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Abstract

In order to purposely decrease the time of the photodynamic therapy (PDT) sessions, this study evaluated the effects of PDT using
topical and intradermal delivery of two protoporphyrin (PpIX) precursors with intense pulsed light (IPL) as irradiation source.
This study was performed on porcine skin model, using an IPL. commercial device (Intense Pulse Light, HKS801). IPL effect on
different administration methods of two PpIX precursors (ALA and MAL) was investigated: a topical cream application and an
intradermal application using a needle-free, high-pressure injection system. Fluorescence investigation showed that PpIX distri-
bution by needle-free injection was more homogeneous than that by cream, suggesting that a shorter drug-light interval in PDT
protocols is possible. The damage induced by IPL-PDT assessed by histological analysis mostly shows modifications in colla-
gens fibers and inflammation signals, both expected for PDT. This study suggested an alternative protocol for the PDT treatment,
possibility half of the incubation time and with just 3 min of irradiation, making the IPL-PDT, even more, promising for the

clinical treatment.
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Introduction

Photodynamic therapy (PDT) is a therapeutic modality that
depends on the activation of a photosensitizer (PS) by light to
promote photochemical events of energy transfer that generates
reactive species such as free radicals and singlet oxygen. These
products can initiate photobiological reactions that induce cell
death by apoptosis and necrosis [1-3]. Because of those effects,
PDT has been used as a technique for the treatment of several
pathological conditions, such as high cell proliferation diseases,
particularly cancer or microbiological infections [4—7].
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There are benefits of PDT in comparison to other treat-
ments, particularly for cancer treatment. First, it is mostly
considered a minimally invasive technique since only a few
applications require surgery room or significant infrastructure
to be performed. The technique causes selective damage to
neoplastic cells avoiding the undesired expressive death of
healthy cells.

Currently, among the most relevant protocols for clinical
PDT are those involving photosensitization using protopor-
phyrin IX (PpIX) obtained by the topical administration of
its precursor, 5-aminolaevulinic acid (ALA), or its derivatives,
such as methyl aminolevulinate (MAL) [8—11].

One of the technical limitations that still challenges clinical
PDT refers to the session length. The most common protocol
for basal cell carcinoma consists in lesion curettage or
debulking before cream application. The drug-light interval
(DLI), which is the time between the precursor application
and the lesion irradiation, usually varies from 3 to 4 h
[11-13], followed by 16 to 20 min irradiation according to
the irradiance and fluence choices [14]. This long time interval
between lesions’ preparation and finalization of PDT delivery
becomes a relevant factor for both medical and patient
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adherence to the treatment modality, even further when con-
sidered that a PDT session usually is repeated at least once,
weekly. Thus, optimization of this treatment length based on
an improvement of the light source or drug delivery still de-
mands further investigation.

An alternative approach to the usual light delivery methods
for PDT is the use of intense pulsed light (IPL). IPL devices
are systems composed by a flash lamp and capacitors able to
generate pulses of high energy with polychromatic light and
allow for manual setting of relevant parameters, such as pulse
number, pulse width, pulse delay, release, and energy per flash
[15]. When IPL technology arose, PDT was already in devel-
opment using lasers and LEDs (light emitting diodes) as light
sources. Lasers allow full access to lesions in hollow organs
due to the facility of coupling light into optical fibers and may
have high power output, while LEDs are sufficiently low cost-
ing, reasonable monochromatic, and allow irradiating surface
lesions as efficiently as lasers do. IPL instead generates broad-
band with a large amount of energy being delivered within a
short pulse, thus promoting light delivery to deeper layers of
tissue and providing different possibilities for PS excitation
and a shorter protocol when compared to similar fluences
delivered by other light sources. Also, IPL may accomplish
less adverse reactions and better tolerance for the patient [16].

IPL also broadens the options for PS available, because it
makes possible to irradiate light with different wavelengths
(from violet to infrared) depending on the IPL filter type cho-
sen. Therefore, it does not demand one to use only the PS that
is suitable for one’s device, which for the clinical practice
implies reducing the necessity to invest in several devices.

In dermatological and esthetic fields of research, irradiation
with IPL has shown to be efficient in hair and tattoo removal,
treatment of vascular lesions, spots, and skin photorejuvenation,
which are obtained through selective damage based on the
choice of wavelength, intensity, duration, and pulse interval
[15]. Studies also show that IPL as a PDT light source had
promising results for acne treatment [17—19] and actinic kerato-
sis [20]. Piccolo et al. suggested that IPL is a useful alternative
light source for PDT in treating non-melanoma skin cancer since
further studies for developing protocols are provided [21].

Concerning PS delivery, Rodrigues et al. showed in previ-
ous studies that, after mechanically breaking up the skin bar-
riers with microneedles rollers, a more homogenous PpIX
formation is observed [22, 23]. High-pressure, needle-free in-
jection systems are also able to decrease the DLI for
aminolevulinic acid (ALA) vehicled as a solution, with the
advantage of carrying the precursor to deeper layers compared
to the topical application [24]. A case report published satis-
factory results of BCC treatment using PDT with the PpIX
precursor delivered by a needle-free injection system [25].
Li et al. compared the PDT treatment of condyloma
acuminatum by both topical and intradermal application of
ALA, showing that needle-free injection allowed significant
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improvement in delivery, including faster treatment time, as
the DLI successfully used was 90 min [26]. These PS delivery
approaches show that the physical barrier for a PS precursor to
percolate through skin or other topically accessed tissues is the
decisiveness in determining how long it takes to have a PpIX
precursor delivered up to the required extent, interfering di-
rectly with the DLL

The main purpose of the article was to propose alternatives
of PDT protocols aiming to reduce the amount of time spent
on clinical treatment. Since both the PS administration method
and the light source may play a role in reducing this time, we
decided to explore the IPL approach for either a well-
established PS administration method (topical application
using cream) or a needle-free injection (intradermal applica-
tion using solution) approach.

Material and methods
Animals

The studies were performed in porcine healthy skin model
because its optical characteristics are the most similar ones
to human skin [27-29]. All procedures performed were ap-
proved by the National Council for Control on Animal
Experimentation (CONCEA) and the Ethics Committee on
Animal Use (CEUA) under protocol no. 019546/13. Two 2-
month-old male animals of about 20 kg were used to perform
the experiments. The animals stayed at the College of
Agricultural and Veterinary Sciences from the Sao Paulo
State University (UNESP) in Jaboticabal-SP. After induction
of anesthesia, the hair of the dorsum was removed by shaving
to avoid interference in the collection of widefield fluores-
cence images of skin. The porcine skin has differences of
thickness depending on the body region, breed, age, among
other factors [30]. In order to minimize these differences, all
the experimental conditions were replicated in the same region
of the dorsum for the animals. Further, we have not removed
the stratum corneum in order to avoid introducing interfer-
ences provoked by its removal. The euthanasia was performed
48 h after the PDT experiments.

Intense pulsed light

Commercial equipment (HKS801 Intense Pulse Light,
Ningbo Ruipu Medical Equipment Co., Ltd., China) was used
as a light source. This equipment consists of a handpiece
(containing a crystal and a xenon lamp) coupled to a cooling
system. A highpass filter (560—1200 nm) was used to avoid
the excitation in the Soret band and to prevent the fast PS’s
photobleaching. The device allows setting every parameter
prior to irradiation. Each flash is a train of pulses which was
defined to be composed by 15 pulses with 30-ms duration
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each pulse apart by a 1-ms delay. It was also set a time of 4 s of
release and 50 J of total energy output. For the flashes calibra-
tion, after setting these parameters, an automatic optical power
and an energy meter specific to IPL devices was used (Fit
IPL®, LaserPoint, Italy) and each flash delivered a fluence
of 5.7 J/em? (5.7 x 10* J/m? in SI units).

Photosensitizers

The ALA and MAL were chosen as precursors for PpIX be-
cause both have been used clinically, with different results
concerning their PDT effects on depth (since MAL has been
reported to show deeper average penetration into skin from
surface, due to the presence of the methyl group [31]). ALA
and MAL powders for manipulation were obtained from PDT-
PHARMA (Cravinhos, SP, Brazil). The PpIX precursors were
prepared at 20% mass concentration. Both solution and cream
vehicles were used, respectively for needle-free and
microneedle rollers—based administration. For the topical ap-
plication as cream, the precursors were incorporated in an oil-
in-water emulsion (O/W) based on Blanco et al. and Menezes
et al. [32, 33], and the amount applied was approximately
30 mg/cm?. For the intradermal delivery, the solutions were
freshly prepared in sterile 0.9% NaCl [26] and the application
was performed using a commercial needle-free injection sys-
tem with high pressure (INJEX PHARMA®, SAFE INJECT,
Germany). The volume injected was 100 pL applied perpen-
dicularly to the skin surface, promoting a hole with around
0.17 mm in diameter.

Photodynamic therapy

The irradiation was conducted setting the handpiece 10 mm
away from the skin with a handmade celeron coupler. Celeron
was chosen for its low thermal conductivity. Aluminum paper
masks having a circular cavity with diameter 8§ mm were used
as delimiters; three replicates were performed for each animal.
The protocol for PDT was set as 15 flashes resulting in a total
fluence of 85.5 J/em? (85.5 x 10* J/m? in SI units) delivered to
the tissue. Each flash was triggered manually with 10-s inter-
val between them. For the total fluence to be delivered, about
3 min was necessary in order to reach the total number of
flashes to be delivered. These parameters were selected after
the pilot test. The DLI was different for each application mo-
dality, based on previous studies from our research group:
90 min for the injection [11] and 180 min for the cream appli-
cation [26].

Widefield fluorescence imaging
For image acquisition, the fluorescence probe of a commercial

system device LINCE (MMOptics, Sao Carlos, SP, Brazil)
was coupled to a photographic camera. This probe is

composed of 405-nm LED arrays that induce fluorescence
emission starting from 450 nm [34]. The epithelial autofluo-
rescence image was collected before the PpIX precursor ap-
plication, and the PS-induced fluorescence image acquisition
was made just before irradiation. The image processing was
performed using an algorithm created in MATLAB® (The
MathWorks, USA). We defined the PpIX superficial produc-
tion (¥) as shown in Eq. (1). For each sample (j), the ratio
between the information from the red (R) and green (G) image
components for every pixel (i) was used. The ratios were
summed up for each of the autofluorescence (AF) and fluo-
rescence (F) images, and the values for AF were subtracted
from values for F.

weran=[x(g)), =E), o

J J

This definition was made based on the previous study by
Andrade et al., in which the “R” component has been used as
referring to the red fluorescence of PpIX [35]. The subtraction
removes artifacts represented by the R component from auto-
fluorescence images, and the ratio R/G works as normaliza-
tion for the red component, since green fluorescence from
endogenous skin fluorescence, represented by the G compo-
nent, should not change. This process is further explored in
Fig. 2a in the “Results” section.

Histology

The tissue biopsies were collected after euthanasia. The skin
fragments were sliced to undergo the dehydration process.
After that, the slices were incorporated into paraffin
(Histosec®, Merck, Germany) and histological slides were
produced and stained by either Masson’s trichrome (MT) or
hematoxylin-cosin (HE) techniques. Slide imaging was ob-
tained by optical microscopy (EcIPLse Ti-S, Nikon, Japan).

Results

Figure 1 shows the irradiance spectrum of the xenon lamp
between the flashes, the irradiance spectrum of the flash emit-
ted by the xenon lamp during the irradiation, and the PpIX
absorbance spectrum. In the IPL flash spectrum, there is a
significant emission in the region within 400 and 800 nm,
which represents about 80% of the total energy delivered by
the flash.

Figure 2 represents the sequence that illustrates the process-
ing steps: (a) original fluorescence image, (b) the original
image RGB red component, (c) the original image RGB green
component, and (d) the image generated by the ratio between
the pixels of the red channel by the ones of the green compo-
nent. There are also the typical images for the superficial PpIX
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fluorescence, obtained (f, h) 90 min after injection and (e, g)
180 min after cream application. Image collection after 48 h
exemplifies the most common macroscopic observation of
damage on the surface after (i) light-only irradiation, after
PDT using (j, k) ALA and (I, m) MAL by cream and injection
application, respectively.

The average between ratios obtained from the widefield
fluorescence images is shown in Fig. 3, with error bars

Wavelength (nm)

representing the standard deviation among animals. The ratio
represents the increase of red fluorescence, associated with the
PpIX accumulation in tissue.

Figure 4 shows example images of the histological slices of
both healthy skin without treatment and healthy skin 48 h after
the IPL irradiation without PS. The histological slices from the
biopsies collected 48 h after PDT, either using cream or injec-
tion, are presented in Fig. 5.

Fig. 2 The sequence of images illustrating the processing steps used: a
original image, original image b red and ¢ green components, and the d
ratio between red and green components. Examples of the superficial
PpIX fluorescence after 90 min by f, h injection application and
180 min after e, g cream application. The diameter of the circle mask
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corresponds to 0.8 cm. Image collection after 48 h showing typical
damage on the surface after i light-only irradiation, after PDT using j, k
ALA and 1, m MAL by cream and injection application, respectively. The
diameter of the circle mask corresponds to 1.35 cm
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All experimental conditions were compared to healthy
tissue, which was considered the control group. For clarity,
changes in treated groups were represented in Table 1.
Every characteristic was ranked from zero to three, with
zero being the absence of the characteristic and represented
by the symbol (), and every rank of the aforementioned
characteristic is represented by one (+) mark—more marks
represent a more significant characteristic. Aspects like the
superficial damage area, classified by macroscopic analy-
sis of widefield images, were taken into consideration.
Likewise, evidence of inflammation was observed such

Fig. 4 Histological slices images
of a, ¢ normal skin without
treatment and b, d normal skin
48 h after IPL irradiation without
PS, stained with HE and MT.
Original magnification of 10
times and scale are illustrated by a
yellow bar at the bottom right of
the images, equivalent to 100 um

Cream Injection

as the presence of inflammatory infiltrates (marked by an
arrow) and edema signals (spacing between collagen fibers
indicating the presence of water in the skin). Also, the
characteristics of the proliferation phase were ranked such
as the presence of tissue signs of inflammation associated
with reepithelialization of skin (characterized as an in-
crease of the thickness of the epidermis and the rise of
the connection with the dermis from the increasing amount
of dermal papillae) and fibroplasia signals (degradation
was observed for changes in conformation and orientation
of collagen fibers).

@ Springer
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Fig. 5 Histological slice images about 48 h after IPL-PDT, using a, e
ALA and ¢, g MAL cream and b, f ALA and d, h MAL applied by
injection, stained with HE and MT. Original magnification of 10 times
and scale illustrated by a white bar at the bottom right of the images

Discussion

The heterogeneity in the superficial PpIX distribution after ALA
and MAL cream application was more prominent than when the
precursor’s solutions were administered using the injection sys-
tem. Comparing the PpIX production using cream, MAL did not
result in a PpIX distribution as homogeneous as that observed
with ALA. In some cases, when the photosensitization was per-
formed by injection, a tissue portion that was unable to produce
PpIX, as seen for (f) example in Fig. 2. This observation was
attributed to the fact that, since the injection breaches into skin
layers, mechanical damage promoted to the tissue at the injec-
tion spot modifies local cells metabolism and, since metabolism
is essential to ALA/MAL conversion to PpIX, this damage in-
terferes with local cells ability to produce PpIX.

The injection system application showed to be more effi-
cient than topically administered cream as seen in Fig. 2, with
the advantage of half incubation time [24]. In fact, Gong et al.
used a needle-free injection system for ALA delivery (90 min

equivalent to 100 um. The white arrows indicate inflammation
characteristics, and the white dotted rectangles indicate regions of
conformation and cohesion of the collagen fibers

of DLI) to treat nonmalignant skin tumors with PDT. Their
study reported useful results, with milder therapeutic pain,
which was well-tolerated by patients, and low recurrence rate
[36]. Between creams, ALA cream was more expressive than
MAL cream concerning superficial homogeneity production.
The observed results suggested that the use of needle-free in-
jection systems is more efficient in making PS available in the
healthy porcine skin than topical cream application. Figure 2
also shows that, with the light-only irradiation protocol, no
superficial macroscopic damage was observed. For ALA cream
application, it was possible to see that the region irradiated was
erythematous, which is usually expected after PDT application
due to damage. Using MAL cream, only part of the irradiated
spot (mainly two spots within the treated region) showed any
visually noticeable damage. The extension and characteristics
of superficial damage using injection, for both precursors, were
more expressive than those observed for the cream application.

A reduced red fluorescence was observed at the surface of
the tissues sensitized with MAL. As fluorescence is associated

Table 1 Skin modifications about

48 h after PDT with IPL using Skin modifications Control IPL  ALA MAL
ALA and MAL, either in cream
(C) or with injection (I). The C 1 C 1
symbol “©” indicates the absence
of the characteristic, and the Superficial + 4 ++
number of repetitions of the “+” damage
symbol indicates the severity of area
the characteristic when it is Inflammation 1 Inflammatory in + +++ A+ +
present, compared to control filtrates and edema
(healthy skin) and to the condition Proliferation Reepithelialization 1 Epidermal o o + + o +
using light-only irradiation thickness
1 Dermal o © + + ++
papillae
Fibroplasia Collagen fibers = + + +H+ H +
degradation
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to the concentration of PpIX in tissue, this observation repre-
sents that the PpIX production associated to MAL was less
expressive than the one associated to ALA, both for cream and
injection application, which is shown in Fig. 3. This observa-
tion was associated to the limitation in the fluorescence detec-
tion, as the fluorescence response is obtained mostly from the
superficial layers of the skin, and MAL is expected to promote
PpIX production in deeper layers of tissue [31].

Based on the fluorescence analysis obtained by widefield
imaging, the superficial PpIX production was found to be
heterogeneous when the precursor was used via the topic
cream. Intradermal administration of the solution by needle-
free injection instead resulted in the most homogeneous pro-
duction of superficial PpIX among the investigated condi-
tions, demanding half of the DLI time when compared to the
cream application [24, 26]. This DLI improvement by the use
of needle-free injection may allow for the time reduction of
the PDT protocol application almost by half, with the impor-
tant improvement of the clinical practice routine.

The central aspect concerning the histological differences
observed was the changes in the arrangement of the collagen
fibers (white dashed rectangle), showed by Figs. 4 and 5. HE
staining showed that fibers were separated (regarding arrange-
ment and direction) after IPL irradiation, which indicates ede-
ma and collagen degradation. Further, MT staining showed
that the proportion of skin collagen when the tissue was irra-
diated is lower than that observed in the skin without IPL
irradiation. However, modifications observed for light-only
irradiation were not significant compared to the experimental
conditions with IPL-PDT. On the other hand, modifications
promoted by IPL without PS are due to dermal collagen re-
modeling which takes place without damaging the epidermis.
That is the reason why IPL is a light source of choice for the
treatment of telangiectasias, lentigos, and skin texture [37].

After 48 h, the tissue treated by IPL with the application of
ALA cream showed critical inflammatory characteristics (such
as high amount of inflammatory infiltrate and spacing of the
collagen fibers, which indicate edema) represented by the ar-
rows in Figs. 4 and 5. MAL cream application, instead, resulted
in evidence of tissue in the proliferative phase, as degradation
of the collagen fibers was more relevant than that observed for
ALA. In contrast, 48 h after PDT with MAL injection applica-
tion, the collagen fibers arrangement was observed to be more
similar to the one observed in tissue without treatment.

All observations concerning tissue healing and the quality of
sensitization and PDT outcome showed that MAL-PDT pro-
duced a less inflammatory response and damage than ALA-
PDT in either case. The main observation though is that tissue
photosensitized via injection resulted in the quickest recovery of
the tissue, based on the histology results that showed to be closer
to what was observed for intact, untreated tissue. MAL cream
histopathology results were consistent with the lower production
of PpIX observed when compared to ALA cream results.

Based on the rating adopted for macroscopic evaluation
(Table 1), no visible superficial damage was observed after
48 h using light-only irradiation with IPL and histological
analysis showed slight changes in the collagen fibers arrange-
ment. After PDT, however, inflammation characteristics were
observed for ALA cream, whereas, for ALA injection, more
proliferative characteristics were identified, suggesting a more
prompt recovery from PDT. Similar results for MAL were
observed for cream application and injection, while the lower
production of PpIX by MAL led to faster tissue healing after
PDT, indicated by proliferative characteristics observed after
MAL-cream PDT and by characteristics similar to those ob-
served in the control group for MAL-injection PDT.

Concerning the reduction on the amount of time IPL proto-
col takes compared to a usual PDT protocol using a continuous
light source (for reference, the present study used an irradiance
of 0.125 W/em? (1.25 x 10> W/m? in SI units) based on the
study by Blanco et al. [32], which used the same PpIX precur-
sors), the irradiation time obtained for the same light fluence
was about 4.6 times shorter. Aiming to clarify how that is
possible, Fig. 6 illustrates both irradiation regimens. The irra-
diance delivery for each light pulse is several times larger than
the one emitted by the continuous light source (each pulse has
irradiance of about 190 W/cm?, or 1.9 x 10® W/m? in SI units,
in contrast to 0.125 W/cmz). Thus, one flash composed of 15
pulses is about 0.5 s long and after 15 flashes, the total time of
irradiation is 2.5 min. To deliver the same total fluence (85.5 J/
cm?) using the abovementioned continuous light source, it
would take about 11 min. Therefore, an improvement in the
protocol time was achieved.

This relevant reduction in the length of the protocol has
potential to benefit patients who would be subjected to long
waiting times when considered a regular PDT session (which
usually takes 3—4 h for DLI plus 16-20 min for irradiation)
[38], reducing this total time to as short as about 90 min for
DLI and about 3 min for irradiation.

The reason for this high output irradiance per flash being
possible to be delivered to tissue without thermal damage is
because this high power is delivered within a very short time
interval, and the time between pulses (and between flashes)
allows for tissue molecules to undergo thermal relaxation, i.e.,
the thermal energy is dissipated before more energy is deliv-
ered. Thus, tissue takes longer to increase temperature and
therefore thermal damage is mostly avoided [39]. Hence,
IPL makes faster treatment protocols possible. Also, such an
improvement represents less time for painful stimuli to take
place, as IPL flash delivery provides tissue with time for dis-
sipating such stimuli.

It must be said that IPL is not proposed here as a substitute
for continuous light sources; it is an alternative option
allowing a shorter time for irradiation, with several other ad-
vantages, such as reduced cost, larger irradiation areas in com-
parison to laser devices, and high versatility for the clinical use
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Fig. 6 Irradiance as a function of time for IPL and continuous light
sources, represented by blue and red bars, respectively. The irradiance
axis is not in scale (it is shown schematically due to the large difference of
values), and the time is represented in minutes. For the IPL irradiation
protocol, one flash is composed of 15 pulses about 0.5 s long (30 ms of
duration and 1 ms apart) with 10-s interval between flashes, for a total of

[40], reducing the irradiation time and, consequently, subject-
ing patients to shorter-term painful stimuli compared to the
standard monochromatic light sources. In comparison to
PDT using laser or LED devices, IPL makes it possible to
deliver the same fluence with shorter irradiation times, be-
cause this system allows delivering many flashes in a few
minutes, with high irradiance delivered for each one.

Conclusion

This study proposed to investigate an alternative approach for
PDT using IPL as a light source associated to barrier-breaking
techniques to improve ALA/MAL penetration in tissue in or-
der to achieve as much as possible reduction in DLI, aiming to
optimize time-consuming protocols for clinical PDT. A rele-
vant improvement in DLI was observed, making it possible to
produce sufficient PpIX after half of the incubation time.
Further, around 3 min of irradiation was necessary using IPL
irradiation to obtain satisfactory PDT outcome when com-
pared to usual protocols which are 20 min long, which is a
promising result for the clinical approaches. As an additional
benefit, optimizing time for healthcare systems may contrib-
ute to the reduction of costs, improving the ability to provide
treatment to a larger number of patients either with PDT or
otherwise. In summary, IPL-PDT associated with barrier-
breaking approaches for ALA/MAL delivery may represent
an alternative for improvement of the technique by providing
time optimization of protocols and must be further explored.
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2.5 min of irradiation. The irradiance delivery for each light pulse is
several times larger than the one emitted by the continuous light source
(each pulse has irradiance of about 190 W/cm?, in contrast to 0.125 W/
cm? used as reference). Thus, to deliver the same total fluence (85.5 J/
cm?) using the continuous light, it would take about 11 min
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