u5-ALA (-)
6000 " =5-ALA (+)

Fluorescence intensity

4000

2000

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

Metabolic Time (min)
*vs. 5-ALA (-), P<0.05

(®)

DOI: 10.4236/0jst.2021.119029 332 Open Journal of Stomatology


https://doi.org/10.4236/ojst.2021.119029

H. Omori, C. Komine

(Lux)
7000

* HSC-3 : 10 cells/ml

6000
5000
4000

N = 5-ALA ()
3000 T " 5-ALA (+)

Fluorescence intensity

2000
1000

IR IR LA L

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

Metabolic Time (min)
*vs. 5-ALA (-), P<0.05

(o)

(Lux) « HSC-4 : 109 cells/ml
18000

16000
14000
12000

10000

" 5.ALA(-)
" 5-ALA (+)

8000

Fluorescence intensity

6000

4000

2000

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

Metabolic Time (min)
*vs. 5-ALA (), P<0.05

(d)

DOI: 10.4236/0jst.2021.119029 333 Open Journal of Stomatology


https://doi.org/10.4236/ojst.2021.119029

H. Omori, C. Komine

(Lux)

* Sa3 : 10° cells/ml

7000

6000

5000

4000

3000

Fluorescence intensity

2000

1000

alil

" 5-ALA (-)
=5-ALA (+)

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

Metabolic Time (min)
*vs. 5-ALA (), P<0.05

(e)

Figure 4. The fluorescence intensities of various types of cultured cells at 10° cells/ml. The fluorescence intensities in (a) HOK, (b)
HSC-2, (c) HSC-3, (d) HSC-4, and (e) Sa3 cells are shown. The y-axis shows the fluorescence intensity of each cell line that was
irradiated with 405-nm light and emitted fluorescence at a wavelength of 635 nm. The x-axis shows the metabolic time of 5-ALA.
The blue and orange bars indicate the fluorescence intensity of the 5-ALA (-) and 5-ALA (+) groups, respectively. The fluores-
cence intensity was increased in the 5-ALA (+) group when compared to the 5-ALA (-) group in all cultured cells. (*vs. 5-ALA
(=), P< 0.05 (mean *+ SD). The columns indicate the values (n = 7) with standard deviation bars.)

The fluorescence intensity of HSC-2, HSC-3, and HSC-4 cells showed meta-
bolic time-dependent changes in the 5-ALA (+) group, but not in the 5-ALA (-)
group. There was a significant difference in the fluorescence intensity between
the 5-ALA (+) and 5-ALA (-) groups after 40 min (P < 0.05). Furthermore, the
fluorescence intensity of HSC-2, HSC-3, and HSC-4 cells in the 5-ALA (+)
group was increased by about 20.4-, 9.8-, and 24.4-fold, respectively, at 700 min
when compared to that immediately after 5-ALA administration (Figures
4(b)-(d)). Similarly, in Sa3 cells, the fluorescence intensity changed in a meta-
bolic time-dependent manner in the 5-ALA (+) group, but not in the 5-ALA (-)
group (Figure 4(e)). There was a significant difference in the fluorescence in-
tensity between the 5-ALA (+) and 5-ALA (-) groups after 60 min (2 < 0.05). In
addition, the fluorescence intensity in the 5-ALA (+) group was increased by
about 10.2-fold at 700 min when compared to that immediately after 5-ALA
administration.

In the 5-ALA (+) group, the increase in the fluorescence intensity was highest
in HSC-2 cells, followed by HSC-4 cells, HSC-3 cells, Sa3 cells, and HOK. A sig-
nificant difference was seen between the HOK and the HSC-2, HSC-3, HSC-4,
and Sa3 cells after 40 min (P < 0.05; Figure 5).
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Figure 5. Differences in the fluorescence intensities of cell lines. The y-axis shows the fluorescence intensity of each cell line that
was irradiated with 405-nm light and emitted fluorescence at a wavelength of 635 nm. The x-axis shows the metabolic time of
5-ALA. The light blue, orange, gray, yellow, and blue lines indicate the fluorescence intensities of HSC-2, HSC-3, HSC-4, Sa3, and
HOK, respectively. In the 5-ALA (+) group at 10° cells/ml, the increase in the fluorescence intensity was highest in HSC-2, fol-
lowed by HSC-4, HSC-3, Sa3, and HOK. A significant difference was seen between the HOK and the HSC-2, HSC-3, HSC-4, and
Sa3 cells after 40 min (*vs. HOK, P< 0.05 (mean * SD). The data points indicate the values (n = 7) with standard deviation bars.

4. Discussion

Recently, the use of 5-ALA to fluorescently label tumors has attracted much at-
tention [12]. PpIX, a metabolite of 5-ALA, is thought to play a major role in en-
hancing the fluorescence intensity of tumor cells. The maximum excitation wa-
velength of PpIX is around 405 nm (blue light), and it fluoresces red light at
around 630 nm when excited by excitation light [7] [8] [9] [10]. 5-ALA is a type
of amino acid that is found in living organisms. It is a raw material for porphy-
rins, such as heme, vitamin B12, and chlorophyll, but it is not light-sensitive by
itself. After passing through various metabolic pathways in the cytoplasm, 5-ALA
becomes PpIX in the mitochondria, and divalent iron ions chelate with PpIX to
form heme by the action of ferrochelatase [13]. The expression of ferrochelatase
is regulated by the amount of iron in the cytoplasm, and the heme keeps the
heme concentration constant via negative feedback [14]. However, in tumor
cells, the synthesis of heme from PpIX is insufficient due to decreased activity of
ferrochelatase [7]. Therefore, PpIX accumulates in tumor cells, and is observed
as strong fluorescence under excitation wavelengths. In addition, the enzymatic
activity required for the biosynthesis of PpIX is higher in malignant tumor cells

than in normal cells, which may also contribute to the enhanced fluorescence
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intensity of tumor cells.

From the results of this study, we estimated that a concentration of at least 10°
cells/ml is necessary for evaluation using PDD with a luminescence plate reader,
because a remarkable fluorescence intensity is needed for improved diagnostic
accuracy.

We measured the changes in the fluorescence intensity obtained by incorpo-
rating 5-ALA into various cultured OSCC cell lines and HOK at 10° cells/ml and
irradiating them with excitation light. Although there were some differences
between the OSCC cell lines, a significant increase in fluorescence intensity was
observed from 40 to 60 min after the administration of 5-ALA. Although an in-
crease in fluorescence intensity was also observed in HOK, it took longer to
detect a significant difference, and the difference was smaller than those of the
various cultured OSCC cell lines. These differences may be attributable to the
fact that there was no decrease in ferrochelatase activity in the HOK, meaning
that metabolism was normal and a certain amount of PpIX was produced. This
would explain why the fluorescence intensity increased with the passage of time,
albeit only weakly.

The differences in the increase in fluorescence intensity among the cultured
OSCC cell lines were considered to be due to the differences in the primary sites,
the sites of collection, and the degree of tumor differentiation. Regarding the
differentiation levels of the tumors in this study, HSC-2, HSC-4, and Sa3 cells
were highly differentiated cell lines [15] [16] [17] [18], while HSC-3 was a poorly
differentiated cell line, suggesting that the fluorescence intensity is higher in
highly differentiated cells (Table 1). However, some other studies have reported
that the fluorescence intensity was enhanced in poorly differentiated cells [19],
which is in contrast with the results of this study. To clarify this point, we believe
that further investigations using larger numbers of cell lines are necessary.

Furthermore, in this study, the concentration of cultured cells required to ob-
serve a significant difference in fluorescence intensity was 10° cells/ml. However,
we estimate that the number of cells that can be clinically harvested from a le-
sion with a cytobrush is less than 10° cells/ml. Related to this, some studies have

reported that the combination of 5-ALA with deferoxamine increased the

Table 1. Primary site, site of collection, and differentiation level of various human oral
squamous cell carcinoma-derived cell lines. (Taken from the literature with some mod-
ifications [15]).

Name Sa3 HSC-2 HSC-3 HSC-4

Primary lesion maxillary gingiva mouth, bottom tongue tongue
. metastasis in the metastasis in the

submandibular .
. . middle and deep middle and deep
Site of collection lymph node . .
cervical lymph  cervical lymph
metastases
nodes nodes
Degree of
high high 1 high
differentiation '8 '8 ow '8

DOI: 10.4236/0jst.2021.119029 336 Open Journal of Stomatology


https://doi.org/10.4236/ojst.2021.119029

H. Omori, C. Komine

Extracellular

Fumitremorgin C <——

(@]
© O
pPpIX <=

accumulation of PpIX. Deferoxamine, which is an iron-chelating agent, inhibits
the synthesis of PpIX into heme, promotes intracellular PpIX accumulation, and
enhances the fluorescence intensity [19] [20] [21] [22]. Furthermore, Kitajima et
al. reported that the accumulation of PpIX was enhanced by culturing cells with
the dynamin inhibitor myristyl trimethyl ammonium bromide and fumitremor-
gin C in combination with 5-ALA (Figure 6) [23]. By applying these three fac-
tors, we expect that the amount of PpIX accumulation would increase in tumor
cells, and that it would be possible to observe the increases in the fluorescence
intensity in a smaller amount of cells.

The method of a conventional 5-ALA-PDD diagnosis is performed intraoper-
ative or fluorescence microscopy, and its accuracy depends on the professional
experience of the surgeon. The novelty of our newly developed method is that
the fluorescence intensity can be quantified and evaluated by a luminescence
plate reader, which may be useful for general clinicians in the future. Table 2
lists the advantages and disadvantages of PDD using a luminescent plate reader

in comparison to conventional PDD. Furthermore, if normal cells and tumor

[ ) . . . .
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Figure 6. Action points of PpIX-excretion inhibitors. (Taken from the literature with some modifications [9] [19] [20] [21] [22]
[23]). Schematic representation of the mechanism by which PpIX accumulation in cells is promoted by PpIX-excretion inhibitors.
Deferoxamine, which is an iron-chelating agent, inhibits the synthesis of PpIX into heme, and promotes intracellular PpIX accu-

mulation. Furthermore, the accumulation of PpIX is enhanced when cells are cultured with the dynamin inhibitors myristyl tri-

methyl ammonium bromide and fumitremorgin C in combination with 5-ALA.
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Table 2. The advantages and disadvantages of PDD using a luminescent plate reader in
comparison to conventional PDD.

Advantages Disadvantages
Requires a small number of cells. Requires
Conventional PDD professional

Intraoperative diagnosis is possible. experience.

Can be evaluated by general clinicians since
PDD using a

luminescence plate

the fluorescence intensity is quantified. Requires at least

reader Can be applied to mass screening systems for 10° cells/ml.

oral cancer.

cells can be distinguished clearly by the fluorescence intensity values, this me-
thod may be applicable to mass screening systems for oral cancer. It will be ne-
cessary to investigate cells scraped directly from patients in a future study.

In conclusion, the results of this study suggest that PDD using 5-ALA for ex-
foliative cytology in clinical dental practice may be applied safely for accurately

diagnosing oral cancer.
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