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Nasopharyngeal carcinoma (NPC) is a prevalent cancer in some areas of southern Asia. To explore
the potential of photodynamic therapy (PDT) for the treatment of NPC, a small molecule prodrug
5-aminolevulinic acid (ALA) and its methyl ester (MAL) mediated PDT was studied in vitro. The
results showed that human NPC cells were sensitive to both ALA- and MAL-mediated PDT.
However, ALA was more e®ective than MAL, possiblly due to a higher e±ciency of ALA on
producing endogenous protoporphyrin (PpIX) in NPC cells. Neither ALA nor MAL caused any
signi¯cant genotoxicity. The ALA-based PDTmight be a useful modality in the treatment of NPC.

Keywords: Aminolevulinic acid; methylaminolevulinate; nasopharyngeal carcinoma; photo-
dynamic therapy.

1. Introduction

Nasopharyngeal carcinoma (NPC) is a malignant
squamous cell carcinoma that has the highest
prevalence in Southern China (e.g., Guangdong)
followed by some areas of Southeast Asia (e.g.,

Singapore, Malaysia, Vietnam and Philippines).1

The common treatment modalities of NPC include

radiotherapy and chemotherapy. But the inci-

dences of relapses and side e®ects associated with

those modalities remain high. There is a need to
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develop less invasive and more e®ective treatment

for NPC.2

Photodynamic therapy (PDT) is a minimally
invasive modality which involves the adminis-
tration of a photosensitizer followed by illuminating
the disease site with visible light of speci¯c wave-
length(s). In the presence of oxygen molecules, the
activation of photosensitizer inside the cancerous
tissue can lead to the generation of cytotoxic species
(e.g., singlet oxygen) and consequently destroy the
cancer.3 PDT is a promising modality for treating
lesions in the oral cavity, pharynx and larynx.4,5

Early studies demonstrate that multi-session PDT
mediated with the 1st generation photosensitizer
hematoporphyrin derivative (HpD) is an e®ective
and safe local treatment modality for NPC.6�8

However, HpD can cause a prolonged skin photo-
sensitization that makes their application limited.

Aminolevulinic acid (ALA) is a precursor of
protoporphyrin IX (PpIX) in the heme biosynthesis
pathway. Exogenous administration of ALA or its
ester derivatives can induce an intracellular ac-
cumulation of PpIX, which is a potent photo-
sensitizer.3,5 It has been suggested that the use of
more lipophilic derivatives of ALA can improve the
di®using properties of ALA and therefore generate
higher PpIX yield.9 Topical application of methyl-
aminolevulinate (MAL) or ALA-methyl ester has
been used for various dermatological indications,
whereas hexylaminolevulinate (HAL) or ALA-hexyl
ester has been approved for °uorescence cystoscopy
of bladder cancer detection.10,11

The potential of utilizing ALA for the treatment
of solid tumor has been proposed in the early
1990's.12 Several in vitro and in vivo studies show
promising results of ALA-based PDT and °uor-
escence diagnosis of NPC cells.13�15 In this study,
we compared ALA- and MAL-mediated photo-
cytotoxicity in human NPC cells.

2. Materials and Methods

2.1. NPC cell lines

Two human NPC cell lines were used in this study.
HK1 cell line,16 derived from a well-di®erentiated
squamous cell carcinoma (SCC) was provided by
the Department of Anatomy, Chinese University of
Hong Kong, and CNE2 cell line,17 derived from a
poorly di®erentiated SCC was purchased from

Shanghai Biosis Biotechnology Co. Ltd. Cells were
routinely cultured in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS)
(Gibco, Invitrogen Corporation, Carlsbad, CA,
USA) and antibiotics (50 IU/mL penicillin, 50�g/
mL streptomycin and 100�g/mL neomycin) at
37�C in a humidi¯ed 5% CO2 incubator.

2.2. Preparation of ALA and
MAL solutions

�-Aminolevulinic acid hydrochloride (ALA) and its
methyl ester MAL were purchased from Sigma (St.
Louis, MO, USA). Stock solutions were prepared in
Dulbecco's phosphate bu®ered saline (PBS) (Gibco)
at a concentration of 10mM. Serum free and phenol
red free RPMI medium was used to further dilute
the stock solution to the desired working concen-
tration. The working solutions were stored at 4�C
and used within a week.

2.3. Detection of PpIX formation

in NPC cells by °owcytometry
assay

Cells (3� 105 cells/dish) were seeded in 60-mm
culture dishes (Corning, Lowell, MA, USA) and
incubated at 37�C in a 5% CO2 humidi¯ed incu-
bator for 24 h for attachment. Before the addition of
ALA or MAL, the cells were washed twice with
PBS, then incubated in phenol red free RPMI
medium in the presence of ALA or MAL (0�1mM)
for up to 8 h. Following incubation, the cells were
washed twice with PBS and trypsinized with 1mL
0.25% trypsin-EDTA for 2�5min. Cells were
washed twice with PBS. All procedures were per-
formed in the dark. Cells were resuspended in
0.5mL PBS and ALA- or MAL-induced PpIX °u-
orescence was quanti¯ed by an EPICS Elite Flow
cytometer (Beckman Coulter, Brea, CA, USA). The
intracellular PpIX was excited with an argon ion
laser (488 nm) at the power level of 200mW and the
°uorescence signal was collected with a 630 long-
pass ¯lter.18 20,000 cells were counted for each
sample. Debris was excluded from analysis using
forward and side scatter signals. Background °u-
orescence obtained from cells not exposed to ALA
or MAL was subtracted from sample °uorescence.
Results were expressed as mean � S.D. of at least
three independent experiments.
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2.4. Intracellular localization of PpIX
induced by ALA and MAL

Cells (1� 104 cells/ml) were seeded in 35-mm cul-
ture dishes (Corning) and incubated for 24 h for
attachment. Washed cells were then incubated with
ALA or MAL (0�1mM). At predetermined time
intervals (0.5, 1, 2 or 4 h) cells were washed twice
with PBS and a cover slip was placed on top. The
cells were examined under a °uorescence microscope
equipped with an HBO/100W mercury lamp and
400�440 nm band-pass for excitation. A 510 nm
dichroic beam splitter and 590 nm band-pass ¯lter
were used for the detection of PpIX °uorescence.19

The mitochondria were co-stained with Mito-
Tracker Green FM (Invitrogen). For comparison, a
bright-¯eld image was also captured. All procedures
were performed in the dark.

2.5. Trypan blue assay of PDT-induced

photocytotoxicity

Cells (3� 104 cells/well) were seeded in 96-well °at-
clear-bottomed and black-wall plate (Costar, Corn-
ing). After incubating overnight at 37�C in a 5%CO2

incubator for attachment, the cells were incubated
with ALA or MAL (0�1mM) for 4 h. Following in-
cubation, the sensitized cells were irradiated under
various light doses (0�6 J/cm2) at a power density of
14mW/cm2. A 400W quartz�halogen lamp with
heat isolation ¯lter and a 600 nm long-pass ¯lter was
usedas aPDT light source.20Afterward the cellswere
washed twice with PBS, resuspended in 0.1mL
complete RPMI medium, and further incubated for
24 h. Prior to Trypan blue exclusion assay the cells
were washed twice with PBS. 30�L of 0.1% trypan
blue was added to the wells and numbers of cells
unstained and stained were counted under a light
microscope. All procedures were performed in the
dark. Percentage of cell death over the total number
of cells (i.e., % of killing) in each ¯eld was calculated.
Results were expressed as mean � S.D. of at least
three independent experiments.

2.6. Comet assay of DNA damage

Cells (7� 104 cells/mL) were seeded in 35-mm cul-
ture dishes (Corning). After incubating at 37�C in a
5% CO2 incubator overnight for attachment, the
cells were incubated with ALA or MAL (0�1mM)
overnight. A total of 0�6 J/cm2 of irradiation

energy was applied to the cell layer at a power
density of 14mW/cm2. Immediately and 20 h after
light treatment, cells were washed three times with
PBS and then trypsinized to obtain single cell sus-
pensions for comet assay.21 Brie°y, PDT treated
cells were washed twice in cold PBS and resus-
pended in 85�l of pre-warmed 1% low gelling tem-
perature agarose (Type VII; Sigma). The cell
mixture was transferred to the microscope slide pre-
coated with 85�L of 1% standard agarose (Sigma)
in PBS. The slides were placed in a fridge for 5min
until solidi¯ed. Cell lysis was performed by sub-
merging the slides in lysis solution and in the
absence of light for 1 h. After electrophoresis, slides
were stained with ethidium bromide. Image analysis
was performed by measuring the tail moment with
the Komet 3.0 Imaging system (Kinetic, Liverpool,
UK). 50 cells were scored for each treatment group.
Results were expressed as mean � S.D. of at least
three independent experiments and changes in tail
moment were tested by one-way ANOVA.

3. Results

3.1. PpIX formation in NPC cells

induced by ALA and MAL

Intracellular PpIX °uorescence was determined by a
°ow cytometer at di®erent time points. As expected,
the intracellular PpIX formation in NPC cells was
mainly in°uenced by the type and dose of prodrug,
and the time of incubation. For HK1 cells, a slightly
higher PpIX concentration was obtained for ALA
than for MAL at the same dose and incubation time
(Fig. 1). Similar trend was seen for CNE2 cells.
Figure 2 shows the time course of intracellular PpIX
formation in CNE2 cells after incubating with
di®erent concentrations of ALA for 2 to 8 h. Com-
pared to HK1 cells, much higher PpIX concentration
was obtained in CNE2 cells at the same dose and
incubation time. For instance, after incubating with
1mM of ALA for 4 h the PpIX concentration in
CNE2 cells was 2.5 folds higher than that inHK1 cells
(2:24 � 0:793 versus 5:775 � 2:021).

3.2. Intracellular PpIX localization
in NPC cells

The localization of °uorescent PpIX was visualized
by a °uorescence microscope. The °uorescence
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images revealed that PpIX was endogenously
induced in both cell lines after incubating with ALA
and MAL. The intensity of PpIX °uorescence
increased when prodrug dose and/or incubation
time increased. Comparing the °uorescence image
with microscopic image of the same cells, it con-
¯rmed that the PpIX formation occurred in all cells
(Fig. 3). Co-staining with MitoTracker Green
clearly demonstrated that PpIX was primarily
accumulated in the mitochondria and cytoplasmic
membrane. The latter was indicated by the con-
densed bright red color rim (Fig. 4). As indicated
earlier by the °ow cytometry assay that a similar
level of PpIX °uorescence was obtained between 2 h
incubation with 0.5mM ALA and 4 h incubation
with 0.5mMMAL in HK1 cells, indeed. Figures 3(b)
and 3(d) show an identical PpIX localization pro¯le
between these two groups.

3.3. Photocytotoxicity of ALA- and

MAL-mediated PDT on NPC cells

Photocytotoxicity of PpIX was determined by the
Trypan blue exclusion assay at di®erent prodrug
and light doses. ALA/MAL alone or light alone had
no cytotoxic e®ect. As expected, the photo-
cytotoxicity induced by the combination of PpIX
formation and light irradiation was mainly in°u-
enced by the type and dose of prodrug, the length of
incubation, light dose and cell type. The percentage
of photodynamic killing increased when prodrug
dose and/or light dose increased. As shown in
Fig. 5, a complete killing of HK1 cells could be

Fig. 2. Time course of intracellular PpIX formation in CNE2
cells. Cells were incubated with di®erent concentrations of ALA
for 2 to 8 h. Results were expressed as mean � S.D.

Fig. 1. Intracellular PpIX formation in HK1 cells. Cells were
incubated with di®erent concentrations of ALA (solid lines)
and MAL (dashed lines) for 2 and 4 h. Results were expressed as
mean � S.D.

(a) (b)

Fig. 3. Microscopic and °uorescence images of HK1 cells. Top panel: cells were incubated with ALA (0.5mM ) for 2 h; bottom
panel: cells were incubated with MAL (0.5mM) for 4 h.
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(a) (b) (c)

Fig. 4. MitoTracker Green stain of CNE2 cells. (a) Cells were incubated with ALA (0.5mM) for 4 h; (b) MitoTracker Green
staining; and (c) overlay image.

(c) (d)

Fig. 3. (Continued)

(a) (b)

Fig. 5. Photocytotoxicity of ALA- and MAL-mediated PDT on HK1 cells. Cells were incubated with di®erent concentrations of
ALA (a) or MAL (b) for 4 h. Results were expressed as mean � S.D.
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achieved by ALA at a dose level of 0.75mM and a
light dose of 4 J/cm2, whereas, a complete killing of
HK1 cells was achieved by MAL at a dose level of
1mM and a light dose of 6 J/cm2. This suggested

that ALA was more e®ective than MAL, possibly
due to a higher yield of PpIX induced by ALA. For
CNE2 cells, it was expected that a complete killing
could be achieved by ALA at a drug dose level
greater than 1mM and a light dose level greater
than 4 J/cm2 (Fig. 6). This indicated that CNE2
cells were less sensitive than HK1 cells.

3.4. Genotoxicity of ALA-
and MAL-mediated PDT

on NPC cells

Potential genotoxicity of ALA- and MAL-mediated
PDT on NPC cells was examined using the comet
assay. The results from the comet assay showed
that the mean total tail DNA ranged from 2% to 4%
for HK1 cells (Fig. 7). Similar results were seen for
CNE2 cells (3% to 5% mean tail DNA). There was
no signi¯cant DNA damage immediately and 20 h

Fig. 6. Photocytotoxicity of ALA-mediated PDT on CNE2
cells. Cells were incubated with di®erent concentrations of ALA
for 4 h. Results were expressed as mean � S.D.

(a) (b)

(c) (d)

Fig. 7. Tail moment of HK1 cells after PDT. Cells were incubated with ALA (a) and (c) or MAL (b) and (d) overnight. Top panel:
immediately after PDT; bottom panel: 20 h after PDT. Results were expressed as mean � S.D.
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after PDT in controls and treated groups received
LD25 to LD75 PDT dose (one-way ANOVA,
p > 0:05). These results suggested that ALA- and
MAL-mediated PDT had no genotoxicity on NPC
cells.

4. Discussion

The interest in potential applications of the small
molecule prodrug ALA and its ester derivatives
continue to grow. In this study, we explored the
feasibility of ALA-based prodrugs for the PDT
treatment of NPC. The photocytotoxicity of ALA
and its methyl ester MAL on human NPC cells was
examined in vitro. As expected, when the prodrug
incubation concentration was increased, the °uor-
escence intensity of PpIX in both cell lines was
increased accordingly (see Figs. 1 and 2), implying
that the PpIX formation was elevated as the con-
centration of ALA and MAL increased. The PpIX
accumulation was also proportional to the incu-
bation time for both prodrugs (see Fig. 2). Taken
together, we found a incubation concentration- and
time-dependent in PpIX accumulation in both
human NPC cell lines. This is consistent with pre-
vious report on human NPC and other cancer cell
lines.13,22

Interestingly, for the same prodrug concentration
and incubation time, the PpIX formation was
obviously higher in ALA treated cells than in MAL
treated cells (see Figs. 1 and 2). These results
re°ected why the phototoxicity of ALA-PDT was
higher than that of MAL-PDT at the same dose
level (see Figs. 5 and 6). This suggests that MAL is
not so favorable in penetrating the NPC cells in
in vitro condition and therefore the PpIX pro-
duction was consequently lower. This phenomenon
might be cell-type dependent. Gaullier et al. repor-
ted that compared to ALA, in order to produce the
same among PpIX, 5�10 times higher concen-
tration of MAL was required for WiDr cells (ade-
nocarcinoma colon cells).23 Unlike MAL, the hexyl
ester ALA (HAL) is more readily taken up by NPC
cells and exhibits a strong photocytotoxicity.19

Nevertheless, ALA could be considered as a candi-
date for PDT treatment of NPCs. Based on the fact
that PpIX formation in CNE2 cells was similar to
that in HK1 cells, ALA-mediated PDT might be
applied not only in well-di®erentiated NPC cells but
also in poor-di®erentiated NPC cells. An in vitro
study suggests that the status of Epstein-Barr virus

(EBV) infection might a®ect the sensitivity of NPC
cells to hematoporphyrin-mediated PDT.25 The
e®ect of EBV infection on ALA-based PDT should
be explored in future study.

According to the heme synthesis pathway, PpIX
is produced initially in the mitochondria and can
di®use into the cytoplasm. In this study, we
demonstrated that PpIX could di®use into the
cytoplasmic compartments of HK1 cells (see Fig. 3).
However, the mitochondria was still the main
binding target of PpIX (see Fig. 4). This unique
subcellular distribution pro¯le determines that
ALA-mediated PDT can induce apoptosis shortly
after light irradiation and activate p38 MAPK and
JNK signalling pathway.24,26,27

Although the administration of photosensitizer
and lesion site-directed light irradiation are safe and
the topical or systemic administration of prodrug
does not cause a prolonged general cutaneous pho-
tosensitization, unpredicted complication in the
normal and cancerous tissue that unavoidably
accumulate photosensitizers might incur due to
exposure to light.3 In order to explore the genetic
safety of utilizing ALA-based prodrug, possible
DNA damaging e®ect was investigated with or
without light irradiation. In general, under the drug
and light dose of LD25 PpIX is primarily formed in
the mitochondria and the PDT dose is strong
enough to initiate the mitochondria-mediated
apoptosis together with DNA fragmentation.28,29

Under higher doses (e.g., >LD25), the Comet assay
of fragmented DNA might give a false-positive
genotoxic response.30 Hence, in order to avoid a
false alarm the genotoxicity study was carried out
under the LD25. Results suggested that there was no
DNA strand break detected for dark controls and
PDT groups. Though ALA-mediated PDT is a
valuable treatment and clinically used widely, the
genotoxic potential is of great concern and now was
proven to be safe. However, the potential geno-
toxicity of ALA ester derivatives in lymphocytes is
still inconclusive and needed to be further studied.31

Apparently, another very important advantage
of ALA-based PDT and photodiagnosis is that the
drug incubation time (i.e., the PpIX formation
time) is very short (a few hours) in contrast to the
long incubation time of other porphyrin-based
sensitizer (>24 h). Short sensitizing time is more
bene¯cial in clinical practice. ALA and its ester
derivatives have been widely applied orally, sys-
temically, or topically with successful results in
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di®erent cancers.32 Therefore, it is feasible to
develop ALA-based PDT protocols by taking ad-
vantage of the availability of existing 630 nm light
sources for treating NPC.4,8

In summary, available data in this study
demonstrated that the role of ALA-based PDT in
both NPC cell lines was promising as a treatment
modality. ALA and MAL could endogenously pro-
duce PpIX. ALA favorably generated more PpIX
than MAL under similar drug concentration and
sensitization time in both NPC cell lines. ALA
exhibited a more potent e®ect than MAL in pho-
toinactivation of NPC cells in vitro without causing
genotoxicity.
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