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Photodynamic therapy (PDT) has been used for diagnosis
and treatment of patients with various malignant tumors,
including cancers of the skin, gastrointestinal tract, lung and
uterus.! Recently, PDT with using 5-aminolevulinic acid
(ALA) for cutaneous diseases has been attracted consider-
able attentions, because skin is easily accessible to light and
drugs. Since ALA was used as a pre-drug of the photo-
sensitizer in PDT research by Kenedy et al. in 1990, a
number of ALA ester derivatives have been synthesized and
applied to PDT. ALA and its ester derivatives are precursors
of protoporphyrin IX (PpIX) in the biosynthetic pathway of
heme.** They are normally biosynthesized in vivo from
glycine and succinyl-coenzyme A in mitochondria and then
converted into the actual photosensitizer, PpIX.> PpIX
produced through the heme biosynthetic pathway emits
fluorescence strongly and photobleaches rapidly under
production of singlet oxygen.® The amount of ALA-induced
porphyrins can be generally determined by measuring the
fluorescence under various experimental conditions. Most
papers have reported that the amount of fluorescence was
determined by the measurement of fluorescence intensity at
the maximum emission wavelength.”

Fluorescence spectra were measured by single-beam
operation in which a sample is examined to determine the
amount of light emitted at a given wavelength. Unstable
light source and uneven intensities can cause the false peaks
in the spectrum. Equally serious is the variation of the
sensitivity of the photomultiplier tubes with regard to
wavelength.!® Moreover, the analytical method for the
determination of the fluorescence intensity at a particular
wavelength is less sensitive than that of fluorescence
spectrum area. The aim of this study is to present a highly
sensitive and convenient spectrofluorometric method using
an internal standard for the determination of the amount of
PpIX produced by ALA in the various tumor and normal
cells.

Experimental Section

Chemicals. Protoporphyrin IX (PpIX), 5-aminolevulinic
acid (ALA), trypsin/ethylenediamine-tetraacetic acid and
acridine were purchased from the Sigma Chemical Co. (St.
Louis, U.S.A.) and were used without further purification.

(L

Acridine

NH,

5-Aminolevulinic acid

Protoporphyrin IX

The other chemicals were of reagent grade from the Aldrich
Chemical Co. and were used as received.

The culture medium (Dulbecco's modified Eagle Medium
[DMEM], Roswell Park Memorial Institute [RPMI] 1640
medium), trypsin/ethylenediamine-tetraacetic acid (EDTA)
and fetal bovine serum (FBS) were obtained by Biowhittaker
(MD, US.A)

Cell Lines and Culure Conditions. ALA-stock solution
of 30 mM was made and further diluted to 0.001, 0.01, 0.1, 1
and 2 mM in serum-free media immediately before being
taken for the experiments. A431 cell, an epidermal squam-
ous cell carcinoma cell line, was obtained from Korean cell
line bank (KCLB No. 80005), and TXM13, a malignant
melanoma cell line (KCLB No. 80029) was used. HaCaT, an
immortalized epidermal keratinocyte cell line, was given by
Dr. Rosemarie Steubing from Germany and human dermal
fibroblast was obtained from normal human foreskin. A431,
HaCaT, and fibroblast were subcultured in Dulbecco's
modified Eagle Medium (Bio-whittaker, Walkersville Inc.,
MD, U.S.A.) containing 10% fetal bovine serum (FBS).
TXM13 were subcultured in Roswell Park Memorial
Institute 1640 medium containing 10% FBS (Bio-whittaker,
Walkersville Inc., MD, U.S.A.). All of the media contained
100 units/ml penicillin and 10 ug/mL streptomycin.!! The
cells were grown and incubated in 75 cm? flask (Falcon, NJ,
USA) at 37 °C in a humidified atmosphere containing 5%
CO3, and subcultured two times per week.
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Incubation of Cells with ALA. For all cell lines, approxi-
mately 1 x 10° cells were seeded into 10 cm? dishes (Falcon),
cultured for 48 hours. Subsequently, the cells were washed
twice with serum-free culture medium, and incubated in
serum-free culture medium containing different concen-
tration of ALA for 4 hours. Exposure to light was avoided
during incubation with ALA.

Fluorescence Microscopy. The cells were seeded in cover
slips, cultured for 24 hours, and then treated with serum-free
medium containing 1 mM ALA for 4 hours. After washing
the samples with ice-cold phosphate buffered saline (PBS)
three times, 4',6-diamidino-2-phenylindole (DAPI) mount-
ing medium (Vector Lab. CA, U.S.A.) was applied to the
cover slips, and inverted on a slide. For detection of
fluorescence, the microscope was equipped with a 390-440
nm band pass excitation filter, a 470 nm dichroic beam
splitter, and a 610 nm long-pass filter. For detection of DAPI
fluorescence, the microscope was equipped with a 330-380
nm band pass excitation filter, a 400 nm dichroic beam
splitter, and a 420 nm long-pass filter.

Measurement of Cellular PpIX Fluorescence. After
ALA treatment, the cells were washed twice with PBS and
brought into a solution containing 1 M HCIO; in 50%
methanol by scraping with a cell scraper.” After 5 min
incubation, the cell debris was removed by centrifugation
(13,000 rpm/min, 10 min), and the supernatant was collected
into new tubes without light exposure. This solution was
used for the preparation of the aqueous PpIX. All of the
aqueous solutions were prepared with quadruply distilled
water, which was obtained by passing the distilled water
through Barnstead (U.S.A.) Nanopure II deionization
system. PpIX stock solution was prepared by dissolving 10
mg of PpIX in 1 M HCIO, aqueous methanolic solution.
Acridine solution (8.4 x 10™® M) was prepared using the
same acidic aqueous methanolic mixture solution. UV/Vis
absorption spectra were taken using a Uvikon, model 943
spectrophotometer with a 1.0 nm spectral bandwidth. The
steady-state fluorescence emission spectra were obtained on
a varian Cary Eclipse spectrofluorometer with 10 nm slits at
room temperature.

Results and Discussion

To investigate the conversion of ALA into PpIX in the
biosynthetic pathway of heme, we selected normal cell lines
such as keratinocyte (HaCaT) and fibroblast as well as
cancer cell lines such as squmaous cell carcinoma (A431)
and melanoma (TXM13). The cells were treated with serum-
free culture medium containing 1 mM ALA for 4 hours, and
washed with PBS again. The cells prepared were then
observed using fluorescence microscopy. As shown in
Figure 1, all of the cells emitted red light fluorescence,
accumulating in the cytoplasm in each cells. However, their
quantitative intensity could not be determined by the fluore-
scence microscopic results. To determine the fluorescence
intensity produced, the cells were treated with serum-free
culture medium containing 1 mM ALA and brought into a
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Figure 1. Protoporphyrin IX fluorescence was expressed in the
cytoplasm of various cells [HaCaT cell (A), fibroblast (B), A431
(C), TXM13 (D)] related to skin after incubation of serum-free
culture medium containing 1 mM ALA for 4 hours.

solution containing 1 M HCIOs in 50% methanol-water
mixture solution. To determine the excitation wavelength for
the measurement the fluorescence spectra of PplIX, the
absorption spectrum of 2.8 x 10~ M PpIX in methanol-
water mixture solution (50% v/v) containing 1 M HCIO4
was measured. The absorption spectrum revealed very sharp
absorption maximum peak at the 408 nm and the molar
extinction coefficient of the compound was determined to be
2.7 % 10* M~'em™ in the solvent. Therefore, we measured
the fluorescence spectra of PpIX at the 408 nm as the
excitation wavelength. Figure 2 shows that the fluorescence
spectra of the A431 cell treated with ALA in methanol-water
mixture solution containing 1 M HCIO; typically. The
spectra were obtained in the range of 573 nm to 800 nm and
appeared two emission maximum peaks at 606 nm and 663
nm regardless of the excitation wavelength. The fluore-
scence spectroscopic properties are quite similar to that of
commercial PpIX itself in methanol-water mixture solution
(50% v/v) containing 1 M HCIOy. This is the evidence that
ALA was converted into PpIX in cells. However, both of the
area and height of the peak at maximum wavelength in the
fluorescence spectrum varied with every measurement,
although the same sample was measured. It means that the
fluorescence intensity of the sample could vary in height and
area depending on the instrumental conditions. To avoid this
problem, it is necessary to use an internal standard and
acridine was the choice of the copmpound.

Acridine dissolves well in methanol-water mixture
solution containing 1 M HCIO, and absorbs the light of 408
nm. Figure 3 shows the fluorescence spectra of the various
concentrations of acridine in methanol-water mixture
solution (50% v/v) containing 1 M HCIO4. The spectra were
measured in the range of 420 nm to 600 nm and had an
emission maximum peak at 480 nm. Although acridine
shows fluorescence spectrum overlapped with PpIX from
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Figure 2. Fluorescence spectra of A431 cell treated with ALA in
methanol-water mixture solution (50% v/v) containing 1 M HCIO4
at various excitation wavelength.
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Figure 3. Fluorescence spectra (excitation at 408 nm) of the
various concentration of acridine in methanol-water mixture
solution (50% v/v) containing 1 M HCIOj,.

573 nm to 600 nm as shown in Figure 4, its effect on the
spectrum is negligible, ie. less than 2% when the concen-
tration of acridine is 8.4 x 10°® M. The amount of PpIX
produced can be determined by the measurement of the
maximum peak height in the fluorescence spectrum by
comparing with calibration curve. However, there might be
some errors because of the variation of the peak height as
mentioned above. Besides, the values of the peak height at
maximum wavelength in the fluorescence spectrum were
recorded up to about 500 arbitrary units, whereas the peak
areas in fluorescence spectra were recorded up to about
60,000 as given experimental condition. It means that we set
up a reliable and accurate procedure for the determination of
PpIX produced in various cells treated with ALA using
acridine as interanal standard.

In order to examine the chemical stability of the PpIX
with acridine in methanol-water mixture solution containing
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Figure 4. Fluorescence spectra (excitation at 408 nm) of 8.4 x 107
M protoporphyrin IX (2 mL) mixed with 50 uL of 8.4 x 10° M
acridine in methanol-water mixture solution (50% v/v) containing
1 M HCIOQy in the various storage time of the sample: A; after 1
hour, B; after 24 hours, C; after 30 hours, D after 48 hours.

1 M HCIOq, 50 4L of 8.4 x 10™° M acridine was added into
2 mL of 8.4x10™® M PpIX and the fluorescence spectra
were recorded as a function of storage time of the sample.
As shown in Figure 4, the fluorescence intensity of the
both compounds diminished with increasing the storage time
of the sample. However, the ratio between the fluorescence
peak area of PpIX and acridine remained unchanged (2.31 +
0.02) regardless of the storage time of the sample. It
indicates that acridine does not react with PpIX in meth-
anol-water mixture solution containing 1 M HCIO4 under
given experimental conditions. Moreover, the fluorescence
spectra of the PpIX were obtained very well, although their
concentrations are very low (about 10* M). It means that
this spectrofluorometric method for the determination of
the amount of ALA induced PpIX is a highly sensitive,
accurate, and reliable method. The results support that
acridine is a good internal standard compound for quan-
titative measurement of PpIX induced from exogenous ALA
in PDT.

In conclusion, HaCaT, fibroblast, A431 and TXM13 cells
treated with ALA emit red light fluorescence with absorp-
tion maximum at 408 nm in methanol-water mixture
solution containing 1 M HClOy indicating the conversion of
exogenous ALA into PpIX. The fluorescence spectrum of
PpIX was measured in the range of 573 nm to 800 nm,
whereas that of acridine was recorded in the range of 420 nm
to 600 nm. Acridine did not react with PpIX and was found
to be a good internal standard for a highly sensitive,
accurate, and reliable spectrofluorometric method to
determine PpIX in the PDT.
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