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Abstract XV

Di1SSOLVING MICRONEEDLES FOR AN OPTIMAL TRANSDERMAL DELIVERY OF AN ACTIVE PRINCIPLE USED IN PHOTO-
DYNAMIC THERAPY: DEVELOPMENT AND PROOF OF CONCEPT.

Abstract

Non-melanoma skin cancers are on the rise with 2 to 3 million people diagnosed each year and are
sometimes treated by local ablation therapy. To avoid this surgery, photodynamic therapy (PDT) appears
as an advantageous treatment. Currently used in clinics, PDT consists of applying a cream containing a
photosensitive precursor to the damaged skin, which, then metabolizes and under light excitation induces
cell death. However, this technique is not fully effective if the skin lesion extends into the deep skin layers.
To improve the therapeutic treatment of this type of skin cancer, a patch with dissolving microneedles
(MNs) was develop to reach the deep layers of lesions that are difficult to treat. Hyaluronic acid, known for
its biocompatibility, solubility and biodegradability, was chosen as the constituent material, and mixed with
the 5-aminolevulinic acid (photosensitive precursor, 5-ALA). To ensure the best penetration without causing
pain by touching the nerve endings, an optimal “pencil-tip” design was defined with MNs length going
from 400 to 750 pm. A simple and robust manufacturing process called solvent casting molding method,
has been set up which is an asset for potential industrialization. In absence of realistic skin lesions model,
we chose to establish one on rats skin by applying daily UV-B doses. Histology and pharmacokinetic studies
validated the presence of precancerous skin lesions and the MN-patch in vivo efficiency was therefore
tested. After one hour application on the injured rat skin, the MN-patch dissolved and released the 5-ALA
that further metabolized to protoporphyrin IX (PpIX). A significant level of PpIX fluorescence was recorded
suggesting that after light excitation, a PDT session could be effective. In parallel, to reduce pain felt during
PDT treatment, a light device with suitable optical and thermal properties was conceived and coupled to
the MN-patch. The idea would be to start the illumination directly after MN-patch application in order to
avoid a painful photochemical reaction. This wearable and easy to use system purpose a all-in-one PDT
processing which fulfills the criterion of patient compliance, better efficiency and speed of treatment.

Keywords: photodynamic therapy, dissolving microneedles, 5-aminolevulinic acid, transdermal drug
delivery, skin cancer, hyaluronic acid

MICROAIGUILLES SOLUBLES POUR LA DELIVRANCE TRANSDERMIQUE OPTIMALE D’UN PRINCIPE ACTIF UTILISE EN
THERAPIE PHOTODYNAMIQUE : MISE AU POINT ET PREUVE DE CONCEPT.

Résumé

Les cancers de la peau de type non mélanome constituent un enjeu sanitaire majeur : ’'OMS en dénombre 2
a 3 millions par an. Pour les traiter, il faut parfois recourir a une résection chirurgicale localisée. Pour éviter
ce geste, la thérapie photodynamique (PDT) est un traitement alternatif intéressant. Actuellement utilisée
en clinique, la PDT consiste a appliquer sur la peau 1ésée une créme contenant un précurseur photosensible
qui aprés métabolisation et sous excitation lumineuse induit la mort cellulaire. Néanmoins, cette technique
atteint ses limites thérapeutiques lorsque la créme ne pénétre pas dans les couches l1ésées et profondes de la
peau. Pour améliorer la délivrance de la PDT, un patch de microaiguilles (MAs) soluble dont la longueur
des MAs peut étre comprise entre 400 a 750 pm a été développé permettant ainsi d’atteindre l'interface
épiderme/derme sans induire de douleur. L'acide hyaluronique, polymeére connu pour sa biocompatibilité,
solubilité et biodégradabilité, a été choisi comme matériau constitutif du patch et a été mélangé avec l'acide
aminolévunique (précurseur photosensible, 5-ALA). Un procédé de fabrication simple et robuste dit de
moulage a été mis en place dans une perspective de potentielle industrialisation. Du fait de 1’absence d’un
modele réaliste de lésions cutanées, nous avons choisi d’en développer un sur des rats en leur appliquant des
doses d’UV-B quotidiennes. Ce modele a été validé par des études d’histologie et de pharmacocinétique et a
permis de tester l'efficacité du patch in vivo. Lorsque le patch a été appliqué sur les 1ésions précancéreuses,
il s’est dissous en 1 heure, a libéré le 5-ALA qui s’est ensuite métabolisé en protoporphyrin IX (PpIX). Un
taux significatif de fluorescence da a la PpIX a été recueilli et montre qu’aprés excitation lumineuse, un
traitement PDT pourrait étre efficace. Aussi, afin de réduire la douleur ressentie pendant une session PDT,
I'illumination commencerait juste apres l'application du patch pour éviter I’accumulation de PpIX et a
fortiori une réaction photochimique douloureuse. De ce fait, un systéme lumineux dont nous avons controlé
les propriétés optiques, thermiques et temporelles a été couplé au patch de MAs. Ce systéme portatif et
simple d’utilisation pourrait proposer un traitement PDT tout-en-un qui répond aux critéres de rapidité,
d’efficacité de traitement et de confort du patient.

Mots clés : thérapie photodynamique, microaiguilles solubles, acide 5-aminolévulinique, délivrance trans-
dermique, cancer de la peau, acide hyaluronique
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INTRODUCTION

Skin cancer is the most common form of cancer, globally accounting for at least 40 % of cancer
cases. Skin cancers include two forms: melanomas and non-melanomas ; and the most common
type is the second one that occurs in at least 2-3 million people per year in the world and its
incidence is still increasing [[158].

Different therapies have been investigated to treat non-melanomas skin cancers such as
surgery, cryotherapy or radiotherapy. PDT is another approach that had known a growing
interest for the two last decades. PDT presents an acceptable efficiency at long-term follow-up
and does not let scars after treatment which is positive since the lesions are usually present
on face, hands or neck (sun-exposed areas) [[15]. Nowadays, PDT starts to be routinely used
in clinics since it is easily performed. Indeed, the principle is quite simple and rest on the
combination of three major components that are: photosensitizer, light and oxygen. Therefore,
for a conventional treatment in clinics, a cream containing a photosensitive precursor is applied
on the lesion for at least three hours and then a precise red light dose is delivered. Afterwards,
due to the presence of oxygen, a photochemical reaction occurs which induces cell death [[115].

Although this treatment has been efficient on thin skin lesions, for deeper skin tumours,
it may be improved. One of the major reason is due to the lack of photosensitive precursor
penetration through the skin layers. Tumour cells in deep-seated lesions, such as deep basal
cell carcinoma (BCC), are not destroyed because no photochemical reaction occurs due to
the photosensitizer absence [41]. On the other hand, this treatment is often painful due to
the important number of oxygen species created during light illumination, that are known
to stimulate sensory nerve endings [8, [115]. One solution would be to to avoid excessive
production of oxygen species by preventing the accumulation of the photosensitizer in the cells
and consequently decrease the photochemical reaction burst.

This thesis aims to develop a biomedical device that would allow a better prodrug penetration
in deep skin layers and a less painful PDT treatment. The first goal is to design MNs in a
disposable patch that would contain the prodrug. When inserted into the skin lesions, the MN
tip would reach the bottom of the tumour. The MNs composed of HA, a biocompatible and
water-soluble polymer, will be dissolved by the skin and consequently release the prodrug on
the whole volume of the skin lesion. The second objective is to couple this MN-patch to a light
system that would deliver a low red light dose and starts the illumination just a few minutes
after the MN insertion in order to avoid pain usually felt during treatment.

In order to answer this issue, the first chapter provides an overview of the different categories
of the non melanoma skin cancers (actinic keratosis (AK), BCC, squamous cell carcinoma (SCC))
and how conventional PDT is performed on these kinds of cancers and the efficiency that is
recorded. Since the lack of prodrug penetration results in a treatment efficiency decrease,
different methods (chemical of physical) to overcome this issue have been considered and are
described in a review. Among the different technologies suggested, the use of MNs appears as a
promising approach enabling better drug penetration. Therefore, at the end of this chapter, a



2 Introduction

rapid description of the fabrication process and their different types are presented.

The second chapter focuses on the production of the MN-patch in which 5-ALA is loaded.
The patch development process is based on an easy one-step solvent casting molding method.
The properties of fabricated MNs are characterized in terms of their ability to dissolve, to insert
without fracture in the skin and their cytotoxicity. Since the prodrug, the 5-ALA, is included
in the needle material (polymer HA), a special care through an analytical follow-up is taken to
ensure that there is no interactions between these two products and a good stability of the drug.
The results of this chapter are transformed into a publication.

The third chapter describes the in vivo experiments that are conducted to test the efficiency
of the MN-patch. For this purpose, precancerous skin lesions model are developed on rats by
repetitive UV-B illumination. The photosensitizer fluorescence level is recorded after MN-patch
application to highlighted if this technology could lead to a succesfull PDT session. These
results are part of an article. In order to estimate the prodrug penetration profile, preliminary
experiments using innovative technologies (Franz cell apparatus or Time-of-Flight Secondary
Ion Mass Spectrometry (ToF-SIMS)) on ex vivo skins are also performed.

The final chapter answers the second goal of this thesis which is to couple the MN-patch to a
light system less painful in order to propose a proof of concept: PDT all-in-one. The reasons
that led to reduce the light dose and the time between release of 5-ALA and illumination are
described. The system is then characterized in terms of temperature, light power and uniformity.
Finally, a regulatory study has been conducted in order to evaluate the classification of the
developed products.
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Introduction: Literature review

* In this chapter, a focus on the different skin cancers and their localization in the
skin layers will be presented.

* Then photodynamic therapy as treatment for non melanoma skin cancers will be
reviewed with its principle, some clinical results and their limitations.

* In a review, we showed the different physical or chemical methods that can enhance
prodrug penetration and consequently improve photodynamic therapy.

* Among the previous techniques presented, microneedles appear as a new technol-
ogy that might be able to answer to the lack of prodrug penetration in deep skin
lesions.

* Microneedles as devices enabling transdermal drug delivery will be shortly pre-
sented with their different forms, advantages and production way.

* Finally, the use of microneedles for photodynamic therapy will be explained with a
few examples.

1.1 Medical indication: skin cancers

Skin cancers are the most common malignancy of humans and particularly for Caucasians people
with increasing incidence rate [158]]. According to the World Health Organization, between 2
and 3 millions of non melanoma skin cancers and 132 000 melanomas are diagnosed each year
in the world. According to the Skin Cancer Foundation (Facts and Statistics), more people are
diagnosed with skin cancer each year in the U.S. than all other cancers combined.

The etiology might be divided in two categories [6}48]:

* Individual people risks: skin, hair or eyes color (fair), UV sensitivity, skin burns antecedents,
numerous moles, family history of skin cancer.

* Environnemental risks: previous radiotherapy, phototherapy [16], indoor tanning, UV-
radiation exposure.
1.1.1 Different types of skin cancers

According to the previous risks encountered by people, different kinds of skin cancers exist and
are divided in two types :

* Non-melanoma skin cancers whose the AK, BCC, squamous cell carcinoma (SCC).
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¢ Melanoma skin cancers

The different localization of skin cancers are depicted in figure[L.1}
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Figure 1.1 - Different types of skin cancer and the localization of their development in the skin.

As depicted in figure[T.T]the non-melanoma skin cancers are localized principally in epider-
mis and deep epidermis. As for the melanoma skin cancer, it can reach lower dermis and be in
contact with blood vessels leading the tumors to spread in the body (metastasis). Melanoma
skin cancer affects less people than the non-melanoma skin cancers. An effective treatment for
melanoma is still under investigation since this disease is difficult to treat with its potential
ability to create metastasis. Non-melanoma skin cancers could be treated thanks to different
technologies and one of them will be presented in details in section[T.2]but before a focus on
each class of non-melanoma skin cancers will be made.

1.1.2 Non melanoma skin cancers

Non-melanoma skin cancers are divided in three categories : actinic keratosis (AK), squamous
cell carcinoma (SCC) and basal cell carcinoma (BCC).

1.1.2.1 Actinic keratosis (AK)

AKs also known as solar keratosis or keratinocytic intraepidermal neoplasia are premalignant
tumors that take place in epithelial cells (or keratinocytes) located in epidermis and especially
in the stratum spinosum (Figure[I.2) [198]. AKs are due to the proliferation of transformed neo-
plastic keratinocytes. AKs are the most common precancerous lesions among fair-complexioned
individuals [138]. A small percentage of AKs may progress to invasive SCC if they are not diag-
nosed and treated on time [172]. AK could be considered as a SCC at early stage of development
but do not extend as deeply as SCC might do . The clinical presentation of an AK
is a scaling papule or a red plaque generally on sun exposed zones (head, neck, hands, foot).
Diameter could reach 1 to 3 mm or may also become bigger and get several centimeters in size

[122]. There are three main grades of AK [[184}212].

* Grade I: neo-plastic changes are limited to the lower third of the epidermis. Clinically, AK
grade I are slightly palpable (better felt than seen). A red pseudonetwork pattern could be
observed with a dermatoscope.
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Figure 1.2 — Transversal histological section of epidermis from https://thedc.ca/ourteam/
dermatology/.

* Grade II: neo-plastic changes are located in the lower two thirds of the epidermis. Clinically,
AK grade II are moderately thick (easily felt and seen). Dermatoscopy analysis shows
background erythema intermingled with keratotic follicular openings.

* Grade III: full-thickness atypia is observed. AK grade III are very thick and hyperkeratotic
(obvious). Observation with dermatoscope shows structureless white-yellow areas.

A fourth grade could be defined as a grade III very advanced and presenting vesiculation/erosion
in addition [148].

1.1.2.2 Squamous cell carcinoma (SCC)

SCC derives from the keratinocytes of the stratum spinosum layer of the epidermis (Figure[I.2).
SCCs are principally diagnosed after AKs and are defined as their evolution [21]]. Two kinds of
SCC are described in the literature:

* In situ SCC whose Bowen disease and Erythroplasia of Queyrat belong [5]
* Invasive SCC

If histological examination indicated atypical keratinocytes (hyperkeratosis and paraker-
atosis) thicker than two-thirds of the full thickness of epidermis, lesions are considered as in
situ SCC [[199},/149]. Invasive SCC is a result of accumulation of mutational and cellular events
that lead to invasive growth [168]]. Hence invasive SCC can be more biologically aggressive
than in situ SCC, can recur and has the potential to metastasize which could cause death in
particular case [[142,/149}123]. The clinical presentation of a SCC is a sternly demarcated and
thick erythematous or peeling red plaques on sun-exposed areas. In situ SCCs are difficult to
distinguish from AKs because there is no patho-biological difference between them [149, |5].
Moreover, lesions caused by invasive SCC can first appear as erythematous area with crusting
and then as a nodule that growth over time and could become ulcerated or necrotic [[168}[24]

1.1.2.3 Basal cell carcinoma (BCC)

BCC is one of the most common type of non-melanoma skin cancer (80%) [130] and its incidence
is still rising even in younger people ( < 40 years old) [[131]]. Contrary to SCC, BCC is a locally


https://thedc.ca/ourteam/dermatology/
https://thedc.ca/ourteam/dermatology/

1.2. Non melanoma skin cancer and treatment perspectives 7

invasive malignant epidermal skin tumor that grow slowly in the area of origin. BCCs rarely
spread to distant parts of the body. BCCs are also keratinocyte tumors that arise from the basal
layer of the epidermis called stratum basale (Figure[1.2) [16}[47]). BCC has several distinctive
varieties [174,|209},148] :

¢ Nodular (50-60%) (nBCC)
* Superficial (15%) (sBCC)
* Infiltrative (10-20%) whose morphoeic (5%) (iBCC)

Nodular BCC is most frequently observed on the face. This kind of disease is due to tumor
cells growth in rounded masses shown as solid, well-demarcated, lobulated tumor nests of
various sizes. This agglomerate may be a central necrosis composed of numerous fibroblasts,
mucinous material and hyaluronic acid [[130},[144]. Tumor nests of superficial BCC growth is
restricted to epidermis or superficial parts of hair follicles. They can be defined as small buds
of proliferating basal cells that grow down from the epidermis into the superficial dermis. The
most common location of the superficial BCC is the trunk [100}138|. The third subtype of BCC
is the infiltrative one and the most aggressive as it can reach deep dermis and even subcutis [48].
This kind of BCC is difficult to diagnose, however in case of morphoeic BCC, a yellow-white
waxy patch with very ill-defined edges could be a proof. When not treated on time, infiltrative
BCC could lead to lesions showing ulceration, crusting or fibrosis [209]]. Except for superficial
BCC, all others lesions thicken cutaneous surface and the diameter of these lesions may range
from a few millimeters to several centimeters.

1.2 Non melanoma skin cancer and treatment perspectives

Despite non-melanoma skin cancers are the most common, they can be usually treated by
surgical excision, Moh’s micrographic surgery or curettage. Recently, non-surgical methods such
as cryotherapy, topical chemotherapeutics [35]], immunotherapy, chemotherapy, laser treatment
and photodynamic therapy have also been developed and are starting to be commonly used [16}
145].

Treatment choice depends on the type of skin lesions, number, size, location of lesions,
patient’s compliance, general health conditions, and cosmetic outcomes [212]]. According to the
European Dermatology Forum guidelines on topical photodynamic therapy, this treatment is
approved for AK, SCC, superficial and certain thin BCC [115].

1.2.1 Photodynamic therapy
1.2.1.1 Principle

The concept of PDT is a century old and has the advantages to be a selective and localized
therapy [62,|46]. This therapy presents an acceptable efficacy at long-term follow-up and do not
let scars after treatment which is positive since the lesions are usually present on face, hands or
neck (sun-exposed areas) [[15]]. PDT relies on the combination of three components to induce
tumor destruction :

* a photosensitive drug
* alight at a precise power and wavelength

* oxygen
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None of these elements is individually toxic, but together they produce a photochemical reaction’
that generates singlet oxygen which is a highly reactive product causing cells death [2]]. Clinical
PDT in dermatology consists of the administration of a non-toxic drug, with a cream, known as
photosensitizer (PS) to a patient presenting a skin lesion [[146]. After an incubation period (~ 3h)
the lesion is illuminated with a specific wavelength able to stimulate the PS. The excited state of
the PS (PS*) is not stable and comes back to its basic state by transferring energy to surrounding
oxygen that will become an active singlet oxygen O". This free radical will oxidize all tissues
constituents in its close environment and destroy cells, therefore the effect will be localized [15].

1.2.1.2 Parameters

 Photosensitizer (PS)

PS should respect characteristics such as being non-toxic, water soluble, chemically and physi-
cally stable, selective for neoplastic tissues with the shortest time interval between administration
and maximal accumulation. PS should also be eliminated by the body in a short time period in
order to avoid unwanted photoreactions [146}|17]. Historically, hematoporphyrin and hemato-
porphyrin derivatives (HpD) were the first PSs to be studied in details [44]. However these
compounds presented a photosensitivity for a long period of time (8 weeks), so patients had to
avoid sunlight which was very constraining. Moreover, tumour-localizing properties of this PS
were not as pronounced as first thought [25]. These deficiencies and the fact that this product
was orally administered make its use difficult for dermatology. Therefore, a new approach has
been investigated consisting in the development of endogenous photosensitizers. Endogenous
PS are synthetized in the body from nonphotosensitizing precursors. Precursor’s chemical
conversion is established by metabolic pathways. The major endogenous PSs (protoporphyrin IX
(PpIX), uroporphyrin, coproporphyrin) are products of heme cycle (Figure[I.3) [81]). Therefore,
this second generation of PS is very selective and present a modest absorption on the range
600 —700nm that allows them to be activated until several millimeters in biological tissues (See
next paragraph[[.2.1.2) [45].

Actually, the 5-aminolevulinic acid (5-ALA) and the methyl-aminolevulinate (MAL) are the
most widely used molecules as precursor drugs for PpIX production by the heme-synthesis.
5-ALA or MAL could be administrated as a cream which is interesting for topical application
and especially skin treatments in dermatology. They are selective and have the possibility to be
accumulated in tumours cells because individual steps of the heme cycle are disordered ? and
increased the production of various intermediate leading to a PpIX accumulation [[17,81f]. 5-ALA
is commercially available under the pharmaceuticals products Alacare®, Alafast®, Levulan®,
Ameluz® and MAL is commercially available with the Metvixia® cream.

IThis reaction will be more discussed in the introduction of section
2The heme cycle disorder leads to a high concentration in porphobilinogen deaminase and a low concentration in
ferrochelatase but this cycle perturbation will be more detailed in
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Figure 1.3 — Heme cycle.

» Light

Light at a precise wavelength is used to stimulate the PS. The choice of light source is mainly
based on PS absorption but also according to its cost, and its size [2[]. Light source needs
especially to present spectral characteristics that match with the absorption wavelength range of
the PS in order to generate enough singulet oxygen to produce a cytotoxic effect. In dermatology
(and others specialities) light should reach all the injured tissue. The interaction of light with
tissue is governed by three basic processes that can occur when a photon of light reaches the
skin: reflection, scattering, and absorption. In case of PDT, absorption phenomenon is privileged
[17]. The higher wavelength is, the deeper light penetrates tissues as presented on figure
[164]. Blue light (400nm) has relatively low penetration in tissue (only absorbed in the
superficial epidermis of skin) whereas red light (600 — 700nm) penetrates more deeply [7]. A
smart compromise has to be found between a minimal light absorption by tissues and a maximal
light absorption by the PS.

For skin cancer treatment, 5-ALA which then produces PpIX is often used and a light set at
630nm is advantageous to activate PpIX. This wavelength is in the red light, allowing penetration
in deep tissues and corresponds to the last excitation peak of PpIX (Figure[L.5) [19}[72]. The
fluence rate and exposure time also affect PDT response and need to be controlled. Nowadays,
research is conducted with the aim of reducing light exposure time, irradiance and fluence rate
in order to improve patient compliance [188}|189]]. Similarly, light fractionation significantly
increases the efficiency of PDT which allows skin re-oxygenation between two exposures [[191].

* Singlet oxygen and cells death

Photochemical reaction needs oxygen to occur and to destroy malignant cells. The lifetime of
singlet oxygen O is very short (approximately 10 — 320ns), so its diffusion is only limited to
cell’s organelles (Distance of diffusion : 10— 50nm) [45]. Thus, photodynamic damage will occur
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Figure 1.5 — Excitation and emission spectra of PpIX .

very close to the intracellular location of the PS 1109]]. Two main mechanisms of tumoral cell
death can occur thanks to singlet oxygen: apoptosis and necrosis 163].

* Apoptosis defines the programmed cell death. When cells are subjected to aggression
altering their integrity, they develop defense and immune responses but in case of abnormal
activity, cells stop their cellular division. When damages are too important, a “cellular

suicide” is engaged [160} [151].

* Necrosis defines the non-programmed cell death. It happens accidentality when cells
are mistreated (burning, string compressions), they burst and their cytoplasm content is
released provoking an inflammatory response [101].

Singlet oxygen is mainly responsible for cytotoxicity induced by PDT. Nevertheless, due to the
large proportion of oxygen consumed by the photochemical reaction, other mechanisms can
occur and kill surrounding cells. Photo-oxidative stress can lead to ischemia (restriction in blood
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supply to tissues) or vascular response can induce vasoconstriction (narrowing of the blood
vessels) that will also damage or kill cells [90].

1.2.2 Efficiency of PDT on non melanoma skin cancers
1.2.2.1 Treatment of AKs with PDT

Topical photodynamic therapy employing 5-ALA and MAL as endogenous precursor has been
widely used to treat actinic keratosis and shows quite good clinical outcomes on many patients
as presented in table [[.1} Moreover, in 2019, a group of 13 European practitioners (Morton et al.)
decided to evaluate the average efficiency of conventional PDT? on AKs. Therefore, the authors
chose 6 multicentric, randomized, double-blind studies from 2004 to 2012 which represent
more than 1500 patients enrolled. Then the authors reported the clearance rates 3 months after
the treatments between 81 and 92% for thin and moderate thickness non-hyperkeratotic AKs
localized on the face and scalp [115]. Since the last 5 years, to improve PDT outcomes, the
tendency is to perform a lesion pretreatment or to combine PDT with other treatments such as
cryotherapy or chemotherapy [115].

AK grade | Patients | Photosensitizer Method Light Clearance Ref.
number rate
ItoIII 181 5-ALA 20% | Drug is applied | A=417nm (Blue) 75% at 8 | Piacquadio
(w/vol) twice to each | Intensity = | weeks et al.
lesion. 10mW/cm? 89% at 12 | 2004
weeks [138]
ItoIII 202 MAL 16 % (w/w) | Incubation time : | A = 570 — 670nm | 75% at 3 | Szeimiesa
: Metvix cream © | 3h. (Red) months et al.
Intensity = 70- 2002
200 mW/cm? [172]
Dose = 75]/cm?
ITtoIV 42 Metvix cream © Previous curettage | A = 570 — 670nm | 89% at 3 | Pariser et
of the lesion then | (Red) months al. 2003
application of the | Intensity = 50- [131]
cream under occlu- | 200 mW/cm?
sion for 3 h. Dose = 75]/cm?
Unspecified 30 Metvix cream © | MAL application | Daylight 79% at 3 | Wiegell
and occlusion for months et al.
3h. 2012
[202]

Table 1.1 — Photodynamic therapy on AK : protocols and clinical results.

3Conventional PDT involves application of a topically applied photosensitizing agent, an incubation time of approxi-
mately 3 hours and an illumination typically by a narrowband red LED light source.
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1.2.2.2 Treatment of SCCs with PDT

Topical PDT employing 5-ALA or MAL as PS has also been used to treat SCCs. Methods and
results are presented in table Most of the studies involving PDT on SCC required lesion
preparation (abrasion or curettage) or two cycles of MAL-PDT [115] which was also evidenced in
the following short table[I.2] Overall, the clearance rates stay satisfactory and make PDT highly
recommended for this medical indication. Nevertheless, it has been evidenced that the lesion
size might also impact the clearance rate. Indeed 82% of lesions up to 14 mm were cleared after
a 12 months follow-up whereas when the lesion size increased up to 30 mm or even 100 mm the
clearance rate dropped to 55 % [119]. This is a major drawback since SCCs could potentially
metastasize if not treated on time [35,|213]. Besides, PDT is currently not indicated for treating
invasive SCC for reasons indicated hereinbefore {219} |115].

SCC type | Patients | Photosensitizer Method Light Clearance Ref.
number rate
In situ 87 MAL 16 % (w/w) | Lesions surface | A = 570 — 670nm | 93% at 3 | Morton
Metvix cream © | were prepared by | (Non coherent red | monthsand | et al.
debridement with | light) 80% at 12 | 2006
a curette. Cream | Dose =75]/cm? months [120]

was applied to the
lesion for 3 h. Treat-
ment was repeated
once after 1 week
for a complete
treatment cycle.

Bowen’s 85 5-ALA  cream | Prior to the first | A =630nm 78.6%  at | Westers-
disease prepared at 20% | treatment hy- | Dose = 100]/cm? 6-12 weeks | Attema et
(In situ) perkeratosis and | Intensity = al. 2015
crusts were gently | 100 mW/cm? [199]
removed with a
curette. Cream

was applied for 3h
and covered with a
plastic film.

Bowen’s 40 5-ALA in oil | A previous abra- | A=630nm 78% at 12 | Morton

disease lesions in water 20% | sion on the lesion | Dose = 100J/cm? months 2001

(Large (w/w) was carried. Cream (118

lesions was applied for 4h

d > under occlusive tis-

20 mm) sue.

In situ 55 and | Metvix cream © Cream was applied | A=635nm 73% at 3 | Calzavara-
112 for 3h prior to | Dose =37]/cm? months and | Pinton
lesions illumination. 7 56% at 2 | et al.

days later: a second years. 2008 [21])

MAL-PDT session
was performed.

Table 1.2 — Photodynamic therapy on SCCs : protocols and clinical results.
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1.2.2.3 Treatment of BCCs with PDT

PDT can be considered for recurrent and multiple BCCs, especially for those which are bad
candidates for surgery due to co-morbid systemic disease or critical cosmetic location of the
lesions [88]. A few clinical studies on BCCs are presented in table[1.3] No results on infiltrative
BCCs were presented in the following table because numerous studies have excluded them from
their experiments when choosing patients [31,|66]. Moreover when PDT was tried on morpheic
BCCs, there was no clearance [[162], so we decided to focus on the other BCCs categories.
However, PDT is a recommended treatment for BCCs since superficial BCCs respond well with a
clearance rate between 79 and 100 % whereas for thicker or nodular BCCs the clearance rate is
decreased [4,[9] which is also displayed in table[T.3} The poor penetration of the prodrug in deep
skin layers could explain the lower efficiency observed for nodular BCCs [[135]. Indeed, Ahmadi
et al. applied the cream (5-ALA at 20% w/w) with a thickness currently used in clinics and found
that only 36.8 % of the total dose was released during the 4 h application period (Experiments
were performed with Franz cell apparatus) [[4]. To reach sufficient prodrug concentration in depth
allowing a biologic rationale for a clinical PDT, Peng et al. estimated that an application of MAL
(1 mm thick layer and 1 cm outside the lesion) at 160 mgg~! for 3 h induced the highest ratio of
porphyrin fluorescence in tumor depth [[135]. To sum up, conventional PDT can not be used
for all BCCs and if so, a previous lesion preparation should be ensured or several PDT sessions
should take place [[115].

Table 1.3 — Photodynamic therapy on BCC : protocols and clinical results.

BCC type Patients Photosensitizer Method Light Clearance Ref.
number rate

Lesion was de-
brided wusing a
curette. Cream
(1 mm thick) was
applied and the 93 % at 3
Superficial | 92 lesion was covered | A=570-670nm months Vinciullo
with an adhesive | Dose = 75]/cm? et al.
MAL . . .
occlusive dressing | Intensity = 2005
for 3 hours. Two | 100 mW/cm? [194]
Nodular 36 PDT sessions with 82 % at 3
an interval of 1 months
week between
each session were
performed.

Lesion was de- At a mean
bulked, then cream 1 =570 - 670nm period of 35

168 le- | MAL prepared at was applied for Dose = 75]/cm? months Soler et

0,
Nodular sions 16% (w/w) 3 to 24 hours Intensity = 100- 86. %o for | al. 2001
and covered by 2 thick nBCC | [162]
- 180mW/cm o
a semipermeable 93 % for
film. thin nBCC
Excessive scaling
was removed by | Two light fractions
curettage.  Then | A = 635nm with 2
i;ALZAOE/repirji 5-ALA cream | hours interval. Kessels
- 7 . was applied and | Firstdose: 20J/cm? | 77% at 48
Superficial | 323 centration in - . et al.
covered with a | for 4.23min months
a cream base - 2016 [82]
(Neribas) semipermeable Second dose
dressing and alu- | : 80J/cm? for

minium foil for | 18.8 min
3.5h.
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Scales and crusts
were removed.
A layer of about
1mm thick of
cream was applied

. on the lesion and 92% at 3 | Szeimies
87 with o - A =630nm
Superficial | 128 MAL 16 % (w/w) | covered with an Dose = 37 /cm? for months et al.
P lesions Metvix cream © occlusive dressing 7-10 min 90% at 3 | 2008
for 3 hours. One months 1171)

cycle of two treat-
ment sessions 7
days apart % was
applied.

1.2.2.4 Assessment and perspectives

As presented in the previous sections and in the tables[I.1} [I.3]and [T.2} PDT can be used on most
of the non melanoma skin cancer types and quite good clinical results were observed. To obtain
these satisfactory clinical results, especially for thicker skin lesions, skin preparation prior to
drug application on the lesions was necessary and consists often of a curettage or a debulking. A
long prodrug incubation with a highly prodrug dose is also mandatory to allow efficient prodrug
depth penetration [|18}54}115}|161]. These supplementary steps added to conventional PDT
make this treatment extended in time, painful and tedious. To overcome the pain during the
treatment, an anesthetic cream may be applied, ice or cold water could be vaporized on the
treated area [|8] or the irradiation could also be decreased [189} 192]. Moreover to enhance
prodrug penetration and reduce treatment time, different solutions have been considered and
will be presented in the next section [1.3|with a recently review published in Photochemistry
and Photobiology and entitled: "Photodynamic therapy for skin cancers: How to enhance drug
penetration?”}

1.3 Methods to improve drug penetration

41f sBCC lesions showed non-clearance 3 months later they could be retreated with a second cycle of two MAL-PDT
sessions 7 days apart.
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Abstract

Photodynamic therapy (PDT) induced by protoporphyrin IX (PpIX) has been widely used in
dermatological practices such as treatment of skin cancers. Clearance rate depends on different
factors such as light irradiation, skin oxygenation and drug penetration. The poor penetration
of 5-aminolevulinic acid (5-ALA) with topical application is limited and restrains the produc-
tion of PpIX which could restrict PDT outcomes. This review will focus on techniques already
used to enhance drug penetration in human skin, and will present their results, advantages, and
drawbacks. Chemical and physical pretreatments will be discussed. Chemical pre-treatments
comprise of drug formulation modification, use of agents that modify the heme cycle, enhance
PpIX formation, and the combination of differentiation-promoting agent prior to PDT. On the
other hand, physical pretreatments affect the skin barrier by creating holes in the skin or by
removing stratum corneum. To promote drug penetration, iontophoresis and temperature mod-
ulation are interesting alternative methods. Cellular mechanisms enrolled during chemical or
physical pretreatments have been investigated in order to understand how 5-ALA penetrates
the skin, why it is preferentially metabolized in PpIX in tumour cells, and how it could be ac-
cumulated in deeper skin layers. The objective of this review is to compare clinical trials that
use innovative technology to conventional PDT treatment. Most of these pretreatments present
good or even better clinical outcomes than usual PDT.
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1. Introduction

Protoporphyrin IX-induced PDT has been widely used in dermatological practice such as
treatment of skin cancers [1] .

Historically, treatments using light appeared during antiquity and were used by the Egyptians,
Indians, Greeks and Chinese to treat skin diseases. Therapy using an exogenous substance
reacting with sun’s photons was observed during the 15" century BC in India. At the end of the
19" century, interaction between light and molecules was considered for medical treatment. The
concept of PDT was first introduced by Van Tappeiner who mentioned the necessity of oxygen
to obtain a chemical reaction over a century ago [2]. When PDT depends on the combination of
three components to induce tumour destruction: a photosensitive drug, light, and oxygen (Figure
1). None of these elements is individually toxic, but together they produce a photochemical
reaction that generates singlet oxygen which is a highly reactive product causing cell death [3].
Figure 2 displays the different energy states and the different pathways leading to fluorescence
and other photochemical process. First the photosensitizer (PS) at its ground and singlet state
absorbs a photon and moves to its excited energy state. Because of the internal conversion
the PS energy decreases and reaches the lower allowed transition of its excited state. Inter-
system conversion causes this singlet state to become a triplet state. The singlet state relaxation
produces fluorescence, and the triplet produces phosphorescence. A molecule with high triplet
energy quantum yield can initiate chemical reactions (type I) that produce free radicals, and
then could react with oxygen to form singlet oxygen. Singlet oxygen is a reactive oxygen species
that is reponsible for degradation of several cell components, and induce cell death by type II

chemical reactions [4].

Photosensitizer

Oxygen Light

Figure 1: Synergy between three parameters produces PDT.
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Figure 2: Jablonski diagram representing the different processes leading to singlet oxygen production responsible

for cell death.

PDT treatment in dermatology consists of the administration of a non-toxic drug known
as a photosensitizer (PS) to a patient presenting a lesion, which is frequently, but not always
cancerous [5].

Photosensitizers should have characteristics such like being non-toxic, water soluble, having
a chemical and physical stability, being selective for neoplastic tissues with the quickest time
interval between administration and maximal accumulation, and able to be eliminated by the
body in a short time in order to avoid photoreactions [5]. Historically, hematoporphyrin and
hematoporphyrin derivative (HpD) were the first PSs to be studied in detail [6]. However these
compounds present photosensitivity after a long time (8 weeks), so patients had to avoid sunlight
which was very constraining. Moreover, tumour-localizing properties of these PSs were not as
pronounced as first thought [7]. These deficiencies and the fact that these products were orally
administered made their use difficult for dermatology. So a new kind of PS has been developed:
endogenous photosensitizers. Endogenous PS are synthetized in the body from nonphotosen-
sitizing precursors (also called prodrugs). A precursor's chemical conversion is established by

metabolic pathways and particularly by the heme cycle.
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Nowadays in the field of dermatology, topical application of 5-aminolevulinic acid (5-ALA) (a
non-photosensitizing precursor) is used to induce in situ synthesis of endogenous PS according
to the heme cycle [8]. Figure 3 displays the heme cycle where 5-ALA is the first metabolite
in the heme biosynthesis pathway in humans. 5-ALA -when not voluntary added- is originallly
produced by glycine and succinyl coenzyme A, and then migrates to the cytosol. From there,
porphobilinogen is formed due to the condensation of two molecules of 5-ALA. Four molecules
of porphobilinogen are connected together, and after porphibilinogen deaminase they form the
cyclic uroporphyrinogen III. Decarboxylation of uroporphyrinogen leads to coproporphyrinogen
IIT which then generates within mitochondria proporphyrinogen IX after coproporphyrinogen
oxidase (CPO) acts upon coproporphyrinogen III. This last molecule is further oxidized to form
PpIX. PpIX is subsequently chelated with iron to form heme [9]. 5-ALA is also valuable for PDT
because it has the possibility to be preferentially accumulated in tumour cells. This fact could
be explained by a change in mitochondrial function (lack of energy), alteration in porphyrin
transporters, or a perturbation in heme biosynthetic enzyme in tumour cells. Indeed individual
steps of the heme cycle are delayed by an high concentration of porphobilinogen deaminase
and low concentration of ferrochelatase (FC). Moreover the enzyme responsible for converting
protoporphyrin IX (PpIX) in heme has been found in reduced levels in a variety of tumour
tissues including liver, bladder, colorectal, esophageal, gastric, and rectal [9]. This deregulation
causes the accumulation of various intermediate products leading to PpIX accumulation [8]. This
accumulation has been also shown in different skin lesions (psoriatic plaques, actinic keratosis,
and basal cell carcinoma) where PpIX fluorescence was at higher levels as compared to healthy
skin. [10, 11]

For most clinical trials [12-15], 5-ALA was administrated at a high dose (&~ 80mg) as a
cream on the lesion to promote PpIX accumulation [16]. After an incubation period!, lesions
were illuminated with a special wavelength (usually 635 nm) appropriate for tissue transmission
and able to stimulate the PS [1, 3]. Stimulated PS (PS*) follow the process presented in figure
2 and PDT occurs.

PDT efficiency depends on several parameters such as light dosimetry, fluence rate, time
between PS administration and irradiation (also called incubation period), exposure time, rate of

oxygen, kinetic distribution of PS in tissues, PS selectivity, and concentration [3, 18, 19]. PDT

ncubation time is usually 3h in conventional PDT treatment. This period is not the perfect one to obtain

the best accumulation of PpIX in cells [17] but is the most suitable for hospital practice.
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Figure 3: Heme cycle.

optimization is difficult because all parameters are correlated. Production and distribution of PS
remains the most important parameters since thereafter photodynamic therapy (PDT) result on
it. Photosensitizer formation and epidermal penetration depth represent basic predictors of drug
efficacy in dermatological PDT [20]. Concentration, distribution, aggregation, and accumulation
of PS modifies the photobleaching? kinetic [20].

Despite progress concerning few parameters, PDT is currently limited by poor tissue pene-
tration of the porphyrin precursor 5-aminolevulinic acid. This review will focus on one of the
three important parameters needed for PDT. Lack of 5-ALA penetration through the skin is due
to molecule hydrophilicity that prevents it to cross the stratum corneum (SC) [21]. The aim of
this review is to present the chemical and physical methods to increase drug penetration before
PDT. To increase penetration of 5-ALA into deep epidermal regions different adaptations to

standard PDT treatment have been considered. Proposals have been made concerning chemical

2Photobleaching is defined as a drug photodegradation and should be avoided in PDT treatment.
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modification of the drug precursor that could lead to a better penetration. Others strategies have
been developed to control the heme cycle by adding special agents in order to promote PpIX
accumulation. Modification of the skin surface has been researched by physical pretreatment

such as creating holes, changing the temperature, or a voltage shocks have been proposed [22].

2. Chemical methods

Althought 5-ALA has been widely use for PDT treatment, the preparation is quite difficult
because of its properties. 5-ALA-stability within solution or topical formulation is low because
of 5-ALA dimerization to 2,5-pyrazinedipropionic acid (PY) which makes its formulation quite

challenging.

Extrinsic parameters. To overcome 5-ALA-degradation, pH range, concentration and appropiate
temperature should be well controlled [23]. According to Elfsson et al. [24], stability of 5-ALA
was maintained at low pH. Solutions of 5-ALA in buffer (0.060 molL™!) were investigated at
50°C. At pH = 2.53 no degradation was observed for 37 days whereas at pH = 4.81 and
pH = 7.42 after respectively 257h and 3h half of the 5-ALA compound was degraded [24].
Similarly, De Blois et al. [25] showed a decrease of 5-ALA-degradation when pH values were
lower. A solution of 5-ALA at 0.1% was investigated at 21 °C. These solutions were stable for
128 days at pH < 6 whereas at pH > 7, 5-ALA content declined below 90% within a few days
(=~ 10 days) [25]. Nevertheless, for some applications it is sometimes necessary to work with a
physiological pH (pH =~ 7). So it was recommended to decrease the 5-ALA concentration to
increase its stability according to a kinetic equation proposed by Elfsson et al. [24] [24]. De Blois
et al. [25] had proven that a solution of 5-ALA at pH = 5 at 0.5% could be stable for 178
days whereas solutions with initial concentrations of 2, 5 and 10% had an 5-ALA content which
dropped below 90% respectively after 150, 94, and 29 days [25]. Finally to overcome 5-ALA
degradation temperature should be controlled too, because an increase of temperature enhanced

5-ALA degradation which followed Arrhenius law [25].

Intrinsic parameters. Once a stable formulation is developed, there is still the problem of poor
penetration of 5-ALA through the skin. This fact is accounted for by the physicochemical
properties of 5-ALA. The drug is highly hydrophilic with an octanol:water partition coefficient
at —1.5 (log P) which does not match with the lipophilic character of the skin surface. Therefore,
no interaction between the skin and the prodrug that could initiate 5-ALA penetration occurs.

Moreover, this drug has a zwitterionic nature which means that at any pH the molecule is charged
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and it is wellknown that charged molecules do not cross the stratum corneum (SC) easily because
they could interact with components from skin [26, 27]. Although 5-ALA has a low molecular
weight (131 gmol~!) penetration through the stratum corneum is limited to a maximum depth
of 1 mm and is nonhomogenous [28]. To overcome these limitations different strategies have been
developed such as using others prodrugs instead of 5-ALA, or making new drug delivery system

to ensure 5-ALA penetration into the skin.

2.1. Use of different prodrugs

Because of 5-ALA properties and in order to enhance drug penetration through the stratum
corneum, other prodrugs with longer carbon chains, more lipophilic, have been developed [29, 30].
Chemical structures of these prodrugs are presented in figure 4 and their use in clinical trials on

human patients is presented in table 1.

Carbonyl group -R Name Less
lipophilic
-H 5-ALA
“CHj3 MAL
o) “NCH, Ethyl-ALA 3
1=
2
H>N OR ~"CH, Propyl-ALA =
=
= 5
ek, Butyl-ALA
S S"CH, Hexyl-ALA
A\
NN Octyl-ALA More
lipophilic

Figure 4: Chemical structure of the different prodrugs used for enhancing drug penetration and PDT outcomes.

Methyl-5-aminolevulinate (MAL) is currently used in clinic similarly to 5-ALA [36]. Due to
its methyl group, methyl-5-aminolevulinate (MAL) is more lipophilic and has better selectivity
for tissue. MAL-PDT could be more effective than 5-ALA-PDT in the case of deep lesions
(squamous cell carcinoma (SCC)) [37]. Overall 5-ALA-PDT and MAL-PDT are both successful
dermatologic therapies with high clearance rates® from 75% to 80% [32, 36]. In order to increase

the penetration of drug through the stratum corneum, ethyl-ALA, propyl-ALA, butyl-ALA have

3Clerance rate is defined in this review as the disapperance of skin lesions.



Table 1: Prodrugs used for enhancing photodynamic therapy.

Type of lesions Prodrugs Method Efficacy Ref.
Superficial basal cell | MAL Application of 5-ALA | No significant difference was | [31]
carcinoma (sBCC) and (20%) or MAL (16%) | found between 5-ALA or
Bowen disease (BD) on cream on lesions after | MAL. PpIX fluorescence in-
40 human patients surface preparation. duced in lesions of sBCC and
BD was similar.  Secondly,
patients pain was not different
with one or another prodrug.
Extensive actinic ker- | MAL Visible layer of 5-ALA | Both 5-ALA-PDT and MAL- | [32]
atosis (AK) on 16 hu- cream (20%) or MAL | PDT result in a significant re-
man patients cream (20 %) was applied | duction in scalp AK. 5-ALA-
on lesions. PDT was more painful than
MAL-PDT in the treatment of
extensive scalp AK.
Healthy excised human | Butyl- Ez vivo Franz cell. Butyl- | Permeation coefficient of | [33, 34]
stratum corneum ALA ALA (10%) in 4 different | butyl-ALA in SC was higher
cream formulation, 5-ALA | than 5-ALA, not dependant
(10 %) in 5 different cream | on cream formulation.
formulation.
Actinic keratosis (AK) | Hexyl- Daylight PDT study com- | Hexyl-ALA was less effective | [35]
Grade 1, II, IIT on hu- | ALA pared 0.2% hexyl-ALA | for grade II-I1I AKs compared
man patients (200 le- and 16% MAL on the | to MAL. For grade I AKs
sions) treatment of AK. clearance was equal.
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been produced. These prodrugs improved PpIX penetration after topical application to skin
in vivo [30], but their formulation (esterification) required numerous chemical steps [33, 38, 39].
Similarly, hexyl-ALA and octyl-ALA have been developed and tested in vitro [29] and in vivo [35].
These two prodrugs have great penetration and could be utilized in smaller concentrations than
5-ALA or MAL [35]. Nevertheless, these prodrugs are too lipophilic, and can be accumulated
in the SC which compromises their biological action [40]. So 5-ALA and MAL remain the most
used drugs . To enhance their penetration through the SC new vehicles or drug delivery systems

have been developed.

2.2. Skin penetration of 5-ALA with different vehicles

Due to the difficulties encountered with long carbon chain prodrugs 5-ALA and MAL remain
the two most used PSs for PDT on skin cancers, despite their limited penetration through the
skin. Therefore, new vehicles for drug administration have been developed in order to enhance
drug permeation and promote improved PpIX formation.

Topical delivery is considered to be the delivery route of choice, and is the most adequate
for skin cancer since it localizes the photosensitizer to the site of application and avoids skin
photosensitivity everywhere in the body [36]. So different vehicles such as creams?, gels®, patch
systems, lotions, liposomes, nanoparticles, powders and microemulsions have been developed to
be applied on skin lesions to overcome the penetration issue [43, 44]. Each formulation was

developed in an environment favorizing 5-ALA stability.

2.2.1. Cream formulations

5-ALA has been clinically used as a cream formulation. Lipophilic cream can enhance drug
affinity with skin and increase the penetration of 5-ALA. The most employed formulation consists
of 5-ALA at 20% w/v in acid solution with 48% ethanol, water, laureth-4, isopropyl alcohol,
and polyethylene glycol [36, 44]. This composition is FDA-approved and commercialized as
Levulan® Kerastick ™ in the U.S. This product has been principally used in the U.S [45]. In
Europe, a similar cream composed of 16% w/w MAL in a solution containing different excipients

such as cetostearyl alcohol, peanut oil, glycerol, methylparaben, propylparaben, and water is

4A cream is a semi-solid emulsion of oil in water or water in oil. A cream tends to be more viscous than a gel

and therefore need a shear stress more important to ensure penetration through the skin[41, 42].
5A gel is a thermodynamically stable solid-liquid biphasic system consisting of a continuous three dimensionale

interpenetrating network, one solid and the second liquid.
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mainly used. This formulation is employed as frequently as the one composed of 5-ALA, and is
commercialized by Galderma under the trademark Metvix® . Although crossing the SC is not
fully overcome, Levulan® and Metvix® have been widely used and has acceptable clearance
rates and cosmetic outcomes. However, some side effects such as burning, stinging, itching,
erythema, or even oedema have been detected during light exposure and could become more

intense after few minutes of light exposure [46, 47].

2.2.2. Gel formulations

In order to avoid side effects during 5-ALA-PDT and MAL-PDT, some gel formulations
containing the drug have also been developed. To enhance the physical stability of a cream
for the treatment of AKs, Risaliti et al. [43] developed three galenic gel formulations (named
Natrosol, Sepigel and Carbopol) each containing 10% w/w of 5-ALA. In terms of viscosity,
microbiological stability and storage stability, the Sepigel formulation composed of 10% of 5-
ALA, 87% of water and 3% of polyacrylamide, isoparaffin and laureth-7 displayed the best
results for skin cancer treatment. Comparison between this gel and a lipophilic cream used in
the study on 15 patients proved that Sepigel caused less unpleasant effects than a cream during
coating and during irradiation. This formulation also has the advantage to be better absorbed
by the skin [43]. This improved penetration was also observed in the other gel formulations.
One was prepared by mixing surfactant, water, cetylstearyl-2-ethylhexanoate, and 1.5% (w/w)
of 5-ALA and displayed excellent skin permeation [48]. Another gel composed of isopropyl
alcohol, dimethyl isosorbide, medium chain triglycerides, water, Pluronic F 127, and 10% w/w of
5-ALA presented better permeation coefficient through human stratum corneum than German
Pharmacopoeia creams [49]. On the other hand, a 5-ALA nanoemulsion gel was compared to a
MAL cream on pig skin. A nanoemulsion of 5-ALA penetrated deeper skin layers and produced
higher fluorescence signals (5 fold) than MAL cream [50]. Since 5-ALA stability was increased
due to the presence of the nanoemulsion, this formulation was used for AK treatment on 122
patients to test the efficacy and safety of this product. At the end of the study (12 weeks),
lesions complete clearance rate was 81% with the nanoemulsion gel, whereas it was 22% with
the placebo treatment. This study proved that the nanoemulsion gel was well suited for PDT of
AK with high efficacy despite the low 5-ALA concentration (10%) [51]. Another study with 630
enrolled patients proved the efficacy of the 5-ALA nanoemulsion by comparing it with the MAL
cream. At a long follow-up (12 months), the proportion of patients fully cleared was, respectively,

47% for the 5-ALA nanoemulsion and 36% for the MAL treatment [52]. Since these results, the
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5-ALA nanoemulsion formulation has been FDA-approved and put on the market as Ameluz®
in 2016. The efficacy was established on AKs, and is under clinical investigation on 186 patients
suffering from superficial basal cell carcinoma (BCC) (NCT03573401). To facilitate gel use, they

can also be integrated into patches.

2.2.8. Patches

Patches are small, soft and adhesive devices that contain a drug which could be delivered
when applied onto the surface of the skin. Patches containing 5-ALA were developed to facilitate
classical PDT that consisted of applying a cream on neoplastic lesions and keeping them under
occlusion. The patch is able to adhere to the skin, allow to deliver a precise 5-ALA dose, and
blocking the lesion due to a backing layer. A schematic representation is presented in Figure 5

[53).

1 75um
1500 um
250pum
3,
0/),,77 /
50 mm
[0 Release liner

Bioadhesive matrix containing ALA
PVC backing layer

Figure 5: Patch formulation and its in vivo use on nude mouse. PpIX fluorescence was observed 4 h after patch

removal [53].

Different compositions were developed. For instance, a solution was first prepared by mixing
cetylsteryl-2-ethylhexanoate, water, surfactant, and 1.5% w/w of 5-ALA. Then it was mixed
with a carrageenan hydrogel and freeze-dried to form a homogenous aerogel (film). Permeation
of 5-ALA was investigated by using porcine abdominal skin in Franz diffusion cells. After 48,
diffusion was improved with the patch than with a hydroxyethylcellulose gel containing 1.5%
w/w of 5-ALA . Nevertheless, a degradation of 5-ALA was detected in the patch after 14 days
which make its use impossible after a long term storage [48].

A second example is a square, self-adhesive patch (PD P 506 A ®) containing 8 mg of 5-
ALA for 4cm? tested on 25 patients during a clinical phase I study. The aim of the study
was to evaluate PpIX fluorescence corresponding to patch application duration and the 5-ALA
pharmacokinetics. Maximum fluorescence was observed after 4 hours of patch application, and

was more intense in AK lesions than in normal skin. Pharmacokinetics study revealed a small
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increase of 5-ALA in the blood, but normal values returned rapidly after patch removal. These
experiments had proven that use of patches for skin cancer was safe and tolerable [54]. This
same patch was clinically used on 218 patients suffering from AKs. Efficacy rate on a lesion was
superior to 82% when 3 to 8 patches were applied per patient. The use of this patch was favorable
because it was easy to handle, apply (no skin preparation was necessary), and induced very good
efficacy and cosmetic results compared to placebo-PDT or cryosurgery [55]. Because of these
satisfactory clinical outcomes, this patch was then commercialized as Alacare®. Alacare®-PDT
has the potential to become the first-line treatment in the therapy of AK. However, in case of
thick lesions and without a skin surface pretreatment, this therapy might be less efficient. Also

the patch area is quite small (32 cm?) which limits its use for large skin lesions. [56]

2.2.4. Drug delivery systems

Micro or nanocarriers are commonly used as drug delivery systems since they can penetrate
through small capillaries and are taken up by cells, which allows efficient drug accumulation in
certain locations. Their use in topical formulation for 5-ALA delivery is very attractive since they
might easily cross the SC. Some of these different vehicles (liposomes, nanoparticles, micelles,

nanofibers, patches) are presented in figure 6.

Liposomes. Liposomes are spherical vesicles with a diameter from 70nm to few micrometers.
Liposomes are formed by one or more lipid concentric bimolecular layers often made of phos-
pholipids and present an aqueous core (Figure 6a) [41]. Liposomes have been used in vitro and
ex vivo in topical photodynamic therapy [60]. This drug delivery system has the advantage to
encapsulate lipophilic molecules within the lipid bilayers or hydrophilic drugs such as 5-ALA
within the aqueous core. Dragicevic-Curic and Fahr [61] reviewed the use of different types of
liposomes for encapsulating 5-ALA for topical PDT [61]. In most presented studies, liposomes
promote higher 5-ALA penetration into skin than free 5-ALA. Phospholipids present on the par-
ticule surface could interact with the SC and act as penetration enhancers. This accumulation
of 5-ALA in the skin enhanced PpIX formation which should lead to better PDT efficacy and
enable topical PDT of deep skin lesions [61, 62]. Liposomes are extensively used as controlled
and targeted drug delivery systems which allow to use a low concentration of 5-ALA [63]. Com-
pared to free 5-ALA, liposomes can reduce drug absorption into systemic circulation, limit its
cytotoxicity, the risk of photosensitivity after the treatment, and could possibly avoid pain and
side effects (itching, burning) induced by the use of an high 5-ALA concentration [61]. To our

knowledge, except for a study on tumour mouse models [60] and a study on patients suffering
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Hydrophilic head
Hydrophobic tail
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(b) Scheme of polymeric PLGA nanoparticles loaded with 5-ALA [57] and scanning electron

microscope (SEM) observations of nanoparticles [58].

Eibg djj Hydrophobic polymer tail

07 Hydrophilic polymer head
5-ALA ‘o‘”‘%.m\ Aqueous solution

(d) SEM observations of electrospun nanofibers from
(c) Scheme of a 5-ALA loaded micelle. 25% w/w PMVEMA-ES solutions in ethanol combined
with 5-ALA (16,7 % w/w) [59].

Figure 6: Representation of the different vehicles used for topical delivery of 5-ALA.

from acne [64, 65], no in vivo studies on patients suffering from skin cancer have been conducted.

Polymer nanoparticles. Nanoparticles are colloidal systems with a diameter between 10 nm and
1000 nm. They are generally composed of biodegradable polymers or lipids and are able to entrap
x5 drugs by adsorption or encapsulation [41]. A new 5-ALA delivery approach using poly(lactic-
co-glycolic acid) (PLGA) nanoparticles has been investigated (Figure 6b). Due to their size the
drug have the ability to go through the skin pores and penetrate more easily the epidermis [62].

An in vitro experiment on human epidermoid squamous cells carcinoma revealed that 5-ALA
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loaded in nanoparticles induced more PpIX fluorescence and a higher photocytotoxicity than
free 5-ALA at the same concentration (0.1 mM) [58]. PLGA nanoparticles provided a promising
5-ALA delivery strategy for topical PDT on SCC but in vivo investigations should be pursued.

Polymeric micelles. Polymeric micelles are composed of a core and a shell formed by the self-
assembly of block copolymers. They have a spherical shape with a particle diameter from 10 nm
to 100nm. Their composition and size enhance their permeation through the skin. Polymeric
micelles are starting to be used to encapsulate 5-ALA (Figure 6¢). Tong et al. [66] chose to
study the interaction between a-cyclodextrin and a poly(ethylene glycol) (PEG) conjugated
to form a pseudopolyrotaxane for entrapping 5-ALA. The produced micelles were stable in a
physiological environment, were able to release 5-ALA, and enhanced cellular uptake. Therefore,
a PpIX accumulation was observed and a higher photodynamic cytotoxicity than free 5-ALA
[66]. Such prodrug micelles may provide new opportunities for the development of 5-ALA-based

photodynamic cancer therapy and further investigation on in vivo systems might be interesting.

Nanofibers. Nanofibers can be generated from different polymers, and hence have different phys-
ical properties. Nanofibers possess extremely high specific surface area that can be usefull for
drug delivery due to their nanoscale diameter. The method most commonly used to produced
nanofibers is electrospinning. This technique consists of applying a high electric force to a poly-
mer solution to form charged threads. Electrospun nanofibers with 5-ALA (Figure 6d) were first
synthetized with poly(methyl vinyl ether-alt-maleic acid) (PMVEMA) and poly(methyl vinyl
ether-alt-maleic ethyl monoester) (PMVEMA-ES), and 5-ALA was incorporated within these
nanofibers. The prodrug was stable in this conformation. Franz cells were used to evaluate the
kinetic release of 5-ALA, and showed that nanofibers loaded with 5-ALA were able to deliver the
drug and served as a substrate for the production of PpIX [59].

A combination of 5-ALA and micro or nanocarriers might provide an interesting strategy to
enhance clinical outcomes with PDT, but in some drug delivery systems in vivo investigations

are necessary to conclude their safety and therapeutic efficacy [61].

2.8. Agents that control heme cycle and promote PpIX accumulation

Some prodrugs pass through the stratum corneum, but sometimes the amount is not sufficient
to produce enough PpIX for PDT treatment. Other strategies have been developed to control the
heme cycle in order to ensure enough PpIX production. To make sure that PpIX will accumulate

in cells it is important that PpIX does not convert in to heme (Figure 3). An iron-chelating agent
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can be used to inhibit the conversion of PpIX to heme by removing Fe** from the cellular system
which will result in a temporary increased accumulation of PpIX (3-5 fold) [67](Figure 3).

The adding of iron chelators like desferrioxamine (DFO) or hydroxypyridinone (HPO) can
act on heme cycle and increase amount on PpIX in cells. DFO and HPO are ligands able to bind
with iron as central metal atom to form a coordination complex. The binding involves donation
of electrons. DFO and CP94 complex are presented in figure 7 [68]. Other strategies for iron
chelating are reported in table 2 [69].

(a) CP94 and its iron-complex

NH—(CH,). (CH,) (CH,) T .
3 \ 213 \ als \ 5 N \_<
N N N
F
HO O HO 0 HO 0 NH,

(b) DFO and its iron-complex

Figure 7: Representation of iron-complex involved to promote PpIX accumulation.

The hydroxypyridinone iron chelator CP94 (1,2-diethyl-3-hydroxypyridin-4-one hydrochlo-
ride) has been used in vivo with human cells [67] or on patients [73]. Comparison studies
between CP94+MAL-PDT and MAL-PDT highlighted that use of an iron chelator was useful to
obtain PpIX accumulation and caused a better clearance rate as presented in table 2 [71]. DFO
was also used, but Curnow et al. have recently reported that CP94 was a more efficient enhancer
of PpIX-induced PDT in vitro than DFO [1].

It is also important to note that iron has other functions than converting PpIX in heme. Iron

is necessary for a number of important cellular functions such as DNA synthesis. Decreasing iron
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Table 2: Iron chelators used for enhancing photodynamic therapy.

16

Type of lesions Prodrugs Method Efficacy Ref.
Human epidermoid | CP94 Comparison of MAL- | Addition of CP94 increased | [67]
squamous carcinoma PDT (500 pmolL’l) PpIX accumulation. Necrosis
cells and MAL+CP94- | increased with MAL+4-CP94.
PDT (500 pmolL—' 4
150 pmolL.~1).
Nodular BCC (nBCC) | CP9%4 Topical formulation of 5- | 40% CP94 resulted in signifi- | [70]
on 36 human patients ALA (20%) was mixed | cantly greater clearance rates
with an increasing concen- | in nBCC than with 5-ALA
tration of CP94 (from 0% | (20%) alone. There was also
to 40%) before PDT treat- | no apparent increase in pain
ment. during irradiation.
nBCC on 12 human pa- | CP9%4 Topical formulation of | Combining CP94 with MALis | [71]
tients MAL (Metvix®  16%) | a safe and effective way of in-
was mixed with an in- | creasing the efficacy of MAL-
creasing concentration of | PDT.
CP94 (from O% to 40%)
before PDT treatment.
49 patients with super- | DFO Topical formulation of | DFO increased the selectiv- | [72]
ficial or nBCC, BD or 20% 5-ALA and 3% | ity of the 5-ALA-induced por-
AK. DFO. phyrin synthesis in neoplastic.

Clearance rates were inter-
esting: sBCC (88 %), nBCC
(32%), AK (81%) and BD

(30 %).
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concentration in the cell due to iron-chelators results in antiproliferative effects via inhibition of
DNA synthesis. 1,2-diethyl-3-hydroxypyridin-4-one (CP94) can particularly induce these effects
due to faster access into intracellular iron pools [71]. Even if CP94 has a proven good efficacy in
treatment of skin cancer with PDT, to our knowledge there has been no more clinical trial on

patients since 2008.

2.4. Chemical enhancers for PpIX accumulation

Instead of influencing the heme cycle, some chemical products such as methotrexate (MTX),
5-fluorouracil (5-FU), and tazarotene (TZ) act directly on the cell process as will be presented
in the further paragraphs. They are called differentiation-promoting agents®. They can improve
PDT due to their selectivity by preferentially enhancing PpIX accumulation in a variety of
preneoplastic and neoplastic epithelial cancer cells while causing very little damage to non-
cancerous cells. [74].

MTX is an antifolate which inhibits cell proliferation and triggers cellular differentiation.
Presence of MTX activates the first apoptosis signal (FAS) which is a receptor on the surface of
the cells that leads to programmed cell death [75]. MTX can be used as an oral pretreatment
before ALA-PDT as presented in table 3, and it results in the improvement of cell death [76].
Moreover, pretreatment with MTX is selective since the presence of MTX stimulates mitochon-
drial CPO activity. CPO is particularly present in malignant cells, and its stimulation leads to a
hyperproduction of PpIX (Figure 3) [77]. Even if a low dose of methotrexate renders PDT more
effective, MTX is a toxic chemical compound with a lot of side effects and contraindications [78].
PDT has to be easy, patient-friendly treatment and use of this chemical enhancer is not fully in
agreement with this.

Vitamin D is a differentiation-promoting hormone with six different forms (including chole-
calciferol which is present in food, and calcitriol which plays a role in PDT.) The goal of vitamin
D in the body is to maintain a normal range of calcium and phosphorus in fluids. Calcitriol is
the most potent and active hormonal form of vitamin D that maintains calcium homeostasis by
its actions in bones, kidneys, intestines, and parathyroid glands. Calcitriol and its receptor are
also present in a wide variety of cells and tissues, including cancer cells. Its goal is to regulate

cellular proliferation and differentiation. Concentration of calcitriol in the body is very important

6Differentiation-promoting agents stimulate genes, body functions and lead to cellular differentiation. Cancer
cells present a less differentiated phenotype and tend to proliferate. Increasing cell differentiation can decrease

significantly their proliferative ability.
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Table 3: Combination of a differentiation-promoting agent with PDT.

18

Type of lesions Prodrugs Method Efficacy Ref.
Skin carcinoma cells in | MTX Preincubation with | Intracellular PpIX was in- | [76]
vitro and in vivo. Cul- methotrexate for 72h | creased (2 to 4 fold) in car-
tured human cells, nor- then incubation with | cinoma cells versus normal
mal keratinocytes, and ALA for 4h. keratinocytes. Photodynamic
in wvivo skin tumour treatment was enhanced by
models. the combined therapy com-
pared with PDT alone. In
vivo, methotrexate precondi-
tioning enhanced PpIX accu-
mulation in cultures of ker-
atinocytes, skin tumours in
mice and human squamous
cell tumours implanted in
mice.
Basal cell carcinoma | Natural Mice were fed for 10 days | Oral Vitamin D improved | [79]
(BCC) and squamous | vitamin D | with vitamin D or vita- | PpIX accumulation in SCC.
cell carcinoma on mice. | (cholecal- min was applied topically | Topical application of active
ciferol) on mice. vitamin D enhanced PpIX ac-
cumulation in BCC in mice.
Human SCC cell line | Vitamin D | Systemic calcitriol | Systemically administered vi- | [80]
implanted in a subcu- | (calcitriol) | (0.5pg/kg to 10pg/kg | tamin D enhanced PpIX lev-
taneous tumour model daily) was given for 3 | els in subcutaneous tumours
in nude mice. days. in mice by decreasing FC lev-
els and increasing cell differen-
tiation.
Actinic keratosis. 5-FU Patients applied 5-FU | PpIX accumulation — was | [81]
cream once daily for 6 | higher when the lesions were
days, prior to the PDT | pretreated with 5-FU. Clin-
treatment visit (Applica- | ical response measured at 3
tion of MAL for 3 hours | months after PDT was better
then illumination). after 5-FU pretreatment.
24 patients with AKs | 5-FU Lesions were pretreated | Response rate was higher for | [82]

on the hands.

for seven days twice daily
with 5-FU before daylight-
PDT.

the combination of 5-FU and
daylight-PDT (63 %) than for
daylight-PDT alone (52 %).
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since at a concentration smaller than nanomolar, it promotes cell proliferation whereas at higher
concentrations it inhibits proliferation. Also, whatever the concentration, cell differentiation still
occurs [83]. Anand et al. [84] showed that coproporphyrinogen oxidase and ferrochelatase were
increased and decreased respectively after vitamin D pretreatment (oral administration) which
promoted formation of PpIX and inhibited its transformation into heme (Figure 3). Calcitriol
pretreatment caused a marked increase in PpIX accumulation in the tumour site. Yet, pretreat-
ment with vitamin D induced a small increase (2-fold) in tumour necrotic factor (TNF) and
after PDT-irradiation TNF levels were highly elevated (70 fold above baseline). High TNF levels
promoted an activation of the extrinsic apoptotic pathway, and enhanced 5-ALA-PDT-mediated
cell death. In addition, markers of cellular differentiation and proliferation were increased (4-6
folds) in tumours compared to normal skin. Tumours cell proliferation might be more susceptible
to PDT in the presence of vitamin D [85], but it could be a problem if some cells are not de-
stroyed by the 5-ALA-PDT-treatment and continue to proliferate after [83]. Nevertheless, some
studies have been conducted on cell cultures [86, 87] and principally on small animals. They
are presented in table 3. Despite some disadvantages such as hyper proliferation or hypercal-
cemia, some clinical trials are under investigation in order to establish whether oral Vitamin
D/5-ALA-PDT is an interested innovative combination therapy for 50 patients with BCC skin
cancer. (NCT03483441 or NCT03467789)

Contrary to MTX, 5-fluorouracil (5-FU) is FDA-approved and can be used topically. 5-FU
is a drug developed in the 1960s and has been widely used alone especially for dermatology and
skin cancer as a neoadjuvant” cream [74, 88]. Logically, 5-FU can be used in PDT. 5-FU is
able to rapidly enter the cell and is converted to several active metabolites. One metabolite is a
thymidylate synthase inhibitor that interrupts the synthesis of pyrimidine thymidine, which is a
nucleoside required for DNA replication [89]. Lack of pyrimidine thymidine causes growth arrest
and apoptosis. In addition, upregulation of coproporphyrinogen oxidase and downregulation
of ferrochelatase were observed and lead to PpIX accumulation [88]. Combination of 5-FU
with PDT has been extensively studied and is an effective method to improve clearance rate as
presented with some examples in table 3. 5-FU seems to be a good candidate and its combination
with PDT improve treatment outcome. Contrary to MTX and calcitriol, 5-FU does not present

huge disadvantages except that sometimes severe inflammatory and erosive reactions can appear

75-FU is used as a neoadjuvant in order to reduce tumour size (dermabrasion effect) before treatment that

could be surgery, radiotherapy or photodynamic therapy.
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[90].

Retinoid prodrugs are also used prior to PDT. Tazarotene (TZ) is part of the acetylenic class
of retinoids and is known to be converted by deesterification in cognate carboxylic acid that is its
active form. Then it is able to disrupt gene expression, modify cell differentiation, and modulate
cell proliferation or hyperplasia [91]. TZ on human BCC cells has shown an activation of caspases®
due to reactive oxygen species. In parallel, a decrease of anti-apoptosis proteins and cell cycle
arrest have also been detected. These observations contributed to apoptosis of human BCC cells
[92]. Use of TZ alone on 109 patients suffering of sSBCC or nBCC was effective with regression
of tumour size (up to 50 %) which was possibly due to antiproliferative and proaptotic actions
[93]. So TZ has a metabolic effect and a dermabrasion effect too. These previous clinical studies
show favorable clinical outcomes and the production of reactive oxygen species lead researchers
to believe that TZ administration prior to PDT might enhance lesion clearance rate. Galitzer
[94] conducted a clinical study on 10 patients with at least 4 AK lesions. The pretreatment
consisted of applying TZ gel 0.1 % twice daily on lesions one week before 5-ALA-PDT. Eight
weeks after 5-ALA-PDT treatment, more subjects (8 vs. 3) achieved higher clearance rate (lesion
count reduction > 50%) in the TZ pretreatment than in the control group. These results suggest
a slight tendancy toward enhancement of 5-ALA-PDT outcome when lesions were pretreated
with TZ [94]. Oral retinoid delivery prior to PDT has been investigated as well. A daily dose of
0.5 mg/kg of etretinate during 2 months led to thinner and less keratotic tumours that allowed
a better 5-ALA penetration and a potential increase of PpIX [95]. As the other alternatives
proposed for pretreatments, tazarotene has also side-effects and may increase erythema, dry

skin, burning, craking of skin, or itchiness [91].

3. Physical methods

Physical pretreatments of the skin help the penetration of the photosentizing agent and then
promote better outcomes for treatment of skin cancers with PDT. Several techniques will be
presented and each affects the skin barrier differently. Holes can be created with a laser or
microneedles, or SC removal can take place with curettage or microdermabrasion. Temperature
modification or application of a voltage gradient on the skin can also increase skin permeability

and enhance drug penetration [22].

8Caspases are enzymes responsible of apoptosis and necrosis.
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3.1. Skin puncture
Ablative fractional laser (AFL). This technique affects the skin barrier as presented in figure
s 8a. The laser beam strikes the skin surface and creates vertical, ablated channels by vaporizing

a small column of tissue. [96]. The depth of the microchannels created can be controlled by

changing the laser energy. When the energy was between 32mJ and 380 mJ, microchannels

depth was between 300 pm and 2100 pm (Figure 8b) [97].

Microchannels

-
SR | 2

o

(a) Skin was pulverized and microchannels were created where AFL

was applied.

1000 wm

Depth: 1400 um Depth: 2100 pm
Energy: 380 mJ

(b) The depth of microchannels created with ablative fractional
laser (AFL) depends on laser energy. Vertical section of frozen

biopsies [97].

Figure 8: Principle and results of AFL on skin tissues.

Lasers with wavelenght in the far infrared spectrum are particularly used since they are
w0 strongly absorbed by tissue water (human skin is composed of 70 % by water) [98-100]. Their

use started around 2007 [101] and three groups of AFL are currently used: CO,-laser (10600 nm),
Er:YAG-laser (Erbium yttrium aluminium garnet, 2940 nm), and Er:YSSG-laser (Yttrium scan-

dium gallium garnet, 2790 nm).
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The creation of vertical micropores facilitates the photosensitizing agent uptake and may
improve PDT efficacy [102]. Moreover, modification of the skin barrier increases drug delivery
and then could decrease the incubation time and gives similar treatment efficacy as compared
to conventional PDT [103]. Because drug penetration is enhanced, PpIX fluorescence is more
intense and is more homogeneous in deeper skin regions[103]. The fluorescence intensities could
be controlled by choosing an adequate laser density [104]. The combination of skin pretreatment
with AFL followed by PDT has been studied in clinical trial and some results are presented in
table 4.

Althought AFL seems to be a reliable and effective method, it remains an ablative method and
is aggresive. Therefore it presents a high risk of potential skin damage with scarring, discoloration
and skin infection [101]. In addition, the device is large and costly which make its use quite

restrictive and not allowed in all medical facilities.

Microneedles (MNs). Needles and especially microneedles represent a unique technological ap-
proach to enhance drug permeation through the stratum corneum. In fact, it is not necessary
to use needles with large dimensions because drugs to deliver have micro size [105]. Microneedle
(MN) have been developed with lengths inferior to 900 pm which could limit pain because they do
not penetrate in deep vascular and nervous regions [106]. Due to their micro size MN cannot be
seen by patients and reduce needle phobia [107]. The small length improves patient compliance
and safety because length is adequate enough to successfully reach the dermal layers without
inducing bleeding and touching active immune cells. Design of MNs with special materials can
have strong mechanical properties to enable disruption and penetration through the stratum
corneum. Moreover they can exist in a few shapes: tetrahedron [108], pyramidal, conical [109],
beveled tip, or tapered cone [110] which promote different insertion pathways and permeation
in the skin [111]. So hydrophilic or high molecular weight drugs can be diffused in skin tissues
[112]. There are four types of MNs : solid, coated, hollow and dissolving MNs [113, 114] and
they can be assembled as a roller (Figure 9a) [115] or as low cost patches (Schema 9b). These
noninvasive transdermal patches can be used easily by anyone [111] and make skin pretreatment
rapid.

Solid MNs have been commonly used for skin pretreatment before conventional PDT. They
improve the cutaneous delivery of 5-ALA or MAL [106], and could reduce incubation time about
20 min [117]. Some clinical studies are presented in table 4. 5-ALA-coated MNs have also been
studied on mouse skin tumour model. An higher formation of PpIX (x3.2) and PpIX in deeper
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Cylinder with
Holder microneedles

(b) Microneedles patch is applied on skin thanks to finger pressure

then is removed and creates holes in the skin.

Figure 9: Microneedles systems to create holes in the skin.

skin regions (480 pm vs 150 pm) were observed with coated MNs compared to topical application
[16]. To our knowledge hollow MNs and dissolvable MNs have not been part of clinical or
preclinical studies yet.

MNs promote good PDT-outcome for actinic keratosis and have also good cosmetic outcome
since they create small holes that stimulate collagen and elastin production [118, 119]. They
also up regulate the expression of genes which promote extracellular matrix production and
remodeling [28, 120]. Although MN have displayed promising results (Table 4), their use for
the treatment of basal cell carcinoma (BCC) or squamous cell carcinoma (SCC) have not been

investigated yet.
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Table 4: Clinical trials with skin pretreatments creating holes before PDT.
Type of lesions Physical Method Efficacy Ref.
pretreat-
ment
AKs on the face (20 pa- | COy-laser Comparaison between | Clearance rates at 8 weeks af- | [121]
tients). no skin pretreatment | ter ALA PDT and 30 minutes
and pretreatment with | incubation were 90% with
COg-laser. Each arm was | COy-laser and 71 % without
followed with 15 min or | COy-laser. Same tendancy
30 min ALA incubation | was observed after 15-minutes
(20% Levulan® cream). incubation (86 % vs 69 %).
Facial nBCC (32 pa- | COy-laser Tumours were debulked | Clearance rates at 3 months | [122]
tients). and patients were ran- | were 100 % for AFL-PDT and
domized to either AFL- | 88% for PDT. Long-term ef-
PDT or PDT. COy-laser | ficacy (1 year) was similar af-
treatment was applied | ter PDT and AFL-PDT with
at 5% density which | atrend for a favourable short-
corresponds to producing | term cure rate after AFL-
channels with an ablation | PDT.
depth up to 1000 pm and
spaced 410pm  apart.
MAL (16% Metvix®
cream ) was applied for
3h and then lesions were
illuminated.
Thin nBCC (39 pa- | Er:YAG Randomized comparison | Clearance rates at 3 months | [123]
tients). between AFL-PDT and | were 84 % for AFL-PDT and
conventional MAL-PDT | 50% for MAL-PDT. AFL-
with  16%  Metvix® | PDT and MAL-PDT did not
cream. differ significantly with re-
spect to cosmetic outcomes or
safety.
Grade I and IT AKs (10 | Stainless MAL-PDT (gentle curet- | Clearance rate was 88.3%, | [124]
patients). steel MN | tage, 16%  Metvix® | with no difference between the
roller cream (= 1g), incubation | two arms. Loss of side-effects
(1500 pm) time, light) or MN-PDT | and good cosmetics outcomes
(16% Metvix®  cream | were noted in case of MN-
(=~ 1g), MN roller passing | PDT. Pain was more pro-
7 or 8 times, incubation | nounced with MN-PDT than
time, light). conventional PDT.
Grade II AKs (33 pa- | Steel MN | Two pretreatments: mi- | AK clearance rate was bet- | [115]
tients). roller croneedle roller or sham | ter with MN pretreatment af-
(200 pm) roller administration prior | ter 20 min incubation (74 % vs

to 5-ALA
(20% Levulan® cream).

application

Two incubation times

10 min or 20 min .

58 % with sham roller). For
the 10min incubation time,
clearance rate was not signif-
icantly different between the

two pretreatments.
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3.2. Stratum corneum removal

Removal of stratum corneum (SC) can be done by abrasion, curettage, debulking, or tape
stripping. In each technique the objective is to disrupt or reduce thickness of the SC by removing

hyperkeratosis layers. [69, 125]

Curettage. It consists of using a sharp curette ring to remove hard keratotic tissue. To minimize
the possibility of recurrences, the practician needs to remove 5mm of the surrounding tissue
with normal appearance [125]. This technique has been recommended for skin preparation since
it delineates well the tumour [126], it is effective, acceptable, and quite inexpensive [127]. This
gentle removal is often used for superficial basal cell carcinoma (sBCC) treatment and consists
of scraping crust and scale [128]. Curettage increased PpIX fluorescence [129] and according
to Soler et al. [130] MAL-PDT with prior curettage was a promising method for the treatment
of BCC with a clearance rate of 91 % for sBCC (131 lesions treated), 93 % for thin nBCC (82
lesions) and 86 % for thick nBCC (86 lesions treated). Cosmetic outcomes were excellent (i.e
lesion area not visible) and recurrence rate after ALA-PDT with prior curettage was low which
make it a good skin pretreatment method [126, 130]. Nevertheless some authors report that

curettage may damage surrounding healthy tissue and cause pain for patients [126, 129].

Abrasion. This technique also called microabrasion uses a pad made of aluminium oxide crystals
[127, 131]. When a pressure is exerted, it will remove hyperkeratosis layers, crusts and the
stratum corneum (SC) in order to improve transdermal skin delivery of 5-ALA or MAL cream
[125]. This technique has proved to enhance absorption of 5-ALA. The method could avoid
the use of high drug concentration, and reduce incubation times from hours to minutes. Those

evolutions may enhance the efficacy of PDT [132].

Debulking. 1t is a surgical act used when the lesions are large. It consists of reducing as much as
possible the bulk of the tumour. This technique is often used for thicker lesions such as nBCC
[125]. After this partial removal it is necessary to treat the edge with PDT. Three weeks before
5-ALA-PDT, Thissen et al. [133] had chosen to debulk nBCCs (24) on 23 patients. 92 % of the
nBCC showed a complete response on clinical and histopathological examination with excellent
cosmetic outcomes and no serious side effects. nBCC are difficult to treat with only PDT since
either photosensitizer or light cannot penetrate deep enough. Debulking could be used prior to

PDT to enhance clinical response [133].
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Tape stripping. It can be used for the treatment of AK on the lips and in the preparation of
large skin areas. Tape is applied onto the skin lesions and is then pulled off sharply which can
reduce uniformaly SC by 30 % [125, 134]. This technique does not require effort, is inexpensive,

safe, and minimally invasive.

3.8. Other methods

Temperature. Hyperthermia consists of elevating temperature in a body region. Contrary to the
previous physical techniques presented in this review, this method is known to be slightly invasive
and without large side effects [135]. Historically (5000 years ago) this technique was used to treat
diseases or to cauterize tumours by using a metal heated stick. With the evolution of medicine
and emergence of precise surgery, radiotherapy, chemotherapy, etc. this technique was put aside
[136]. Nowadays hyperthermia is experiencing a resurgence and is used as a complement to
standard cancer treatments, and is particularly combined with PDT for skin cancer treatment.

Increase of a temperature to a body area can lead to cell alteration. Protein and DNA
synthesis can be disrupted or inactivated. The cell membrane can be destabilized which causes
a burst release of chemicals in the intracellular structures. Inhibition of cell proliferation could
occur which inactivates the development of cancer cells [135, 136].

Elevating temperature may also enhance PDT. First, an increase of temperature led to an
improved penetration of 5-ALA in mice skin [137]. Secondly, conversion of 5-ALA to PpIX was
higher when the skin was heated during 5-ALA incubation. Increase of PpIX level was detected
when temperature was elevated. After 4 hours, the fluorescence ratio (between the mean of PpIX
fluorescence and autofluorescence) was equal to 1, 2, 7 when the temperature was respectively
26°C, 28.6°C, and 40.8°C. Like many metabolic pathways in the body and according to the
Arrhenius law, the conversion of ALA is modulated by temperature [137, 138]. This large amount
of PpIX led to an elevation of the photobleaching rate in human cells during light exposure [139].
Thirdly, 5-ALA uptake in cells was better when the skin was warmed due to a disruption is the
cell membrane [140, 141]. Finally, increasing temperature led to the vasodilation of skin vessels
which increased the amount of oxygen in the skin. Photodynamic therapy (PDT) generates
singlet oxygen to kill cancerous cells. The more oxygen, the higher chances of inducing cell
death. An increase of apoptotic cell death was observed due to an increased of superoxide
singulet oxygen during a thermal PDT on in vitro human skin fibroblasts [142].

All the above reasons cause an increase in PDT efficiency when combined with thermal

treatment as long as the temperature is well controlled to prevent damage to surrounding tissues
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[140]. Willey et al. tried thermal-PDT on 18 patients suffering of AK on the extremities (head,
fingers, toes). Warming the skin during 5-ALA incubation was well tolerated, did not create side
effects, improved PDT efficacy even at one year follow-up with a medium clearance rate of 90 %
[138, 143].

While highly increased temperature treatments have been effective other studies have indi-
cated that temperatures greater than 10°C can be used effectively in PDT [144, 145]. This
necessity has been showed during daylight PDT treatment which consists in not using a laser
with a special wavelength that could be costly or painfull but rather using the sunlight which
allows to excitate PpIX continuously [146]. Daylight MAL-PDT (Metvix® cream) is starting
to be used for actinic keratosis and displays good clearance rate after three months, 77 % when
sun-exposed 244 min (30 patients) [147] or 77 % when sun-exposed 150 min (120 patients) [148].
Daylight MAL-PDT is a convenient and effective treatment but presents some disadvantages
since its arrangement is dependant on weather and especially on temperature. This treatment

could be difficult to perform in northern countries [149] contrary to southern countries [150].

Iontophoresis. lontophoresis is a method to improve transdermal drug delivery and is based on
the use of a voltage gradient applied to an electrolytic formulation, using a positive (anode) and
a negative (cathode) electrode on the skin (Figure 10) [151]. This technique is known to facilitate
the transport of ionic species. In addition, drugs transport should be well controlled since drugs
should cross the SC, and reach the viable epidermis in the desired amounts but not enter into
the circulatory system. [152]

Two mechanisms are involved for 5-ALA penetration and are dependent on pH. At physio-
logical pH (pH = 7) 5-ALA is a zwitterion and its transport into skin layers is due to electroos-
mosis. At acidic pH = 4, the acidic groups of 5-ALA are ionized and the transport is linked to
electromigration because 5-ALA has greater cationic character [152, 153].

Tontophoresis on skin excised from porcine ears showed that 5-ALA was delivered in higher
concentrations (6 fold) than with a conventional topical application [153, 154]. This technique
should also reduce the incubation time before PDT treatment. Therapeutic levels of PpIX in ex
vivo human stratum corneum were achieved faster with the use of iontophoresis than without
[152]. After 10 min iontophoresis with a 2% 5-ALA solution, an amount of 0.065 pmol/cm? was
transported across the SC whereas the same amount was obtained by passive topical diffusion
after 6.5h with a 20 % 5-ALA solution [155].

Clinical trials on human patients with the comparaison of iontophoresis and no pretreatment
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Figure 10: Transport of ionic drug through the skin thanks to iontophoresis.

prior to 5-ALA-PDT were not extensively investigated on skin cancers. One study was conducted
by Omi et al. [156] on 5 patients suffering from solar keratosis lesions and Bowen disease showed
a PpIX production after delivery of 5-ALA by iontophoresis. One or two weeks after PDT
treatment, histological examinations confirmed the complete dissaperance of tumour cells [156].
Although iontophoresis-PDT is not usually compared to conventional PDT, this is a technique
that could be combined with PDT. For example, iontophoresis-assisted AFL prior to PDT on
41 patients suffering of AK has been compared to AFL-PDT. Group A received iontophoresis-
assisted AFL-PDT with a two hour incubation time. Group B and group C received AFL-PDT
two or three hours incubation time, respectively. After 12 months, complete response rate was
evaluated to be 83%, 66%, and 86% for group A, group B and group C, respectively. These
results proved that the adding of iontophoresis in the clinical protocol is effective and reduces
the incubation time by one hour [157].

Tontophoresis’s advantages are numerous. This is a non-invasive technique that keeps the
skin intact, controls and targets drug delivery. These points and the previous investigations
should motivate researchers to use this technique in clinical trials more frequently. However,
special attention should be taken to ensure drug accumulation in the tumour without entering

the systemic circulation which can cause side effects. [152]
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4. Conclusion

Skin cancers are the most common malignancy of humans and particularly for caucasians
with an increasing incidence rate. According to the World Health Organization, between 2
and 3 million cases of non melanoma skin cancers are diagnosed each year in the world. PDT
appears to be a safe treatment, simple to set up, efficient, and favorable cosmetic outcomes which
could make PDT a routine technique widely used in the world. Unfortunately, a lack of 5-ALA
penetration through the skin has been observed during the treatment and reduces PDT benefits.
Throughout the last decade, it has been proven with the above mentioned studies that drug
chemical modification or skin pretreatment may optimize the efficacy of PDT by allowing better
drug penetration and better PpIX metabolisation. Despite of the presented studies not having
been conducted in large randomized clinical trials, the results up till now are promising. These
new perspectives may allow better patient compliance by reducing drug incubation period and
better clearance rates.

Among all these techniques some of them seem to be very promising since they present good
efficiency with encouraging risk-benefit balance and they can be easily implemented. For instance,
the application of TZ cream prior to PDT could be performed by the patient itself. Adjusting
the temperature may also be easily performed during PDT treatment and does not present
adverse side effects. The use of microneedles to create holes in the SC could be done rapidly
prior to PDT, it is painless and allow sa more rapid and efficient treatment. In the future, it
would be also interesting to combine different pretreatments (like pairing iontophoresis-assisted
AFL prior to PDT as presented in the above results) to evaluate if there is synergy between
them. It would be also possible to create heated microneedles that could deliver 5-ALA or
a dermoabrasive and dissolvable patch containing an iron chelator and the prodrug. A lot of
pretreatment combinations may be imagined, but to be routinely used in hospitals clinician
standardized PDT protocols are needed. These new and future protocols should be largely and
randomly tested to evaluate which is the most safe, effective, easily to perform, and less costly.
Bibliometric analysis and clinical trials still under investigation show an increasing interest of
researchers to improve conventional PDT for skin cancers and in the next years the previous
difficulties encountered may disappear and be replaced by a better, complete, and simple PDT

protocol that could be standardized and used all over the world.
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1.4 Transdermal drug delivery with microneedles

As presented in the paragraph "Microneedles" of the previous review|1.3} microneedles appear to
be a physical method able to enhance 5-ALA drug penetration and reduce incubation time. It
has briefly exposed that many designs and shapes have been proposed. The importance of the
design, as well of the production method, will be more detailed in the next section. Finally, the
four different kinds of MN (solid, coated, hollow and dissolvable) will be reviewed and few of
their new current application in PDT will be mentioned.

1.4.1 Microneedles design

MNs are an exciting technology to enable transdermal drug delivery and their design is essential
to fulfil this mission and is depending on two main criteria:

* MNs should penetrate the stratum corneum to access viable epidermis without breaking,
requiring an optimized design for mechanical properties. (Mechanical aspect)

* MNs have been developed as a non-invasive micro-device, therefore they should be painless
for the patients and not cause high tissue damages when inserted. (Medical aspect)

To answer these previous points, geometry parameters of microneedles have been thinking
carefully. An optimized design involves to choose the appropriate microneedles height, width,
thickness, tip angle, base diameter, shape and density (number) according to the kind of applica-
tion.

1.4.1.1 Mechanical aspect

Two main key features must be taken into account for MN conception: efficient skin penetration
and risk of needles breaking. In order to fulfil these criteria, MN shape must be optimised for
providing sufficient mechanical properties [38].

¢ Fracture force

The non breaking ability of MN during compression is directly linked to their shapes. It has been
demonstrated that contrary to square or rectangular MN, circular MN with the same contact area
can withstand more intense forces (stress and bending force) [1]. Height is also an important
criterion to take into account for MN development since the longer they are, the more they break
(38L[1]. Similarly, when the base diameter increases, the fracture force also increases indicating
that MNs are more resistant to rupture. Therefore, thin and long MNs are fragile resulting in an
increased risk of fracture in skin tissue. On the other hand, fracture force is also controlled by
inherent properties of materials and especially its Young modulus. The higher it is, the more
MNs could resist to stress and strain [38}|1]. Tip diameter do not drastically impact fracture force
[38] but for polymeric MN it can weaken material structure stimulating fracture and potentially
impacting microneedle insertion [89)].

¢ Insertion force

Insertion force is directly linked with the microneedle tip and especially with the microneedle
surface area applied on the skin [37]. According to Davis calculations, the larger the MN
interfacial contact area, the higher the insertion force needs to be [38]. MNs are always assembled
together as an array and it has been shown that the insertion force was dependent on the
interspacing between microneedles. Penetration percentage is more important when spacing
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between MN increases [89]. Similarly, when the base diameter increases, the insertion force
increases too. In [89], Kochhar et al. proved that a MN-array made of MNs with respectively
a base diameter and a spacing of 300um and 1800um or 400 pm and 2400pum had optimal
characteristics to penetrate the skin. If the spacing was shorter, about 150 um, on a same array,
density/number of microneedles will be more important and will form a “bed of nails” and
prevent MN penetration [89,|128]. Patterning of MN on the array is also a factor to keep in mind
when designed. Indeed, square or rectangular patches have been presented as better for drug
permeability in the skin than triangular or diamond patch [140, 141].

1.4.1.2 Medical aspect

MNs have been created particularly to limit pain which imply an optimal geometry to gently
penetrate the skin. It is well known that dermis is a nervous region with a lot of receptors, so
increasing microneedle height involves that they can touch those sensitive zones and create
pain. It has been proved that 30 % of patients do not complain when MN with length inferior to
700pm are inserted [58]]. Likewise when 150 um long MNs were applied they were characterized
as painless by the patients [79]. Number of MNs on an array has also been presented as a factor
affecting the level of pain [[73]. Pain increases when the number of MNs on a same array also
increases [186[. Finally, microneedle tip should be sharp enough to prevent the subject from
suffering [58,|186]. Nevertheless, it is necessary to keep in mind that larger microneedles are
stronger and can also deliver more drug [58].

To conclude, optimization of a microneedle device is constrained by different parameters.
Among all of them, to obtain a good microneedle design that minimizes pain, provides sufficient
mechanical properties for allowing insertion in the skin without breaking, we can retain few
parameters as essentials. As presented hereinabove, a circular shape, a low density of MN on an
array and a small MN height are preferred to combine good mechanical insertion and patient
compliance.

On the other hand, to find the balance between all the parameters, biomimetic research has
recently developed painless needle based on the mosquito’s proboscis [[170] or on the honeybee
stinger structures [98]. Indeed, these insects can cleverly pierce human skin without any
mechanical failure and without pain thanks to ingenious mechanisms, microstructures and
intelligent insertion modes [103]. A lot of design might be designed but the different ways of
production should be adapted. Technologies able to produce microneedles will be presented in

the next section [[.4.2]

1.4.2 Microneedles processing

Numerous types of microneedles for transdermal drug delivery have been developed with differ-
ent materials hence different ways of production have been investigated. The MN fabrication
process depends on the needle material (silicon, metal or polymer) and the desired geometry
[86]. The most common techniques used will be presented hereinafter.

1.4.2.1 Laser-cutting

Laser cutting is a technology that uses a laser to cut materials and particularly metals. This
process is automated as the shape of the MN is modelled with a software, in a file that can be read
by the laser cutting machine. Sufficient high beam intensity is directed on the material, which
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then could melt, burn or vaporize away [78[]. The laser beam traces the desired shape of the
needle and then thin stainless steel sheet is cut in the plane of the sheet using an infrared laser
[104]. Laser cutting has the advantage to produce a high-quality surface finishing. Microneedles
obtained with this process can then be electro-polished [56].

1.4.2.2 Micromachining

Micromachining also called subtractive manufacturing is another technology that enables to
cut a piece of raw material (often metal) into a desired final design by a controlled material-
removal process. There are different methods of machining but most of them are carried by
computer numerical control to monitor the mills, lathes, planers etc [156[. This method has
several advantages such as producing repetitive, uniform and reusable array of MN. Moreover,
this technique is considered as simple, fast and cost-effective [[176,{152].

1.4.2.3 Photolithography

Photolithography process patterns some parts of a thin film or the bulk of a substrate. This
technology uses light to transfer a geometric pattern from a photomask to a light-sensitive
chemical photoresist on the substrate. A series of chemical treatments then either engraves
the exposure pattern into, or enables deposition of a new material in the desired pattern upon
the material underneath the photo resist. This method is principally used for non-degradable
polymers such as photolithographic epoxy or optically curable polymers SU-8 that has been
extensively used to develop microneedles [86[. SU-8 microneedles pillar array structures were
thus created using a conventional UV mask and contact printing method. SU-8 is basically a
negative photoresist material that allows the fabrication of a MN array, meaning that it can
be crosslinked by light exposure, making it insoluble in specific solvent which dissolves the
non-exposed resin. Briefly, SU-8 was spin coated on the wafer and pretreatments such as pre
exposure, baking and vacuuming at different temperatures and pressures were carried out. Then,
a mask with a geometric pattern is deposited on the wafer and UV light exposure (< 400nm) is
performed and only crosslinked materials not masked which allow to obtain MNs. Finally the
solid MNs were washed and cleaned using oxygen plasma [26[. Hollow microneedles or tapered
can also be designed using photolithography techniques and depending on the photomask used
[83].

1.4.2.4 Wet or dry-etching of silicon

Micro and nanotechnology usually implicated for silicone electronics are expanding to other
application fields and are now used to developed MNs. Indeed MNs have been developed
by combining few processes usually suitable for semi electronics [[186]]. These devices can
be designed by using a series of photolithography, thin-film deposition, wet or dry-etching,
reactive ion etching techniques using single-crystal Si. These technologies consist in attacking or
protecting the silicon wafer in order to create special affinities between chemicals. According
to the masks used or the pre-treatments different kind of microneedles geometries can be
obtained. Nevertheless, the production process for silicon microneedles requires expensive
micro fabrication [74},/197},205206|.

1.4.2.5 Molding method or solvent casting molding method

A fabrication process was developed based on casting a viscous solution in a mold. This
fabrication process is an economical manner suitable for scale-up to mass production [94] and is
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only divided in three important steps that are presented in figure[1.6]

Drug loaded
solution
LN N YWY - Moster

PDMS mold

y A -

PDMS mold solution dry

AR AR AR 4 Master PDMS mold

PDMS mold Drug loaded
microneedles

2 3

Figure 1.6 — Microneedles obtained by shape-molding process [[182].
1-Master structure. 2-Fabrication of PDMS mold. 3-Casting of the (drug loaded) solution in the
mold.

¢ Master structure

Silicon, metal or SU-8 microneedles are produced by previous methods described
and serve as master structure also called male microneedle master-mold. Photolithography or
micromachining are usually used to produce master structure. This master structure produced
can be used several times to make molds [133].

¢ Female mold

A female mold is made with another polymer. PDMS is often used because it is chemically
inert, non-hygroscopic, inexpensive, with low surface energy and good thermal stability [132].
Moreover PDMS has poor adhesion and flexibility properties, improving the ability to coat
microstructures and facilitating separation of microstructures from MN [94]. Thanks to its me-
chanical durable properties [132]), PDMS female mold can be used several times. Experimentally
PDMS mold could be created by pouring PDMS over the master structure and cured by placing
in an oven for a specific time period. The temperature range may be large (between 40°C-80°C)
and the drying period may be comprised between 2h—12h 75]. The cured PDMS mold
was then peeled off from the master [75].

* Casting

A matrix -usually polymeric- is used to fill the female mold. Polymer hydrogel is prepared at
low viscosity because high viscosity showed difficulties in drying out and MN produced had
weak mechanical properties creating distortion during skin insertion [94]. Hydrogels could be
poured on a female mold and centrifuged to fill the microneedle mold cavities and then dried.
The centrifugation continuously compressed the mold contents which minimized void formation
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during drying [[186]. Polymeric matrix could also be injected through microchannel and filling
of the female mold is ensured by microinjection [153].

To conclude, different manufacturing methods were investigated to produce microneedles.
The way of production determines consequently the kind of MN. For example, laser-cutting is not
suited for producing dissolving MNs or solvent casting molding method for producing hollow
MNs. Moreover, MN processing such as laser-cutting, micromachining or photolithography does
not allow to integrate a drug directly in the MN whereas by solvent casting molding method, a
drug can be easily inserted during the casting step.

1.4.3 Different kinds of MNs

There are four different types of microneedle-based drug delivery for skin application
139] which are displayed in figure[I.7}

* Solid microneedles for skin pretreatments (starting to be used clinically to enhance 5-ALA
penetration prior to PDT)

* Drug-coated microneedles
* Hollow microneedles

* Dissolving microneedles

Solid MN Coated MN Dissolving MN  Hollow MN

(b) Drug is delivered in the skin.

Figure 1.7 — Methods of drug delivery to the skin using different kind of microneedles

1.4.3.1 Solid microneedles for skin pretreatments

Sharp solid microneedles can be used for skin pretreatment. They are inserted in the skin and
then removed leaving micrometric pores in the skin surface. The holes thus created allow to
insert drugs with formulation such as cream, gel, lotion or patch. Indeed the drug delivery
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system can be applied to the skin surface and drug could slowly diffuse through the micropores.
This method of inserting, removing MN and applying drug formulation has been called “poke
and patch” [186]]. This passive diffusion is controlled by microchannels created and in particular
by their pore size, number and also by the drug concentration in the formulation [68]. This kind
of microneedles is made with materials providing sufficient mechanical strength. In fact, these
microneedles could be inserted and removed a few times. Materials used can be silicon, metal
(titanium, stainless steel) and less often ceramic (alumina) [20]] or polymer (SU-8) [105]]. Solid
microneedles were widely used over the two last decades for different applications such as the
transdermal delivery of insulin [104} |216]], or calcein [63] or even Anthrax vaccine (based on
recombinant Bacillus anthracis protective antigen) [[107} 208]]. Solid MNs are especially used for
skin pretreatments before PDT treatment to allow better 5-ALA or MAL penetration as it has
been shown in the review in sectionwith the recent studies (2013 and 2017) lead in [180]] by
Torezan et al., and in [[137]), by Petukhova et al. Overall, when solid MN were used prior to PDT,
the authors underlined the loss of side-effects of their patients and good cosmetics outcomes
(180], higher AK clearance rate [[137]] or even a reduced incubation time with equivalent clinical
results [97]).

The previous studies and the fact that the “poke and patch” method is technically very simple
have made this pretreatment promising for PDT and in 2020, there have been 5 clinical trials
investigating the efficacy of MN for skin cancers (especially AKs). Solids microneedles are an
exciting technique but micro-pores created by the “poke” step need to stay open in order to allow
penetration of the drug which could also lead to skin infections. Moreover the drug amount
diffused through the skin is not precisely known which could be a restriction [[186}|68].

1.4.3.2 Coated microneedles

Solid microneedles can be used not only for piercing the skin layers but also as drug vehicles.
Indeed, they can be covered by a thin layer of drug on their surface to bring it into the skin.
Coated microneedles are often fabricated from silicon or metal, cleaned and then covered with a
drug. The appropriate coating solution is often a mixture of a surfactant, a viscosity enhancer
and prepared in an aqueous or organic solvent and needs to be optimised regarding the active
molecule and the MN material. Solid MNs were then sprayed or dipped in this coating solution
thanks to a dip coating-device. In most cases, dip coating is performed just once into the coating
solution [57,[55]). Layer properties depend on surface tension and viscosity of the formulation
[183]. Coated MNs can be inserted in the skin and the drug is rapidly released into the skin
[214]. Contrary to solid MNs, this kind of MNs allow a simple one-step application process and
can administrate a precise dose [[183].

Despite being attractive for different applications, such as the transdermal delivery of desmo-
pressin [36], or vaccine for H3N2 virus [92], or even lidocaine delivery [214] all the experiments
remain at the preclinical stage. For PDT application, 5-ALA coated on microneedles was only
investigated once by Jain, Lee, and Gill and their test on mice showed promising results for
PDT since 1.75mg of 5-ALA suppressed the growth of mouse skin tumor by 57 % [71]. Amount
of drug coated and presumed released is very well known contrary to the previous "poke and
patch" method. Nevertheless, because layer coated is thin (*x100nm) the drug volume released
may be insufficient for therapeutic activity and could limit some of their applications® [186].

5For example, the conventional PDT treatment using the prodrug in a Metvixia® cream advise to administrate ~
80mg
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1.4.3.3 Hollow microneedles

This type of microneedle is similar to hypodermic needles except that with their micron size they
are painless. Hollow MNs penetrate the stratum corneum, and the drug is then injected thanks
to an internal channel in the MN which allow to diffuse the drug into the viable epidermis
and reach deeper dermal skin or blood [167]. The drug delivery is dependent on the flow rate
applied. Therefore, the injection is controlled by pressure which depends on the combination
of hollow MN array and injection applicator (syringe, pump). This design set-up is essential
because pressure is the key element to either deliver rapid bolus injection, slow injection or
varied delivery rate. The pressure applied needs to be measured precisely because mechanical
strength of the needle depends on it [186}68]. To design successful hollow microneedles, the
materials often used are: silicon, glass, metal and polymer [86f. Processing are chosen according
to the materials chosen and photolithography [[136,[111], etching [53] and laser micromachining
(193] are frequently considered for manufacturing.

Hollow microneedles have been already clinically used for example for the transdermal
delivery of methyl nicotinate for muscle soreness in healthy patients [159] or intradermal
influenza vaccine in healthy adults [59]. Hollow microneedles allow to deliver higher amount of
drug than coated MN and their investigations in clinics have started, but to our knowledge they
were never used for PDT.

1.4.3.4 Dissolving microneedles

Dissolving microneedles have a drug encapsulated in their matrix that is biocompatible, biodegrad-
able and mechanically robust. When inserted in the tissue, they are dissolved by body fluids
and could deliver drug with a precise kinetic profile according to the matrix chosen [[94]. In
fact, they enable controlled delivery as a bolus or sustained release. Materials used as matrix
are often polymer, polysaccharides [94], sugar [108]] or bio-sourced components. To achieve a
bolus drug release, dissolving MNs are made of polymer such as PVP [[169]] or CMC [94, |95]
that allow a rapid dissolution ( < 5min or < 20min respectively). Moreover, the drug can be
loaded essentially in the needle or even in the needle tip to be rapidly released [94]. On the
other hand to achieve a slower drug release, PLA, PLGA may be used since they biodegraded
in a few days [133} [125]. In addition, the drug could be loaded in the support of the MNs
or may be first encapsulated either within CMC or PLGA microparticles which could be then
loaded in microneedles [[133},/94]. To produce dissolving MNs, solvent casting molding method
is preferentially used and Lee, Park, and Prausnitz defined a few requirements as important
factors to produce reliable dissolving MNs [94]:

* Sufficient mechanical strength for insertion into the skin

* Gentle fabrication to avoid damaging sensitive drugs (i.e avoiding process with photo-
polymerization or elevated temperature or organic solvent [[186}|68])

* Controlled release for bolus or sustained drug delivery (i.e choosing a relevant polymer)
* Rapid dissolution of MN made of safe materials (i.e studying materials biocompatibility)

Dissolving microneedles were used for different clinical applications such as vaccination
for influenza [[64]], or transdermal delivery of triamcinolone for the treatment of keloids (skin
disease) [173]] or even for cosmetic assessment [84]. The interest of dissolving MNs for PDT
application starting in 2009, with Donnelly et al. who developed carbohydrate MN arrays loaded
with 5-ALA. Drug release experiments revealed than less than 0.05 % of the total drug loaded was
released across a model silicone membrane. Moreover, the research team showed the inherent
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difficulties in the processing and storage of carbohydrate based dissolving MN with 5-ALA
[43]. In 2020, Requena, Donnelly et al. changed the processing and produced 5-ALA loaded
in Gantrez AN-139 MNs, started their first preclinical study on xerographic tumour mice and
showed that dissolving MNs delivered, with the same incubation time, a similar amount of PpIX
compared to the cream containing 5-ALA at a concentration of 20 %. In parallel, in 2018, Zhao
et al. prepared tip-loaded fast-dissolving microneedles made of sodium hyaluronate (HA) and
containing 5-ALA. They demonstrated in vivo, on subcutaneous mouse tumor model, that PDT
efficacy of 5-ALA-loaded hyaluronic acid microneedles was much better than 5-ALA injection in
spite of relatively lower 5-ALA dose (0.61 mg vs. 1.65mg). The subcutaneous tumor inhibition
rate was up to 97 % which made the use of dissolving microneedles promising for future PDT
clinical trials. At the end of 2019, Zhu et al. also used hyaluronic acid as the biodegradable
matrix to load 5-ALA and evidenced remarkable tumor elimination on subcutaneous tumor
mice [217]. To our knowledge, only these three teams are working on the potential use of
loading 5-ALA in dissolving MNs for PDT. However, in , Hamdam, Donnelly et al. produced
Gantrez® S-97 dissolving microneedles containing Redaporfin™ which is a preformed near-IR
photosensitizer that could be used for PDT.

In conclusion, as shown in Figure[I.8a} photodynamic therapy for skin cancers is of interest to
many research teams, since over the last two decades the number of papers published increased.
The use of MN to improve drug delivery prior to PDT is also knowing a growing interest
as displayed in figure Solid MNs have been extensively used for PDT. Recently, newer
dissolving MN, due to their advantages such as being easy to handle in one step without sharp
or biohazardous waste, are starting to be used in preclinical studies.

Summary: Literature review

* Skin cancers affect more and more the population, consequently efficient treatments
are required.

» PDT is a possible treatment for non melanoma skin cancer but the poor penetration
of the prodrug through the skin limit its efficiency in case of thick skin lesions.

* Different methods (chemical or physical) were purposed to enhance PDT treatment.

* Among the previous techniques presented, microneedles appear as a new technol-
ogy that might be promising to enhance prodrug penetration in deep skin lesions.

* MNs are an innovative technology already used in different applications and were
able to deliver numerous drugs. Solid MNs started to be used prior to PDT as a
roller to create holes but the microchannels created can quickly become clogged
and stop the penetration of the cream containing the 5-ALA.

* Dissolving microneedles made with a polymer could be a solution to this problem
since they have sufficient mechanical strength to puncture the stratum corneum,
could maintain open skin holes and release the drug in depth during their dissolu-
tion.
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Introduction

* The aim of this chapter is to propose a solution with dissolving MNs to enhance
5-ALA penetration in deep skin lesions.

* HA, due to its biocompatibility and previous reported uses in biomedical fields, has
been chosen as the dissolvable and biodegradable material for producing the MNs.

* In an article, we will show that an easy one-step solvent casting molding method
allowed to produce reproducible and robust MNs containing the 5-ALA prodrug.

* Furthermore, particular care has been taken to ensure 5-ALA stability in the patch,
interactions between HA and 5-ALA have therefore been carefully studied and
5-ALA environment was precisely controlled.

* Supplementary data concerning extended results (not presented in the article), steril-
ization of the microneedles patch, cytotoxicity at high MN-patch concentrations, or
stability in long-term follow-up are available.

2.1 Polymer choice: hyaluronic acid

To produce dissolving MNs able to be used in PDT, functional and technical specifications
were needed. Since 5-ALA will be embedded in the MN-patch, the materials constituting the
MN-patch should be soluble to release the prodrug, biocompatible and biodegradable to avoid
cytotoxic effects after application on skin. Moreover, the materials should be easy to process
without addition of organic solvent or use of high temperature to ensure 5-ALA stability and no
skin irritation. Therefore, we naturally turned to a natural polysaccharide with those intrinsic
properties: hyaluronic acid.

2.1.1 Biocompatible

HA is a high molecular weight biopolysacharide, naturally occurring in human body, which
has important biological functions since mostly found in connective tissues, synovial fluid,
vitreous fluid of the eye or even umbilical cords. This biopolymer is naturally synthesized by
hyaluronan synthases (integral membrane proteins) which alternate addition of glucuronic acid
and N-acetylglucosamine to the growing chain (figure[2.I). These different characteristics make
HA a polymer with good biocompatibility, highly non-antigenic and non-immunogenic effects
[126]. Consequently, for the last three decades HA has been widely used as a component for
artificial matrices and in bioengineering for tissue scaffolding or reparation 154].

2.1.2 Biodegradation mechanisms involved

Since HA is already synthesized and present in human body, with a high turnover, logically our
body also planned a degradation process. As described by Lyu and Untereker in or by
Saltzman and Kyriakides in when a polymer is implanted different reactions can lead to
the polymer degradation and the three most common mechanisms are the following:

* Enzymatic degradation due to defense system activation
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| |

Glucuronic acid N-acetylglucosamine

Figure 2.1 — Chemical structure of hyaluronic acid.

* Oxidation reaction due to oxidants produced because of the foreign materials presence in
the body

* Hydrolysis reaction with water present in human tissues

The catabolism of HA can be described as a depolymerization process because of glycosidic
bond cleavage leading to smaller molecule chains. HA degradation process has been well studied
in literature and is principally due to enzymatic pathway but hydrolysis and oxidation could
also be mechanisms that degrade HA [[165}[166].

2.1.2.0.1 Enzymatic degradation Hyaluronidases are enzymes well known in HA degrada-
tion and two categories are essential: hyaluronoglucosaminidase 1 (HYAL 1) and hyaluronoglu-
cosaminidase 2 (HYAL 2). HYAL 1 cleaves high molecular weight HA (> 1MDa) in smaller
molecular chain of about 20kDa. Then hyaluronoglucosaminidase 2 (HYAL 2) will carry those
fragments and convert them in tetrasaccharides and other enzymes will carry these smaller poly-
mers and convert them in monosacharrides. Those different products of enzymatic degradation
are naturally present in the human body, so will join the natural elimination process consisting
in a degradation metabolism in liver, kidney or lymph node thanks to endothelial cells [39}|50}
49).

2.1.2.0.2 Oxidation degradation Even if hyaluronic acid is a natural bio-component, the
insertion of a biomaterial based on HA could be sometimes considered as a foreign body material
by the immune system and a slight inflammatory response could happen. Consequently, free
radical depolymerization is launched and macrophages intertwined with endothelial cells to
eliminate hyaluronan [50].

2.1.2.0.3 Hydrolysis degradation This mechanism of HA degradation is the last one to occur
and is based on the hydrolysis of glycoside bonds and leading to the formation of smaller chains.
This reaction is highly depending on on the hydrophilicity of the polymer which is also linked to
its chemical structure and its available hydrophilic group [39,(179].
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2.1.3 Easy to process

This last decade, HA has been widely used for producing dissolving microneedles especially
with the solvent casting molding method as presented in several studies 157} |99)]. HA is a
biopolymer soluble in water, therefore its formulation prior to casting is very simple and in most
of the studies it only consisted in mixing the polymer and the drug with water before filling the
PDMS mold [218},110,[87]. The dissolution time of HA-based MN depends on the HA Mw and
higher Mw led to longer application time of MN-patch for a complete dissolution of MNs into
the skin [96].

To conclude, hyaluronic acid is a good candidate since it fulfills all the specifications for pro-
ducing dissolving MNs (biocompatible, soluble and biodegradable). Moreover, this biopolymer
is also well known for its capability of skin regeneration so it is an added value to also improve
cosmetic outcomes after PDT treatment.

2.2 Preliminary tests and characterisations

2.2.1 Physico-chemical characterisations
2.2.1.1 Determination of the HA molecular weight

To determine precisely the HA molecular weight, size exclusion chromatography (SEC) has been
used. It was realized with a high pressure liquid chromatography (HPLC) equipped with a
SEC column (TOSOH TSK gel SuperMultipore PW-M). In our lab (LETI/DTBS, Grenoble), two
HA were previously purchased from Contipro, one with a low Mw and one with a high Mw,
respectively expected at 5.0 x 104-8.0 x 10* gmol~! and 2.5 x 10%-4.5 x 10° g mol~! and abusively
called "low" HA and "high" HA. A solution S was composed of 0.1 molL~! of NaNO; and
0.1 mol L~! PB (phosphate buffer without salt) at pH7. The "low" and "high" HA samples were
solubilized in solution S to obtain final concentrations respectively at 5mgmL~! and 1 mgmL~!.
A sample volume of 100 uL was injected in the column and the mobile phase (solution S) has
a flow of 0.6mLmin~!. After the column separation, the sample is analysed by UV-visible
and with multi-angle light scattering analysis (MALS, Wiatt Dawn Helios) associated with a
differential refractometer (dRI, Wyatt OptiLab). Then the software Astra 6.1 was used for data
treatment to obtain the number average molar mass (Mn), the average molar mass (also called
molecular weight Mw) and the polydispersity index (PDI).

Reference HA Mn (gmol 1) Mw (gmol 1) PDI
"low" (4.40+0.02)x10* | (5.50+0.04)x10* | 1.24+0.03
"high" (2.05+0.02)x10° | (2.43+0.01)x10% | 1.19+0.01

Table 2.1 — Average molar masses and polydispersity index of the "low" and "high" HA.

The average molar masses calculated by SEC-MALS are displayed in table for the "low"
sample the Mw value is indeed in the value range given by the supplier but our characterization
is more precise. For the "high" sample the Mw value is a little bit below the one provided by the
supplier that is why a precise characterisation of the HA molecular weight by SEC is essential.
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2.2.1.2 Chemical structure

In order to confirm the chemical structure of HA, FTIR, '"H NMR and '3C NMR experiments
were performed. Methods will be explained in section[2.3]

With the FTIR result displayed in figure we found out the presence of HA character-
istic bands that were congruent with the previous literature [40} [22} |143]. Indeed, the band
at 3260 cm™! was attributed to the vibration of OH and the stretching of NH. The bands at
2855cm ™! and 1600 cm™! corresponded to the vibration of CH, and the amide carbonyl groups
respectively. The band at 1400 cm™! was assigned to the stretching of COOH. Lastly, the absorp-
tion bands at 1028 cm™! and 597 cm~! were attributed to the linkage stretching of the C—OH

and the C—O—C.

4000 3000 2000 1000

|

3260 “

-OH 1600 597 1
i L 1028
1 " 1 L 1 L 1
4000 3000 2000 1000

Wavenumber (cm-1)

Figure 2.2 — FTIR spectrum of HA representing its characteristic peaks.

Figure A displayed the results obtained by 'H NMR, with a single peak well defined at
1.95 ppm, which is characteristic of the CHj from the N-acetyl group. The other chemical shifts
less defined from 3.0 to 4.0 ppm are due to glucosidic hydrogen and between 4.40 and 4.55 ppm
the signals came from the anomeric hydrogen. Overall the 'H NMR spectrum is very close to
those obtained in literature [210}[211].

To conclude on the HA chemical structure, a :>*C NMR experiment was performed and results
are displayed in figure [2.3]B. As depicted by the table in [2.3]C all the peaks observed were
assigned to the carbons found in the HA and matched with literature [124}69]. These results
also highlighted the absence of impurities since no other peaks even at a low intensity were
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Figure 2.3 — A: 'H NMR spectrum of HA. B: 1*C NMR spectrum of HA. C: Summary of the 13C
chemical shifts according to the chemical structure of HA in ﬁgure

2.2.2 Different shapes of HA-based microneedles

In order to show that HA is an easy polymer to process, different PDMS molds with different
shapes were tried and the MNs morphologies were observed under a digital microscope. The
methods will be explained in section Figure displayed the different obtained results .
Overall, the obtained morphology was satisfying and congruent with the dimensions and shapes
designed which confirms that HA is a polymer appropriate for MN production.
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Figure 2.4 — Different shapes of HA-based microneedles (HA concentration : 5% w/w). A:
Conical microneedles included in a circle shaped patch (MN number : 163. Patch surface:
2.54 cm?). B: Beveled microneedles included on a circle shaped patch (MN number: 138 . Patch
surface: 2.54 cm? ). C: "Pencil-tip" shape microneedles included on a squared shaped patch (MN
number: 400. Patch surface: 20 x 20cm?).

2.2.3 Dissolution rate according to the Mw and the concentration

In order to evaluate approximately the polymer dissolution expected during skin insertion we
performed a preliminary test with a phantom skin. According to Chen et al. in [27]), a phantom
skin was prepared by mixing 24 g of gelatin (Fluka, Millipore) and 1 g of agar (Fluka, Millipore)
in 100mL of deionized water. The mixture was microwave heated for 30s and poured into
a Petri dish of 15cm diameter and dried at room temperature (= 20°C) overnight. Then the
patches were inserted into the phantom skin and removed after different time periods to evaluate
the dissolution rate. The patches were further observed under digital microscope to evaluate the
dissolution by looking at the loss in MN height. The results are displayed in figures[2.5aland
2.50
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Molecular | Concentration icroneedles Microscopy images
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(a) Representative microscopic images of low HA ((5.50 + 0.04) x 104 gmol_l) at different concentra-
tions : 5%, 10 %, 15 %, and 20 % (w/v) before application on the skin phantom (0s) and after 155 or
30s dissolution in phantom skin. Two MN heights were also investigated.
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(b) Representative microscopic images of high HA ((2.43+0.01) x 10° gmol~!) at different concen-
trations : 5%, 10%, 15%, and 20 % (w/v) before application on the skin phantom (0 s) and after

155 or 30s dissolution in phantom skin. Only the dissolution of MNs with a height of 750 um were
evaluated.

Figure 2.5 — HA molecular weight and concentration: Effects on dissolution time of microneedles
in a phantom skin.
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Since the phantom skins were prepared in water, HA-based MN dissolved very rapidly
during insertion assay. This skin reproduction does not mimic precisely the dissolution kinetics
that could occur in human skin as the water content is much higher in the phantom skin.
Nevertheless, it was observed that when the concentration was increased the dissolution rate
became slower. Similarly and by comparing figures[2.5aand [2.5b|when the Mw was higher the
dissolution was less rapid which has been already described in [96] by Leone et al. Moreover, by
observing figure[2.5a} a tendency towards a more rapid dissolution when the MN height is lower
was also highlighted.

Besides, for high Mw with a concentration up to 10 % the processing was difficult since the
solution was highly viscous and could dry before the pouring in the PDMS mold. A progressive
adding of the HA in deionized water and a strong mixing overnight were sometimes necessary
to obtain a uniform solution ready to cast in PDMS molds. Despite these precautions, it has not
been possible to prepare microneedles with the high HA at 20 % (w/v) because the solution was
highly viscous and almost dried when we tried to fulfill the PDMS mold.

These preliminary results and the common concentration used in the literature (see table
lead us to further work with the low Mw measured at (5.50 +0.04) x 10*gmol~! and at a
concentration of 5% (w/v) to ensure a fast dissolution and consequently a rapid 5-ALA release
into the skin.

Mw (kDa) | Concentration | Type of skin Dissolution time | Ref.
(% (w/w)) (min)
<150 4.9 Ex vivo human skin | 10 (110]
1220 18.4 Human subjects 60 (30]
Between 3 Ex vivo porcine skin | 8 min to dissolve | [134]
1900 and 43 % of the MN ar-
3200 ray
10 30 In vivo mice 5 min to dissolve all | [217]]
MN tips
10 50 In vivo mice 6 min to dissolve | [215]
80 % of the MN ar-
ray

Table 2.2 — Microneedles produced with different HA at various concentrations and their disso-
lution rate.

These preliminary tests showed that HA would be a perfect candidate to produce MNs and
to deliver 5-ALA into the skin. Therefore, the second step is to produce HA-based microneedles
in which 5-ALA would be embedded. This work development has been detailed in a recent
article published in the International Journal of Pharmaceutics where the methods to produce,
characterize and evaluate the potential efficacy of the MN-patch were described.

2.3 Article: A facile fabrication of dissolving microneedles con-
taining 5-ALA.



A facile fabrication of dissolving microneedles containing
5-aminolevulinic acid.
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Abstract

Photodynamic therapy induced by protoporphyrin IX (PpIX) is widely used to treat precancerous
skin lesions. The penetration depth of the prodrug 5-aminolevulinic acid (5-ALA) using topical
application is currently limited, which hampers the production of PpIX in deep seated lesions. To
enhance 5-ALA delivery in deep skin layers, a soluble microneedles patch (MN-patch) containing
5-ALA has been successfully developed by using a fast solvent casting molding method which
could be easily up-scaled. The shape, number and height of the needles have been designed
according to the medical application and the mechanical strain necessary for skin insertion.
Hyaluronic acid (HA) has been chosen as the needle materials due to its biocompatibility, fast
solubility and biodegradation and was mixed with 5-ALA prior to casting. HA-based MN-
patch containing 5-ALA have exhibited mechanical properties enabling a good insertion into the
skin without significant damages to MN. Interactions between HA and 5-ALA were evaluated
by Fourier transform infrared spectroscopy (FTIR) and carbon nuclear magnetic resonance (13C
NMR), stability of 5-ALA in the MN-patch was monitored by proton nuclear magnetic resonance
(1H NMR) and exhibited a good stability over 5 months after manufacturing. Dissolution rate
of the whole patch was completed in 1 hour in ex vivo rat skin without cytotoxicity. Overall,
the MN-patch can be a promising technique to enhance 5-ALA penetration and produce PpIX
in deeper skin lesions.

Keywords: 5-aminolevulinic acid, hyaluronic acid, dissolving microneedles, solvent casting

molding method, photodynamic therapy
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13C NMR carbon nuclear magnetic resonance. 1, 7, 8, 13, 14

'H NMR proton nuclear magnetic resonance. 1, 7, 10, 14
5-ALA 5-aminolevulinic acid. 14, 6-17, 21-24

FTIR Fourier transform infrared spectroscopy. 1, 7, 12
HA hyaluronic acid. 1, 3, 4, 6, 7, 9-15, 21, 22

MN microneedle. 2-4, 6, 7, 17
M N, little microneedle. 4, 5, 9, 16-22, 24
MN, tall microneedle. 4, 5,9, 11, 17, 19-22, 24

MN-patch microneedles patch. 1, 4, 9, 11, 21, 23

PDMS polydimethylsiloxane. 4—6
PDT photodynamic therapy. 1-4, 12, 15, 24
PpIX protoporphyrin IX. 1, 2, 24

PY 2 5-pyrazinedipropionic acid. 4, 7, 8, 12, 14, 15, 22-24
RT room temperature. 3
SC stratum corneum. 2, 16, 24

TGA thermogravimetric analysis. 6, 11, 15
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1. Introduction

Transdermal drug delivery, usually ensured by using creams, lotion or patches, offers several
important advantages over traditional drug delivery methods (oral administration or injection).
It indeed enables to control the amount of drug delivered at local areas, which allows to admin-
istrate lower doses [1]. A targeted drug administration also decreases undesirable side effects
and increases therapeutic benefits [2]. Moreover the non-invasive nature of transdermal drug
delivery allows to improve patient acceptability and compliance [3]. This way of administra-
tion is commonly used for the treatment of skin cancers by photodynamic therapy (PDT) by
using creams. PDT is a treatment relying on a combination of three parameters: drug content,
oxygenation rate and light irradiation intensity. 5-aminolevulinic acid (5-ALA) is widely used
as a PpIX photosensitive precursor and topically applied on the skin lesions. Light irradiation
at PpIX exciting wavelength combined with the presence of oxygen promotes photochemical
reaction leading to cell death. Treatment efficiency is linked to different factors including drug
penetration. However, drug penetration is often hampered by the stratum corneum (SC), which
is the outer first layer of epidermis that provides a barrier to external environment and difficult
to penetrate for many drugs [3]. Moreover, the physicochemical properties of 5-ALA such as its
hydrophilicity or zwitterionic nature also limit its penetration, which prevents access to deep skin
layers [4, 5]. These limitations make PDT unsuitable for basal cell carcinoma (superficial, nodu-
lar or infiltrative) and invasive squamous cell carcinoma that have tumor cells in deep epidermis
or dermis [6, 7]. To overcome this lack of drug penetration, different (chemical or physical)
strategies have been suggested [5], among which the use of microneedles (MNs) appears to be a
promising technique [8-10].

MNs are assembled together to form an array or patch that enables to bypass the SC by creat-
ing holes in it, resulting in enhanced transdermal drug delivery through the created microchannels
[11]. MNs have been developed with a height inferior to 900 pm in order to limit pain. Indeed,
this height criterion improves patient compliance and safety since MN cannot penetrate deep
vascular and nervous regions. At the same time, this height is adequate to successfully reach
the dermal layers without inducing bleeding and touching active immune cells. Due to their
microsize, MN cannot be seen by patients, which reduces needle phobia [12]. Although MN
dimensions are in the microscale, their design with adequate materials confers them strong me-
chanical properties to pierce the SC, which allows the diffusion in skin tissues of hydrophilic or

high molecular weight drugs [13].
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Different types of MN-mediated drug delivery have been developed. Solid MNs can be inserted
in the skin and then removed letting micron-scale pores in the skin surface, followed by drug
formulation application. This passive diffusion of drugs requires a two-step application process,
which is prone to errors in the delivered dose [14]. It also can be dangerous for the patient itself
since materials used to produce solid MNs such as silicon have dubious biocompatibility and
can break, which could lead to complications [15, 16]. To avoid the two-step application, drugs
have been coated on solid MNs. Nevertheless, the drugs were rapidly delivered in small quantity
(< 2mg) [11, 17, 18] and the risk of broken materials was still present. Hollow MNs are another
type of MN whose principle is based on hypodermic needles. Such MNs could avoid the two-step
process and deliver a large drug amount but due to their micro size they may become blocked
by compressed dermal tissue when inserted into the skin [11].

Recently, dissolving MNs have been attracting attention for drug delivery since they allow to
get rid of the aforementioned issues. The principle is that a drug is encapsulated in the needle
matrix that is biocompatible, soluble and mechanically robust. When inserted in the skin, this
matrix is dissolved by body fluids and delivers the drug with a controlled kinetic profile depending
on the chosen matrix. Materials used as matrix are often polymers, such as carbohydrates
[19, 20] or other bio-sourced components [16]. Polymers such as polyvinylpyrrolidone [21] or
carboxymethylcellulose [20, 22] allow a rapid dissolution ( < 5min or < 20 min, respectively)
whereas polylactic acid or poly(lactic-co-glycolic acid) are biodegraded in a few days [23, 24].
Because the drug is embedded in the polymer matrix, the fabrication process must be soft to
ensure drug stability and avoid as much as possible the use of organic solvents.

Hyaluronic acid (HA) is a polysaccharide that can be shape-molded and stored at room
temperature (RT). HA is a component naturally present in the human body, widely distributed
in body tissues, intracellular fluids and well excreted by different organs ; it is a polymer fully
biocompatible and already used in many medical fields [25]. Moreover, this is a water soluble
polymer that can be dissolved after skin contact in a few minutes (< 10min) [26, 27]. These
characteristics make it a good candidate to produce dissolving MNs to transport 5-ALA.

In the present study, we aimed at exploring the processing and the properties of HA-MN
with 5-ALA embedded in the polymer matrix. 5-ALA was embedded only in one easy step, in
the whole patch including the basis without MN. The aim was to deliver 5-ALA from the top of
the skin to the deeper skin lesions to allow PDT treatment on the whole damaged skin volume.
Since 5-ALA and HA were mixed together, interactions between the polymer and the drug was

carefully studied and 5-ALA stability was investigated for different time periods. Furthermore,
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microneedles shape was designed as a “pencil-tip” to confer them strong mechanical properties to
penetrate the cutaneous lesions. As all basal cell carcinomas do not extend to the same depth,
different heights of needles were processed and characterized. Moreover MN-patch could be
loaded with large different amounts of 5-ALA which offer different dosages. The characteristics
of the MN-patch (compression, insertion tests, dissolution rate) have been conducted to evaluate

whether this strategy is a promising approach to enhance PDT outcomes on deep skin cancers.

2. Materials and methods

2.1. Chemicals

5-ALA hydrochloride salt (GMP grade) was purchased from Biosynth Chemistry & Biology.
Polydimethylsiloxane (PDMS) (Sylgard , Dow Corning), potassium phtalate monobasic (KHP,
TraceCERT®)), Dulbecco’s modified eagle medium (DMEM), penicillin streptomycin solution
(Pen Strep) and the cell proliferation reagent WST-1 were obtained from Sigma-Aldrich Chem-
ical Co. HA with a molecular weight (MW) of (5.50 4= 0.04) x 10* gmol~! was purchased from
Contipro France. 2,5-pyrazinedipropionic acid (PY) was purchased from Carbosynth Product.

All other chemicals were of analytical reagent grade.

2.2. Fabrication of HA microneedles patches

Soluble HA microneedles were fabricated by solvent casting molding method. This technique
consists of using an aluminium master structure to obtain a PDMS mold from which dissolvable
polymer microneedle replicates are formed. The overall steps of the preparation of dissolving

microneedles are displayed in scheme 1.

e Aluminum master structure

An array of 20 x 20 MN was machined on an aluminium surface of 25 x 25 mm?. MN design
is similar to a pencil-tip: a conical tip sits on top of a cylinder body. Two types of MN
were designed: a tall one (M N;) and a little one (M N;). For the tall microneedle patch,
the height was 750 um (heighty;, = 300 pm and heightpoq, = 450 pm), the base diameter
was 300 pm and each MN was tip-spaced with 1200 pm. For the little microneedle patch,
the height was 400 pm (heighty, = 150 pm and heightpoqy, = 250 pm), base diameter was
300 pm and each MN was tip-spaced with 1200 pm.



1200 um Aluminium
height : ;

height::dv master structure
(20 x 20 MN)

PDMS solution
was poured

Vacuum

Drying
(70 £ 1°C, 24h)

PDMS mold

Polymeric solution
containing 5-ALA

o

Centrifugation

Drying
(40 £ 1°C, 24h)

Microneedles patch

Scheme 1: Preparation of the MN-patch by solvent casting molding method. Three major steps are essential:
aluminium master structure design, fabrication of PDMS mold and casting of the solution in the mold. Two
heights were designed for the aluminium master structure: a tall one M N; at 750 pm and a little one MN; at

400 pm.

¢ PDMS mold

A PDMS solution (10% reticulated) was poured on the master structure tipped up, then
vacuum was applied and PDMS was dried at (70 £ 1) °C for 24 h.
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e Molding of HA microneedles

A HA solution (50 mgmL~!) was prepared by vigorous mixing in distilled water and dif-
ferent amounts of 5-ALA were added to the solution leading to final concentrations of 0, 10
or 50mgmL~!. 200 pL of HCI at 0.03mol L' were added to the solution in order to be at
pH of 5 and ensure 5-ALA stability. A solution amount of 2.0 mL was casted in the PDMS
mold. The mold was centrifugated at 21 °C and 4000 rpm for 35 min to ensure a complete
filling of the cavities. Then it was placed in an oven at (40 £ 1) °C for 24 h, after which
the HA microneedle patch was gently removed from the mold. Each patch is expected to

contain 100 mg of HA and 0 mg (MN-0), 20 mg (MN-20) or 100 mg (MN-100) of 5-ALA.

2.8. Characterization of 5-ALA-MN-patch

2.8.1. Microscopic analysis of HA microneedle arrays
A digital microscope (VHX 8000, Keyence) was used to observe the morphology (height, tip
diameter, width of base) of microneedle patch under normal light. Microneedles heights were

analyzed with the ImageJ software.

2.3.2. Mechanical properties

To determine the loss in height of MN when compressed at a precise force, a texturometer
(TA.XT Plus, Stable micro systems, UK) was used. The MN array was placed on the metal
platflorm and an axial compression force was applied with the probe. The MN array was pressed

! with a force ranging from ON per needle to 0.5N per needle for 10s.

at a rate of 0.5 mms™
Pre-test and post-test speed were of 5mms~!, and the trigger force was set at 0.01 N. The patch
was then observed under digital microscope and measurements were performed with the ImageJ

software.

2.83.8. Water content in the microneedle patch

To evaluate the residual water content in the microneedle patch, thermogravimetric analysis
(TGA) was performed at a heating rate of 5°C/min on a TGA Q5000 from TA Instruments and

TA universal analysis was the software used.

2.4. Drug stability in the MN patch
2.4.1. Chemical stability of 5-ALA by quantitative proton nuclear magnetic resonance (JH NMR)

To evaluate the amount of 5-ALA in the MN-patch, potassium phthalate monobasic (KHP)

was added as an internal standard. A solution of KHP was prepared at 10mgmL~! in D,O.
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For analysis, a small amount of the MN-patch (approximately 10 mg) was dissolved in 650 nL of
D50 and 50 pL of the KHP solution was added. Then proton nuclear magnetic resonance spectra
were recorded using a Bruker Spectrospin spectrometer operating at 300 MHz and 295 K. The
TopSpin software was used to analyze the spectra. The content of 5-ALA was calculated using
one of the signals of the internal KHP standard and one of the signals of the analyte as presented
in equation 1, where x represents the analyte 5-ALA, N Hxyp is the number of protons of KHP
(2), NH, is the number of protons of 5-ALA (2), mkpup is the weighted amount of standard
material potassium phthalate monobasic, Mw, is the molar weight of 5-ALA (131.13 gmol 1),
Muwgyp is the molar weight of KHP (204.22gmol 1), A, is the integral between 4.0 and 4.15
ppm and Aggp is the integral between 7.45 and 7.6 ppm.

— NHKHP X MKHP X wa X AI
z =
]VIT[:C X MwKHP X AKHP

(1)
The same equation 1 was also used to quantify the amount of the degradation product of
5-ALA, which is 2,5-pyrazinedipropionic acid (PY). When the analyte is PY, NH, is equal to 2,
Muw, is 224.21 gmol~! and A, is the integral between 8.35 and 8.45 ppm.
The weight percentages of 5-ALA and PY were then obtained according to equations 2 and

3, respectively, where ms_ 45,4 and mpy are calculated by equation 1 and my,; corresponds to

the mass of the MN-patch (either MN-20 or MN-100) used for the analysis.

M5_ALA
W5_ALA = fni (2)
tot
m
wpy = Lt (3)
Mot

2.4.2. Interactions between drug and polymer followed by FTIR and **C NMR

Molecular interactions between 5-ALA and HA in the MN-patch were studied with ATR-
FTIR. FTIR spectra of the MN patch were performed using a spectrometer IRAffinity-1, MIracle-
10 from Shimadzu in the wave number range from 500 to 5000 cm~! with a resolution of 4 cm~!.
Samples were directly placed on the crystal surface and scanned 32 times per analysis.

To determine the chemical structure of hyaluronic acid, analysis of the **C nucleus present
in the compound was studied by *C NMR spectroscopy. Approximately ten milligrams of
HA was dissolved in 700 pL. of D,O. A DEPT-Q (Distorsionless enhancement by polarization

transfer including the detection of quaternary nuclei) sequence was performed to complete carbon
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assignments using a Bruker Spectrospin spectrometer operating at 75 MHz, 355 K and using a

5mm QNP probe.

2.5. Penetration and dissolution of the microneedles patch

2.5.1. Skin model

As an alternative to biological tissue, a modeling clay (Plastiline ®), composed of kaolin,
sulfur and glycerine) was spread to obtain a thickness of 2cm and used as a skin model regard-
ing mechanical properties. Microneedle patches (MN-0, MN-20 and MN-100) were inserted in
this phantom skin by thumb pressure that is estimated to be at 0.17 N/needle (measurement
performed with the texturometer) and then was removed. The skin model was observed with a

digital microscope to evaluate the penetration profile and depth.

2.5.2. Ex vivo rat skin

Ex vivo rat skin was streched and fixed with pins on a polystyrene plate. MN-patches were
inserted in the ex vivo rat skin by thumb pressure. The pressure was kept constant for 10 sec.
Then the MN-patch was kept inserted in the skin for a precise amount of time (from 5 min
to 45 min) with the help of an occlusive tape (Tegaderm™, 3M). After MN-patch removal, the
skin was observed in top view and then it was embedded in tissue freezing medium (TFM, M-M
FRANCE). As for the MN-patch, it was kept in a dry Petri dish until microscope analysis was

carried out to quantify the dissolution kinetics.

2.6. Drug release measurements

Petri dishes (surface: 9.6 cm?) were filled with 750 uL of water acidified with HCI to obtain
a pH of 5. Therefore, a thin water layer (< 1mm) was present in all the Petri dishes. Then
MN-patches loaded with 5-ALA, either MN-20 or MN-100, were placed needles down into the
Petri dishes and slightly agitated at 75 rpm. At predetermined time points, the solution was
collected for analysis and replaced by a same volume of fresh water at pH5. The amount of
solution removed was freeze dried for 72h and then dispersed in D,O for quantifying released
5-ALA by '"H NMR according to the previous equations hereinbelow. The experiments were

conducted in triplicate.

2.7. In vitro cytotoxicity study

The cytotoxicity of MN-patches as well as individual products, 5-ALA, 5-ALA-free patches
(MN-0) and product of 5-ALA biodegradation (PY), was assessed. To this end, the patches
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or pure chemicals were dissolved in cell culture media. After 24 h of preincubation of the cells
(NTH3T3 murine fibroblats cells, 4 x 103cells/well) in DMEM containing 10% of new born
calf serum and 1% of Pen Strep, the medium was replaced by one containing the different
tested products followed by a new incubation of 24h at 37°C. The WST-1 reagent was then
added. After 2h at 37 °C, absorbance at 450 nm was recorded using a microplate reader (Infinite
M1000, Tecan). The absorbance was linked to the metabolic activity of cell mitochondria and
the density of living cells (DLC) was calculated as mentioned in equation 4, where AS, APC
and ANC respectively represent the absorbances of the sample, the positive control and the
negative control, the negative control being cells growing in the culture media without any
added product and the positive control being cells growing in the cell culture media containing

H,0, at 0.01mol L1,

AS — APC

DLC = N6 —apc

100 (4)

3. Results and discussion

3.1. Microneedle preparation and characterizations

Tall microneedle (M N;) and little microneedle (M N;) were successfully produced with ex-
pected dimensions using the solvent casting molding method as displayed in figure 1. The heights
of the M N; and M N; microneedles were respectively 749 + 6 pym and 390 4+ 7 pm and the base
diameter was 285 + 10 pm which corresponds well to the original master structure dimensions.
The slight difference in microneedle height (respectively 0.13 % and 2.5 % for M N; and M N;) and
diameter (5 %) might be explained by the retraction of the HA matrix during the drying process.
Monkére et al. also reported a height reduction of 6.6 % when they developed immunoglobulinG-
loaded hyaluronan-based dissolving microneedles by solvent casting molding method and they
explained it by the shrinking of the HA during drying process [27]. Similarly Zhao et al. fab-
ricated 5-ALA-loaded dissolving microneedles made of HA and attribute the 9.3 % reduction in
height to water evaporation during drying process [28] which could consequently induce polymer
shrinkage.

Drug distribution was expected to be homogeneous as the solution containing 5-ALA and HA
was homogeneous before pouring. Indeed, a uniform pale yellow color could be observed from
the tip to the base of the MN-patch containing 5-ALA (Figure 1, right). However, crystallization

or precipitation of 5-ALA could have taken place during drying, leading to inhomogeneous drug

10
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Figure 1: Digital microscopy images of MN-patch fabricated by solvent casting molding method. (Left: M N;-0,
right: M N;-20.) Scale bars represent 500 pm.

distribution. Consequently analysis of 9 different parts of the patch was performed in order to
quantify drug content in each part. Each piece was analyzed by 'H NMR (Figure 2) and the
percentage of 5-ALA was calculated according to "H NMR equations (Eq 1 and Eq 2).

The theoretical values for the 5-ALA relative weight percentage, considering only dry matters,
are respectively equal to 17 %(w/w) and 50 %(w/w) for MN-20 and MN-100. Taking into account
the residual water, a lower 5-ALA absolute weight percentage is expected. Indeed, the results
presented in figure 3 show that the absolute percentage of 5-ALA was of 10.0 %(w/w) and
31.2 %(w/w) for MN-20 and MN-100, with low intra and inter patches standard deviations (< 2%
(w/w)) demonstrating the homogeneous distribution of the drug. For the MN-20 patch, the
content in water was evaluated at 14 %(w/w) by TGA corresponding to a drop of the 5-ALA
weight percentage from 17 %(w/w) to 14 %(w/w), which is in good agreement with the obtained
value of 10.0 %(w/w) taking into account all the experimental errors.

The process investigated in this study allows to produce reproducible MN-patches with precise
amount of drug homogeneously distributed in the whole patch. Moreover, the amount of 5-ALA
loaded in the MN-patch was a thousand times more important than previous studies lead by
Zhao et al. or Zhu et al. since both authors only added 5-ALA in the tips of the HA-microneedles
and not in the whole needle [28, 29]. Therefore they were forced to process the microneedles in
several steps whereas performing a unique easy solvent casting method as presented in section
2.2 simplifies the process which would be an important asset for industrialization. Even when
the active component is mixed with the polymer solution, several steps may be involved. It
was the case for Monkére et al. that applied vacuum prior to centrifugation to produce IgG-
loaded hyaluronan-based dissolving microneedles[27]. For the MN-patches developed in this
study, centrifugation was sufficient to ensure the complete filling of all microneedle tips as the

poured solution at a low HA concentration (50 mgmL~!) had a moderate viscosity with a shear

11
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Figure 2: 'H NMR spectrum of a piece of MN-20. The integration value of the singlet of 5-ALA at 4.04 ppm was
for 2 protons and the integration value of the multiplet of KHP between 7.4 and 7.5 ppm was for 0.64 protons.
The others peaks between 2 and 6 ppm are characteristics either of 5-ALA or HA.

viscosity measured at 0.05Pas (shear rate: 50s71).

3.2. 5-ALA stability in the MN-patch

To ensure a long drug stability, special care was taken by controlling the temperature, the
pH and the 5-ALA concentration because these three parameters are considered to be the most
influencing for respecting 5-ALA stability [5]. Indeed, 5-ALA is known to be unstable and
dimerize in PY, constituting the major degradation product. This is usually a problematic
aspect in the design of drug delivery systems intended for photodynamic therapy [30].

According to previous studies led by De Blois et al., the risk of 5-ALA to dimerize is reduced
when the temperature is decreased to 21 °C [31]. The authors modelled the degradation rate of

5-ALA as a second order reaction kinetics and an Arrhenius plot allowed to determine the half

12
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Figure 3: A: photograph of the M N;-20 patch, the dotted lines represent the different parts of the patch to
evaluate the percentage of 5-ALA in each samples numeroted from 1 to 9. B: table summarizing the weight
percentages of 5-ALA in the MN-20 and MN-100 patches. Experiments were repeated three times. Results are

presented as mean value £ standard deviation.

time! of 5-ALA at different temperatures for a solution at 7.6 x 1072 mol L~! and pH 5. At the
beginning of the solvent casting molding process, 5-ALA is contained in a polymeric solution
and poured in the PDMS mold. At the initial 5-ALA concentration of 7.6 x 10"2mol L' for
MN-20 and 0.38mol L=! for MN-100, by extending the De Blois et al. model, the half times
were estimated at 40 days and 8 days for MN-20 and MN-100. During the drying process, for
example after 85% of water evaporation, the concentrations will be more elevated and were
estimated for MN-20 and MN-100 at 0.51 molL~! and 2.55 mol L' which lead to predicted half
lifes respectively equal to 6 days and 28 hours. Since the drying step was set at 40°C for 24
hours, 5-ALA should stay stable in MN-20 but a slight degradation might occur in MN-100.

The second parameter that has been adjusted in order to optimize 5-ALA bioavaibility, was
the pH, as it is known that 5-ALA is degraded at pH higher than 5 [32]. Since human skin pH is
estimated on average at 5 [33], pH 5 has been defined as the optimal value for 5-ALA MN-patch
preparation that should not induce skin disorders or irritation when the MN-patch will dissolve
[34]. This pH value was adjusted by addition of HCI, with a final concentration of 3 mmol L 1.

The third parameter to adjust is the 5-ALA concentration that is required to be kept as low
as possible to ensure its stability [35]. Nevertheless, due to the final application in PDT requiring
high doses of drug 2, two high contents of 5-ALA in MN-patches were evaluated (20 mg to 100 mg
per patch).

First, the presence of 5-ALA in the MN-patch prepared with a pH solution at 5 and a drying

1Half-life can be defined as the time where the 5-ALA concentration reduced to half of its original value.
2The conventional PDT treatment using the prodrug in a Metvixia@®) cream advise to administrate ~ 80 mg.

13
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temperature of 40°C was confirmed by FTIR. Figure 4 shows the IR spectra of MN-20 and
MN-100 compared with those of HA and 5-ALA alone. On the four spectra, the bands observed
between 3200-3600, 2850-3000 and 1550-1650 cm ™! were assigned to vibration of OH, CH, and
primary NH, respectively. The bands at 1730cm ™! and at 1600 cm™! correspond respectively
to the carbonyl groups of 5-ALA and the amid group of HA [36, 37]. These two bands appear in
MN-20 spectra and are more intense in the MN-100 sample which evidenced the presence of the
two compounds in the final material. The band relative to primary amino group is also present in
the MN-20 and MN-100 spectra, which confirms the presence of 5-ALA in the patch. MN-20 and
MN-100 spectra do not present new large peaks which might suggest that there is no covalent
bonds between 5-ALA and HA. Nevertheless, this spectra cannot show that no chemical reaction
occurred between the HA polymer and the 5-ALA prodrug. Even if unexpected, since the MN-
patch preparation was performed at low temperature (40 °C) without the presence of a coupling
agent [38], a reaction between the HA carboxyl group might occur with the amino group present
on the 5-ALA to form an amido compound. Infrared spectroscopy correlation table indicates
that the characteristic absorption peaks of the amido-group are between 3050-3500 cm~! (2 large
bands), 1630-1710 cm~! for respectively the vibration of N-H and C=0. Therefore these bands
are potentially covered by the HA signal and results of figure 4 cannot strictly confirm that no
covalent groups were created.

To further verify that HA was not modified because of 5-ALA, *C NMR was performed. As
presented in figure 5, all the characteristic peaks of HA were present in the HA that has been in
contact with 5-ALA and correspond to the one reported in literature [39, 40]. Some slight shifts
(inferior to 1 ppm) may be observed but they have been previously described as conformational
rearrangements due to hydrogen bonds [41, 42]. Except at 28 ppm where a low intensity peak
was observed due to an impurity, no other peaks were detectable. Consequently, this experiment
demonstrate that no covalent bonding was created between 5-ALA and HA. Furthermore the
filtrate of the MN-patch isolated with 10kDa Amicon@®) Ultra Centrifugal Filters was analysed
by 'H NMR and only evidenced the presence of 5-ALA with a spectrum similar to pure 5-ALA.

Once no interaction between 5-ALA and HA was proven, the 5-ALA stability was studied.
Initially, 5-ALA and PY were separately dissolved in D,O and figure 6 summarizes the data
derived from their '"H NMR analysis. The chemical shifts presented were close to those reported
in the literature [30, 32, 43]. PY spectrum shows a singlet signal for the aromatic proton (a) at
8.4 ppm and two triplet signals at 3.1 and 2.8 ppm characterising CH, groups (b and c) from
the propionic acid chains. 5-ALA spectrum shows a singlet signal for the CH, (x) groups at 4.1

14
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ppm and two other triplet signals at 2.8 and 2.6 ppm characterizing CH, groups (y and z) from
the carboxylic acid chain. When 5-ALA and PY are mixed together and analyzed by 'H NMR
the PY triplet signals (b and ¢) and the 5-ALA triplet signals (y and z) overlap. Only the two
singlet signals for the aromatic protons (a) at 8.4 ppm and for the CH, (x) groups at 4.1 ppm
were still well defined and will be used to quantify the weight percentage of 5-ALA and PY (see
equations 1, 2 and 3). No other peaks appears when HA and 5-ALA were mixed together.

Carbon position (PY) Chemical shifts (ppm) Multiplet N a Y

a 8.4 Single HOM:/ b c OH
b 31 Triple \ N
€ 2.8 Triple O

Carbon position (5-ALA) Chemical shifts (ppm) Multiplet i v o
X 4.1 Single
y 2.8 Triple HZN Z O
z 2.6 Triple O

Figure 6: Structure of 2,5-pyrazinedipropionic acid and 5-aminolevulinic acid and summary of 'H chemical shifts

(parts per million)

Figure 7 displays the stability of 5-ALA in the MN-20 patch when stored in hermetic box,
containing a desiccant bag, without air at 20 °C and sheltered from light. The weight percentage
of 5-ALA evolved from about 10 %(w/w) to 7%(w/w) in 145 days. This evolution seems not
significant and may be partially due to a slight increase in water content in the MN-20 patch.
Indeed TGA experiments showed that the water content was 15 %(w/w) after 145 days whereas
it was 14 %(w/w) at day 1. The adsorption of HyO molecules on the microneedles patch may
increase the global mass of the patch (my) and could affect the absolute weight percentage of
5-ALA according to equation 2 which could explain a 1% slight decrease. Overall, this mean
value of 7 %(w/w) stays in a satisfactory experimental range and evidences a very good stability
of 5-ALA in the MN-20 patch over 5 months.

On the other hand, there was no degradation of 5-ALA in PY higher than 1%(w/w) until
the 145" day. A very limited degradation below 1% during this period is considered as a very
encouraging result. Further optimization of storing conditions could be undertaken in order to
decrease this degradation level. Indeed, PY is a compound with unknown toxicity and scant

information concerning its effect during PDT is available. Its presence should then be kept to
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a minimum [44] by avoiding 5-ALA degradation, which should guarantee a safe and successful

PDT treatment [30].
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Figure 7: Stability of 5-ALA in the MN-20 patch. Analyses were performed in triplicate. Results are presented

as mean value £ standard deviation.

Although, all the parameters responsible of 5-ALA stability were not optimized as much
as possible, the stability results (figure 7) were satisfactory since they were higher than those

expected regarding previous results reported in the literature [30-32].

3.8. MN-patch mechanical properties: compression and insertion

3.83.1. Morphology and compression mechanical properties

Prior to biological validations by inserting the patch in skin models or animals skin, it was
necessary to control whether the MN-patch had sufficient mechanical properties to pierce the
stratum corneum without microneedles fracture, bending or height reduction.

Mechanical compression tests were performed to evaluate the MN-patch mechanical strength

and results for the M N, are displayed in figure 8. There was no significant deformation or fracture
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when the compression force applied was below 0.5 N/needle. The loading at 20 or 100 mg in the
M Nj-patch did not affect the mechanical behaviour. A slight height reduction (about 50 pm)
could be observed for the M N;-0, M N;-20 or M N;-100 when the force compression applied was
equal to 0.5 N/needle. It represents a loss in height of 12.5%. Almost the same behaviour was
observed for the M N;-0 and M N;-20 (results not shown) since the loss in height do not exceed
7% even at 0.5 N/needle. For the M N;-100 at 0.3N/needle and 0.5 N/needle, the loss in height
were higher and reached 17 % and 53 %. Nevertheless, the insertion force in the skin was measured
with the texturometer and estimated at 0.17 N/needle which insure that insertion could occur
without microneedle bending or breaking. The performances of all our needles except M N;-100
were comparable or even better than the previous reported one indicating a height reduction of
ALA-loaded HA microneedle patch (initial height: 900 pm) of almost 200 pm for a compression
force applied of 0.5 N/needle, which corresponds to a loss in height of 22 % [28]. Furthermore,
the important height reduction observed for the M N;-100 might be explained by Zhu et al.
work, indicating that the decrease of polymer interactions is due to 5-ALA small molecules that
insert between the polymer chains. Consequently, the Young’s modulus is decreased and the
microneedle become more deformable [29].

In order to gather all required properties for the intended application, the shape of micronee-
dle has been designed in order to reach sufficient mechanical strength for skin insertion, and
optimal height for therapeutic indication. To this end, the morphology of the MN-patch devel-
oped here consists in a “pencil-tip” shape (Figure 1) that presents an aspect ratio for the M N,
and M N, respectively equal to 5:2 and 4:3 that should be sufficient to pierce and facilitate inser-
tion in the skin [20, 45]. Indeed, the aspect ratio recommended for clinical use by Gittard et al.
was 2:1 as it exhibits high mechanical strength and no difficulty for penetration. Nevertheless,
this value is only an arbitrary recommendation since they also showed that other aspect ratio
such as 3:1 could be efficient too. The most important conclusion of their study showed that
when the aspect ratio increased it was associated with lower failure force [45]. Secondly and
still to ensure efficient mechanical properties, the base was cylindrical with a diameter fixed at
300 pm. It has been demonstrated that contrary to square or rectangular MN, circular MN can
withstand higher forces (stress and bending force) [46]. Thirdly, for the intended application of
skin cancer, it is necessary to reach the lower epidermis or the upper dermis without inducing
pain or high tissue damages. Thus, depending on the state of the lesions, a low microneedle
height of 400 pm or a high one of 750 pm would be the most appropriate. Moreover, these chosen
heights are inferior to 900 pm which has been identified as a high value inducing breaking of the
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Figure 8: Mechanical behaviour of M N; after compression at different forces. Analyses were performed on three
different patches with at least 10 height measurements on different microneedles from each patch. Results are

presented as mean value £ standard deviation.

MNs [46, 47].

3.3.2. Insertion tests in ex vivo skin and a skin model

Since mechanical strength of microneedles was measured as high enough compared to theo-
retical skin hardness, it was necessary to further examine their insertion ability. The MN-patch
was applied to hair shaved ex vivo rat skin and removed. Subsequently, microholes were created
on top of the skin and a penetration profile might be observed in cross section. Nevertheless,
figure 9 shows that the insertion depth in ex vivo rat skin was quite low (less than 20 pm) which
was far shorter than the microneedles height (750 pm). The main reason of this observation is

due to the tissue embedding process with freezing medium which can deeply modify cutaneous
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Figure 9: Left: top view observation of rat skin after MN-patch removal. Right: cross section of cryoconserved
rat skin after hematoxylin/eosin coloration. The blue circles show the penetration profile of microneedle in the

skin.

It was thus necessary to find a skin phantom model with similar mechanical properties and
easy to cut without a prior embedding process in order to assess the puncture ability of our device.
Classically, gelatin based gels are used but as it is prepared in water, HA-based MN dissolved
very rapidly during insertion assay. In order to overcome this difficulty, a Plastiline®) material
made of oils, mineral waxes and fillers has been chosen with a Young’s modulus measured at
10kPa very close from the skin’s one. Therefore it was possible to observe the microchannels
created after insertion.

After microneedles insertion, a slice of the skin phantom was manually cut under a binocular
magnifier with a scalpel following a ruler. The cross-section observation suggests that the inser-
tion depth was about 374 £ 10 pm and 594 + 61 pm for respectively M N; and M N, as presented
in figure 10. Larraneta et al. worked on another alternative that consists in assembling multiple
layers of Parafilm™. Authors then inserted the microneedles and evaluated the percentage of
holes created in each Parafilm™layer [48]. As Plastiline®), Parafilm™method allows to develop a
rapid microneedle quality control. Similarly, Enfield et al. chose a Blu-Tack@®) material which is a
pressure-sensitive clay-like adhesive known for its low elasticity and soft pliable consistency [49].
The microneedle array with a needle height of 280 pm was inserted into this artificial material and
the micropores created were observed under optical coherence tomography system. The depth
penetration measured on Blu-Tack®) material and forearm skin were respectively 254 +7 pm and

179 + 14 pm [49]. Overall, materials mimicking tissue (Plastiline ®), Parafilm™or Blu-Tack®))
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appeared to be good alternatives to biological tissue for MN insertion studies however the depth

penetration might be overvalued as shown by Enfield et al. [49].

s Eaily

Figure 10: Left: top view observation of phantom skin after MN-patch removal. Middle: cross section of phantom
skin after M N; removal. Right: cross section of phantom skin after M N; removal. Experiments repeated 5 times.

Scale bars represent 1000 pm.

On the other hand, top view observation on ez wvivo rat skin (figure 9, left) and on the
membrane model (figure 10, left) evidenced that microneedles had perfored the skin barrier since
microholes were observed. The interval between them was equal to 1200 pm which corresponds
well to the original spacing on master structure. Pore diameters created were measured on the
Plastiline membrane model at 269 + 10 pm which is close to the microneedle base diameter set
up at 300 pm.

In addition, the spacing between the microneedles has been demonstrated as a parameter
influencing the insertion force required to make the microneedles penetrate through the skin.
Indeed, Olatunji et al. developed Gantrez®) microneedles and showed that the insertion forces
required for 330 pm tip-spaced MNs (16 MNs/array) and 900 pm tip-spaced MNs (4 MNs/array)
were respectively equal to 0.030 N/needle and 0.028 N/needle (insertion speed of 0.5 Nmm~1)
[50]. Another study led by Kochhar et al. established that penetration percentage was more
important when spacing between MNs tips increased. For instance, they revealed that micronee-
dles (microneedle array: 1.44 cm?) with a base diameter set at 300 pm and a tip-interspacing of
1800 pm had optimal characteristics to penetrate the skin with 64 % penetration [51]. A large
spacing also avoids to form a “bed of nails” described by the same authors as a too high density
of microneedles that reduce penetration and efficiency of microneedle penetration [51]. Moreover
a high density of microneedles is also restrictive as demonstrated by Gill et al. who showed that
a 10-fold increase in the number of microneedles is two-fold more painful [12]. In this study,

in agreement with these previous research works, the spacing between microneedle tips was set

21



435

440

445

450

455

460

at 1200 pm with 400 MNs/array. Such parameters enable easy manual MN-patch insertion as
presented in figures 9 and 10, would be sufficient for high dose delivery while avoiding crowding,

and should ensure a minimal pain.

3.4. Dissolution rate of the MN-patch after insertion in ex vivo rat skin, release kinetics of 5-ALA

and MN-patch biocompatibility

HA has been widely used the last decade as a component of artificial matrices and in bio-
engineering for tissue scaffolding or skin reparation. HA is known to be a highly water-soluble
polysaccharide. Consequently when the HA-based MN-patch will be applied on the skin, which
is approximately composed of 70 % of water, it is firstly expected that the MN-patch dissolves
and releases 5-ALA [52]. When the whole patch will be dissolved into the skin, HA will be
further biodegraded since this polymer is already present in the human body and naturally
degraded. In fact, the catabolism of HA has been widely described in the literature as a de-
polymerization process due to the enzymatic cleavage of glycosidic linkages leading to smaller
molecule chains. These smaller molecules are naturally present in the human body and will join
the natural elimination process consisting in a degradation metabolism in liver or lymph nodes
thanks to endothelial cells. The half-life of HA was estimated between 1 and several days. Then
the remainder enters in the bloodstream and is eliminated with a half-life between 2 and 5 min
[63-55]. Therefore, HA is a good candidate to be dissolved by the skin, leading to 5-ALA release,
and be furthermore rapidly biodegraded by a natural enzymatic pathway.

Kinetics of MN-patch dissolution was estimated by removing the patch from the ex wvivo
skin at different times and results are displayed in figure 11. At 10min, there was no obvious
dissolution for the M N; whereas M N; dissolution was initiated. This fact could be explained by
the M N, size that can reach deeper skin layer and particularly the lower dermis which is more
hydrated and could enhance HA dissolution. A significant dissolution for both patches (M N; or
M Ny) occurred after 45 min. After 60 min, the disintegration of the patch base was noticeable.
These experiments showed that when the MN-patch will be applied on the skin, a first drug
release at 45 minutes time scale will take place due to microscale needles fast dissolution. Then
a second slower drug release at 60 minutes time scale will occur due to the MN-patch base
disintegration and could constitute a drug reservoir.

However, the dissolution was not homogenous. Indeed, MN-patch surface is quite large
(25 x 25 mm?) and it is conceivable that the entire patch do not receive homogenous force which

lead to partial microneedle penetration and inhomogenous dissolution. Different studies have
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Figure 11: Microscopic images of microneedle patches after their application to ex wvivo rat skin. Upper line

corresponds to M N; and lower line to M N¢. From left to right: 10, 45 and 60 min. Scale bars represent 500 pm.

been conducted to developed microneedle applicator, nevertheless they are rigid and are not
suitable to be applied on body curves[56]. Ripolin et al. conducted a study where they hold
a pressure for 45s and then use a strong adhesive to fix the microneedle patch into the skin.
They proved a successful insertion but there was no microscopical images of the microneedle
disintegration [57]. Overall, adhesive bandages may be an effective solution to ensure microneedle
insertions and keeping them into the skin. Nevertheless, if the lesion is located on the nose a
bandage may be unsuitable to maintain a pressure on the MN-patch and a thumb pressure may
be more easier to perform. Therefore, the force that 8 people exerted spontaneously with their
thumb, for 10 seconds using the texturometer was measured. We have observed that when the
indication was “apply a pressure on the whole patch that could allow its insertion in the skin”
the force was measured at 24.5 + 7.5 N which represent 0.34 N/needle and is higher than the one
needed for good needles insertion in the skin.

In the other hand, the dissolution rate can be controllable by the initial polymer solution
i.e HA concentration and/or HA molecular mass. Indeed, a lower HA concentration will result
in a faster dissolution. Similarly an upper HA molecular mass will lead to a lower dissolution
due to stronger entanglement between polymeric chains (Preliminary experiments were realized

on gelatin phantom skin and are not presented here). In fact, Leone et al. have also described
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these properties and they mentioned that a balance may be found between dissolution rate and
mechanical properties since a lower molecular (4.9 kDa) mass may dissolve faster than upper one
at 4.9kDa but microneedles appeared less robust [58].

This first evaluation of MN-patch dissolution rate was comforting with the end-use application
desired. Nevertheless, on ex vivo rat skin, it was not possible to evaluate the amount of 5-
ALA released at predetermined time points because a long extraction protocol would have been
necessary and might have degraded the 5-ALA. Therefore, an in vitro drug release experiment
was set up in an attempt to mimic the dissolution rate observed in ex vivo rat skin. Indeed, after
80 min, macroscopic observation highlighted that the patch was almost completely dissolved
as it was after 60 min in ex vivo rat skin. As displayed in figure 12, the amount of 5-ALA
released was respectively equal to 77 % and 88 % for MN-20 and MN-100. Therefore, it may
be assumed that these quantities may also be released during ex vivo or in wvivo experiments
which could be a sufficient quantity to perform a PDT treatment in a reasonable time-frame.
The 5-ALA release kinetics of MN-100 appears to be slightly faster than that of the MN-20
patch. Indeed, drug delivery is governed by diffusion through the polymer (Fick’s law) and
by the polymer dissolution (due to convection) [59]. Considering that MN-100 contains more
5-ALA, the prodrug diffusion through the microneedles might be more intense and explain this
larger 5-ALA percentage released. Overall, the ability of the patch to deliver 5-ALA in a short
time period (< 1h30) is impressive compared to previous studies [60-62]. For example in 2006,
McCarron et al. showed that a bioadhesive patch made of poly(methyl vinyl ether-co-maleic
anhydride) and tripropyleneglycol methyl ether and containing either 19 mgcm~2 or 50 mg cm 2
of 5-ALA only released 57 % in 6 hours [63]. However, the in vitro measurements that the authors
investigated were conducted with a Franz diffusion cell and they only dosed the amount that
cross all the skin phantom. We may assume that 5-ALA was still contained in the skin itself.
Although 5-ALA is a key parameter at the origin of PpIX production, instead of dosing this
prodrug precursor, it would also be interesting to evaluate the amount of PpIX itself by testing
the patches in vivo on skin lesions in order to evaluate PpIX accumulation in the different skin
layers [61].

Since dissolution was effective on ex vivo rat skin, and release of 5-ALA was effective, it is
now important to control its cytotoxicity with a view to future use of this device in vivo. To
evaluate the biocompatibility of the MN-20 and MN-100 patches, a WST-1 cytotoxicity assay
was performed and results are presented in figure 13.

The density of living cells cultured in medium which were in contact with MN-0 was com-
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Figure 12: Cumulative amount of released 5-ALA in water at pH5 from MN-20 and MN-100 patches during

80 min.

parable to the negative control indicating that MN-0 was not cytotoxic. It was expected since
MN-0 was only composed of HA and this polymer is well known for its biocompatibility as a nat-
urally occuring biopolymer. For example, in a 70 kg-human body roughly 15g of HA is present
and 50 % is concentrated in the skin [64]. Developing HA based microneedles was relevant and
cytotoxicity experiments approved it.

Furthermore the density of the living cells cultured in medium which were in contact with
MN-20 and MN-100 were also comparable to the negative control no matter the concentra-
tion. As the MN-p contained 5-ALA and PY, different conditions with these two molecules
were also tested and results are displayed in figure 14. As presented in section 3.1, the weight
percentages of 5-ALA in the MN-20 and MN-100 were respectively equal to 10.0 %(w/w) and
31.2%(w/w). Therefore, when the cytotoxicity of the patch was tested at the higher concentra-
tion (40 pgmL~1), the 5-ALA concentration was at most equal to 4.0 pgmL~! or 12.5ngmL !
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Figure 13: Density of living NIH3T3 fibroblasts after 24 h incubation with MN-0, MN-20, or MN-100. Negative

control corresponds to cells incubated in medium only. Positive control corresponds to cells incubated in medium

containing HyO,.

and these concentrations appeared to be non cytotoxic for the cells (figure 14, left) which was
comparable to the results obtained in the litterature by Li et al., Dan et al. [65, 66]. Moreover,
the density of living cells after contact with PY remains about 100 % which was comforting as a

1% degradation of 5-ALA in PY was observed in MN-patch.
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Figure 14: Density of living NIH3T3 fibroblasts after 24 h incubation with 5-ALA or PY.

4. Conclusion

Microneedle patches were fabricated by a single step of solvent casting molding method. The
manufacture way very easy, low cost and relevant which would allow a facile translation of this
technology. Two heights were developed: 400 pm and 750 pm. Each microneedle patch could
contain 20 mg or 100mg of 5-ALA consequently a single application is sufficient to deliver the
amount required for PDT treatment. 5-ALA stability was followed to ensure that there was no
dimerization in PY and exhibited a very good stability in the MN-patch even 5 months after
manufacturing. Mechanical compression tests were performed and the different kinds of MN-
patches do not present a significant deformation when the force applied was not superior to 0.3
N/needle. These results suggested that MN-patch had efficient strength to pierce the stratum
corneum. Indeed, er wvivo rat skin was well perforated due to microneedle application since
micropores were created. A clear penetration profile was distinguishable on phantom skin with
depth penetration of 374 + 10 pm and 594 + 61 um for respectively M N; and M N;. Dissolution
rate was estimated on ez vivo rat skin demonstrating that the microneedles were dissolved within
45 min and the support started to dissolve after 60 min.

According to the previous results, MN-patches might be a promising technique to enhance
5-ALA penetration and produce PpIX in deeper skin lesions. In the very near future, in vivo
tests on rats suffering from precancerous skin lesions will be carried out to show microneedle

possible benefit during PDT treatment.
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2.4 Supplementary informations

2.4.1 Complementary information
2.4.1.1 Stability

When the article was submitted 6 months ago, the stability of 5-ALA was studied up to 150 days
and a non-significant slight decrease of less than 3 % in 5-ALA percentage over the time period
was observed. 125 days later i.e. after 275 days of storage the 5-ALA weight percentage dropped
to 5.6 + 0.4%(w/w) and the amount of PY reached 0.7 + 0.6%(w/w) which represent a decrease
in 5-ALA amount of approximately 4.4 %. In order to increase the patch stability, the storage
may be optimized for example by loading the receptacle with argon before vacuum. This has
been already realized by a team working on another MN-patch in our lab and it appears more
efficient than the conditions we used.

Besides, the stability of MN-100 has also been studied but stopped rapidly. Indeed, even if
27.1 +0.3%(w/w) of 5-ALA was still present in the patch after 127 days!, the patch appeared
flask after 10 days (figure [2.6). This is probably due to the increase of water content in the
patch that leads to chain relaxations and to an unusable patch. Besides, a change of patch colour
is observed which is probably due to PY presence. Another hypothesis would be to explain
this colour change by the polymer oxidation or the polymer physical aging which is frequently
observed when there are chain relaxations [[200].

5 mm

Figure 2.6 — Left: MN-100 after 1 day of storage. Right: The same MN-100 patch after 12 days
and with the same storage conditions.

2.4.1.2 Mechanical behaviour of MN-100

Figure[2.7]displayed the mechanical compression tests performed on MN;. This graph has been
described in section 3.3.1 in the article. To sum up, a slight height reduction was observed on
MN;-0 and MN;-20 with a loss in height inferior to 7 % even at the highest compression force of
0.5 N/needle. Nevertheless, for the MN;-100 at 0.3 N/needle and 0.5 N/needle the loss in height
were higher and reached 17 % and 53 % which has been previously described by a decrease in
polymer chain interactions due to the presence of the prodrug 5-ALA.

The stability in terms of prodrug presence has been investigated and showed that MN-20
patch could be used even after 5 months of storage contrary to MN-100 patch that looked macro-
scopically degraded. Nevertheless, further investigations should be done on the mechanical

nitial 5-ALA weight percentage in MN-100 patch was measured at 30 % (w/w).
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Figure 2.7 — Mechanical behaviour of M N, after compression at different forces. Analyses
were performed on three different patches with at least 10 height measurements on different
microneedles from each patch. Results are presented as mean + standard deviation.

properties evolution of the MN-20 patch. Indeed, the compression tests were only realized
on "fresh" patches and it would be interesting to check if their insertion ability and fracture
toughness are still congruent with the further use on skin lesions.

2.4.1.3 Cytotoxicity

The cytotoxicity has been previously studied for MN-patches concentration up to 40 pg mL™!.
By following the same method, higher concentrations for MN-0, MN-20 and MN-100 were tested
and the results are presented in ﬁgure Even at the highest concentration of 400 pgmL~!,
the patches were not toxic for the cells although a slight decrease in viability may be observed
for the MN-100. These results were surprising especially for MN-20 and MN-100 that contained
respectively 10 % (w/w) and 30 % (w/w) of 5-ALA. Indeed, in the condition of 400 pug mL™! it
was expected to have 40 ugmL~! and 120 pg mL~! of 5-ALA which are concentrations supposed
to alter cells viability as previously shown in figure 14 in the article. As this result was confusing,
we measured again the toxicity of 5-ALA and this time the IC50% was evaluated at 220 ug mL~!

2IC50 is the half maximal inhibitory concentration. It consists of measuring the potency of a substance to inhibit a
specific biological or biochemical function.
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whereas it has been previously estimated at 21.6 ugmL~!. Tt is hard to compare our results with
others teams because each research group used different cell line, different cell number and
all these details may impact the results. Nevertheless, we compare these last values to Chu
et al. who worked with nasopharyngeal carcinoma (NPC/CNE2) at 3 x 10* cells/well and that
displayed no cytotoxicity of 5-ALA even at 131 ngmL~! which stay in the order of magnitude
of our last results [[32]. Likewise, Osaki et al. studied cytotoxicity of 5-ALA with KLN205 lung
cancer cells at 1 x 10* cells/well and demonstrated that even with a 5-ALA concentration at
655ug mL~! no cytotoxicity on the cell was observed [129]. To conclude, it is possible that at
the time at which we performed the first cytotoxicity assay (Figure 14 in the article, IC50 at
21.6ugmL™!), the cell line or the WST-1 reagent used might have been old and revise the cell
viability downwards. Although, 5-ALA cytotoxicity is highly variable, what is comforting is that
the MN-patches are not toxic at 24h on NIH3T3 fibroblast cells.
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Figure 2.8 — Density of living NIH3T3 fibroblasts after 24 h incubation with MN-0, MN-20 or
MN-100.

2.4.2 Sterilization

Due to the promising results highlighted in the aforementioned article (section[2.3), it was then
required to produce a sterile MN-patch to test the technology in vivo. Consequently, 5-ALA
solution was prepared either at 10 mgmL~! to produce MN-20 or at 50 mgmL~! to produce
MN-100 and filtered on Acrodisc® syringe filter with Supor® membrane at 0.2 pm. An amount
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of 100 mg of HA was dissolved in deionized water (in approximately 50 mL) and strongly mixed
before being filtered on Acrodisc® syringe filter with Supor® membrane at 0.45um and re-
filtrated on 0.2 um. The filtrate was placed in previously autoclaved Eppendorf tubes and
lyophilized for 72 hours. The PDMS molds were also autoclaved and the polymeric solution
composed of 5-ALA and HA was cast as usual and dried in the oven. To ensure no contamination,
a lid was placed on top of the PDMS mold.

According to the European Pharmacopoeia a filtration on 0.2 um is sufficient to remove all
the bacteria but further investigations are required. Following the European Pharmacopoeia,
the MN-patch (prepared with sterilized compounds) was dissolved in 9 mL of Tryptone Soja
Bouillon (TSB), which is a general medium for the growth of a wide variety of microorganisms,
agitated at 70 rpm in a oven at 30 °C for at least 30 days. As a positive control, Escherichia coli
(ATCC® 11775™) at 100 CFU in TSB was used. The negative control consisted of TSB alone. The
two control groups were prepared in the same time as the MN-patch sample and agitated and
heated in the same conditions.

Figure 2.9 — Sterilization test after 57 days.
Tube 1: positive control. Tube 2: negative control. Tube 3: Sample containing MN-patch.

As presented in figure[2.9} the positive control culture medium blurred due to the presence
of bacteria whereas the optical density of the negative control was lower. The optical density of
the tube number 3 is comparable to the negative control which indicates that the filtration was
effective and allow to sterilize the patch. Although this eye observation is considered as sufficient
by the European Pharmacopoeia, a more precise evaluation was realized by measuring the optical
density of the samples. Briefly, 1 mL of each sample was analysed with a UV spectrophotometer
(Varian Cary 300 UV-Vis) from 400 nm to 800 nm. TSB alone was set as the blank sample and
defined the baseline. The absorbance measurements were recorded at different time periods. The
wavelength chosen for the sterilisation monitoring was set at 600 nm because known to minimize
absorbance by media components (such as TSB) while maximizing turbidity measurement. This
wavelength is often used for the measurement of optical density in bacterial cultures [60]. The
results are presented in figure[2.10]and confirmed that either MN-0, MN-20 or MN-100 were
produced in sterilized conditions. Admittedly, a slight OD increase for the MN-20 or MN-100
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patches may be observed after 20 days that is not due to bacteria in the medium (too low
absorbance) but it could be hypothesise that 5-ALA has started to degrade due to the experiment
conditions (temperature set at 37 °C and pH at approximately 7). As previously presented, the
degradation products is a porphyrin derivative that might mildly absorb at the wavelength
chosen.
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Figure 2.10 — Optical density control of MN-0, MN-20 and MN-100. Positive control corresponds
to a solution containing bacteria (100 CFU) and negative control corresponds to TSB alone.
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Conclusion

* The choice of HA as the material used to produce dissolving microneedles in which
5-ALA has been embedded was described. Indeed, its high biocompatibility and
dissolution rate make HA a good candidate.

* Preliminary tests were performed to choose HA Mw and its concentration. A "low"
Mw at (5.50 +0.04) x 10*gmol~! and concentrated at 5% (w/w) appeared to be a
good compromise to obtain a patch exhibiting a fast dissolution.

* As presented in the article, with the solvent casting molding method, two mi-
croneedle heights have been developed: 750 pm and 400 um since not all skin
precancerous lesions extend to the same depth. Similarly, two amounts of 5-ALA
were loaded in the MN-patch: 20 mg or 100 mg.

* Finally, in this article it was demonstrated that due to the "pencil-tip" shape, the MN
exhibited mechanical properties enabling a good insertion into the skin. Moreover,
dissolution was efficient and no cytotoxic effects were identified.

* Stability of 5-ALA in the MN-patch (either MN-20 or MN-100) has been assessed as
satisfying over 5 months after manufacturing but their mechanical properties over
the time should also be reported.

* Due to the promising results, sterile MN-patches were successfully prepared and
could be tested in vivo to assess their efficiency to produce PpIX.
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Introduction

* In chapter 2, the release of 5-ALA in deep skin layers by the MN-patch was high-
lighted in the perspective of the targeted biological applications.

* Even if 5-ALA could be easily released without degradation, in vivo tests were
absolutely required to evaluate its metabolization to PpIX, which is a key element
to carry out PDT. Therefore, an experimental procedure has been written in order
to use animals for scientific purpose.

* To obtain PpIX in conditions usually encountered in dermatological practice, pre-
cancerous lesions were induced on rats by using UV-B illumination. To validate the
model, pharmacokinetics and histological studies were performed and detailed in
the first part of the article.

* Once the model of skin lesions on rat was established, the M N, — 20 patch (contain-
ing 10 % w/w of 5-ALA) was tested and the amount of fluorescence due to PpIX
was measured.

* Supplementary data based on additional results, which are not presented in the
article, concerning depth of PpIX fluorescence in the samples, measurement of
2,5-dipropionic acid (PY) fluorescence or even usage of a new bandage are available.

* To better establish the prodrug penetration in depth, two methods were developed
on ex vivo skins and and have provided promising prospects.

3.1 Application for authorization of a scientific project using
animals

The purpose of this form is to gather information enabling the ethics committee of the user
establishment where the project using animals for scientific purposes will be carried out to
ethically evaluate the project and the Ministry of Higher Education and Research to authorize
the project following the ethical evaluation. This form is composed of:

* anon-technical summary available by all on the Ministry’s website in which the Three R
rules (Replace, Reduce and Refine) are developed

* a project’s description in which the experimental procedures are explained
* the choice, relevance of the strain and the animal number

In order to answer the Three R rules in the application form, it was explained that the study
of 5-ALA delivery through the skin and then its metabolization in PpIX on tumour cells cannot
be done on a cellular model or by computer simulation. That is why an in vivo model was
required and at this time, the animal model could not be replaced. The number of rats has
been determined by establishing an experimental plan (Yates” algorithm) in order to reduce
it as much as possible, while not compromising the validity of the statistical tests that will
be carried out. Lately, to ensure refinement it was mentioned that the state of health of the
animals will be monitored throughout the experiment. Indeed, the rats were anesthetized
during all the experimental procedures. Qualified personnel monitored the state of health of
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the animals regularly throughout the experiments, particularly in the injured skin area. This
allowed immediate and appropriate intervention at the slightest sign of suffering. The animals
were housed in groups in a cage enriched with play accessories and nesting materials.

The whole application form is available under the APAFIS number 18456-2019011414199848v2
and has been approved by the Ministry on January 14th, 2019.

3.2 Why the rat model has been chosen?

According to two recent reviews led by Todo and Jung et al. and as presented in table[3.1]it was
clear that the hairless rat would perfectly fit the skin layers reported for human. Indeed, this
model has been commonly used in cosmetics, dermatological, pharmacological and toxicology
research. The structure of its different skin layers are very close from those of human and
would have been perfect to study the MN insertion, its dissolution and estimate the amount
of 5-ALA release in deep skin layers. Firstly, our choice was oriented on a strain available at
Janvier Labs that was the SPRAGUE DAWLEY® Hairless Rat. Nevertheless, at the time we
needed it, the model was no longer available as a breathable strain but only as a cryoconserved
one and the revitalization would have taken more than 6 months. Therefore, we looked for
another hairless rat but a large overview in all the animal laboratories suppliers showed than
only immunodeficient strains existed. Breeding immunodeficient rats is constraining and was
not possible in our animal house. For reasons of time, we looked for other species. The pig
was commonly used for drug permeation research but this is a large mammal. Moreover, as
the application (APAFIS) was already approved for rodents we decided to chose rat (with hair)
instead of mice since the rat skin stay close enough to the human one as seen in table
Having chosen rat with hairs will add a shaving step before inducing skin lesions or MN-patch
application as will be presented in the next section.

Species Stratum corneum (SC) (um) | Epidermis (pum) Whole skin (mm)
Human (healthy) | 17.2+0.6 45.3+5.6 2.5+0.6

Hairless rat 15.4+3.3 28.3+5.3 0.9+0.1

Pig ear 10 50 1.3

Pig back 26 66 3.6

Rat 18 32 2.9

Mouse 6.9+1.6 21+8 0.8+0.1

Table 3.1 — Comparison of skin thickness among species adapted from [178,(76]

3.3 Article: Introduction of a model of skin lesions on rats and

testing of dissolving MNs containing 5-ALA
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Abstract

Topical photodynamic therapy (PDT) is widely used to treat non melanoma skin cancers. It
consists of topically applying on the skin lesions a cream containing a prodrug (5-aminolevulinic
acid (5-ALA) or methyl aminolevulinate (MAL)) that is then metabolized to the photosensitizer
protoporphyrin IX (PpIX). Light irradiation at PpIX excitation wavelength combined with oxy-
gen then lead to a photochemical reaction inducing cell death. Nevertheless, this conventional
PDT treatment is currently restricted to superficial skin lesions since the penetration depth of
the prodrug is limited and hampers the production of PpIX in deep seated lesions. To overcome
this problem, dissolving microneedles (MNs) included in a square flexible patch were developed.
This easy-to-handle MN-patch is composed of 5-ALA mixed with hyaluronic acid (HA) and has
the ability to dissolve after skin application. To evaluate the efficiency of this MN-patch in vivo,
a skin lesion model has been developed on rats by applying UV-B illuminations. After 40 UV-B
illuminations, histological and pharmacokinetic controls confirmed that the rats presented skin
lesions. Omnce the rat skin lesion model has been validated, it was demonstrated that the MNs
penetrated into the skin and fully dissolved in one hour on most of the rats. After one hour,
the fluorescence images showed that the MN-patch produced a consequent and homogeneous
level of PpIX. Overall, the dissolving MN-patch is a recent technology that has interesting fea-
tures and several preclinical investigations should be led to compare its efficiency to that of the
conventional treatment for PDT of non melanoma skin cancers.

Keywords: skin lesions, animal model, photodynamic therapy, dissolving microneedles,

5-aminolevulinic acid
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Glossary

5-ALA 5-aminolevulinic acid. 1-3, 5, 7, 14, 16

AK actinic keratosis. 2, 10

BCC basal cell carcinoma. 2

HA hyaluronic acid. 1, 3, 5, 14

MAL methyl aminolevulinate. 1-3, 6, 8
MED minimal erythema dose. 6
MN microneedle. 1-3, 5, 12-14, 16

MN-patch microneedles patch. 3, 5, 7, 12-16

PDMS polydimethylsiloxane. 5
PDT photodynamic therapy. 1-4, 8, 13, 14, 16

PpIX protoporphyrin IX. 1-4, 6-8, 11, 13, 14, 16

SC stratum corneum. 2, 3

1. Introduction

5-ALA and MAL are photensensitizer drug precursors used for PDT in dermatology and often
delivered topically. These prodrugs tend to accumulate and metabolize in PpIX preferentially
in neoplastic cells since the haem biosynthetic pathway is disrupted [1]. Briefly, PDT rests on
the synergy between three parameters : a photosensitizer (PpIX) which is activated by light
at its excitation wavelength and when combined with the presence of ozygen promotes highly
cytotoxic singlet oxygen leading to cells death [2].

Conventional PDT treatment for non melanoma skin cancer consists of topically applying
on the lesions either Metvix®) cream containing 16 % of MAL or Levulan Kerastick®) cream

containing 20 % of 5-ALA. Metvix®) and Levulan Kerastick®) are respectively used in Europe
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and the United States [2]. Topical PDT is well established for the treatment of actinic keratosis
(AK), superficial basal cell carcinoma (BCC) or Bowen’s disease. However, the clearance rate
after PDT treatment on deep seated lesions such as nodular BCC, thick superficial BCC or highly
graded AK is less efficient than for thin superficial lesions [3]. This slight resistance reported for
thick lesions is due to the poor penetration of the prodrugs in the skin [4, 5]. Therefore, several
techniques (chemical or physical) were designed to enhance drug penetration through the skin
[6].

One of the physical strategy is the use of MNs. When applied on the skin and thanks to their
robustness, MNs allow to bypass the stratum corneum (SC) and create microchannels whose
depth depends on microneedle height. MNs can be assembled together as a patch or as a roller
and are easy to handle, low cost and painless. The use of MN rollers associated with PDT
has been widely studied and showed that the penetration of 5-ALA was significantly increased
leading to better PDT outcomes [7, 8]. Nevertheless, this passive diffusion required a two-step
application process and the delivered prodrug dose is not precisely known [9]. Moreover, among
different types of MNs developed within the scientific community, solid MNs often made of silicon
can certainly promote passive diffusion but can also be dangerous for the patient since silicon is
known to be a non-biodegradable material and can lead to infections when residues are present
under skin [10].

To overcome the aforementioned problems, dissolving MNs have been attracting attention
for prodrug delivery. The use of a dissolving microneedles patch (MN-patch) is easy since it
consists only of applying it on the skin in one step, moreover the delivered prodrug amount is
precisely controlled and there is no risk of cytotoxicity. Indeed, the prodrug is encapsulated in a
MN-patch matrix that is chosen as biocompatible, dissolvable and biodegradable. This matrix
is dissolved by body fluids when the MN-patch is inserted in the skin. Recently, dissolving MN-
patch containing 5-ALA made of different polymers such as poly(methylvinylether /maelic acid)
[10], galactose [11], Gantrez AN-139 (copolymer of methyl vinyl ether and maleic anhydride) [12]
or HA were proposed [13, 14]. Among these studies, the efficiency of the dissolving MNs were
not often evaluated in preclinical study and when in vivo experiments were performed, MNs were
always tested on subcutaneous mouse tumour model that are not realistic [13]. Moreover, the
mouse skin is really thin compared to the human skin and the ability of the microneedles to pierce
the SC can not be well evaluated on this mouse model [15, 16]. Indeed, the major advantage of
5-ALA MNs is to enhance prodrug penetration in depth compared to the usual cream. If the skin

is thin, the puncture behaviour, the mechanical strength of MNs and therefore the usefulness of
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MNs would not been highlighted. Besides, a thin skin such as the mouse one might allow a good
cream penetration whereas this is known to be limited and accumulate preferentially in the SC
in most of the clinical PDT treatments.

To assess the relevance of MNs and especially to highlight their ability to perforate the SC,
the rat skin known to be more representative of the human skin than the mice one was chosen
in this study. Nevertheless and to our knowledge, no skin lesions model exist on rats. Therefore,
the main purpose of this study was to develop a model of skin lesions on rats by using daily
UV-B illumination. In a first instance, a small sample of rats received from 30 to 70 UV-B
illuminations in order to see from how many exposures skin lesions started to develop. For this
purpose, a pharmacokinetics study was performed and consisted of applying the commercial
Metvix@®) cream on rat skin having been exposed to different numbers of UV-B illuminations.
Then, the PpIX fluorescence resulted from the metabolization of MAL in neoplastic cells was
recorded and directly related to the skin lesion induction. In parallel, a histological analysis was
established to microscopically validate the presence of tumour cells in the rat skin biopsy. In
a second instance, to evaluate the suitability of the model for studying PDT, a larger sample
of rats -having received the predetermined number of UV-B exposures- was included in another
pharmacokinetics study. The second goal of this study was to test dissolving MN-patch containing
5-ALA on this rat model. To this end, the insertion and dissolution abilities of the MN-patch
were observed. Then the level of PpIX produced was recorded by measuring the fluorescence in
top view after two different application times. A successful outcome of this work might lead to

enhance PDT outcomes on deeper skin lesions.

2. Materials and methods

2.1. Experimental animal studies

Experimental animal studies were established by respecting the 3R rules (reduce, refine,
replace) and approved by the ethical committee number 44. After the final authorization
by the Minister of Higher Education, Research and Innovation, the project was referenced as
APAFIS#19456-2019011414199848v2.

Five weeks aged female rats of Wistar Han IGS strain (Charles River Laboratory) were used
in the study. The rats were fed ad libitum and had free access to water all the time. The room
was maintained at 22 + 1°C with artificial light from 6:00 AM to 8:00 PM. To provide animal

welfare, previous limit points were established. A loss in weight superior to 15 %, a behaviour
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change or a necrosis on the UV-illuminated area were considered as experimental endpoint. If
one of them was reached, the animal was ethically euthanised by CO, inhalation or lethal dose

of pentobarbital (Exagon®)).

2.2. UV-B illumination procedure

UV-B illumination is well known to cause pre-malignant cutaneous lesions. Indeed, UV-B
causes direct DNA damage and mutations [17, 18]. If there is a mutation in the portion corre-
sponding to the p53 gene (tumour supressor gene) then its antiproliferative and pro-apoptotic
capacities are dysfunctional and lead to the creation of a cluster of tumour cells [19, 20]. There-
fore, we chose this kind of light illumination.

During the illumination period, hair removal was regularly performed (around 1 time per
week). The dorsal skin (5 x 5 cm?) of the rats was shaved and hairs were removed with wax
(Veet, Spawax). After depilation, no exposure to UV-B light was carried out during 24h to
avoid a large skin injury. The rats were anaesthetized in pairs with isoflurane gas (Iso-vet®))
with an induction at 5% and an upholding at 2.5%. Then the two rats were inserted into the
exposure chamber. Exposure chamber (UV-crosslinker, CL1000M, Thermofisher) was set up to
deliver UV-B light (centered at 316 nm) and its power was controlled with a radiometer (UVP
Ultra Violet Product) and fixed at 0.43mW /cm?. The exposure times varied according to the

objectives as below described.

2.3. Fluorescence spectroscopy

Top view PpIX fluorescence level was monitored by using an IVIS system (Illumina, PerkinElmer)

set up with excitation and emission filters respectively at 430 + 50 nm and 615 + 40 nm. Fluo-

rescence data were then treated with the ImageJ software.

2.4. Preparation of the MN-patch

MN-patches were produced by solvent casting molding method as described elsewhere [21].
Briefly and as summarized in figure 1, an array of 20 x 20 MNs was machined on an aluminium
surface of 25 x 25mm. MN design is similar to a “pencil-tip”. The full height was 750 pm
(heightyp, = 300 pm and heightpoq, = 450 pm), base diameter was 300 um and each MN was
tip-spaced with 1200 um. Secondly, a female polydimethylsiloxane (PDMS) mold was created
with the previous design. Thirdly, HA solution (M, = (5.50 4 0.04) x 10* gmol~!, Contipro,
France) was prepared at 50 mgmL~! by mixing well with distilled water and 10 mgmL~! of

5-ALA (GMP grade, Biosynth Chemistry & Biology) were added and mixed again. HCI at
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0.03molL~! was added to the solution in order to be at pH = 5. A solution amount of 2.0 mL
was cooled in the PDMS mold. The system was centrifuged at 214 1°C and 4000 rpm for 35 min.
Then it was placed in the oven at 40 + 1°C for 24 h. Finally, MN-patch was removed from the

mold and placed on a sticky occlusive film (Tegaderm, 3M).

500 pm

Figure 1: A: Aluminium master structure. B: Double female polydimethylsiloxane (PDMS) mold. C: Digital

microscopy image of microneedles patch (MN-patch) fabricated by solvent casting molding method.

2.5. Minimal erythema dose testing

The minimal erythema dose (MED) is defined as the dose (mJcm~2) of UV-B radiation
producing a minimal erythema (sunburn, redness caused by the engorgement of capillaries) 24
hours after UV-B exposure and depends on the type of skin, the age and the previous skin
irritation [22, 23]. The MED testing is essential to determine an appropriate UV-B dose for
research purposes and to exclude under- or over-dosing.

On two female Wistar rats (5 weeks old), the MED was determined visually by using 6 incre-
mental UV-B exposures from 96 mJ/cm? to 593 mJ/cm? (96 mJ/cm?, 192mJ/cm?, 288 mJ/cm?,
362mJ/cm?, 456 mJ/cm? and 593 mJ/cm?). These doses were achieved by using variable expo-

sure times during a unique UV-B illumination.
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2.6. Induction and validation of the presence of skin lesions

2.6.1. Chronic UV-B exposure to induce skin lesions

The aim of this procedure was to see from how many UV-B exposures skin lesions started
to appear. To this end, 15 female Wistar Han IGS rats were divided into five groups of three
animals each. The first group was exposed 30 times to UV-B at 90 % of the MED (once per day ;
5 days per week). Each following group was exposed 40, 50, 60 or 70 times with the same UV-B

dose, respectively.

2.6.2. Pharmacokinetics validation

To evaluate the induction of skin lesions by UV-B illuminations, a pharmacokinetics proce-
dure was established. 24 hours after the last UV-B exposure, animals were anaesthetized with
isoflurane gas. Metvix(@®) cream (methyl aminolevulinate, 168 mg g~!) was applied for 1 hour to
the dorsal UV-B exposed skin (after 30, 40, 50, 60 or 70 illuminations (IL)) and was also applied
to an area never exposed to UV-B to serve as normal skin controls for each rat. The fluorescence
level obtained due to the metabolization of MAL to PpIX in tumour cells was reported with the

IVIS (Illumina, PerkinElmer) apparatus as mentioned in section 2.3.

2.6.3. Histological study

Biopsies of the skin exposed to UV-B and normal skin were realized after animal sacrifice.
The biopsy was fixed in paraformaldehyde at 4 % (overnight at 4 + 1°C) and then dehydrated
with different baths of ethanol and xylene. Last, the skin biopsy was embedded in paraffin
(Paraplast@®), Leica). Tissue sections (10 pm thick) were cut, deparaffinized and stained with

hematoxylin/eosin. The slides were further observed with a microscope (Axioplan 2, ZEISS).

2.7. Testing of the developed rat skin lesions model

Once the number of UV-B exposure necessary to induce skin lesions was determined, it was
applied on a larger rat sample in order to validate the rat skin lesions model. Therefore a total
of 40 rats was involved in this experiment and divided in two equal groups as presented in figure
2a. The cream was applied on an area of 25 x 25 mm with the finger and kept under an occlusive
film (Tegaderm, 3M) for either 30 minutes or 60 minutes (Group 1 or Group 2). Then PpIX

fluorescence level was recorded as previously described with the IVIS system.
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Metvix® cream

n = 40 rats
1 hour 30 min 1 hour 30 min
application application application application
Group 1 Group 2 Group 3 Group 4
(n=20) (n=20) (n=20) (n=20)

k /
Y \ Y )

PpIX fluorescence observed with
IVIS System

(a) In vivo experimental study design involving the cream (b) In vivo experimental study design involving the MN-

application. patch application.

Figure 2: Summary of the in vivo experimental studies design. (PpIX : protoporphyrin IX; MN-patch : micronee-
dles patch)

2.8. MN-patch application

The MN-patch containing 20 mg of 5-ALA was inserted in the injured skin by applying a
sufficient force. A sticking plaster was added and hooked to the anaesthetia table to ensure a
constant pressure on the MN-patch. The MN-patch was inserted in a total of 40 rats for either 30
minutes or 60 minutes as presented in figure 2b. Kinetics of MN-patch dissolution was estimated
by removing the patch from the skin after either 30 minutes or 60 minutes (Group 3 or Group 4).
Then the MN-patches were removed and observed under normal light with a digital microscope

(VHX 8000, Keyence) to evaluate the morphology after insertion.

2.9. Statistical analysis

A statistical analysis of differences in fluorescence between groups having received 0, 30, 40,
50, 60 or 70 UV-B illuminations was performed using the Kruskal-Wallis test. A Mann-Whitney
test on non-matched data was used to compare the fluorescence levels obtained with the two
application times (30min vs. 60min). All tests used a two-sided alpha level of significance of

0.05. All the analyses were completed using XLSTAT software.

3. Results and discussion

3.1. Evaluation of the MED

This test was performed on two female Wistar rats (5 weeks old) and the MED was evaluated

between 96 mJ/cm? and 192 mJ/cm?. Then the mean was set at 144mJ/cm?. To our knowledge,
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no MED testing on 5 weeks old female Wistar rat was performed so this value was compared
to the ones obtained for other species and sex. From this comparison, the MED we obtained it
was congruent with previous results where the MED were respectively equal to 103.5mJ/cm?,
170mJ/cm? and 200 mJ/cm? for female HWY /Slc hairless rats [24], male rat Sprague Dawley
[25] and male Wistar rats [26].

3.2. Induction of skin lesions on rats and validation of the animal model

3.2.1. Induction of skin lesions

The fluorescence level resulting from the metabolism of MAL to PpIX in tumour cells was
expressed as a function of the number of UV-B illuminations (IL) received by the animal. The
data are displayed in figure 3. By only considering the mean value (empty square in figure 3),
a maximum of fluorescence was reached after 50 IL and then the fluorescence level tended to
decrease. Because the maximum of fluorescence was obtained at 50 IL and as the fluorescence is
mainly due to the presence of tumour cells [6], it may be supposed that the maximum of tumour
cells induced by UV-B exposure was attained. To explain the fluorescence decrease observed at
60 IL and 70 IL, the rat skin appearance over time after UV-B illuminations displayed in figure
4 can be argued. Indeed, it is noticeable that some crusts appeared after 50 UV-B illuminations
and became more severe at 60 and 70 UV-B illuminations. These crusts might have decreased the
penetration and metabolization of MAL to PpIX leading to underestimated fluorescence levels
at 60 IL and 70 IL. In conventional PDT it is recommended to remove crusts and scales prior to
treatment to enhance drug penetration and PpIX accumulation in the skin [27]. However in our
case, crusts removal would have induced bleeding (which is unethical) and potential interferences
with fluorescence level measurement and was therefore not applied.

The statistical analysis demonstrated a significant difference in fluorescence level between the
groups (0, 30, 40, 50, 60 and 70 illuminations) (p — value = 0.003) but no pairwise significant
differences were detected post hoc (probably due to the small sample sizes). Nonetheless, p —
values for pairwise comparisons between 0 IL and 40, 50, 60, 70 IL are slightly higher than 0.1
(0.124 < p — value < 0.125) and can be accepted as representing a tendency of difference. Since
the population in each group was small (3 rats), these results need to be handled with care and
further tests might be conducted. Nevertheless, according to the previous results and since there
was no significant difference between 40 IL and 50 IL, 40 IL should be considered as the smallest
number of UV-B illuminations causing as little crusting as possible.

The comparative histological study allowed to conclude on which number of UV-B illumina-
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Figure 3: Monitoring graph of the evolution of skin lesions by fluorescence after application of Metvix@®) cream
for 1 hour. The box charts at 60 IL and 70 IL should be taken with precaution since the presence of crusts
might interfere with the quantification of fluorescence. The line within each box represents the median, while
the lower and upper boundaries of the box indicate the first (25th percentile) and the third (75th percentile)
quartiles, respectively. The empty square corresponds to the mean. Error bars (whiskers) represent the 1.5-fold

interquartile range. (IL : UV-B illumination)

tions was necessary to induce skin lesions. Indeed, as seen in the annotated figure 5, there was
a thickening of the epidermis even after 30 IL. At 30 IL, an acute response due to burns and
repeated sunburns was noticeable but there was no sign of pre-cancerous cutaneous lesions. After
40 IL, an abnormal orientation of keratinocytes in the basal layer was observed. Moreover, the
nuclei were not all round, there were triangular or squares ones. In some cases, the presence of
nuclei in the upper layer (parakeratosis phenomenon) was observable. At 50, 60 or 70 IL, same
observations as the one made at 40 IL can be done and in addition we found nuclei of any size
(large or tiny). For the 60 and 70 IL cases, the skin biopsy was not realised on a large and deep
crust which explained why the skin structure was always noticeable in figure 5. To conclude,

it appeared that 40 UV-B illuminations allowed to induce pre-epitheliomatous keratosis that

10
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Figure 4: Photographs of UV-B-irradiated rat skin at indicated number of UV-B illuminations (IL). Red square

corresponds to the skin exposed to UV-B and blue dotted square corresponds to the skin never exposed to UV-B.

extends to the appendages. The induction of skin lesions was therefore reached after 40 UV-B
illuminations.

Regarding the literature, Pillon et al. studied the modelling of AKs in hairless mice chronically
exposed to UV-B and the histological study showed disorganization of keratinocytes of the basal
layer and a number of atypical nuclei which was characteristic of AKs. They obtained these
AKs after 10 weeks of UV-B illumination, corresponding to 50 UV-B illuminations [28] which is
congruent with our previous observations.

To conclude, the results obtained during the pharmacokinetics study and the exploitation
of fluorescence levels concluded that 40 IL were enough to induce skin lesions and the results

obtained with the histological study were consistent.

3.2.2. Validation of the animal model

The goal of the previous experimentations was to establish a protocol to induce cancerous
lesions by exposing rats to different number of UV-B illuminations. In order to validate the
model obtained on three rats, a larger study was performed on 40 rats. Working with a larger
number of rats allowed to obtain fluorescence results that are less scattered, more reliable and
more representative. The cream was applied for 30 or 60 minutes on rats undergoing 40 UV-
B illuminations. PpIX fluorescence levels obtained were congruent with the previous test that
included only 3 rats at 40 IL (Figure 3). The fluorescence levels are displayed in figure 6.

On the other hand, a Mann-Whitney statistical test on the results highlighted that the

level of PpIX fluorescence after 60 minutes was superior to the one obtained after 30 minutes

11
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Figure 5: Comparative histology of skin rat after various UV-B illumination number. Scale bars represent 50 pm.

(p — value = 0.021). This model allowed to evaluate the influence of the incubation time on the
level of PpIX fluorescence obtained. As expected, the commercial cream application produced
significant fluorescence levels and validated the model of precancerous lesions induced on rat skin
on a larger rat sample. As rat skin is known to be closer to that of humans than to mice [16],
this model could be useful in preclinical studies to assess the efficacy and penetration of novel

molecules, or innovative drug delivery systems.

3.8. Testing of the MN-patch on the rat skin lesions model
3.8.1. Insertion and dissolution of the MN-patch in skin

The mechanical properties of the MN-patch were previously reported in [21]. As expected
the MN-patch penetrated easily, without breakage in the injured rat skin since microholes on top
of the skin were observed (figure 7.B). This was a first promising result since skin lesions have

mechanical properties that are different from normal skin, being stiffer [29, 30]. Indeed, due to

12
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Figure 6: Skin surface fluorescence intensities from digital fluorescence photographies are shown in arbitrary
unities (A.U) at two different times after cream application. The line within each box represents the median,
while the lower and upper boundaries of the box indicate the first (25th percentile) and the third (75th percentile)
quartiles, respectively. The empty square corresponds to the mean. Error bars (whiskers) represent the 1.5-fold

interquartile range.

the thickening of the skin layers, the Young modulus tends to increase making the skin harder
and potentially more difficult to perforate with MNs [29, 30]. On ex vivo healthy rat skin, after
30 minutes of MN-patch application only the needles tips started to dissolve and the MN-patch
full dissolution was observed in one hour whereas in vivo, on rat suffering from skin lesions, a well
initiated dissolution was observed in 30 minutes and the dissolution was completed in 1 hour for
most of the animals (Figures 7.C and 7.D). Indeed, in vivo, temperature and humidity conditions
are different from ez vivo parameters, which explains the difference in dissolution kinetics [31].
Nonetheless, the dissolution kinetics might also change from rat to human and Leone et al. in
[31] point out that preclinical evaluation does not detract from the need to assess the dissolution
of MNs in a clinical setting.

Although the dissolution was globally effective in figure 7.C (30 min), some MNs highlighted
by purple arrows can still be observed on the left. On figure 7.D (60min) the dissolution was
more homogeneous despite a few MNs left in the up center of the image and also highlighted by
arrows. Indeed, the elasticity and irregular surface topography of the skin is not conducive to

a homogeneous application leading to a heterogeneous dissolution of the MN-patch. As already

13
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suggested in previous studies [31-33], a MN applicator allowing a homogeneous pressure on the

whole patch would lead to a better reproducibility of the piercing and a homogeneous dissolution.

Figure 7: A : Top view observation of the MN-patch prior to insertion. B : Top view observation of rat skin
after MN-patch removal and presence of microholes. C : Microscopic image of MN-patch after 30 minutes of
application on the skin of a rat having received 40 UV-B illuminations : partial dissolution. D : Microscopic
image of MN-patch after 60 minutes of application on the skin of a rat having received 40 UV-B illuminations
: complete dissolution. Purple arrows show patch debris due to partial dissolution. (MN-patch : microneedles

patch)

3.8.2. Top view observations of the PpIX fluorescence obtained with the MN-patch

A successful PDT treatment relies, inter alia, on a satisfactory level of PpIX in the tumour
cells [6]. First, the ability of MN-patch to induce PpIX was visually evaluated on the rat skin
lesions model validated in this study. When the MN-patch was applied on healthy rat skin,
no fluorescence was noticeable, whereas when applied on damaged skin, PpIX fluorescence was
observed (figure 8a). This observation was also reported by Zhu et al. in [14] who produced
HA-based microneedles containing 5-ALA. The authors showed in vitro the transformation of
5-ALA to PpIX by observing a strong red fluorescence in the cells.

Besides, even if the MN-patch dissolution was not fully homogeneous, the overall fluorescence

recorded was evenly distributed as shown in figure 8a and would allow a uniform PDT treatment

14



280

285

290

295

300

on the lesions having received the MN-patch [34, 35]. Indeed, Dijkstra et al. in [36] highlighted
that when 5-ALA was topically applied on patients suffering from skin lesions, complete remission
of tumour in certain areas was observed, but there was no response in other parts of the same
lesion. The authors suspected that an unequal distribution of PpIX in the lesions may be the
cause of this non-uniform clearance. Therefore, a uniform PpIX distribution is a clear advantage
of the MN-patch.

Once the fluorescence was visually evaluated, the fluorescence levels were assessed and pre-
sented in figure 8b. This graph showed that the MN-patch induced a consequent level of PpIX
as early as 30 minutes. Since PpIX is available, it may be supposed that a PDT session would
be possible with this technology. Indeed, Zhu et al. in [14] and Zhao et al. in [13] who worked
with dissolving MN made of HA and 5-ALA, did not check the PpIX fluorescence level observed
in vivo on mice but they controlled the efficacy of their MNs in PDT. To evaluate the tumour
inhibition rate, the authors applied a complete PDT treatment (application of the MNs and
then illumination) and they showed that their MNs were significantly efficient compared to the
control group that did not receive any treatment. As our MN-patch produced PpIX fluorescence,
it would be expected to also obtain a positive PDT response. This skin lesions model on rats
also showed, as already reported in [37], that PpIX fluorescence level depended on the incubation
time. Indeed, a Mann-Whitney statistical test highlighted that the level of PpIX fluorescence
after 1 hour was superior to the one obtained after 30 minutes (p — value = 0.033).

The rat skin lesion model was a good alternative to the mice one since it allowed to evaluate
the penetration and dissolution of the MNs. It was also highlighted that the MN-patch was a

suitable technology to induce PpIX on UV-B injured skin.
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(b) Skin surface fluorescence levels from digital fluorescence photographies are shown in arbitrary unities
(A.U) at two different times after MN-patch application. The line within each box represents the median,
while the lower and upper boundaries of the box indicate the first (25th percentile) and the third (75th per-
centile) quartiles, respectively. The empty square corresponds to the mean. Error bars (whiskers) represent

the 1.5-fold interquartile range.

Figure 8: Fluorescence image and data obtained after MN-patch application on skin lesion rat model. (MN-patch

: microneedles patch)
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4. Conclusion

This study aimed to developed a rat skin lesion model in order to evaluate the efficacy of
penetration and dissolution of a MN-patch for PDT. Histological and pharmacokinetics studies
demonstrated that 40 UV-B illuminations induced pre-epitheliomatous keratosis lesions on rat.
Once the model was validated on a large sample of rats (n=40), the MN-patch that we developed
was applied on the skin and has proven to dissolve within 1 hour and released 5-ALA leading
to a homogeneous production of PpIX that might further induce a positive and uniform PDT
treatment. As dissolving MNs are a burgeoning innovative technology for improving transdermal
prodrug delivery, this model could be helpful for the scientific community who will want to test

the MNs in a near-reality environment.
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3.4 Supplementary informations

Some results have not been included in the article but allow to clarify and have a better under-
standing of the transdermal delivery of 5-ALA and are therefore presented hereinafter.

3.4.1 PY is not fluorescent

Fluorescence behaviour of PY purchased from Carbosynth Product has been checked with a
microplate reader (TECAN) whose excitation wavelength has been set at 430 nm and emission
wavelength has been set, in the scan mode, as varying from 550 nm to 850 nm. The results
showed that no fluorescence was observed which confirmed that the fluorescence recorded by
the IVIS system was only due to PpIX.

3.4.2 Bandage

During the preclinical investigation on rats, it was observed that the patch dissolution was
not always uniform. Therefore, to address the problem, it was considered to perforate the
occlusive Tegaderm film in order to drop a small amount of water on top to ensure full MN-
patch dissolution. Perforation of the Tegaderm was performed by laser cutting (TROTEC Laser
Speedy 400 Flexx) with the following set up: holes diameter of 360 um and spaced 1100 pm
apart (Figure(3.1).

Figure 3.1 — A: Photography of the perforated Tegaderm bandage. B: MN-patch was stuck on the
perforated Tegaderm. C: The device was applied on skin rat and a drop of water was deposited
on top to ensure full dissolution.

3.4.3 Cross-section observations

The article in section [3.3|highlighted that microneedles were able to penetrate the skin, dissolved
within one hour and produced a consequent fluorescence level on top of the skin. However,
as microneedles were firstly designed to enhance the prodrug penetration in deep skin layers,
the PpIX fluorescence distribution was also controlled in skin cross-section and compared
to the fluorescence obtained with the cream. To observe the penetration of 5-ALA and its
metabolization to PpIX, skin samples were embedded in OCT compound tissue freezing (TFM,
M-M FRANCE). Tissue sections (10 um thick) were cut and the slides were then observed under
a microscope (Axio, ZEISS). The excitation filter was set at 434 nm with a bandwidth of 17 nm
(MF-434-17, Thorlabs) and the emission filter was a colored glass long-pass filter with a cut-
down wavelength at 560 nm (03FCG498, Melles Griot). The dichroic mirror was chosen with
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a reflexion band between 415 and 470 nm and a transmission band between 490 and 720 nm
(MD480, Thorlabs). Results obtained with skin lesion samples taken from rats treated according
to the protocol described in section [3.3]are displayed in figure[3.2}

Figure 3.2 — Cross-sections of the skin of the same rat having received 40 UV-B illuminations
(A), after 1 h of the cream application (B) and after 1 h of the MN-patch application (C).

Accumulation of PpIX in the upper layers of the skin (potentially in the SC) was clearly
observed in figure[3.2]B. In microneedle-exposed skin (figure[3.2]C), the fluorescence seemed
to extend deeper but by plotting the fluorescence profile no significant difference between
both samples (cream and patch) was noticeable. Moreover, figure [3.2underscored the limits
of the animal model. Despite shaving, the hair follicles are still present (oval shapes) and
produced fluorescence at the excitation and emission wavelengths chosen which interfered with
the measurements.

3.5 Establishment of the depth penetration of 5-ALA through
ex vivo skin

Due to fluorescence of other elements in the skin, it was difficult to observe the penetration
of the prodrug and especially its metabolization to PpIX in deep skin layers only with only a
fluorescence measurement. Therefore, to establish more precisely the MN benefit two others
experiments were performed. The first one consisted of the use of a Time-of-Flight Secondary
Ion Mass Spectrometry (ToF-SIMS) method in order to map the cross section 5-ALA profile
penetration. The second approach was to study the in vitro transcutaneous passage of 5-ALA
with the use of Franz diffusion cell apparatus.

3.5.1 Penetration of 5-ALA through ex vivo human skin
3.5.1.1 ToF-SIMS principle and method

ToF-SIMS described in figure[3.3]is a surface-sensitive analytical method that uses a pulsed ion
beam in order to snatch molecules from the very outermost surface of the sample. The particles
are removed from atomic monolayers on the surface (secondary ions). These particles (positive
or negative) are then accelerated into a "flight tube" and their mass is determined by measuring
the exact time at which they reach the detector [175].

3.5.1.2 ToF-SIMS experiment

MN-patch was applied on ex vivo human skin samples for 1 hour and were then prepared
in a cross section geometry to image drug distribution. ToF-SIMS analysis was performed
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Figure 3.3 — Simplified view of the ToF-SIMS analysis after bombardment of a sample by an ion
primary beam. Scheme adapted from [175].

using an ION-ToF ToF-SIMS 5 instrument with and analysis beam of Bi** at 15 keV in bunched
mode. Images were acquired in both positive and negative polarity. Vacuum level was set at
5x 1077 mbar due to the hydrated samples degassing (the amount of tissue was minimized to
reduce this effect).

3.5.1.3 Results, discussions and perspectives

The mapping in both positive and negative modes are displayed in figure [3.4]and highlighted
that the signal of 5-ALA either at M/z 132 in positive polarity and or at M/z 130 in negative
polarity were already present in the skin alone. These two signals corresponded respectively
to the 5-ALA molecule (M = 131 gmol~!) plus a hydrogen atom or minus a hydrogen atom.
Moreover, these characteristic peaks from the 5-ALA can also be found in the skin having been
in contact with the MN-patch (that contains 5-ALA). On the whole human skin sample, of
500 pm thickness, the distribution was uniform and there was no gradient of 5-ALA over the
whole thickness. This result seemed to indicate a diffusion with a sufficiently fast kinetics to
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homogenize the concentration in the whole section. Nevertheless, with the cartography alone it
was hard to say if the signal was higher in case of MN-patch application compared to the skin
alone hence the intensities were normalized to the total ion intensity and were reported in table
3.2

Skin Skin + MN-patch Skin Skin + MN-patch

um 0 200

Total signal Total signal Total signal

40

um 0 200 400 200 a0 pm 0

5-ALA signal 5-ALA signal 5-ALA signal 5-ALA signal

m

Negative mode Positive mode

Figure 3.4 — Mapping images in both positive and negative modes of the skin alone and the skin
having been in contact with the MN-patch. Total signals obtained are in the upper line and
5-ALA signal are displayed in the bottom line.

Samples 5-ALA signal in positive mode 5-ALA signal in negative mode
m/z 132.0608 129.9508

Skin 4.96x 107 4.14x1074

Skin + MN-patch | 6.48x107* 7.29x 1074

Table 3.2 — Intensities signal of 5-ALA normalized by the total ion intensity in positive and
negative modes.

In order to establish if the 5-ALA quantity was superior after MN-patch application on
human skin, the 5-ALA signal intensities, given in table[3.2} can be compared indicating that
the MN deliver 1.3 to 1.8 fold compared to endogenous 5-ALA. ToF-SIMS is a very complex
apparatus that could give numerous information. In our case we decided to only study the
signal of the 5-ALA molecule plus or minus a hydrogen atom but it would also be possible to
visualize signal intensity of molecule fragment such as C-NH, or C=0. This experiment was an
exploratory work that confirmed the release of 5-ALA in deep but to go further we should:

* Work with a deeper cross-section human skin sample to observe the diffusion gradient of
5-ALA
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* Use a 5-ALA isotope that has a higher molar mass for distinguishing more easily its
characteristic signal among the skin signal

* Study other 5-ALA molecule fragments to evaluate if the tendency if the same as the one
we observed

* Work with shorter application times (30 min or 45 min) to show the advantages of MN
compared to patch without MN

Since the last 5 years, this technology has been widely used to study biological samples for
example in 2017 to evaluate the penetration of fatty acids into ex vivo human skin [33]] or in
2020 to examine the distribution of a beauty ingredient in the human skin [[80]. Although our
preliminary ToF-SIMS experiment was encouraging, it should be repeated and optimized in
order to give precise results by a very innovative technique.

Acknowledgements This work has been realized with the support of Jean-Paul Barnes from
the nano-characterization platform in CEA-Leti.

3.5.2 Penetration of 5-ALA through ex vivo rat skin

ToF-SIMS experiment provided information on the first 500 pm of human skin depth, therefore
to evaluate deeper the profile penetration of 5-ALA, we worked with a deeper skin sample and
use another approach with Franz cell apparatus.

3.5.2.1 Franz cell principle and method

The Franz cell apparatus from Proviskin (Besangon, France) consists of two primary chambers
separated by a membrane which was in our case ex vivo rat skin retrieved from previous in
vivo experiments. A schematic representation of the Franz cell apparatus is displayed in figure
The MN-patch (MN; — 20) was applied on the ex vivo skin via the donor compartment.
The receptor compartment contained water whose temperature was set at 33 °C according
to the average skin temperature [[155]. Usually, a precise amount of water contained in this
bottom chamber is taken out at regular intervals for analysing the analyte (5-ALA). This method
measures the analyte quantity that has gone through the skin sample. Nevertheless, most of the
prodrug is often in the skin itself especially when the application time is only about one hour.
Therefore, after 1 hour of MN-patch application, the ex vivo human skin was analysed layer by
layer.

3.5.2.2 Extraction of 5-ALA from the different skin layers

The skin was removed from the Franz cell apparatus and cryoconserved in OCT compound
tissue freezing (TFM, M-M FRANCE). A cryomicrotome (3050CM, Leica) was used to cut the
cryoconserved skin from top to bottom in slices of 100 um. Each slice was then dispersed in
1.0mL of H,O:acetonitrile (ACN) (90:10) and mixed for 4 h in order to be sure that all 5-ALA
is well extracted by solubilisation. This solution was then filtered on 0.2 um and analyzed to
determine the amount of 5-ALA contained in it.

3.5.2.3 Dosage of 5-ALA by liquid chromatography analysis

'H NMR was previously employed to determine 5-ALA quantity (see section [2.3) but because the
amount expected with this experiment might be inferior to 1.0 mg mL™!, a novel dosage method
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Figure 3.5 — Simplified schema of the Franz cell apparatus with the different compartments
represented.

has been established using Ultra Performance Liquid Chromatography (UPLC) coupled with
Evaporating Light Scattering detector (ELSD). Indeed, classical analytical methods to quantify
5-ALA often required a derivatization which meant that 5-ALA molecule underwent a number of
different chemical reactions to make it fluorescent or UV-visible. Nonetheless, these techniques
are often sources of error and when we tested them, we highlighted that the derivatized 5-ALA
was not always stable in time making again new errors in quantification which justify the use of
a new analytical method based on UPLC-ELSD detection.

For this reason, chromatographic analysis of the 5-ALA was performed using an Acquity
UPLC H-Class system from Waters (Milford, USA) coupled with an Alltech 3300 ELSD from
Grace (Columbia, USA). Quantification of the analyte was performed by hydrophilic interaction
liquid chromatography (HILIC) using a CORTECS UPLC HILIC column (1.6 pm,150 x 2.1 mm,
90 A, Waters). Separation was achieved using a gradient program with two solvents: 0.1 % TFA in
water (phase A) and ACN (phase B). Chromatographic separation was carried out using as follow:
tomin:10 % of phase A and 90 % of phase B, t1,,i,: 50 % of phase A and 50 % of phase B. 10 uL
of the sample to analyze was injected and the mobile phase flow rate was set at 0.3 mL min~!.
ELSD method was adapted from a previous study led by Armoskaité et al. using HPLC-ELSD
for the quantification of 5-ALA after penetration into human skin ex vivo [11]]. Therefore ELSD
evaporation temperature was set at 45 °C, nitrogen flow rate and gain were respectively fixed at
1.5Lmin~! and 16.

Calibration validation

Standard concentrations of 5-ALA were prepared from 10 ug mL~! to 100 ug mL~! in deionized
water and the calibration curve (in red) is displayed in figure and showed a polynomial
relationship between concentration and ELSD responses which is linked to the type of detection
[187} [11]. Therefore, a second-order polynomial was used as the fitting model (Equation [3.1)
where X represents 5-ALA concentration in pgmL™!, Y is the peak area and a, b and c are
constants respectively equal to 139, 138651 and —141051. This model was considered as
acceptable since the value of R? (coefficient of determination) was > 0.990.
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Figure 3.6 — Calibration curve obtained with UPLC-ELSD for quantification of 5-ALA. Results
are presented as mean + s.e.m.

Y =aX?+bX +c (3.1)

3.5.2.4 Results, discussions and perspectives

Each slice of skin from the top to the bottom was analyzed with the UPLC-ELSD method, the
signal response was measured and using the calibration curve, the concentration of 5-ALA in
each slice was determined and the results are displayed in figure[3.7]

First of all, it was clear that from one sample to another there were fluctuations concerning
the total amount of 5-ALA that reached 363 g, 309 ug and 730 pg for samples 1, 2 and 3,
respectively. One explanation of these differences may be due to the variable dissolution kinetics
of the MN-patch that depended on the water content in the rat skin sample. Besides, the
maximum penetration depth were also changing from one sample to another but the order of
magnitude was the same with the maximum of 5-ALA released obtained respectively at 1500 pm,
1100 pm and 1500 pm for samples 1, 2 and 3. Since the MNs had a length of 750 um and
according to the previous results obtained in ToF-SIMS experiment we could expect that 5-ALA
would be present up to 750 pm due to the dissolution of MNs. The presence of 5-ALA in depth
superior to 750 pm was due to diffusion of the molecule through the skin layers. However, these
results should be compared to fresh ex vivo rat skin since it was demonstrated that transdermal
penetration of drugs might be increased with frozen skin [3]. On the other hand, the MN-patch
applied to the rat skin sample contained a quantity of 5-ALA of ~ 890ng, therefore the total
5-ALA amounts collected after one hour in rat skin samples 1, 2 and 3 represented respectively
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Figure 3.7 — Franz cell penetration profiles showing the cumulative concentration of 5-ALA in
rat skin samples after 1 h of MN-patch application.

41 %, 35 % and 82 %. We are aware that this is a preliminary experiment and comparison with
the Metvix® cream or a patch without MN would be interesting to really show the added value
of the MNs. Nevertheless this experiment is encouraging and should be continued especially
because this way of prodrug penetration quantification is getting often used. For example,
Ahmadi et al. in [4]] studied the penetration of 5-ALA through basal cell carcinoma and showed
that after 4h of cream application, depths of penetration of at least 2 mm from the lesion surface
had been reached. Another example is Donnelly et al. in [42] who evaluated the delivery of a
photosensitizer from MNs through porcine skin samples and revealed the dye presence up to
1.125 mm after 6 h of application.

To summarize, 5-ALA was quantified with a UPLC-ELSD detection which was a quite new
analytical method. This method allowed to get an idea on the 5-ALA that had penetrated through
the rat skin layers. In parallel and always with the idea to do not chemically modify the 5-ALA,
ToF-SIMS also appeared as a new method to quantify 5-ALA through ex vivo human skin.
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Conclusion

* A model of skin lesions on rats was developed by applying a total of 40 UV-B
illuminations and validated by histology and pharmacokinetics studies.

* The MN; — 20 patch was therefore tested on a realistic skin lesions model and
proved that after a 1 hour application, the patch dissolved, released 5-ALA that
further metabolized to PpIX. A significant amount of PpIX fluorescence level was
recorded which indicated that a PDT session would be possible.

* The penetration of PpIX in depth was not really observable by fluorescence in cross-
section since the hair follicles were auto-fluorescent and disturbed the amount of
PpIX fluorescence recorded.

* ToF-SIMS was therefore used to better establish the penetration of 5-ALA in ex vivo
healthy human skin and showed that the distribution was homogeneous from 0 to
500 um in depth after 1 h of MN-patch-application.

* Cumulative 5-ALA penetration after Franz cell experiment highlighted that after
1 h of MN-patch-application, 5-ALA was present until 1100-1500 um in depth in
ex vivo rat skin. These results underlined that MN-patch would be a promising
technology to treat deep skin lesions (such as nodular BCCs) that could extend to
the interface epidermis/dermis. Nevertheless, these in vitro studies will have to
be continued, in particular to study shorter times; to compare the MN-patch with
cream or a patch without MN in order to definitely show the advantage of MNs.
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Introduction

* In this chapter, the motivation that led us to consider an all-in-one PDT system will
be detailed.

* Then the choice of light source to be integrated in the embedded PDT device will
be developed and its digital and electronic implementations will be presented.

* The 3D printing method chosen for coupling microneedles and light device will be
specified.

¢ Initial characterizations that consisted of light diffusion uniformity, temperature
control, wavelength and power measurements, and that were realized on the all-in-
one PDT system comprising microneedles and light device will be described.

* An attempt to identify the regulatory positioning of the complete product in Europe
will be reported.

4.1 Couplinglight with microneedles

4.1.1 Clinical issues : background and purpose

The final goal of this thesis is to design an all-in-one device, composed on the one hand of
dissolving microneedles that can perforate the stratum corneum and ensure the release of the
5-ALA in sufficient quantity; and on the other hand of an integrated light system. Indeed,
the design and the preliminary tests of the microneedles were shown in chapters 2 and 3 and
demonstrated that the release of 5-ALA was efficient in a short time. Nevertheless, to perform a
PDT treatment, light is absolutely necessary and now, we would like to propose a full device
that can allow a one-step PDT treatment.

As a reminder, the second step of a conventional PDT treatment is to irradiate the area
with light at &~ 635nm to activate the PpIX produced by 5-ALA metabolization during the
heme synthesis. Typically, this step is performed after a long incubation time of 5-ALA (3h)
and requires the use of a high dose of light (37 ] cm~2) to ensure good light diffusion through
the different skin layers [177]. This treatment is generally tolerated but discomfort or pain is
common during conventional PDT and in particular during light irradiation [115].

Ten years ago, there was no obvious evidence that pain was associated with light source,
fluence rate, or light dose . Nevertheless, in 2008, pain started to be correlated to another
parameter that was the PpIX fluorescence amount in the treatment area and the first idea was to
reduce the fluence rate from 68 mW cm~2 to 34 mW cm~2, which consequently decreased pain
score from 8 to 6 [203]. Reducing the fluence rate resulted in prolonging the illumination, then
the PpIX accumulated in the cells was not fully activated in a short time period and created a
lower pain response due to lower inflammatory process and lower nerve endings stimulation
[203]. Similarly, in 2011 Apalla et al. showed that the complete response rate was not depending
on fluence rate but the pain felt by patients was less important when the fluence rate was set
between 25-50 mW cm™~? instead of 75 mW cm ™2 . These studies showed that the pain felt
during PDT is due to the important amount of PpIX accumulated in the cells during light
activation. To overcome this problem, the first idea was to reduce the fluence rate to avoid a
huge photochemical reaction in a short time period.

More recently in 2019, Vignion-Dewalle et al. compared the efficacy of 10 efficient protocols
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for PDT of AKs and showed that, even with a lower light dose (either 10 or 12]cm’2), the
three-month clearance rates were as good as those obtained with conventional PDT (~ 80%) and
the pain recorded was weaker [[190}[112]. On the other hand, in 2020, it has also been shown
that when the illumination was performed directly after prodrug application, the pain was lower
since PpIX did not have time to diffuse through surrounding tissues containing sensory nerves
[114]. Indeed, it is well known that when the illumination starts, the photons immediately
activate all the PpIX, initiating the photochemical reactions inducing a painful nerve reaction
due to the oxygen species that are known to cause mast cell degranulation leading to release
of inflammatory mediators that stimulate sensory nerve endings [8}|115]. Therefore, reducing
the accumulation of PpIX in the cells would reduce the level of oxygen species and allow a less
painful PDT treatment. This accumulation of PpIX encountered is due in particular to the long
incubation period required to allow prodrug diffusion in deep seated lesions. However, with the
MN-patch that we have developed, this long incubation time of 3 hours would not be necessary
and it would be appreciated to directly activate the PpIX produced.

On the other hand, to improve patient compliance, daylight PDT has started to be often used
over the last decade and has been highlighted as painless. Indeed, exposure to natural daylight
starts within 30 min after MAL application which is just after initial synthesis of PpIX and avoid
diffusion of PpIX to deep tissues containing sensory nerves [[117}201].

Always with the idea to reduce pain, fractioned light approach has been investigated. This
protocol consists of cycles of light irradiations and darkness and is known to increase the efficacy
of PDT by allowing skin re-oxygenation during the dark phases [[191]). In addition, a fractionation
protocol (1 min of light, 2 min of darkness) has been shown to be superior in terms of tolerance
and as effective as the conventional protocol [[189]]. In this study [[189], the delivered dose
was equal to 37] cm~2 in order to be compared with the conventional protocol, but it would
be possible to also work with a lower light dose since it has been recently demonstrated that
12] cm~2 was as efficient as a light dose of 37 J cm~2 for AK treatment [112].

Therefore, the second objective of this project is to couple a light source to the microneedles
array that would allow an efficient PDT treatment while limiting pain. For that reason, the
illumination would start instantaneously to avoid PpIX accumulation. Moreover, the light dose
should be drastically reduced to ~ 12Jcm 2 since this dose has proven good efficiency and a
lower pain sensation [[190,/112]. A fractioned light approach may also be considered to improve
patient compliance without impairing efficacy. Besides, the microneedles should conduct light
into deeper areas of the skin, thus limiting the diffusion or absorption of light by the tissues of
the superficial layers of the skin, which may also allow to reduce slightly the irradiance. In order
to use the microneedles as a wave-guide, a transparent polymer is preferred and HA fulfil this
criterion. Since the HA based MNs are shaped like the tip of a pencil, the tip facilitates insertion
and the cylindrical base ensures a mechanical hold. Indeed, it is expected in vivo on human skin
that the tip of the MNs will dissolve first and the cylindrical base would take longer to dissolve
because it is more voluminous and made of more polymer. This cylindrical base would then be
able to ensure the transmission of light into the deeper layers of the skin. Therefore, the use of
other wavelength than the red one at 635 nm would also be considered’.

In the future, this system will allow to develop an all-in-one device for PDT treatment which
will be less painful, easy to use, portable, with a rapid processing in one single step. In the longer
term, such a device should allow a simplification of use (lower qualified personnel), reduce fear
of the needle for the patient, be faster and equally effective than conventional PDT.

IRed light is conventionally used because it can penetrate in the skin deeper than the green or blue one.
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4.1.2 Light choice
4.1.2.1 Basic illumination protocols

To better understand the light choice made for the proof of concept that we developed, a rapid
overview on the technologies previously used to allow good light diffusion through the skin is
presented hereinafter.

In Europe, panel of LEDs or daylight are considered as approved protocols for photodynamic
therapy for non melanoma skin cancers but many other protocols using irradiation by a variety
of lights sources such as lasers, filtered intense pulsed light or discharge lamps (gas) have been
also clinically efficient [[116}|115].

In the 2000’s, the rise around LED technology led researchers to use them as an incoherent
light source for PDT [77]]. Several LEDs were assembled as a panel and it was then articulated
with the help of an arm and positioned where the light treatment needs to operate (Figure [4.1).
Nowadays, the most used LED panel is the Aktilite® CL 128 that provides red light energy at
a peak wavelength of 630 nm which corresponds to activation’s peak for PpIX and the deepest
penetration in the skin to treat both superficial lesions (actinic keratosis) and deeper lesions
(basal cell carcinoma) [181]]. Nevertheless, with this technology the spatial distribution of the
light energy is not disclosed which is a problem to evaluate the delivered light dose [121]. In
addition, the light power is also not adjustable and to reduce the energy the only solution is
to move back the Aktilite® source. Therefore, it is not possible to illuminate a single area and
that makes the system oversized in case of localized lesions such as BCCs extending no more
that 9 square centimetres. Moreover, the system is not portable which forces the patient to stay
in the hospital for the duration of the treatment that is generally long considering the 3h drug
incubation period and the 10 painful minutes of light illumination [[190]. Otherwise, this light
system is not suitable for fractionation protocol whereas it is a solution known to reduce pain as
presented before.

Daylight PDT avoids the requirement for specific equipment and the treatment may be easily
operated at home with the only constraint of applying sunscreen in order to prevent sunburn.
Nevertheless, this treatment is difficult to justify considering that patients are suffering from
skin cancer principally due to their previous sun exposure. Moreover, daylight PDT is indicated
only for patients with grade I or II AKs. In addition, even if new applications such as smartphone
dosimeter [[106] to determine daylight irradiance has been developed, it stays often difficult to
precisely know the light dose delivered due to weather conditions [[117,{202].

LEDs panel or daylight PDT present several advantages but does not appear suitable for small
and localized lesions. Therefore, LEDs panel has been miniaturized (Figure [4.2) and developed
by Ambicare Health Ltd. This option, to wear a portable LED device, allows ambulatory PDT and
reduces the need for hospital attendance. Its efficacy has been validated in different studies and
in particular on superficial BCCs. The clearance rates were equivalent to those obtained with the
Aktilite® lamp [67}|190]. Nevertheless, this Ambulight® source delivers a low irradiance light,
about 5mW cm~2, which implies a long illumination time of 3 hours to deliver the required
75J cm~2 [34]. Therefore, the system is directly fixed on the patient during all this time and
usually causes thermal side effects [[147].

Moreover and still to satisfy ambulatory PDT, others innovative lighting sources were devel-
oped. It firstly started with the use of organic light-emitting diodes (OLEDs) that were proposed
as light-emitting bandages and were consequently flexible, with homogenous light distribution,
wearable and lightweight. This technology was tested in 2009 for Bowen’s disease or superficial
BCC on 12 patients by Attili et al. and was efficient with a potential for more convenient home
PDT but these results were not validated in larger studies [[12]]. Indeed, this method was later
abandoned, mainly because it provided relatively low power density (between 3 and 5 mW cm™2)
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[185]. To overcome this irradiance problem, quantum dot light-emitting diodes (QLEDs)
were recently developed. As OLEDs, they are still flexible, lightweight with uniform large
area illumination but they have for specificity to have a narrow emission spectrum and high
power density (10mW cm~2 — 25mW cm™~2) at clinically relevant deep red wavelengths
Nevertheless, to our knowledge this method has not yet been used in clinics and therefore this
option would not be considered for our integrated light device.

Figure 4.2 — Portable light emitting system Ambulight® used for PDT treatment.

4.1.2.2 Light emitting system chosen

According to the previous studies from the scientific literature and to the microneedles patch
developed, it was clear that a wearable light emitting system was necessary. The last Ambulight®
system is very close to the proof of concept that we want to realize except that it does not release
the 5-ALA and at least two operations are needed to provide a PDT treatment (5-ALA application
+ light irradiation with the Ambulight® device). As the idea was to couple the microneedles
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array with light, we were looking for a small LED panel with approximately the same dimensions
as the patch? (25x25mm?). In particular, the LED panel must allow a red lighting (at ~ 630nm),
not heat up, be powered with a small and light battery and be flexible. Therefore, Adafruit
Dotstar High Density 8 x 8 grid (figure left) has been chosen since it is characterized as the
tiniest LED grid made by Adafruit, with 64 full Red Green Blue (RGB) color pixels in a surface of
(25.4 x 25.4mm?). As it is a RGB pixels grid, the illumination is possible in red but also in green
or blue and PpIX has also excitation peaks in the blue and in the green (see figure[L.5)in chapter
1), so it would be possible to illuminate the lesions with one of these colours. Besides, this little
LEDs panel is monitored with a microcontroller which allow to set up light power, illumination
time and also light wavelength (It will be detailed in the following section[4.1.2.3). For example,
the LEDs might be set as red for 5 min, stopped for a few minutes to allow skin re-oxygenation,
then re-illuminate in green for another 5 min etc. All the combinations are possible and offer
a wide range of light treatment options. In addition, the Adafruit Dotstar is light and can be
easily wearable ; at the moment it is powered by a rechargeable Lithium-polymer battery (RS
PRO, 3.7V,1.8 Ah™!, 53.5x 35 x 10.4mm?3). However, as the light emitting system is composed
of several LEDs, it is expected that the system will heat up. Although, an increase in temperature
might be beneficial since it allows for example blood vessels vasodilation and consequently
better oxygenation, the skin temperature should not exceed 39 °C [113]. To avoid side effects
such as burning of the skin, we plan to carry out cycles of irradiations and darkness (previously
called fractional light irradiations) in order to cool down the Adafruit illumination device.

As mentioned in the previous paragraph, the lighting system we are developing should meet
several criteria that have already been tested and that have proven to be as efficient while being
better in terms of tolerability. In table [4.1} we have summarized the lighting set-up that we have
planned to realize according to advances made in the light area in recent years.

Adafruit Dotstar LED fulfil most of the criteria except the flexibility parameter but as the
work is still in progress we decided to continue with this light model. In the future, it would be
interesting to design a printed circuit board (PCB) with precise dimensions and for example with
a microLED in front of each microneedles since a PCB is generally flexible. Moreover, if further
studies with QLEDs are released and if they highlight good clinical outcomes with acceptable
tolerance, it would also be interesting to couple this lighting model with the MN-patch.

Figure 4.3 — Left: Light emitting system chosen: Adafruit Dotstar High Density 8 x 8 grid. Right:
Arduino microcontroller: Adafruit Trinket.

2The MN patch is flexible and can be cut to reduce its surface.
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Parameters What will be done with the | Tendency or what is recom-
Adafruit system chosen mended
Wavelength Red light (= 630nm) Red light allows PpIX excitation

and penetrates in the deepest skin
layers.

Fluence rate

~3.3mWcm—2

When the fluence rate decreases,
the treatment was less painful.

Fractionation 2 min of illumination and 1 min of | Fractioned light protocol increases
darkness the efficacy of PDT by allowing
skin re-oxygenation during dark-
ness and is better tolerated by pa-
tients.
Light dose ~12]Jcm™2 Doses around 12Jcm™2 demon-

strated good clinical results as the
conventional one of 37 cm™2.

Time of treatment

Reducing the incubation time is
controlled by the use of MNs. The
illumination time including the
darkness cycles will start directly
after MN-patch application and
last for 1h30.

The faster the treatment, the
higher the patient’s quality of life.

Temperature Temperature should be kept at a | Increasing the temperature may
maximum of 39 °C to avoid burn- | increase 5-ALA uptake in deeper
ing side-effects. skin layers, conversion to PpIX

and blood vessel vasodilatation.

Area 25 x 25mm? As BCC is a localized lesion, a lo-

calized illumination is required.

Flexibility The device is not flexible. A system that adapts to the shape

of the area to be treated allows to
deliver the same light dose over
the entire area.

Table 4.1 — Requirements specification for the light system developed in order to perform an
efficient and tolerable PDT treatment.

4.1.2.3 Microcontroller and Arduino software to monitor Adafruit LED panel

A microcontroller is an integrated circuit that brings together the essential elements of a com-
puter: processor, memories (read-only memory and random access memory), peripheral units
and Input/Output interfaces. Microcontrollers are characterized by a higher degree of inte-
gration, lower power consumption, lower operating speed and lower cost compared to the
general-purpose microprocessors used in personal computers. Compared to electronic systems
based on microprocessors and other separate components, microcontrollers make it possible to
reduce the size, power consumption and cost of products. Indeed, they are frequently used in
embedded systems, such as automotive engine controllers, remote controls, office appliances,
household appliances, toys, mobile phones etc. [[13}14].
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A microcontroller can be for example programmed with Arduino, to send information from
the computer code in C language to the Arduino microcontroller and finally to the specific
circuit in order to execute the loaded commands. Arduino is an open-source platform used for
constructing and programming of electronics. Its user friendly interface lead us to choose an
Arduino microcontroller: Adafruit Trinket - Mini Microcontroller - 5V Logic which is very small
(2 x 1cm?) and low cost (6.95$ per unit) (ﬁgure right).

The light system Adafruit Dotstar provides a library on its website that helps to code on
Arduino and our programmed code is displayed in appendix[A] on figure[AT} It was chosen to
work only with red light, so the command "uint32_tred_color = 0x00FF00" was uploaded and
launched in the setup with "strip.fill(red_color)". The light intensity was set with the following
command "strip.setBrightness(_d_BRIGHTNESS)". The brightness could go from 0 to 255 and
in our case it was set as "176". Several tests were performed with a power-meter to adjust the
received fluence rate at 176. The fractionation illumination time was uploaded in two loops:
"TIME ON" and "TIME OFF". Once the system will have done all the necessary cycles (30) and
after 1h30 the system will sleep down thanks to the third command "STOP".

Overall, this is an easy code, but as previously mentioned, other light combinations may be
possible by slightly changing the Arduino code and by including different breaks or colors.

4.1.2.4 Electronic circuit

To better understand how the lighting of the Adafruit Dotstar is generated, the electronic circuit
diagram of the assembly with the components representations is displayed in figure 4.4}
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Figure 4.4 — Electronic diagram including all the components to produce the illumination light
source.

To summarize, a rechargeable battery is associated to a booster regulator that can deliver a
voltage of 5V to power the microcontroller and the LED array as schematized by the red line
on figure Indeed, a booster, also called boost converter or step-up converter, is a direct
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current(DC)-to-DC power converter that steps up voltage from its input to its output which
allow us to use a 3.7V battery, which is smaller than a 5V battery (53.5 x 35.0 x 10.4mm3 vs.
90.0 x 63.0 x 12.5mm?3). This is a lithium-ion polymer battery (abbreviated as LiPo) chosen for
its weight feature (36.0 g) since the final device should be wearable and consequently light.
The LED Matrix is connected to the microcontroller via a serial peripheral interface which is
a synchronous serial communication interface specification commonly used for short-distance
communication in embedded systems. In this case, the connection is qualified as a "serial clock”
as explained in the Trinket microcontroller user guide (https://docs.rs-online.com/d3ce/
0900766b8153437f . pdf).

4.1.3 Assembling: 3D printing

Once the light system and all the electronics have been set up, it is now important to include it
in a small box to create an embedded system and to couple it to the microneedles patch.

First of all, a box was designed in which the electronic set up (battery, USB charger, booster,
microcontroller) was placed and organized (Figure[4.5). To elaborate this box, fused deposition
modelling that is a 3D printing technique was used and was based on the deposition of successive
layers of thermoplastic materials following their melting. The materials used was a copolymer
(Amphora™ AM3300, Eastman Chemical Company) with the 3D printing machine ULTIMAKER
2+. The conception of the box was realized with computer-aided design software Solidworks and
information were sent to the machine via the driving software ULTIMAKER CURA. A support,
on which the box can be hold was produced with the same method.

Secondly, a plastic sheath was used to run the electrical cables that power the Adafruit
Dotstar LED panel. The LED array was locked in a holder, also realized with the previous 3D
printing method.

The last step was to couple the LEDs with the MN patch. Therefore, a double sticky layer was
realized and added on top of the LEDs. It was composed of a modified PDMS with a Karstedt
catalyst that sticks on the LED and also on the MN patch as displayed on figure [4.6]

A schematic representation generated with Solidworks software is introduced in figure [4.7a}
and the real version including the MN patch is on figure

The embedded light device represented is re-usable after recharging the battery and disinfec-
tion with alcohol. It was essential since the printing time for all the elements was about 8 hours
and we wanted to design an eco-friendly device that would not go to waste a single use.

Acknowledgements This work has been realized with the support of Olivier Menard (FAB-
LAB, CEA Grenoble), Grégory Baert (OncoThal) and Pascal Deleporte (OncoThal).
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Battery LiPo
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Adafruit Dotstar LED

Microcontroller Trinket
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Adafruit Dotstar LED

Microcontroller Trinket

USB charger

Battery LiPo
(underneath the charger)
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Figure 4.5 — UP: Photo of the disorganized electronic circuit extending on the bench-top. Down:
Scheme of the electronic circuit included in the box, each component is well organized to avoid
crowding and photo of the realisation.

Figure 4.6 — Photo of the MN patch stuck to the LED array thanks to the double sticky layer
realized with modified PDMS.
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Sticky layer on top
of the LED array

LED holder

(a) Schematic representation of the embedded light device.

(b) Finished product including LED and MN patch.

Figure 4.7 — Comparison between expectation and reality.
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4.1.4 Characterizations

All the characterizations were performed with the hereinabove developed device .

4.1.4.1 Wavelength

To precisely determine the wavelength of our system, a spectrophotometer (STS VIS, S06330)
and its software (OceanView 2.0) were used and the results were displayed in figure [4.8]

The predominant wavelength of the Doststar LED panel was present at 631 nm whereas in
the technical details of the product it was expected to be between 620 and 625 nm. Nonetheless,
even if the double sticky layer or the MN-patch was added on top the Dotstar LED panel, there
was no shifting of the wavelength which confirmed that the PpIX would be correctly activated
for PDT session with our device. In the other hand, when the sticky layer (and the MN-patch)
was added a decrease in intensity is noticeable in figure[4.8|which indicated a decrease in power
that will be further explain in section [£.1.4.2}

6000 - —— | ED + layer + MN-patch [ 631 nm .
L ——LED + layer
LED

5000

4000

3000

Intensity (A.U)

2000

1000

500 I 600 . 700
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Figure 4.8 — Emission spectra in arbitrary unities (A.U) of the Dotstar LED panel (Blue), of the
Dotstar LED panel covered with the double sticky layer (Red) and the whole developed device
including MN-patch (Black). Green line represents the maximum obtained at 631 nm.

4.1.4.2 Power

As presented in the above table a final power of approximately 3.3mW cm~2 was required
in order to deliver the needed light dose. With this irradiance, the effective illumination should
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last for 60 min but with the fractionation chosen (2 min of light and1 min of darkness) the whole
system will be in place for 90 min.

Since a double sticky layer was placed on top of the Adafruit Dotstar LED, the initial power
of the Dotstar LEDs was set more intense than what wanted. Then the brightness was uploaded
as 176 in the Arduino code. Indeed, as presented in table [£.2) the double sticky layer added
to the LEDs tends to filter the light which was expected since it was composed of an opaque
modified PDMS. When the MNs were added to the whole system, the light power decreased again
and dropped to 2.91 mW cm~2. This power is lower than the one really needed (3.3 mW cm~2).
Nevertheless, as the patch was supposed to dissolve over the time the light power received might
become higher. To get an idea and according to the dissolution kinetics observed in vivo (see
chapter[3), we supposed that from 0 to 30 min the patch was one-quarter dissolved, from 30 min
to 60 min the patch was half dissolved and from 60 min to 90 min the patch was fully dissolved.
By extension of the previous light powers reported in table[4.2]and according to the equations
H we calculated the light powers from 0 to 30 min (Py_3¢i,), from 30 min to 60 min (P50_gomin)
and from 60 min to 90 min (Psy_gqsmi,). Then the power resultant were respectively equal to
3.01mW cm™2, 3.22mW cm~2 and 3.64 mW cm~2. Due to the fractionation, the total light dose
delivered was calculated with equationwhere tfs corresponds to the effective illumination
time in seconds (20min i.e 1200sec) and was equal to 11.82x 103 mJ cm?. Obviously, these
calculations are based on estimations like the dissolution kinetics that could change from one
person to another and therefore modify the delivered dose. Nevertheless, it gave us an order of
idea and highlighted that a dose of 12]J cm~2 could be easily delivered with our light system.

Dotstar LED (P) Dotstar LED + double | Dotstar LED + double sticky
sticky layer (P;) layer + MN-patch (P;)
5.74+0.0lmW cm ™2 3.64+0.02mW cm 2 2.81+0.12mWcm~2

Table 4.2 — Light power emitted by each element of the final embedded light device.

1 3
Po_30min = ke P+ ke P,

1 1 4.1
P3o_s0min = 5% P+ 5% P, (4.1)
Pso—90min = 1 X P
Dot = Po-30min ¥ teff + P30-60min X teff + Ps0-90min % teff (4.2)

4.1.4.3 Light distribution

To identify the light uniformity obtained with the developed device, photographies of the Dotstar
LEDs, then with the sticky layer and then plus the MN-patch were taken with a camera (Nikon,
D5000) and were displayed in figure Even without images’ treatment, it was clear that
the modified-PDMS sticky layer added tended to homogenize light diffusion (Figure [4.9]B)
compared to the figure[£.9]A only representing the Dotstar LED panel. In[£.9]C, it appeared that
the MN-patch also filtered light in some area but if a MN was in front of the LED there was a
light re-concentration in the needle itself. To better visualize these first observations, a method
based on computer tool was set up.

As it was noticeable on the photographies, a saturation of brightness was observed therefore
we chose a lower exposure time for avoiding saturation on photographies and better study the
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Figure 4.9 — Photographies of the Dotstar LED panel (A), of the Dotstar LED panel covered with
the double sticky layer (B) and the whole developed device including MN-patch (C).

light uniformity. The exposure times were equal to 1.5 ms for the Dotstar LED panel and 20 ms
for the Dotstar LED panel coupled with the sticky layer and with the MN-patch. Then a Matlab
code was developed by OncoThai engineers to treat the photographies and consisting in the
following steps :

* Uploading the photography (RGB, 1700 x 1700 pixels)

+ Splitting the channels in order to only keep the Red component (Green and Blue channels
did not emit signals)

+ Averaging the image by creating a "new" pixel unit that will have a length of 0.2 mm?3
which will remove artefacts, reduce the size of images and allow a faster image treatment.

+ Assigning to each "new" pixel its power value in mW cm ™2

* Plotting the profile

The results obtained are presented in figure[£.10] When the exposure time was reduced, the
previous observations were more noticeable. Indeed, we clearly saw on photographies that the
sticky layer filtered the Dostar light (4.10|B) and that the MN-patch re-concentrated the light
in the needle (4.10]C). It was even more evident with the 2D-charts, since the sticky layer light
profile (4.10]E) was lower in intensity than the the Dotstar light profile (4.10/C) and also more
smooth i.e with less strong intensity peaks. Moreover on figure[£.10/F a more intense profile with
well-defined intensities peaks were detectable compared to figure [4.10}E. Nonetheless, on figure
F, the z-axis corresponding to intensity was from 0 to 120 mW cm~2 and on figure D
z-axis was from 0 to 500 mW cm~2 which indicated that although MN-patch redistributed the
light in the needle, it was not enough to obtain intensities of order of the Dotstar LED panel. To
conclude, as long as the MNs will not be dissolved they could be used as wave-guide ton conduct
light in deeper skin layers as presented in section [£.1.2.1] We are aware that this is a preliminary
result and of course further studies should be conducted to study for example the light path
in the needle cylinder to confirm that MNs are indeed a good way to conduct light in deeper
skin layer. Solutions to improve depth of light penetration in tissue are a burgeoning research
area. Recently and to answer this issue, fiber-optic microneedles were developed. They were
designed to physically penetrate skin and were able to deliver light directly into the target area

3With the camera resolution the original pixel had a length of 0.0176 mm
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below the skin [91}|65[. Nonetheless, they were mostly developed in silica materials, known to
be not biocompatible. Therefore to replace silica materials, biocompatible (and biodegradable)
polymers have been attractive candidates. Indeed, they have good mechanicals and optical
properties and can be processed as implantable and resorbable light-guiding microneedles for
long-term light delivery [127} [23]. Polythylene glycol (PEG) [29]], polylactid-co-glycolic acid
(PLGA) [127]], polylactid acid (PLA) [127], agarose gel [70]], polyurethane (PU) [207] have already
been developed as micro-device to conduct light in deep layers of tissue and with our previous
results HA could soon be part of the polymers optical waveguides.

. |
.
.

Figure 4.10 — A, B and C: Photographies uploading in Matlab program respectively corresponding
to the Dotstar LED panel, plus the double sticky layer, plus the MN-patch. D, E, F: Intensity
profiles in mW cm~2 plotted with Matlab for the Dotstar LED panel, plus the double sticky layer,
plus the MN-patch.
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4.1.4.4 Temperature

It is well known that LEDs have tendency to heat up due to the Joule effect, therefore we decided
to check if the increase in temperature would be acceptable over the illumination time. We
firstly monitored the increase in temperature of the device itself and the results are displayed in
figure Due to the implementation of the fractionation protocol, which consisted of turning
off the LEDs every two minutes for one minute, the system temperature was lowered a little bit.
This decrease in temperature is represented by dark arrows on the graph and allow a decrease
of less than 1 °C. By modulating this fractionation (cut-off frequency and time off) it would be
possible to optimize the temperature reached. However, the temperature attained by the device
(~ 42°C) was satisfactory since the final goal was to heat the skin to enhance metabolization of
5-ALA to PpIX.
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Figure 4.11 — Evolution of the temperature of the light emitting device during all the illumination
procedure. Arrows represent the decrease in temperature when the device has the instruction to
stop the illumination.

Secondly, we monitored the skin temperature when the light device was in contact with
the forearm skin and the results are shown in figure [£.12] This experiment was performed on
three different individuals and it seemed that the curve reached a plateau after 60 min with a
mean temperature of 42.7 °C. In the scientific literature, it was recommanded not to exceed a
temperature of 39 °C [113|, nevertheless Wienert, Sick, and Miihlen in [204] showed that 43 °C
is a temperature tolerated by human skin, without blood fluid restriction. Similarly, Leach,
Peters, and Rossiter in [93] showed that exposition of 30 min with water at 45 °C had no effect.
The experience feedback of the human testers after the 90 min illumination, was described as
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a tolerated heat and no skin burn was observed. Therefore the temperature delivered by the
device is not a problem and could even be beneficial to improve metabolization of 5-ALA to
PpIX. However, if during clinical trials this temperature is considered as excessive or painful, it
would be possible to lower it slightly by modifying the fractionation illumination.
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Figure 4.12 — Evolution of the (healthy human) skin temperature during all the illumination pro-
cedure. The light emitting device was removed each 15 minutes to measure the skin temperature.
Results are presented as mean + standard deviation (n=3).
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To conclude, an Adafruit Dotstar LED matrix has been chosen due to its small size, wearable
feature, and its ability to illuminate in red at a precise wavelength of 631 nm which is known to
activate the PpIX. This light device was controlled with a microcontroller in which an Arduino
code was implemented. This code consists of activating the light for two minutes, then turned it
off for one minute in order to deliver a light dose of 12Jcm~2 in 1h30. This illumination protocol
enabled within reason to heat up which might increase 5-ALA metabolization to PpIX. The whole
system was successfully coupled with the MN patch by means of 3D printing technology. The
whole system is lightweight, easy to use with only an ON/OFF button, reusable and compact.

We are aware that only initial and essential characterizations were realized and in a near
future further experimentations should be performed in order to evaluate the light’s path in
the cylinder of the MN or even the MN dissolution rate on human, or again the increase in
temperature and impact on pain.

4.2 Regulation aspect

At the end of this PhD project, the device was well advanced and we already had strong
evidences that our "all-in-one" concept for PDT is promising. Keeping in mind its clinical use,
its industrialization and commercialization, it was necessary to precisely know the regulatory
status of the device. Indeed, it exists several products containing 5-ALA such as Alafast® or
Ameluz® but the first one is considered like a medical device class whereas the second one
belongs to the medication class. Therefore to identify the regulatory positioning of our complete
product (consisting of MN-patch containing 5-ALA and light device) in Europe, we worked with
Voisin Consuting company that is accustomed to support life science companies and engages in
communication with regulators.

This work provided information on the regulatory status and classification of the product
allowing to know unambiguously the regulatory path to be followed, prior to the submission
of the clinical evaluation protocol to the CPP (Committee for the Protection of Persons) and
the ANSM (National Agency for the Safety of Medicines and Health Products). To study the
regulatory positioning, the proof of concept was divided in two parts : the MN-patch and that is
of single use and the light device that is reusable after disinfection. The regulatory classification

of each will be studied in sections [4£.2.0.1land [£.2.0.21

4.2.0.1 Classification of the MN-patch

The MN-patch contains two key elements that are the HA polymer allowing to process a
microneedle form and the prodrug 5-ALA. It appeared that the principal mode of action of the
MN-patch is pharmacological since it principally relies on the metabolization of 5-ALA in PpIX
and its activation leading to the destruction of tumor cells. As for the microneedles, they are
only an ancillary support to administer the active substance. As soon as the product has either a
immunological or metabolic or pharmacological mode of action, the product is considered as a
medication class that is why the MN-patch is classified as a medication. Therefore the MN-patch
would require a marketing authorization and an opinion issued by a notified body. A notified
body such as AFNOR or BSI might be asked for their opinion but the certification process is
often long (> 6 months) and expensive (42-84 k€). Only a start-up or a pharmaceutical company
might go for it by keeping in mind a future commercialization protected by a patent.
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4.2.0.2 Classification of the light device

The main mode of action of the light product is the emission of light at the excitation wavelength
of the PpIX. Therefore our light device should be considered as a medical device class IIa and
requires a CE marking that could be delivered in 6 months.

In order to understand what kind of product was developed during this 3 years of PhD
project and what the future has in store for it, a regulatory positioning was led and concluded
that the MN-patch and the light device are respectively a medication and a medical device of
class II a. At the time of the thesis is written only the French patent was deposit and waiting for
the granting. The economic issue of our complete product is therefore restricted as soon as the
patent will be limited to France.

Conclusion

* Different parameters such as the interval between drug application and illumination
or light dose or fractionation are clinical issues known to reduce pain during PDT
and will be considered for the design of our light device.

» Different light sources have been used for PDT purpose and LED appeared as a
good choice for our application since they are wearable and not expensive.

* A microcontroller runs with a Arduino code allows to set up a precise illumination
(fractionation, power controlled) for the LEDs chosen.

* All the electronics elements were organized in a small, wearable and easy to use
box to produce an embedded light source.

* The embedded light source was further coupled to the MN-patch with the use of a
home-made double sticky layer.

* Preliminary characterisations highlighted that the device we developed could be
used in PDT since it delivered wavelength and power suitable.

* Due to the promising results of our proof of concept, we studied its regulatory status
and it was concluded that the MN-patch and the light device were respectively of
medication class and medical device Ila class.
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CONCLUSION

The main purpose of this thesis work was to provide a new technology to enable the treatment
of deep skin lesions with PDT. The principal objective was to propose a process that could
enhance the prodrug penetration in deep skin layers. The second objective was to elaborate a
light device that could deliver a lower dose of light than currently used and be coupled to the
prodrug delivery system to generate an innovative all-in-one PDT concept.

An overview on the different chemical or physical methods to improve prodrug penetration
before PDT treatment led us to choose microneedles (MNs) as a technology to answer the lack
of prodrug penetration. Indeed, MNs have been already used as their solid forms in clinics
and consisted in perforating the skin prior to the prodrug cream application to allow a better
diffusion through the microchannels. Some difficulties were highlighted in clinics such as the
fast closing of the microholes or infection risks. Therefore, we chose to develop dissolving MNs
containing 5-ALA that could puncture the skin, maintain skin holes open and release the prodrug
in depth during their dissolution. The constituent material of the MN-patch was the hyaluronic
acid (HA) that is a polymer known for its water solubility, biocompatibility and biodegradability.
MNs were designed according to the clinical indications, hence we manufactured two different
needle lengths: 400 pm or 750 um in order to reach lesions such as nodular BCCs that could
extend to the deep epidermis. A “pencil-tip” design was defined to ensure a good mechanical
strength due to the cylinder base and a good skin insertion due to the sharp tip. The MN length
did not exceed 900 um in order to be painless. The MN-patch has been elaborated by a soft
process that does not require high temperature, organic solvents or noxious excipients that
could be non-biocompatible, dangerous which make the prodrug unstable. Therefore, a solvent
casting molding method was set up and consisted only on mixing HA with 5-ALA in water.
Two different 5-ALA concentrations of 10 % and 33 % (w/w) were prepared for biological and
chemical investigations and 5-ALA was stable in the MN-patch over 5 months.

Ex vivo tests on rat skin highlighted that the MNs had sufficient mechanical properties to
pierce and penetrate the skin. Indeed, we also reported that the MNs did not bend or break at
forces equal to the insertion force. The MN-patch was applied for different durations on the ex
vivo rat skin and we observed that MNs were dissolved within 45 minutes of application. As the
MN-patch dissolved, it could release 5-ALA and we therefore measured the delivered quantity
and penetration depth of the 5-ALA in ex vivo rat skin. An experiment using cell Franz apparatus
showed that 5-ALA reached deep skin layers since its presence was evidenced up to 1500 pm
which means that after MN dissolution (MN length: 750 um) 5-ALA also diffused through skin
layers. The whole 5-ALA delivery in all the different skin layers could range from 35 % to 82 %.
The difference in prodrug release might be explained by the fluctuations of dissolution that
depend inter alia on the hydration of the ex vivo skin. Once, we confirmed that 5-ALA could be
released with satisfactory quantities in the skin, the second major objective was to confirm if
5-ALA was always bioavailable to metabolize to PpIX to further initiate a PDT treatment.

In vivo experiments were implemented in order to check the production of PpIX. As PpIX is
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preferentially accumulated in tumour cells, we decided to work on skin lesion to better study
the presence of the photosensitizer. Nonetheless, skin lesions model only existed on mice and
were not realistic. To assess the relevance of MNs, and especially to highlight their ability to
perforate the SC, the rat skin which is known to be more representative of the human skin
than the mice one was chosen in this study. Forty UV-B illuminations at 130 mJ cm~2 allowed
to induce precancerous skin lesions that were validated by histology and pharmacokinetics
studies. After one hour application on the rat skin lesions, the patch fully dissolved, released
5-ALA that further metabolized to PpIX. Indeed, a significant amount of PpIX fluorescence level
was recorded which indicated that a PDT session would be possible with our developed 5-ALA
loaded MN-patches.

The results obtained were encouraging and we decided to go further by coupling a small
and wearable light device to the MN-patch in order to propose an all-in-one PDT concept.
Indeed, pain during conventional PDT treatment was reported while the light illumination step
was performed. Several parameters such as the long interval between drug application and
illumination, or the light dose (75] cm~2 in 10 min) are at the origin of pain because they create
a huge photochemical reaction that stimulate sensory nerve endings. Therefore, we developed
a light device composed of a panel of LEDs that could avoid these problems. First of all, we
decided to control this light device with a code in which we implemented all the characteristics.
The light wavelength was chosen in the red, at the peak of PpIX excitation, at 631 nm which
also allow a deep light penetration in the skin. The light dose of 12] cm™2 is delivered in one
hour and half according to a fractionation model consisting in 2 min of illumination and 1 min
of darkness to ensure the skin re-oxygenation. A temperature increase of the light device up to
42 °C was observed. Nevertheless when applied on human, after 1h30 the skin temperature did
not exceed 42.7 °C due to heat transfer. An increase of temperature was also desired in order to
enhance the metabolization of 5-ALA to PpIX. The device was well advanced and we already
had strong evidences that our all-in-one concept for PDT was promising and we studied its
regulatory status. It was concluded that the MN-patch and the light device were respectively of
medication class and medical device Ila class.

To conclude, we managed to integrate 5-ALA in dissolving microneedles which allow to
deliver in deep skin layers the prodrug conventionally used for PDT. It offers a new way
for treatment of non melanoma skin cancers such as nodular BCC. This technology is also
innovative due its coupling with a light device. This proof of concept was elaborated to treat
non melanoma skin cancer but would be also useful for photorejuvenation or acne treatment
with PDT as hyaluronic acid is commonly used for cosmetic purpose. Besides, this thesis opens
up many other horizons since it is possible to integrate another drug or replace 5-ALA by
another active molecule (for example imiquimod) as soon as the drug stay stable and MN keep
strong mechanical properties. These modifications are conceivable but would require new
physico-chemical characterizations before in vivo testing.
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Appendix

Arduino code

Figure A.1 — C program on Arduino platform to control the system driving the Trinket micro-
controller and the Adafruit LED array. For better understanding, comments were added after
the double slash (//).
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Appendix

Demonstrator

In order to present easily this technology to potential companies, a demonstrator including
a video and a quick manipulation of the device will take place in the CEA Hauts de France
showroom as displayed in figure[B.1] This demonstrator has been set up with the help of Axone
Design and the script of the video motion is displayed in the following page.

° Q)
MICRO-AIGUILLES

Figure B.1 — Demonstrator design on three panels.
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Di1SSOLVING MICRONEEDLES FOR AN OPTIMAL TRANSDERMAL DELIVERY OF AN ACTIVE PRINCIPLE USED IN PHOTO-
DYNAMIC THERAPY: DEVELOPMENT AND PROOF OF CONCEPT.

Abstract

Non-melanoma skin cancers are on the rise with 2 to 3 million people diagnosed each year and are
sometimes treated by local ablation therapy. To avoid this surgery, photodynamic therapy (PDT) appears
as an advantageous treatment. Currently used in clinics, PDT consists of applying a cream containing a
photosensitive precursor to the damaged skin, which, then metabolizes and under light excitation induces
cell death. However, this technique is not fully effective if the skin lesion extends into the deep skin layers.
To improve the therapeutic treatment of this type of skin cancer, a patch with dissolving microneedles
(MNs) was develop to reach the deep layers of lesions that are difficult to treat. Hyaluronic acid, known for
its biocompatibility, solubility and biodegradability, was chosen as the constituent material, and mixed with
the 5-aminolevulinic acid (photosensitive precursor, 5-ALA). To ensure the best penetration without causing
pain by touching the nerve endings, an optimal “pencil-tip” design was defined with MNs length going
from 400 to 750 pm. A simple and robust manufacturing process called solvent casting molding method,
has been set up which is an asset for potential industrialization. In absence of realistic skin lesions model,
we chose to establish one on rats skin by applying daily UV-B doses. Histology and pharmacokinetic studies
validated the presence of precancerous skin lesions and the MN-patch in vivo efficiency was therefore
tested. After one hour application on the injured rat skin, the MN-patch dissolved and released the 5-ALA
that further metabolized to protoporphyrin IX (PpIX). A significant level of PpIX fluorescence was recorded
suggesting that after light excitation, a PDT session could be effective. In parallel, to reduce pain felt during
PDT treatment, a light device with suitable optical and thermal properties was conceived and coupled to
the MN-patch. The idea would be to start the illumination directly after MN-patch application in order to
avoid a painful photochemical reaction. This wearable and easy to use system purpose a all-in-one PDT
processing which fulfills the criterion of patient compliance, better efficiency and speed of treatment.

Keywords: photodynamic therapy, dissolving microneedles, 5-aminolevulinic acid, transdermal drug
delivery, skin cancer, hyaluronic acid

MICROAIGUILLES SOLUBLES POUR LA DELIVRANCE TRANSDERMIQUE OPTIMALE D’UN PRINCIPE ACTIF UTILISE EN
THERAPIE PHOTODYNAMIQUE : MISE AU POINT ET PREUVE DE CONCEPT.

Résumé

Les cancers de la peau de type non mélanome constituent un enjeu sanitaire majeur : I'OMS en dénombre 2
a 3 millions par an. Pour les traiter, il faut parfois recourir a une résection chirurgicale localisée. Pour éviter
ce geste, la thérapie photodynamique (PDT) est un traitement alternatif intéressant. Actuellement utilisée
en clinique, la PDT consiste a appliquer sur la peau lésée une créme contenant un précurseur photosensible
qui aprés métabolisation et sous excitation lumineuse induit la mort cellulaire. Néanmoins, cette technique
atteint ses limites thérapeutiques lorsque la créme ne pénétre pas dans les couches 1ésées et profondes de la
peau. Pour améliorer la délivrance de la PDT, un patch de microaiguilles (MAs) soluble dont la longueur
des MAs peut étre comprise entre 400 a 750 pm a été développé permettant ainsi d’atteindre l'interface
épiderme/derme sans induire de douleur. L'acide hyaluronique, polymeére connu pour sa biocompatibilité,
solubilité et biodégradabilité, a été choisi comme matériau constitutif du patch et a été mélangé avec l'acide
aminolévunique (précurseur photosensible, 5-ALA). Un procédé de fabrication simple et robuste dit de
moulage a été mis en place dans une perspective de potentielle industrialisation. Du fait de I'absence d’un
modeéle réaliste de 1ésions cutanées, nous avons choisi d’en développer un sur des rats en leur appliquant des
doses d’UV-B quotidiennes. Ce modele a été validé par des études d’histologie et de pharmacocinétique et a
permis de tester l'efficacité du patch in vivo. Lorsque le patch a été appliqué sur les 1ésions précancéreuses,
il s’est dissous en 1 heure, a libéré le 5-ALA qui s’est ensuite métabolisé en protoporphyrin IX (PpIX). Un
taux significatif de fluorescence da a la PpIX a été recueilli et montre qu’aprés excitation lumineuse, un
traitement PDT pourrait étre efficace. Aussi, afin de réduire la douleur ressentie pendant une session PDT,
I'illumination commencerait juste apres l'application du patch pour éviter I'accumulation de PpIX et a
fortiori une réaction photochimique douloureuse. De ce fait, un systéme lumineux dont nous avons controlé
les propriétés optiques, thermiques et temporelles a été couplé au patch de MAs. Ce systeme portatif et
simple d’utilisation pourrait proposer un traitement PDT tout-en-un qui répond aux critéres de rapidité,
d’efficacité de traitement et de confort du patient.

Mots clés : thérapie photodynamique, microaiguilles solubles, acide 5-aminolévulinique, délivrance trans-
dermique, cancer de la peau, acide hyaluronique
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