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Background: Aminolevulinic acid (ALA)-based photodynamic therapy (PDT) provides selective uptake and conversion of ALA into
protoporphyrin IX (PpIX) in actinic keratosis and squamous cell carcinoma, yet large response variations in effect are common
between individuals. The aim of this study was to compare pre-treatment strategies that increase the therapeutic effect, including
fractionated light delivery during PDT (fPDT) and use of iron chelator desferrioxamine (DFO), separately and combined.

Methods: Optical measurements of fluorescence were used to quantify PpIX produced, and the total amount of PpIX
photobleached as an implicit measure of the photodynamic dose. In addition, measurements of white light reflectance were used
to quantify changes in vascular physiology throughout the PDT treatment.

Results: fPDT produced both a replenishment of PpIX and vascular re-oxygenation during a 2 h dark interval between the first and
second PDT light fractions. The absolute photodynamic dose was increased 57% by fPDT, DFO and their combination, as
compared with PDT group (from 0.7 to 1.1). Despite that light fractionation increased oedema and scab formation during the week
after treatment, no significant difference in long-term survival has been observed between treatment groups. However, outcomes
stratified on the basis of measured photodynamic dose showed a significant difference in long-term survival.

Conclusions: The assessment of implicit photodynamic dose was a more significant predictor of efficacy for ALA-PDT skin cancer
treatments than prescription of an enhanced treatment strategy, likely because of high individual variation in response between
subjects.

Photodynamic therapy (PDT) involves the use of light to activate
a photosensitizer, resulting in the formation of reactive oxygen
species (ROS) that initiate oxidative stress, inflammation and
cellular death in diseased tissues (Kennedy et al, 1990; Dougherty
et al, 1998; Braathen et al, 2007; Celli et al, 2010; Bovis et al,
2012). Significant improvements in the ability to target skin
lesions with PDT have been shown in the past decade, with wider
clinical acceptance and FDA approval of treatment for actinic
keratosis (AK; Redbord and Hanke, 2007; Palm and Goldman,

2011). In this study, enhancement of the PDT effect was
examined with two adjuvant treatments which are known to
increase efficacy.

The type of PDT used here was with aminolevulinic acid
(ALA), known as a prodrug that is converted to protoporphyrin
IX (PpIX) in the haem synthesis pathway of cells. PpIX is an
endogenous photosensitizer, which is believed to be produced
preferentially in cancer cells due to the high metabolic activity
from excess mitotic activity (Kennedy et al, 1990; Kennedy and
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Pottier, 1992; Ibbotson, 2010). In dermatological use, the fact
that ALA is a hydrophilic molecule (Cairnduff et al, 1994) and is
passively diffused across the stratum corneum is used as the
delivery methodology, allowing cellular production of PpIX in
areas where ALA is topically applied (Di Venosa et al, 2006).
However, this diffusion process reduces its effectiveness in the
treatment of deep lesions such as nodular basal cell carcinomas
or any lesions with overlying keratin debris (Cairnduff et al,
1994; Morton et al, 1998). These factors can introduce
substantial variability in the amount of PpIX generated in
lesions prior to treatment (Kanick et al, 2015).

In order to increase the success rate of ALA-PDT in large and
deep tumours, strategies have been developed and are described
in the literature in order to overcome some obstacles of topical
ALA-PDT (Fang et al, 2008; Anand et al, 2009; Araújo et al, 2010;
Maytin et al, 2012). The use of some metal chelators, such
as ethylenediaminetetraacetic acid, desferrioxamine (DFO) and
1,2-diethyl-3-hydroxypyridin-4-one hydrochloride (CP94), have
been studied as inhibitors of ferrochelatase activity—the enzyme
responsible for conversion of PpIX into haem molecules. As
this process is iron-dependent, PpIX would not be converted to
haem and, consequently, it would increase PpIX available in the
tumour cells (Hanania and Malik, 1992; Pye and Curnow, 2007). In
a study performed by Chang et al (1997), the administration of
CP94 was able to double the production of PpIX in urothelium
of rats after administration of 10% of ALA, whereas no increase
in PpIX production was observed in the muscle layer. Valdes et al
(2010) found that the administration of DFO resulted in a 50%
increase of the mean PpIX fluorescence contrast in a glioma
mice model.

A different approach to enhance the efficacy of ALA-PDT is the
fractionation of the light dose administered during PDT (fPDT;
Robinson et al, 2000; de Bruijn et al, 2006, 2013). Research has
recently shown that administration of light with an intermittent
dark period between light delivery enhanced the response of
superficial basal cell carcinoma to ALA-PDT significantly (de Haas
et al, 2006; Star et al, 2006). The mechanism in this case is thought
to be increased blood flow and replenishment of PpIX which had
been photobleached, to produce a second round of PDT damage in
the second light fraction.

These two methods have been studied separately, but never
together in the same tumour lines, and the combined results could
be promising to enhance the PpIX production together.
A preliminary study by Curnow et al (2006) studied the use of
CP94 combined with light dose fractionation in normal colon and
their results showed an increase in necrosis volume when iron
chelator and fractionated PDT was used. However, there has never
been a study using these two approaches in cancer in vivo.
The primary aim of the present study was to use the dosimetry to
evaluate, in squamous cell carcinoma (SCC) tumour-bearing mice,
the individual and combinatorial effects of iron chelation and light
fractionation on PpIX-PDT treatment outcome. A secondary aim
was to optically quantitate the amount of PpIX consumed during
the photodynamic reaction for use as a surrogate metric of the
delivered therapeutic dose that was compared with treatment
outcome.

MATERIALS AND METHODS

Chemicals. 5-Aminolevulinic acid hydrochloride and DFO mesy-
late were purchased from Sigma-Aldrich (St Louis, MO, USA).
Levulan Kerastick (ALA for topical solution, 20%) was obtained
from DUSA Pharmaceuticals (Wilmington, MA, USA).

Cell experiments. All cell lines were obtained from ATCC
(Manassas, VA, USA) and grown as described. SCC9 (ATCC

CRL-1629), SCC15 (ATCC CRL-1623) and SCC25 (ATCC CRL-
1628) were derived from human SCC of the tongue, A431 (ATCC
CRL-1555) cells were from human epidermoid carcinoma of the
skin/epidermis and FaDu (ATCC HTB-43) cells came from human
squamous carcinoma from pharynx. Culture was performed in the
presence in 10% fetal bovine serum (FBS) and penicillin-
streptomycin at 37 1C and 5% CO2 in a humid environment.
The purpose of the cell studies was to determine which cell lines
benefited the most from iron chelation in terms of PpIX
production.

Concentration dependence of PpIX production. The influence
of concentration-dependent saturation of PpIX biosynthesis was
measured by the incubation of the different cell lines using
different concentrations of ALA (0.05–1.0mM) dissolved in culture
medium without FBS. Fluorescence from PpIX was imaged on the
Typhoon 9410 Variable Mode Imager (GE Healthcare, Milwaukee,
WI, USA) at 50 micron resolution (633 nm excitation laser and
650 nm long-pass emission filter) after an incubation period of 3 h.
During this time, cells sub-cultured in 24-well dishes were
incubated in the dark in a 5% CO2 incubator at 37 1C. Each test
plate contained control cells incubated with just culture medium,
which were used to remove background fluorescence (Equation 1).
All experiments were performed in quadruplicate.

PpIX FLnorm ða:u:Þ ¼ FLALA�FLblank ð1Þ

where FLALA and FLblank is the mean of fluorescence obtained from
the cells incubated with ALA or medium, respectively.

Influence of DFO mesylate in the PpIX production. To
determine the influence of iron chelator on the PpIX production,
cells seeded in 24-well plates were incubated using three different
concentrations of ALA (0.05, 0.1, or 0.2mM) with 150 mM of DFO
mesylate (Pye and Curnow, 2007) or no DFO. Fluorescence from
PpIX was imaged as described in Section 2.2.1. The experiment was
performed in quadruplicate and repeated three times.

Tumour implantation. All experimental protocols were
approved by Dartmouth College Animal Care and Use Commi-
ttee (IACUC). Intradermal implantation of 1� 106 cells of
SCC25 cells was performed on 50 female nude mice aged 6–8
weeks in the right posterior flank of the mice. When tumours
reached 10–20mm3 volume, tumour-bearing mice were ran-
domly placed in each of the treatment groups: untreated control
(no ALA and no PDT), ALA-PDT, ALA-PDT plus intraper-
itoneal DFO mesylate, ALA-fPDT, and ALA-fPDT plus intra-
peritoneal DFO mesylate. 10 ml of Levulan Kerastick (20% of
ALA) solution was applied topically to the tumour. After 3 h, the
remaining ALA was washed off before light treatment, except for
the control group that did not receive any treatment. The DFO
groups received 200mg kg� 1 of DFO mesylate dissolved in
200 ml of PBS administered intraperitoneally for 3 consecutive
days before ALA application (Valdes et al, 2010).

The tumour volume was measured using calipers and calculated
using the following formula (Peng et al, 2001; Lee et al, 2003),

V ¼ p
6

� �
� D1�D2�D3ð Þ ð2Þ

where D1, D2, and D3 are three orthogonal diameters of the
tumours.

Illumination scheme. The light source used in this study was a
635 nm diode laser with output power of 1W (Power Technology,
Alexander, AR, USA). The lesions were illuminated at a constant
measured fluence rate of 50mWcm� 2 calibrated using a power-
meter (Thorlabs, Newton, NJ, USA). In the single-illumination
group (ALA-PDT), lesions were illuminated 3 h after ALA
application with a total fluence of 50 J cm� 2. In the twofold-
illumination groups (ALA-fPDT), lesions received light fractions of
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10 and 40 J cm� 2, 3 and 5 h after ALA application, with mice
housed in a dark environment for 2 h between the two sequential
illuminations; Levulan Kerastick (Wilmington, MA, USA) was not
reapplied during the dark period. During treatment the mice were
anaesthetised with isofluorane and placed on a heated pad to
maintain body temperature.

PDT dosimetry measurements. Optical measurements in this
study were acquired with the white light source and 405 nm blue
laser diode at three time points during ALA-PDT. (1) Prior
to administration of ALA, (2) following 3 h of incubation with
ALA and before light illumination and (3) immediately following
administration of the treatment light dose. For ALA-fPDT
groups, the optical measurements were performed at five time
points.
(1) Prior to ALA application, (2) following 3 h of incubation with
ALA and before first light illumination, (3) immediately
following administration of the first light dose, (4) following
2 h dark interval after first light illumination and before second
light illumination, and (5) immediately following administration
of the second light dose. All measurements were recorded with
the probe tip in gentle contact with the surface of the tumours.
Fluorescence emission spectra were analysed by correcting for
background optical property distortions and spectrally fit to
quantitate PpIX contribution to fluorescence (Kanick et al,
2014). White light spectra were analysed to return the total blood
volume fraction (BVF) and microvascular oxygen saturation
(Kanick et al, 2014).

The absolute photodynamic dose, which is given in dimension-
less units, is estimated by assuming all of the bleached PpIX
contributed to the delivered dose, and so the difference in pre-
treatment vs post-treatment measures of PpIX is a direct
proportionality to the delivered dose (Kanick et al, 2014):

DosePpIX ¼ cPpIX PreTXð Þ�cPpXI PosTXð Þ ð3Þ

For fractionated treatments, this equation was applied to both
first and second light-illumination period and the total dose was
given as the sum of both.

Oedema and scab formation. In order to evaluate the effect of
treatment in oedema formation, the total volume in the region of
skin that received light treatment, including both oedema and
tumour, was measured during the first week of treatment. The
presence of scab during this time was also evaluated.

Response and follow-up. All mice were followed for a period of
up to 90 days, measuring tumour volumes throughout this time.
When tumours grew to the end point of 10 times of the volume on
the day of treatment, the mice were killed by cervical dislocation
under anaesthesia.

Statistical analysis. The data distribution normality was evaluated
according to the Shapiro–Wilk’s test. A parametric two-sample
Student’s t-test (state two tail and equal/unequal variance) was
applied to compare groups with normal distribution. For the
analysis of non-normally distributed groups, either Wilcoxon
(used in in vitro experiments) or Kruskal–Wallis (used in in vivo
experiments) were performed. Kaplan–Meier analysis was per-
formed to compare the differences between treatment groups.
All analysis were performed with OriginPro 8 software (North-
ampton, MA, USA). In all statistical tests, a P-value of 0.05 or less
was considered statistically significant.

RESULTS

In vitro effect of ALA concentration in PpIX production. The
influence of ALA concentration on the PpIX production by
different cell lines was evaluated by measuring the intensity of

PpIX fluorescence (Figure 1). The data showed that all cell lines
produced PpIX in a dose-dependent manner until it reached a
moderate plateau, except for SCC15, which presented no difference
in the range of ALA concentration studied. However, the end of
the linear part of these curves, as well as the height of the plateau,
were dependent on the cell line used. The optimal concentration
(copt) was achieved by treating the SCC25 and FaDu with 0.25mM

of ALA, whereas 0.5mM of ALA was necessary by A431 and SCC9
to obtain the maximum PpIX formation.

Effect of iron chelator in PpIX production. In order to evaluate
the effect of DFO on PpIX accumulation, three different
concentrations of ALA lower than copt were selected to prevent
saturation provoked by drug itself. As seen from Table 1, PpIX
production by FaDu was not influenced by DFO treatment
(P-value40.05 for all ALA concentrations). For all other cell lines,
an increase of PpIX formation after incubation of DFO with
ALA was observed, except for SCC9 at the concentration of 0.1mM

of ALA. Moreover, SCC25 was the cell line that presented an
increase of PpIX production of 1.2- to 1.5-fold after incubation
with iron chelator and ALA, whereas A431 and SCC15 cells
presented 13–20% and 19–30% increases in PpIX formation,
respectively, depending of the ALA concentration.

In vivo effect of ALA-induced PpIX in skin tumour-bearing
nude mice. The results are shown for: (i) PpIX fluorescence
(blue excitation), (ii) fitted values of BVF and (iii) oxygen
saturation; all graphically presented in Figure 2, for the animals
treated with ALA-PDT, iron chelator, PDT fractionated (fPDT) or
iron chelator combined with fPDT and the group control. It can be
observed that the pre-treatment of the mice with iron chelator
significantly enhanced the PpIX production in the tumour tissue
before the illumination treatment, as compared with the animals
that did not receive DFO (P-valueo0.05, two-sample t-test);
however, there was no significant difference in the PpIX
fluorescence before the second illumination between the fPDT
and DFOþ fPDT groups (P-value40.05, two-sample t-test).
Moreover, the depletion of oxygen during PDT could be observed,
which is likely due to reduced blood flow in the treated areas.
On the other hand, it is known that PpIX is re-synthesised and
tissue oxygenation and blood flow can be replenished during the
2 h dark interval, for the groups that received fractionated PDT
treatment scheme. No change in BVF was observed during or after
therapy, nor between treatment groups.
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Figure 1. PpIX production for five different cell lines after incubation
with ALA. Fluorescence was normalised by auto-fluorescence obtained
from the cells incubated with medium (blank).
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Oedema and scab formation and survival response to ALA-
induced PpIX between different treatments regimen. The effect
of different treatments was evaluated regarding the tumour volume
on the first week after treatment where oedema was present, and
the results are shown in Figure 3A. As can be seen, the fPDT had
more influence in oedema formation after treatment, followed by
DFOþ fPDT. The presence of scab after 6 days on the treated area
as an effect of tissue injury and inflammation caused by light
treatment was observed for animals from all groups in the
following order: DFOþ fPDT4fPDT4PDT4DFOþPDT
(Figure 3B and C).

The relative survival response of the mice regarding the
treatment received was evaluated by plotting the Kaplan–Meier
curves and it is presented in Figure 4A. The Kaplan–Meier curves
confirmed that no significant difference in this treatment efficacy
assay was observed from the administration of DFO or fPDT (P-
value40.05, log-rank test). In this case, the heterogeneity in
response between animals appeared to dwarf the magnitude of the
treatment response differences between the groups.

Dosimetry analysis. Table 2 presents the results obtained for
the calculated photodynamic dose, from the optical photo-
bleaching measurements. Analysing these results, it is possible
to observe that the mean of total PDT dose was the same between
the groups, except for PDT alone group, which had a lower
dose delivered.

In order to evaluate the effect of the absolute photodynamic
dose on survival, the animals were divided in two groups with
20 animals each, one that received a low dose (o1.0) and the other
that received a high dose (41.0; Table 2). Figure 4B shows a
Kaplan–Meier curve, with a significant difference seen between
these two groups (P-valueo0.05, log-rank test), with mice
receiving a higher photodynamic dose showing the improved
treatment outcome.

DISCUSSION

This study investigated the efficacy of strategies to enhance ALA-
PDT treatment of skin cancer in vivo, including the use of iron
chelator DFO and light fractionation (fPDT). These techniques
have respectively been shown to increase PpIX level or allow PpIX
and microvascular oxygen resupply. The underlying hypothesis of
this study was that these effects might prove synergistic. Treatment
cohorts (including PDT, DFO, fractionated and DFOþ
fractionated) were evaluated for both oedema and scab formation
as a short-term effect and tumour regrowth as a long-term end
point. Fluorescence quantification of PpIX provided insight to the
total amount of photosensitizer activated (and in turn photo-
bleached) during treatment. Interestingly, the results showed that
pre-prescribed treatment strategies (e.g., DFO, fractionated and
DFOþ fractionated) did not yield significant differences in
regrowth compared with non-enhanced PDT. We anticipate that
the effect of DFO on PpIX accumulation occurs over a longer time
period than PpIX is produced between fractions, as indicated by
almost identical PpIX production before the second illumination in
the fPDT and DFOþ fPDT groups. This is likely the reason for the
lack of any synergistic effect observed. However, the secondary end
point of total photodynamic dose assessed per subject did show
that it was predictive of tumour regrowth results. Thus, even
though the inter-animal variability in response was high, the ability
to directly measure the implicit dose from photobleaching
illustrated that enhancement was feasible with the adjuvant
methods.

This first steps of the present study focused on DFO
enhancement of PpIX in different SCC cell lines to identify
which cell lines would be the best candidates for use in vivo. The
effect of ALA concentration on in vitro PpIX production was
evaluated using five cell lines derived from human carcinoma

Table 1. Influence of DFO in PpIX production

0.05mM ALA 0.1mM ALA 0.2mM ALA

Cell line Statistical analysis No DFO 150lM DFO No DFO 150lM DFO No DFO 150lM DFO
A431 PpIX Fluorescence (a.u.) 1479±93 1677±135 1563±109 1819±179 1642±137 1966±250

P-value (Shapiro–Wilk) 0.91 0.83 1.00 0.035 0.64 0.011

P-value (t-test) 0.00040 — —

P-value (Wilcoxon) — 0.00049 0.00049

FaDu PpIX fluorescence (a.u.) 1596±389 1619±406 1601±402 1780±439 1725±390 1805±378
P-value (Shapiro–Wilk) 0.019 0.053 0.079 0.15 0.066 0.29

P-value (t-test) — 0.31 0.61

P-value (Wilcoxon) 0.62 — —

SCC9 PpIX fluorescence (a.u.) 1714±346 2165±496 2263±587 2714±874 3115±1100 3449±1357
P-value (Shapiro–Wilk) 0.017 0.077 0.15 0.078 0.13 0.039

P-value (t-test) — 0.15 —

P-value (Wilcoxon) 0.00049 — 0.0024

SCC15 PpIX fluorescence (a.u.) 1670±356 1993±367 1898±314 2465±335 2597±373 3167±392
P-value (Shapiro–Wilk) 0.11 0.26 0.067 0.78 0.58 0.28

P-value (t-test) 0.040 0.00031 0.0014

P-value (Wilcoxon) — — —

SCC25 PpIX fluorescence (a.u.) 1496±223 2230±399 2070±526 3114±426 3368±496 3927±849
P-value (Shapiro–Wilk) 0.62 0.87 0.53 0.74 0.34 0.039

P-value (t-test) 0.000014 0.000023 —

P-value (Wilcoxon) — — 0.027

Abbreviations: ALA¼ aminolevulinic acid; a.u.¼ arbitrary units; DFO¼desferrioxamine; PpIX¼protoporphyrin IX. The results from PpIX fluorescence are expressed as mean±s.d. Results with
Po0.05 were considered statistically significant.
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and the data showed a difference in the total amount of PpIX
produced in each cell line, which is in agreement with previous
studies that showed a difference in PpIX production based on
the cell line used (Iinuma et al, 1994; Berg et al, 1996; Uehlinger
et al, 2000). This difference could be related to the porphyrin
metabolism of these cells, however, there is no correlation
between the cell proliferation and PpIX production as FaDu cells
proliferate much faster than SCC9, for example, and produce
less PpIX. In a study performed by Iinuma et al (1994), A431
cells produced less PpIX than the other seven cell lines tested
despite its high proliferation rates. The authors correlate this
small production with the low activity of porphobilinogen
deaminase responsible for haem biosynthesis (Iinuma et al,
1994). In another study, Berg et al (1996) showed that the
difference in the maximum PpIX formation could reach 5 times
depending on the cell line and the difference in copt of ALA
observed was 10-fold between WiDr and V79 cells, which are
cells with different growth rates. Therefore, the activity of the
porphyrin enzymes is the limiting factor of PpIX production by
the cells (Berg et al, 1996). Previous studies have shown that the
production of PpIX can correlate with the number of
mitochondria per cell, which could simply be a demonstration

of high amounts of enzyme levels that are related to the number
of mitochondria (Gibbs et al, 2006).

Some significant increase in ALA-induced PpIX by cells after
exposure to iron chelator has been shown since the early 1990s, as
a response of ferrochelatase activity inhibited due to the reduced
amount of intracellular iron accessible to be incorporated into the
PpIX macrocycle, converting it into haem (Hanania and Malik,
1992; Berg et al, 1996; Pye and Curnow, 2007; Blake and Curnow,
2010). Pye and Curnow (2007) demonstrated that in the absence of
iron chelator, the activity of ferrochelatase is high, allowing the
conversion of PpIX produced into haem. However, in the presence
of CP94, an iron chelator, the activity of ferrochelatase was
decreased and PpIX accumulation was seen. Here, in vitro studies
of SCC demonstrated an enhancement of PpIX from DFO in four
of the five cell lines, with observed increases in the range of 0–50%
(Table 1). DFO most effectively increased PpIX production in
SCC25 (Table 1), mainly at lower concentrations of ALA. On the
basis of these results, SCC25 was the cell line chosen to be
implanted in mice in order to evaluate the in vivo effect of iron
chelator and/or fractionated PDT. Despite the promising results
obtained with iron chelators in in vitro cell culture, there have been
few studies conducted to evaluate the in vivo effects of iron chelator
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on ALA-induced PpIX in skin cancer (Choudry et al, 2003;
Campbell et al, 2008).

In this study, although the difference in PpIX levels between
mice that received DFO and those that did not was small
(0.93±0.40 vs 0.72±0.31 for animals that did not receive iron
chelator as pre-treatment), it was still significant (P-valueo0.05,
two-sample t-test). This result is in contrast to a study performed
by Choudry et al (2003), where no significant increase in
PpIX levels was seen in tumours after addition of DFO to
the ALA in the high dose clinically used. These authors

associated their result obtained in vivo with the in vitro
results, where an increase in PpIX production was just seen
at lower concentrations of ALA. Campbell et al (2008)
administered CP94 together with ALA and the results showed
a significant improvement in histological tumour response with
the addition of the iron chelator. Clearly the variation in
impact from iron chelation is an important issue, where it can
have an impact in some tumour lines and little impact in
others, indicating that the value should be expected to vary
across subjects.
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Figure 3. Treatment outcome measures. (A) A box and whisker plot of the volume measured on the first week after treatment (oedemaþ tumour)
of skin cancer; (B) number of animals in each group that presented scab after 6 days of light treatment; (C) illustrative representation to show
oedema after 1 day of treatment (left) and scab after 6 days of treatment (right). PDT groups received one scheme illumination 3 h after ALA
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Table 2. Absolute photodynamic dose and number of mice from each treatment group that received either low dose or high
dose

Number of mice in each group

Groups
Dose_PpIX
(first PDT)a

Dose_PpIX
(second PDT)a

Total
dose_PpIX Low dose (o1.0) High dose (41.0)

PDT 0.7±0.3 — 0.7±0.3 9 1

fPDT 0.6±0.3 0.4±0.2 1.1±0.4 3 7

DFOþ PDT 1.1±0.2 — 1.1±0.2 3 7

DFOþ fPDT 0.6±0.3 0.4±0.2 1.1±0.5 5 5

Abbreviations: DFO¼desferrioxamine; fPDT¼ fractionated light delivery during PDT; PDT¼photodynamic therapy; PpIX¼protoporphyrin IX.
aResults are expressed as mean±s.d. (n¼ 10 mice for each group).
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It has been extensively reported in the literature that the
fractionation of light is a promising technique to improve the
treatment of skin cancer and it has been used successfully in
Europe as an efficient treatment for AK (Robinson et al, 2003;
de Bruijn et al, 2006; de Haas et al, 2008). The high doses of PDT
used in a single-illumination scheme can lead to high depletion of
oxygen by photosensitizer during the photobleaching impairing the
efficacy of the treatment (Foster et al, 1991; Iinuma et al, 1999).

The results of the present study show that during the ‘dark’
period of fractionated PDT, both PpIX and microvascular oxygen
saturation were replenished. The possibility of ALA to accumulate
in the skin and to be metabolised over a long period of time could
explain the re-synthesis of PpIX (Malik et al, 1995; de Bruijn et al,
2007). The reestablishment of microvascular oxygen during the
dark interval is of crucial importance as the efficacy of PDT is
highly dependent on the tissue oxygen level and could be affected
by the blood flow. However, no alteration of BVF was seen,
indicating there was no lasting increase in vessel dilation. Yet
interestingly the re-oxygenation process showed an over-recovery,
indicating that the blood oxygen saturation was actually enhanced
beyond the pre-treatment levels, presumably due to altered
perfusion in the treated region. These results are in agreement
with the results shown by the other authors and they are correlated
to an increased response of fractionated PDT (Henning et al, 1995;
Curnow et al, 2000; de Bruijn et al, 2006).

It has been described in the literature that the acute oedema
after light exposure has important implications for PDT response,
mainly in the treatment of cutaneous disease, as a result of vessels’
permeability increased and, consequently, leakage of macromole-
cules and hypoxia of tissue, which is responsible for cell death.
Moreover, the formation of ROS by PDT could be responsible for
the damage in the endothelial cells. However, the mechanisms that
produce the vascular damage are yet unknown (Fingar et al, 1992;
Henderson and Dougherty, 1992; Allison et al, 2006). In vitro
studies performed by Rodriguez et al (2009) using HMEC-1
microvascular endothelial cells showed that ALA was able to
induce photosensitization in these cells originated from human
dermal. Middelburg et al (2014) studied the in vivo PpIX
production in blood vessels after the application of ALA or ALA
esters (methyl and hexyl aminolevulinate) in normal skin of mice
and they found that PpIX was synthesised by endothelial cells and,
comparing these findings with previous results described in the
literature, the authors concluded that the vascular damage has an
important role in fractionated PDT efficacy; however, there is no
study comparing differences in vascular damage caused by the one
or twofold scheme of illumination.

The results in the present study show that the total volume of
oedemaþ tumour during the first week after light treatment was
increased in mice treated with fractionated PDT, as can be seen in
Figure 3A. Moreover, the scab following 6 days of light treatment
was observed in all ten animals from the DFOþ fPDT group and
in seven animals from the fPDT group (Figure 3B and C),
indicating that more acute tissue damage was caused by
fractionated light as compared with the single-illumination
scheme. Despite this difference in reactionary response, no
significant difference among treatments was observed over a
longer timeline (Figure 4A), neither when the effect of
iron chelator (group DFOþ PDT/DFOþ fPDT vs PDT/fPDT;
P-value¼ 0.40, log-rank test) nor fractionated PDT (group PDT/
DFOþPDT vs fPDT/DFOþ fPDT; P-value¼ 0.29, log-rank test)
were evaluated (data not shown). However, when the animals were
grouped according to the absolute photodynamic dose received
during the light treatment, there was significant difference in
relative survival response between the animals that received a low
or high dose (Figure 4B).

Thus, these results suggest that the efficacy of PDT treatment
is highly correlated with the absolute photodynamic dose
delivered during the light treatment. This is a promising result
for the potential to improve clinical PDT applications such as
measuring PDT dose, because it is relatively easy and non-
invasive to use photosensitizer fluorescence in the case of skin
cancers. We concluded that monitoring of the PDT dose is
important to predict the efficacy of skin cancer treatment for
individuals undergoing this therapy, and that some enhancement
in PpIX is observed from the two potential adjuvant methods of
fPDT and DFO.
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