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Retinal (retinaldehyde) is one of natural vitamin A metabolites. It is widely used in clinical dermatology such as acne, acne scar, photoaging, wrinkles,
psoriasis, skin neoplasia and seborrheic dermatitis. Retinal is a pivotal key to regulate keratinocyte proliferation and differentiation in the epidermis resulting in epidermal
thickening and inhibit collagen destruction in the dermis. However, topical application of retinal is still irritative to the skin and chemically and photochemically
unstable. Topically applied retinal can induce a retinoid dermatitis. This inflammation is induced by an overload of non-physiological amounts of exogenous retinoic
acid in the skin. The adverse effects and physicochemical stability of retinal limit its topical therapeutic effects in long-term treatment. To eliminate this dose-related
side effect and the instability of the chemical, the developingment of topical nanoparticulate controlled-release drug delivery system as proretinal nanoparticles (PRN)
which releases retinal continuously to prevent an excessive amount of retinal on the skin immediately after application has been proposed. The aims of this study were
to investigate the safety, efficacy and biological activities of topical application of proretinal nanoparticles in term of follicular and intercellular penetration as the major

pathways of topical nanoparticles in skin and to assess the possibility of the intradermal derlivery og PRN-loaded microneedle by non-invasive imaging techniques.

In this study, proretinal nanoparticles had barely cytotoxic and apoptotic effects comparing with conventional retinal on exposure HaCaT cells,
spontaneous immortalized keratinocytes, for 24 h. The biological activity of retinoid in PRN in HaCaT cells was investigated after 24 h exposure to PRN. CRABP-2,
transporting protein for members of the vitamin A family to the cellular nucleus, was inducible and higher when compared with conventional at the same concentration
of retinoids. To evaluate the safety and efficat aspects of PRN in vivo, daily topical application of PRN to rats for 28 consecutive days produced neither irritation nor
inflammation but significantly increased of epidermal proliferation, epidermal thickness, CRABP-2 expression, and up-regulation of various differentiation markers of
epidermis including keratin (K) 5, K10, K14, CRABP-2 ,and PCNA except IL-6, proinflammatory cytokine compared with topical applicaton of conventional retinal solution.
Through the use of confocal laser scanning microscopy, we observed the in vivo follicular penetration of PRN with the depth of penetration independent of post-
application time. As nanoparticles preferably penetrating the hair follicles, the follicular penetration depths of PRN at different time points were investigated further in
ex vivo porcine skin. The release capacity of the nanoparticulate system was studied using fluorescein as a model drug. Additionally, the concentration of retinal in the
stratum corneum and in the hair follicles was quantified after application in particulate and non-particulate form. The results showed that the nanocarriers reached the
infundibular area of the hair follicles, irrespective of the incubation time. The nanoparticles were able to release their model drug within the hair follicle. The retinal
concentration delivered to the stratum corneum and the hair follicles was significantly higher when retinal was applied in the particulate form. To assist the intradermal
delivery of PRN for the dermal therapeutic aspect, the use of two combinations transdermal drug delivery strategies were developed as PRN and microneedle and then
investigated by non-invasive imaging techniques as dermoscopy, optical coherence tomography and multiphoton microscopy. The localization and skin deposition of

PRN localization in dermis has been studied and visualized successfully over the time following the application.

The present study showed that topical application proretinal nanoparticles are safe, non-irritative, successfully penetrate into hair follicles and possess
retinoid biological activities to skin as the ability to induct and regulate epidermal proliferation and differentiation. Finally, it could be beneficial in some retinoid-
responsive skin conditions in the future. Although further investigations are necessary to clarify the required doses and dose intervals in clinical settings, the suggested

system may help to overcome the main problems of topical retinoid therapy, which are skin irritation, chemical ,and photochemical instability and low biocavailability.
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Introduction

1.1 Importance and Rationale

Retinoids are a group of compounds that include both natural and synthetic
derivatives of vitamin A. Vitamin A is one of the fat-soluble vitamins. Retinoids are
essential factors in physiological growth, visual function, differentiation in the
epithelium, and reproduction [1]. Retinoids are pivotal regulators of differentiation and
growth of skin [2]. Retinoids can be classified into three different generations according
to the presence of aromatic functionality in their structure : i) retinol, retinal, tretinoin
(atRA), isotretinoin (13-cis-retinoic acid; 13-cis-RA), and alitretinoin (9-cis-retinoic acid;
9-cis-RA); ii) etretinate and its metabolite acitretin; and iii) tazarotene, bexarotene, and
adapalene [3]. In clinical dermatology, bioactive materials that can promote the
proliferation and differentiation of epidermal cells are beneficial for treatment,
retinoids are wildly used both systemic and topical forms. Especially, the main effect
of retinoids on the skin is to enhance epidermal proliferation and keratinocyte
differentiation. Skin diseases that are responsive to retinoids include psoriasis and
related disorders, congenital disorders of keratinization, acne, skin cancer, and disorder
of pigmentation, seborrhea, rosacea, acneiform dermatoses and photoaging [4].
However, systemic administration of retinoids is frequently associated and reported
with various organs side effects, thus limiting their uses in long term therapy. The
adverse effects of systemic overdose of vitamin A can be minimalized by using topical

therapeutic retinoid preparations.

Retinal is one of the natural precursors of retinoids. It is biologically active when
topically applied, but is still irritative to human skin [5]. Therefore, in view of toxicities
and side effects, treatment with retinoids needs an appropriate and careful selection
of patients, consideration of the benefit to risk ratio for each individual patients and
route of administration selection and monitoring of clinical response and laboratory
tests [6]. Unfortunately, retinal is highly unstable, the compounds can be easily
autooxidized and photooxidized [7, 8]. Both ultraviolet B (UVB) and ultraviolet A (UVA)

can reduce the content of retinoids in the epidermis [9].



Drug delivery strategies in pharmaceutical researches aim to develop the
potential in optimizing the efficacy of the drugs by either modulating their
physiocochemical properties or minimizing the undesirable side effects associated with
them [10]. However, efficient topical delivery of vitamin A is difficult since it is
extremely labile. Nowadays, there are many dosages forms available for topical drug
delivery, e.g., conventional systems (powder, cream, lotion, ointment, emulsion, gel,
and aerosol/foam), vesicular systems (liposomes, micelles), particulate systems (solid
lipid micro/nanoparticles) and special delivery forms such as hydrogel, patch, films,
rapid-dissolving tablet and etc. Various polymers including non- and biodegradable,
synthetic and natural, are used in the preparations of those delivery systems [11].
Existing delivery systems for most topical drugs are still based on conventional
systems. Skin-targeted drug delivery still remains challenging in spite of the fact that

skin is an approachable surface area for potential drug absorption [12].

Through the previous co-study between the Faculty of Veterinary Science and
the Faculty of Science, a form of retinal delivery system has been developed. The
system is based on the reversible linkage between the retinal molecule and chitosan
polymer and the assembling of the retinal-grafted chitosan polymer in nanoparticle
form. The preliminary study shows promising physicochemical properties and stabilities
of the material [13], therefore, this work drives into the safety evaluation and the
establishment of transdermal delivery routes, and also biological activities together

with intracellular and cellular targets of these proretinal nanoparticles (PRN).

Till now, there are few studies on potential of nanoparticles for the delivery of
vitamin A derivatives and performing in vitro, in vivo and ex vivo levels. Additionally,
porcine ear skin and rodent skin used as a (trans)dermal drug model studies are also
interesting. In our in vitro study, HaCaT cells were used instead of other primary
keratinocytes. This is because HaCaT cells can be maintained in a defined retinoid-free
cultured system. It has been shown to provide reproducible results and possess the
same full epidermal differentiation capacity as normal keratocytes. The advantages of

rodents are their small size, uncomplicated handling and relatively low cost [14] and



are well-suited for human skin studies and initial screening for toxicopathological
testing. Also, porcine skin is anatomically comparative to human skin which is indicated

as an appropriate model for human skin in topical application study [15].

The aim of this study is to assess the potential use of topical proretinal
nanoparticles. The in vivo, in vitro and ex vivo approaches including gross and
histopathology, immunohistochemistry, advanced imaging techniques, and tape
stripping in combination with spectroscopic measurements for the quantitative
determination of applied substances and corneocytes were used to investigate the

cellular and intracellular targets, efficacy and the safety profiles of the prepared PRN.

The main direct achievement of the studies was the establishment of a set of
molecular and imaging tools for the in vitro, in vivo and ex vivo assessments of
epidermal proliferation and differentiation or topical application. The work provides in-
depth information on the suitability of the PRN for the topical induction of epidermal
proliferation and thickening together with information on toxic side effects through the
use of an in vitro HaCaT keratinocyte, an in vivo animal model and ex vivo porcine
skin. Information obtained from their work is essential for the development of this
retinoid delivery system for the use in clinical dermatology. The work could be a model
for other extreme labile substances such as easily degraded vitamins or other active

drugs.



1.2 Literature reviews
Retinoids and mechanism

“Retinoids’” is the term introduced in 1976 by Sporn M.B. et al. This term
includes both the naturally forms of vitamin A and the many synthetic derivatives of
retinol, with or without biological activities. They are lipophilic molecules and easily
penetrate the epidermis. For genomic actions, retinoids exert their molecular effects
through nuclear receptors which are retinoic acid receptor (RAR) and retinoid X
receptor (RXR). The expression of the retinoid nuclear receptors is found that it is
tissue-specific and RARY is the predominant type of RAR mainly expressed in human
epidermis [4]. The mechanism of action of topical retinoid in skin occurs when retinoid
molecules enter the cellular membrane via non-receptor mediated endocytosis [17].
They are transported to nucleus by cellular retinoic acid-binding protein (CRABP) or
cellular retinol-binding proteins (CRBP) and bound to RAR and bind to retinoic acid
response elements (RARE) in DNA and modulate transcription of specific genes.
Nowadays, there are two recognized types, CRABP-1 and CRABP-2. The latter is shown
to express principally in epidermis [18] and control the biocavailability of retinoic acid
[19]. Their active forms can influence the expression genes involved in cellular
differentiation and proliferation. For non-genomic actions of retinoids, these actions
include ultraviolet (UV) adsorption, antimicrobial, antimicrobial, anti-oxidant, and
pigmentation activities. The genomic effects of topical retinoids are inducing many of
the biologic effects involved in skin aging for example the decreasing the activation of
matrix metalloproteinase and oxidative stress, epidermal hyperplasia, epidermal
differentiation modulation. These benefits and advantages made many of the vitamin

A derivatives topical anti-aging cosmeceutics.



Table 1 Classification of retinoid compounds (20

Generation Members
First (non-aromatic retinoids) Retinol (all-trans-retinol,Vitamin A)
Retinaldehyde

Tretinoin (all-trans retinoic acid)

Isotretinoin (13-cis retinoic acid)

Second (mono-aromatic retinoids) Etretinate

Acitretin

Third (polyOaromatic retinoids) Adapalene
Tazarotene

Bexarotene

Retinal (Retinaldehyde; RAL)

Retinal and retinoic acids (RA) are important metabolites of retinol. They are
unsaturated isoprenoids which are vital for growth and development, differentiation of
epithelial tissues, and reproduction. Topical retinoids have been used as therapeutic
agents in many dermatological conditions for nearly 4 decades. Additionally they are
well recognized as the gold standard for both the prevention and treatment of
photoaging [21]. Retinoic acid and many of the synthetic retinoids are used as
prescribed preparation only for therapeutic and medical purposes, while other
retinoids for example retinaldehyde, retinol and retinyl esters are considered as
cosmeceuticals. This is because of their controlled conversion to retinoic acid or their

metabolism (direct receptor-independent biologic action) [22].

Retinal (Retinaldehyde;RAL) is a natural metabolites of retinol. It has been
proposed for topical use in human. RAL does not bind to retinoid nuclear receptors
[23]. Its biological activities for topical use result from enzymatic transformation by
epidermal keratinocyte into ligands for these receptors, such as at-RA and 9-cis-RA [24].
Saurat et al. studied biological effects and tolerance of topical RAL on human skin in

1994 and indicated that 0.05-0.1% topical RAL for 1-3 months has a biologic activity



through the induction of CRABP-2 mRNA and protein and morphologic observations as
an increasing of epidermal thickness and alteration in expression of differentiation
marker such as K5-6, K14, involucrin, filaggrin and Ki67 immunoreactivity in epidermis.
They also studies the tolerance of this topical RAL on human skin in various
dermatological conditions and found that more than 20% of patients still had the signs
of irritation which were burning, erythema, edema and scaling when they applied 0.1-
1% topical RAL while 0.05% topical RAL group induced the irritation only 7% of
patients. From this study, they suggested to improve the delivery of RAL which may
increase the tolerance of high concentrations. There were many studies that
confirmed and extended the biologic activity of retinoids on skin in mouse models at
the molecular levels. Didierjean et al. in 1996 conclude that RAL does not bind to
retinoid nuclear receptor, its retinoid biologic activity should result from its enzymatic
transformation in to all-trans retinoic acid (at-RA) by epidermal keratinocytes and
murine skin in vivo also transforms RAL into at-RA. This indicates that RAL can be used
topically as a precursor for at-RA, the ligand for retinoic acid receptors which is likely
to account for the retinoid biologic effects observed which were the induction of
orthokeratosis, loricrin, filaggrin, epidermal thickness, cell proliferation and keratin 50-

kDa and the suppression of keratin 65-kDa and 70-kDa.

Mechanism of side effect and irritation

Among retinoic acid receptors (RARs) Q, [3 and Y, RARY is an important
regulator of retinoic acid efficacy in skin because of its abundant expression in
epidermis. The researchers found the correlation between the efficacy and irritation of
retinoid in in vivo models and RARY mediated transcription activation [27]. The irritation
mechanism may be explained by an overload of non-physiological amounts of
exogenous retinoic acid in the skin. The pharmacological application of retinal may
avoid an overload of RA and less the RA-induced irritation because the conversion of
the precursors RAL into RA is controlled by rate-limiting enzymatic steps within the
cells [28]. All topical retinoid preparations may induce erythema, exfoliation, dryness,

desquamation of skin, pruritus, burning, scaling and even alopecia at the site of



application. Light sensitivity and sunburn may be from the epidermal rarefaction.
Systemic administration of retinoids is highly associated with teratogenicity especially
early in pregnancy. Fetal deformities by retinoid administration side effects include
central nervous system malformation, craniofacial dysmorphisms and heart defects
[29].

The ranking order of retinoid-like activity following topical application is as
follows: retinoic acid, retinaldehyde, retinol and finally retinyl esters. On other sides, it
can be explained and correlated with the metabolic pathway as the closer to retinoic
acid, the higher retinoid-like activity they have. The enzymes catalyzed conversion
and the metabolic pathway are retinyl esters are turned to retinol, then retinal and
finally to retinoic acid. But for the tolerance ranking profile is the opposite way. Retinyl
esters is better tolerate than retinol and retinaldehyde while retinoic acid cause severe
skin irritation and least for tolerance ranking order [22]. Therefore, cutaneous irritation
is @ major side effect that is found in topical use and called “retinoid reaction” or
“retinoid dermatitis” [22]. Sensory irritation is characterized by developing itching,
stinging or burning on contact with certain substance. It has been known that damaged
keratinocytes from the irritant and epidermal barrier interaction can secret plethora of
immunoregulatory cytokines and chemokines for instances IL-1, IL-6, IL-8, Il-10, IFN Y,
TGFB [30]. The chemicals or surfactants induce the irritation and initiate the release of
IL-1a and subsequently lead to the induction of secondary mediators and molecular
responses, finally followed by morphological alterations and the onset of typical
symptoms of contact dermatitis. There are currently many known biomarkers of skin
irritation for example cell viability (measurement of cell viability; MTT conversion and
membrane integrity, neutral red uptake or Lactate dehydrogenase (LDH) release), IL-

1Q, IL-6, IL-8, TNF-QL and IL-10 [31].



Skin drug delivery system
Topical delivery of drug to the skin surface is continually and currently being
explored and studied for the local treatment for dermatological diseases. Topical drug
delivery systems are classified into 1) conventional systems 2) vesicular systems 3)
emulsion systems 4) particulate systems 5) controlled drug delivery system 6) polymer
systems. Topical drug delivery is created mainly for the local effect. It can avoid the
systemic administration and minimize the systemic administration related-adverse

effects.

Nanoparticles as a drug delivery system
Nanotechnology and nanoscience are widely known to have a great potential
and impact to bring to many areas of researches and applications especially in
biomedical researches and drug delivery systems. Nanoparticles (also sometimes
referred to as nanocarriers) are now being designed to improve the transport of agents
for diagnosis and therapeutic purposes through biologic barriers; to facilitate entering
to molecules or to medicate molecular interactions and also to detect a sensitive

molecular changes [32].

One of benefits of nanoparticles (NPs) in biomedical fields or nanomedicine is
as a drug delivery agent at desirable sites because of their nanoscale sizes that enhance
the effects of drugs. There are two concepts of an ideal drug-delivery system which
are firstly the capability to target and secondly to control the drug release [33]. There
are many types of nanoparticles for example inorganic nanoparticles, polymeric
nanoparticles, solid lipid nanoparticles, liposomes, nanocrystals, nanotubes and
dendrimers [34]. There are several advantages of nano-sized particle as a drug carrier.
Firstly, it can be designed for targeted treatment. Secondly, it provides sustained and
controlled released of encapsulated drugs. Thirdly, it increases the stability of the drug
by modified the physic-chemical properties. Finally, it delivers higher concentration of

drugs to target area due to an Enhanced Permeation and Retention (EPR) effect [35].



Polymer-based nanopartculate drug-delivery systems: chitosan a natural
polymeric nanoparticle
Several polymers and non-lipid materials have been considered and evaluated

as carriers for drugs in the nanoparticulate forms [33]. These drug delivery systems
have shown advantages and the different properties. Chitosan (CS) is the common
name of a linear, random copolymer of B—(1—4)—Linked D-glucosamine and N-acetyl-D-
glucosamine derived from chitin. Chitosan-Based nanoparticulate drug delivery system,
one of the polymeric system, has been researched for a carrier in delivery system and
varieties of application such as antigen delivery, transmucosal of peptides and proteins,
gene therapy, trans ocular/dermal drug delivery and anti-cancer drug delivery [36]. The
advantages of this system help prolong the circulation time of chitosan-bound drug,
lead to enhance drug bioavailability and control by the degradation of polymer [37,
38].

Development of new delivery systems for vitamin A derivatives

Over decades, there are many attempts to improve the various delivery
systems for vitamin a derivatives such as liposome [39, 40], noisome [41], solid lipid
nanoparticles (SLN) [42-44] and polymeric nanoparticles (NP) [45]. The new
preparations compared with conventional carriers which are based on improving
stability, solubility, efficacy, non-irritative and non-toxic for topical use seem to be well
appropriated for skin. For example, It has been shown by Jenning and colleagues in
2000 that retinol and retinyl palmitate encapsulated in SLN could be effectively deliver
to the upper or outermost skin layers and had a sustained release properties. Within
the first 6 hours retinol in solid lipid nanoparticles displayed controlled release. In
2007, SLN was used for topical delivery preparation for skin-targeting outcome and
effect of isotretinoin as a new formulation for the treatment of severe acne. It was
shown to be a good stability of chemicals during the period of 3 months and the in
vitro permeation ability into skins of isotretinoin from SLN by using Franz diffusion cells
[42]. However the experiments to enhance the drug penetration to skin are successful,

the skin target mechanism is unclear and the other relative mechanism need further
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investigations in future [46]. In addition, encapsulation using nanoparticulate system
especially polymeric nanoparticles (NP) which are biodegradable is an increasingly and
expanding implement scheme in drug delivery [47]. Additionally, NPs have also been
proposed for topical administration to improve percutaneous transport into the skin
through its biological barrier. There were several works have been demonstrated the

advantages of vitamin A derivatives in matrix type polymeric nanoparticles [45, 48-50].

In 2011, our laboratory has demonstrated a new delivery system which can
deliver retinyl acetate at the hair follicle [51] and in this 2016 we can successfully
prepared water dispersible PRN which is still stable although it was kept in the water
at neutral pH and at room temperature up to 8 months protected from light. Moreover,
it clearly exhibited the sustained release or controlled release property of retinal into

human synthetic sebum (pH 5) [13].

All studies demonstrated that the novel forms of vitamin A derivatives delivery
system can be an effective way to stabilize and encapsulate them with NPs system for
pharmaceutical applications. Use of the newly innovative methods of delivery is also
a feasible way to maintain or even improve efficacy and minimize the irritative or
undesirable side effects [52]. However, the possibility to encapsulate vitamin A
derivatives in polymeric nanoparticles (NPs) and their potential to improve the skin

conditions both in vitro and in vivo have not been yet evaluated.

Skin as a site for particle delivery

The main entrance routes for nanoparticles and topical nanoparticles drug
delivery occurs in three main sites in stratum corneum surface as intercellular pathway,
follicular pathway as openings of the hair follicle and transepidermal pathway [53]. In
principle, for penetration of nanocarrier into the skin, the intercellular and follicular
route in healthy skin may be most relevant. Particulate depositing in furrow atop the
stratum corneum may continuously release their payload, which may become
effective only if these molecules show suitable features for skin penetration such as

moderate lipophilicity [54]. Currently, it has been known that nanoparticle with a
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diameter of 20-320 nm can be kept in hair follicle up to 10 days and considered as an
important reservoir or storage structure and shunt penetration pathway [47, 55]. And
the researchers also found that the particle penetration in vitro was presented to be

increased if the massage was applied [56].

Skin biology and the influence of vitamin A on epithelial proliferation and
differentiation

As we known that the skin is the largest organ in the body. Skin functions are
protection, sensation, thermoregulation, metabolic functions and sexual attractant
[57]. The skin has three main layers: epidermis, dermis, subcutis or hypodermis and
the skin appendages which are hair follicles, sweat glands and sebaceous glands.

Histologically, the type of the main population of cell in the epidermis is the
keratinocyte. At haired skin, the epidermis has four layers or strata. From the basal
layer which is innermost to the outermost which are the differentiated layers, theses
layers in the epidermis are the stratum basale, spinosum, granulosum, and corneum.
The basement membrane separated the epidermis from the dermis. Keratinocytes are
joined to each other by desmosomes. The germinal cells which is the cells in the
stratum basale undergo mitosis and produce epidermal cells while cells in the stratum
spinosum and granulosum are maturing. They can generate the keratin filaments and
also keratohyalin granules. In the cells of stratum corneum, there are composed of a
compacted layer of anuclear squamous cells be form of keratin filaments and
keratohyaline granules. [58].

The keratins are structural proteins which belong to the family of intermediate
filament [59]. They are prominent in epidermal cells and also present in stratified
squamous epithelia other than epidermis. The expression pattern is very specific and
is frequently used as a paradigm of epidermal differentiation and physiology [60]. The
stages of epidermal differentiation are characterized by the expression of specific
markers [61].0nly keratinocytes in the basal layer proliferate and move toward the
surface. They express K5 and K14 [60]. In suprabasal layer, K10 is expressed. In addition,
the comified envelopes (CE) including involucrin (IVL), filaggrin (FLG) and loricrin are

synthesized during the terminal stages of keratinocyte differentiation in granular layer
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[62]. During this process keratinocytes initiate synthesis of important differentiation-

depepndent structural protein.

Vitamin A exerts an important influence on epithelial differentiation and
profoundly affect epithelial cell organization and among the genes affected by
retinoids in epidermis are keratin. The different keratin profiles are observed when
vitamin A and its derivatives added to topically delivered to human skin in vivo focused
on K1, K5, K10 and K14 [25, 63-73]. The studies reported changes which are both
reduction, induction and no effect. Therefore, keratin gene expression may be
influenced by retinoids in many complex means [74]. The physiological importance of
these direct interaction of keratin expression in epidermal differentiation and retinoid
is still needed to be explore focusing on the K5, 14 and 10 which express mainly on

basal and suprabasal layers of epidermis.

Skin models for transdermal absorption studies

To evaluate and assess transdermal activities and absorption of a novel
chemicals, many of the animal models are well-suited for human skin studies and
initial screening for toxicopathological testing. These animals include primate, porcine,
rodents which are mouse, rat, rabbit and guinea pig. Due to its accessibility, laboratory
rodents’ skin (mice, rats and guinea pigs) is the most widely and generally used in in
vitro and in vivo percutaneous permeation studies [75]. The preferences of the use of
rodents are due to their small size, easy handling, relative low cost and much more
convinience for the study of dermal toxicity than the pig [76]. In regard to human skin
structural similarity, rat and pig skin show the thickness of whole skin, epidermis close
to human [76, 77] (Table 2). Other than rat skin, other rodent skins always exhibit the
higher permeation rates than human skin [78, 79]. The permeation kinetic parameters
of the rat skin are regularly comparable with those in human. However, one of the
disadvantages of rat skin is a greatly high density of hair follicles. It is required hair
removing and clipping before the beginning of the experiment. With all their limitations,
transdermal absorption studies in animal models are multi-factorial multistep process

with influenced factors mentioned above and will provide a screening purposes and



13

predictions for topical drug delivery development and some certain biological and
clinical effects. To predict and screen the cutaneous irritant possibility of novel
chemical products is the important procedure for the complete evaluation program.
A main achievement in the optimization and development of dermal or transdermal
drug preparation is to understand the factors that may influence a good in vivo
performance and relationship [75]. From the past, the main approach in the preclinical
studies of the novel topical drug development is to use the animal models by topical
apply to animal skin [80]. Some animal testing studies are not possible in the first or
initial steps in novel drug developments researches. Additionally, it is suggested that
the reliable data for skin absorption should be collected from human studies.
Therefore, the demanding tasks in the transdermal drug researches is to find
relationship between in vitro and in vivo studies and both in animals and human

approaches.

Table 2 Thickness of skin strata and size of hair follicles in mice, rat, pig and human [76]

Stratum Epidermis Whole skin Diameter of
corneum (um) (mm) follicle (um)
(um)
Mouse 6 13 0.84 26
Hairless T 29 0.70 a6
Mouse
Rat 18 32 2.09 25
Pig 26 65 3.43 177

Human 17 a7 2.97 97
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1.3 Research hypotheses

1.

Proretinal nanoparticles have no cytotoxicity and possess retinoid biological
activities in vitro HaCaT cells.

Topical application of proretinal nanoparticles can eliminate the side effect of
retinoid dermatitis in in vivo model.

Topical application of proretinal nanoparticles has higher retinoids biological
activities in term of epidermal proliferation and differentiation and the expression
of cellular retinoic acid binding protein-2 (CRABP-2) compared with conventional
retinal.

Intercellular and follicular pathway could be the major penetration pathways of
topical proretinal nanoparticles.

The use of microneedle loaded with proretinal nanoparticles is possible to deliver

and bypass proretinal nanoparticles to dermis directly.

1.4 Research objectives

1.

2.

3.

a.

To investigate the safety of proretinal nanoparticles in the toxicopathological views
in in vitro HaCaT cells and in vivo rat skin

To investigate efficacy of proretinal nanoparticles in the views of biological effects
of the proretinal nanoparticles on epidermal proliferation and differentiation

To investigate the intercellular and follicular penetration behavior of proretinal
nanoparticles and the released model drug

To assess the possibilities of the intradermal delivery of PRN-loaded microneedles

by non-invasive imaging techniques
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To fulfill these objectives, this dissertation presents our findings into 5
separated chapters including chapter (1) introduction and literature reviews, (2) the
studies of topical application of proretinal Nanoparticles in biological Activities,
epidermal proliferation and differentiation, follicular penetration, and skin tolerability,

(3) percutaneous absorption and follicular penetration of retinal by topical application

of proretinal nanoparticles, (4) microneedle-facilitated intradermal proretinal
nanoparticles delivery and (5) general conclusion, discussion, and future
recommendations.
1.5 Experimental designs
| Efficacy and Safety Evaluations of Topical Proretinal Nanoparticles (PRN}
|
[ ] ]

Microneedle-facilitated Intradermal
Proretinal Nanoparticles delivery

The studies of topical application of
Proretinal Nanoparticles in biological Activities,
epidermal proliferation and differentiation,

Intercellular and follicular penetration of
retinal by topical application of Proretinal nanoparticles

follicular penetration, and skin tolerability

In vitro study on cytotoxicity and the
i— expression of CRABP-2 in PRN-exposed
HaCaT cells

| | Cellviability and apoptotic cell death detection
(MTT, Pl and TUNEL assay)

L The expression of (CRABP-2)
(Immunofluorescence and Flow cytometry)

In vivo study of skin irritation and
biological activities of PRN in rat skin

1

Determination of the follicular
penetration depths of PRN

Confocal laser scanning
microscopy (CLSM)

Determination of the time dependency of
the follicular penetration depth and the
release of model drug from chitesan nanoparticles

Modified differential stripping technique to
estimate the amount of retinal from PRN
in the intercellular and follicular pathway

Skin penetration studies of
PRN-loaded microneedle (MN)

Dermoscopy

Optical Coherence Tomography

Multiphoton microscopy
(MPM) with flucrescence lifetime
imaging microscopy (FLIM)

Skin deposition of retinal from
PRN-loaded MN

Separation of epidermis
and dermis

Determination of follicular penetration depths
and skin distribution of topical PRN
(CSLM)

|| Pathological examination
(Gross and histopathology)

: Immunohistochemistry (IHC)
(K5, K14, K10, PCNA, IL-6 and CRABP-2)

\—{Tape stripping, UV-visible spectroscopy

UV-vis spectroscopy

1.6 Advantage of study

This study formed the basis for the establishment of a novel transdermal drug
delivery system that would be of particular use in clinical dermatology for the topical
application of extreme labile substances such as easily degraded vitamins or other
active drugs. Based on the outcomes and results of this research, topical application
of proretinal nanoparticles showed that topical application proretinal nanoparticles
are safe, non-irritative, successfully penetrate into hair follicles and possess retinoid

biological activities to skin as the ability to induct and regulate epidermal proliferation
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and differentiation. Additional approaches can be taken to further clinical studies, it
could be beneficial in some retinoid-responsive skin conditions in the future. Although
further investigations are necessary to clarify the required doses and dose intervals in
clinical settings, the suggested system may help to overcome the main problems of
topical retinoid therapy, which are skin irritation, chemical, and photochemical

instability and low bioavailability.

Keywords: Retinal; Nanoparticles; Epidermis; Hair follicles; Skin; Vitamin A
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CHAPTER Il
The studies of topical application of proretinal nanoparticles in
biological activities, epidermal proliferation and differentiation,

follicular penetration, and skin tolerability

Manuscript in submission process in the topic of

Topical application of proretinal nanoparticles in biological activities, epidermal

proliferation and differentiation, follicular penetration, and skin tolerability

Benchaphorn Limcharoen, Pimolphan Pisetphakdeekul, Pattrawadee Toprangkobsin,

Supason Wanichwecharungruang and Wijit Banlunara

Highlight

® Proretinal nanoparticles (PRN) has been developed to overcome the side effect of
the use of topical application of retinoids as retinoid dermatitis.

® /n vitro increased expression of cellular retinoic binding protein-2 (CRABP-2) by
Proretinal nanoparticles (PRN) with no short-term cytotoxicity was clarified in HaCaT
cells.

® Proretinal nanoparticles (PRN) served as an excellent retinal reservoir with effective
follicular penetration in time-independent behavior.

® Topical application of PRN for 28 days clearly increased cell proliferation and
differentiation in rat epidermis resulting in the thickening of the epidermis and
increased levels of various retinoid associated biochemical markers such as K5, K14,
K10, PCNA, and cellular retinoic binding protein-2 (CRABP-2) except IL-6 without

side effect of retinoid dermatitis.
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2.1 Abstract

Proretinal nanoparticles (PRN), the retinilidene-chitosan nanoparticles, has
been developed to overcome the physicochemical instability of retinal and to lessen
the dose-dependent cutaneous irritation, through sustaining the release of retinoid.
Comparing to conventional retinal at the same concentration, PRN had no cytotoxicity
and could induce HaCaT cells to express more CRABP-2 protein. Comparing to rats
topically applied with conventional retinal which showed clear skin irritation and
inflammation, daily topical application of PRN to rats for 28 consecutive days produced
neither irritation nor inflammation, but significantly increased of epidermal
proliferation, epidermal thickness, CRABP-2 expression, and up-regulation of various
differentiation markers including keratin (K) 5, K10, K14, CRABP-2 and PCNA. Through
the use of confocal laser scanning microscopy, we observed the in vivo follicular
penetration of PRN with the depth of penetration independent of post-application

time.
Key words: Retinaldehyde; Nanoparticles; Epidermis; Skin; Vitamin A

2.2 Introduction

Retinoids are pivotal regulators for differentiation and growth of skin [2] and
have been used in clinical dermatology for their activating effects on epidermal
proliferation and differentiation [26] in some skin diseases including psoriasis, acne,
disorder of pigmentation, seborrhea and photo aging [4]. Topical retinoids are used
mainly for the local effect with the benefit of minimized systemic adverse effects.
Retinal, a natural precursor of retinoic acid, is bioloically active when topically applied,
but is still irritative to human skin [5] and highly unstable. The compounds can be
easily autooxidized and photooxidized [7, 8]. Like other topical retinoids, topical retinal
formulations may induce cutaneous irritation as erythema, exfoliation, dryness, burning
and scaling at the site of application [81]. These major side effects for all topical
retinoids have been called “retinoid dermatitis” [22]. Since retinoid irritation is dose
dependent [82], a drug delivery system that can improve the transport of retinoids to
the site of action and sustainably release the drugs at the level below the irritating

level could improve retinoid action and also solve the irritation side effects.
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For genomic action, the mechanism of topical retinoids starts when retinoid
molecules cross the cell membrane via non-receptor mediated endocytosis [17]. They
are then transported to nucleus by cellular retinoic acid-binding protein (CRABP). There
in the nucleus, they modulate transcription of specific genes by binding to retinoic acid
receptor (RAR) and retinoic acid response elements (RARE) in DNA. One of the
important genes involves by this mechanism is the cellular retinoic acid binding
protein-2 (CRABP-2), the protein that mainly is expressed in epidermis [18]. This CRABP-
2 is thus being controlled by the bioavailability of retinoic acid [19]. Furthermore,
among other genes regulated by retinoids is keratin [74]. Keratins, intermediate filament
proteins, are vital to epidermal integrity and are usually expressed selectively in
dividing cells and terminally differentiating cells [83]. Therefore, they are useful
biochemical markers for the study of the molecular mechanisms during the process of

epidermal proliferation and differentiation [83].

We have developed proretinal nanoparticle (PRN) that can target retinal to the
needed skin sites and sustained release the retinal at the sites so that optimal efficacy
can be achieved without the undesirable side effects associated with an overloading
of non-physiological amounts of exogenous retinoid in the skin [84]. This PRN is based
on the reversible linkage between retinal molecule and chitosan polymer and the
assembling of the retinal-grafted chitosan polymer into nanoparticle. Previous study of
the material has shown promising physicochemical properties and stability with

promising in vivo clinical results.

To understand how PRN exerts those physiological effects on skin, it is essential
to know the distribution of this material on skin. Thus, here we show and discuss the
results from our studies on the follicular penetration depths and skin distribution of
topical PRN. Then we perform various experiments to understand the molecular
mechanisms of how this material wield its effect on skin proliferation and
differentiation. We studied the effects of topical PRN on key molecular specific markers
for epidermal proliferation and differentiation and skin irritation of the damaged
keratinocytes including keratin 5 (K5), K14, K10, interleukin-6 (IL-6), proliferating cell
nuclear antigen (PCNA), and cellular retinoic acid binding protein-2 (CRABP-2). Cell
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viability and the in vitro expression of CRABP-2 in keratinocyte, the main population of

cells in the epidermis, were also studied in HaCaT cells.

2.3 Materials and methods
2.3.1 Materials
2.3.1.1 Proretinal nanoparticles (PRN) preparation

The synthesis of PRN with approximately 35% w/w of retinal loading was carried
out as described in our previous report [84]. Briefly, retinal (Sigma Aldrich) was
incubated with chitosan (Taming Enterprise, Samut Sakhon, Thailand) solution which
was prepared by dissolving in acidic solution and then adjusting the pH back to around
6, at the retinal to chitosan weight ratio of 1:3 (corresponded to the mole ratio of
glucosamine unit to retinal of 4.5:1) and the obtained retinal-grafted chitosan was
allowed to self-assemble into nanoparticles. All-trans-retinal (conventional retinal
solution; RAL, Sigma Aldrich) was dissolved in ethanol at the same retinoid

concentration of PRN to serve as the control.

2.3.2 Methods
Experiment A: In vitro study on cytotoxicity and the expression of cellular
retinoic acid binding protein-2 (CRABP-2) in PRN-exposed HaCaT cells
2.3.2.1 Cell culture and retinoid exposure
The immortalized non-tumorigenic human keratinocyte cells (HaCaT) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%

fetal bovine serum (FBS), glutamine and amphotericin B, penicillin and streptomycin

at 37°C, 5% CO, condition. They were subcultured with 0.25% trypsin-EDTA. All

reagents were purchased from Gibco; Thermo Fisher Scientific, Inc., MA, USA.

HaCaT cells were seeded in 24-well plates at a density of 40,000 cells per well.
The three control groups were cells incubated with 1) 20% ethanol in DMEM per well
as a positive control, 2) DMEM per well as a negative control and 3) chitosan
nanoparticles (CS) as the unloaded nanocarrier. The two experimental groups were
cells treated with 4) conventional RAL solution and 5) PRN at a concentration of RAL

1 pg/mL (3.33 pM of retinoid). All treatments were incubated for 24 h. Cells and
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retinoids were handled and performed in the dark concerning the light sensitivity of

retinoid.

2.3.2.2 Cell viability and apoptotic cell death detection
2.3.2.2.1 Cell viability

Cytotoxicity test was studied using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (Molecular Probe, Life Technologies, OR, USA). The
retinoid exposures following above designated experimental groups for 24 h were
terminated by washing with PBS, then MTT solution (1 mg/mL) and cells were
incubated for 10 min. Dimethyl sulfoxide (DMSO) was added to dissolve the formazan
salt and its optical density (OD) was measured using spectrophotometer at 570 nm
(Epoch  Microplate Spectrophotometer; BioTek Instrument, VT, USA). Each
concentration was independent by triplicated. Calculation for cell viability percentage
followed this formula OD of the experimental group/OD negative control*100 = % cell
viability

2.3.2.2.2 Apoptotic cell death detection

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) assay was done to detect the fluorescein-labeled double-stranded cleavage
of DNA using in situ cell death detection kit, fluorescein (Roche Applied Science,
Germany) following the manufacturer’s instruction. Five thousand cells were grown in
8-well chamber (Thermo Fisher Scientific) and incubated following above designated
experimental groups for 24 h. Afterward, cells were fixed with 4% paraformaldehyde
(PFA) and incubated in 0.1% Triton X-100 in 0.1% sodium citrate solution. The cells
were then incubated with the TUNEL reaction. Subsequently, the cells were
counterstained with DAPI (Fluoroshield®, Abcam, Cambridge, UK). Cell were examined
by EVOS FlLoid Cell Imaging Station (Thermo Fisher Scientific) and 5 non-overlapping

fields were examined at an objective lens of 200x magnification for analysis.
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2.3.2.3 The expression of cellular retinoic acid binding protein-2 (CRABP-2)
2.3.2.3.1 Immunofluorescence of CRABP-2 of PRN-exposed HaCaT cells
HaCaT cells were seed in an 8-well-chamber at 20,000 cells/well. After the
incubation with designated groups of treatment, cells were fixed with 4% PFA, then

permeated with 0.1% v/v Triton X100, blocking with 1% BSA, incubated with polyclonal

rabbit anti-CRABP-2 antibody (Sigma Aldrich) at 4°C overnight, further incubated with
secondary antibody (Alexa Fluor® 647-conjugated goat anti-rabbit 1gG H&L antibody,
ab150079, Abcam) at dilution of 1:200 in BSA, finally counterstained with DAPI and
analyzed under confocal laser scanning microscopy (FV10i-DOC, Olympus, Tokyo,

Japan).

2.3.2.3.2 Flow cytometric analyses of propiodium iodine (Pl) and CRABP-2
expression in PRN-exposed HaCaT cells
After in vitro incubation, HaCaT cells were harvested and washed twice with
Ca?*, Mg*"free PBS supplemented with 1% FBS and sodium azide (FAC buffer) at 4°C,
1000 RPM for 4 min. The cells were then fixed in 4% PFA. For staining of Pl, the cells
were stained with 50 mg/mL PI (Sigma Aldrich) diluted in 0.1% Triton X-100 at 4°C for
15 min. For staining of CRABP-2, the dilution of 1:50 of CRABP-2 antibody diluted in
0.25% Triton X-100 were added and incubated in the dark, at 4°C for 45 min. Then,
the dilution of 1:200 of Alexa Fluor® 647-conjugated goat anti-rabbit IgG, the secondary
antibody, was added and incubated in the dark at 4°C for another 45 min. Isotype
control antibodies were included for background cut-off the fluorescent minus one
(FMO). The cells were analyzed using FC 500 MPL flow cytometry (Beckman Coulter,
CA, USA).

Experiment B: In vivo study of skin irritation and biological activities of PRN in
rat skin
2.3.2.4 Animals
Twenty-nine-week-old male Wistar rats were obtained from National laboratory
animal centre (Mahidol University, Bangkok, Thailand). The animal care and use
protocols were approved by the guidelines for the use of animal for the scientific

purpose of Chulalongkorn University animal care and use committee (protocol
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no.13310063 and 1731034). The 200 pL of liquid samples was topically applied on skin

of dorsal back area and massaged in circular motion for 1 min.

2.3.2.5 Determination of follicular penetration depths and skin distribution of
topical PRN
PRN was labelled with 5(6)-carboxytetramethylrhodamine (Sigma Aldrich). A
detailed description of the synthesis of the rhodamine-labelled PRN is provided in the
appendix A of supplementary materials (SA). Nine animals were used in this study. The
animals were anesthetised, and their hair at dorsal back was shaved off. The skins were
biopsied at 3, 6 and 12 h after a single topical application by 8 mm-diameter biopsy
punches. The biopsied samples were snapped frozen in liquid nitrogen, embedded in
OCT compound (Leica biosystem, Wetzlar, Germany) and sectioned into 10 pm
thickness. To identify epidermis by immunostaining technique, the sections were
treated with monoclonal mouse anti-pan-cytokeratin antibody (Sigma Aldrich), dilution
of 1:300, incubated with dilution of 1:200 FITC conjugated goat anti-mouse 1gG 1
antibody 1 h (BioRad, CA, USA) and stained nuclei with DAPI examined with confocal
laser scanning microscope (CLSM, FV3000, Olympus, Kex/em of 555/580 nm). The
fluorescent signals at 100x magnification were observed. The skin distribution and
averages of follicular penetration depth of 5(6)-carboxytetrarhodamine-labelled PRN
at various post-application time points were determined using 10 hair follicles/animal
at each time point (9 animals, total of 90 samples for each time point), using FV30S-
SW software (Olympus). Hair follicles of the untreated skin area were observed as

negative control.

2.3.2.6 Pathological examination

Twenty rats were divided into 4 groups: two control groups including 1) distilled
water (DW) as negative control and 2) chitosan nanoparticles (CS) as unloaded
nanocarriers, and two sample-treated groups including 3) topical application of
conventional retinal solution (RAL; 0.1 % w/v or at 3.33 mM of retinoid) and 4) PRN (at
3.33 mM of retinoid). Rats in each group were topically applied with the reagent
assigned by the groups once daily for 28 days. On day 7, 14, 21 and 28, the test
protocol followed the OECD 410 guideline for testing of chemicals “Repeated Dose
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Dermal Toxicity: 21/28-day Study”.[85] Scoring system was evaluated through the signs
of skin reaction (animal irritation test) followed ISO 10993-10: biological evaluation of
medical devices- Part10: Tests for irritation and skin sensitization (Draize test),[86] and
the modified of Machtinger et al., 2004 [87]. The full thickness of skin biopsies was
punched at day 7, 14, 21 and 28 and fixed in 10% buffered formalin. The paraffin
embedded skin samples were sectioned at 4 pm and stained with hematoxylin and
eosin (H&E) for histological evaluation. Thickness of the epidermis was microscopically
measured in five random repetitions per section at 400X magnification (I-solution

software, IMT, Canada).

2.3.2.7 Immunohistochemical evaluations

Immunohistochemistry (IHC) of these proteins (K5, K14, K10, PCNA, IL-6 and
CRABP-2) were analyzed from samples on day 7,14, 21 and 28 of treatment. The details
of primary antibodies were provided in supplementary materials (Table 3).
Quantification of immunochemical staining were microscopically performed
hereinafter; the percentage of K5, K10, K14, and CRABP-2 positive area in epidermis
and IL-6 in dermis over the area on five consecutive serial sections from each animal
at 100X magnification. Images were then quantified by computerized image analysis
(ImageJ software, NIH) for the determination of the positive stained area. The
percentage of the stained area was calculated as the ratio of binary threshold image
and the total field area. For PCNA staining, the average numbers of positive PCNA in
nucleus of cells were counted in the 1000 um length of epidermis. The PCNA index

was determined as the percentage of positive cells in 1000 um of epidermis.

2.3.2.8 Statistical analyses
Statistical analyses of data were conducted using the GraphPad Prism software
(GraphPad Software, CA, USA) using one-way ANOVA, two-way ANOVA) followed by
Turkey’s multiple comparison tests, pair t-test for comparison of two pairs of samples
by the unpaired t-test. Significant differences were considered significant at p value <

0.05.
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2.4 Results
Experiment A: In vitro study on cytotoxicity and the expression of cellular

retinoic acid binding protein-2 (CRABP-2) in PRN-exposed human HaCaT

keratinocytes

2.4.1 Cell viability and apoptotic cell death detection

Through the use of MTT assay, at p>0.05, we observed the following order of
cell viability: negative control (DMEM) = unloaded nanocarriers (CS) = PRN-treated
cells ® RAL-treated cells >> positive control (20% ethanol in DMEM) (Fig. 1). However,
the difference between RAL and PRN-treated cells was observed by TUNEL assay which
detected DNA strand breaks in the cells (Fig. 2A-E). The quantification of the numbers
of apoptotic cells at 24 h are shown in Fig. 2F. Comparing to RAL-treated cells, PRN-

treated HaCaT cells showed a lower level of DNA fragmentation (p<0.05).

120 7

=
o
o

Cell viability (%)

m

+ve -ve CS RAL PRN

Figure 1 Cell morphology and viability of HaCaT cells after 24 h exposure to treatments.

(A-E; +ve; 20% ethanol in DMEM, -ve; DMEM, CS; unloaded nanocarriers, RAL;
conventional RAL solution and PRN -treated cells). (F) MTT assay expresses as a
percentage of cell viability (mean + SD). * indicates significant difference (p<0.05)

between the indicated groups.
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Figure 2 Apoptotic cell death by TUNEL assay

(A-E) with arrows indicating the TUNEL-positive nuclei of HaCaT cells, and quantitative
analysis of apoptotic cells (F) with * indicating significant difference (p<0.05) between
the indicated groups and n.s. indicates no statistical difference (p>0.05) for cells treated
with 20% ethanol in DMEM (+ve), DMEM (-ve), CS (unloaded nanocarriers), RAL
(conventional retinal solution) and PRN suspension (PRN). Bars at the lower right corner

of Figure A-E denote 10 pm.

2.4.2 The expression of cellular retinoic acid binding protein-2 (CRABP-2) in
HaCaT cells

Higher expression of CRABP-2 in cytoplasm was clearly observed in cells
exposed to RAL and PRN (Fig. 3B and 3C) for 24 h, as compared to that observed in
the negative control (DMEM) (Fig. 3A). The mean fluorescence intensity (MFI) of CRABP-
2 expression was quantified and HaCaT cells were gated (Fig. 3D). Notably, the mean
fluorescent intensity of CRABP-2 expression in PRN-treated cells (MFI 27+1.8) was
remarkably greater than that of the RAL treatment (MFI 16+4.6) (p<0.05) (Fig. 3E-F).
Cells treated with RAL and PRN showed similar insignificant cell death to that of the

negative control (p>0.05) as measured with the propidium iodide (PI) (Fig. 3G).
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Experiment B: In vivo study of skin irritation and biological activities of PRN in

rat skin

2.4.3 Determination of follicular penetration depths and skin distribution of
topical PRN application

The CLSM images of the topically PRN-treated skin clearly showed some
accumulation of rhodamine-labelled PRN (red fluorescent signals) along the epidermis
(green fluorescent signals) and in the hair follicles of the skins collected at 3, 6 and 12
h after single application (Fig. 4). The average PRN follicular penetration depths
obtained from samples taken at 3, 6 and 12 h post application were 234+85, 173+64
and 224+82 um, respectively (Fig. 4E) and statistical analysis indicated no significant

(p>0.05) difference among the three averages.

Rhodamine-labelled PRN/ Pan cytokeratin/ Nucleus
. x 3 i X

: EEQ

100 A

Follicular penetration depth (um)

1 L L
0 3h 6h 12h

Time after topical application

Figure 4 Follicular penetration of rhodamine-labelled PRN in rat skin observed by CLSM.
Distributions of the rhodamine-labelled PRN in the skin taken at 3 h and 12 h post PRN
application are shown in (A) and (B), respectively, with nuclei counterstained with DAPI
(blue) and epidermis stained with a pan cytokeratin antibody (green). Follicular
penetration of PRN (~220 um) at 6 h post application is shown in (C). Using optical
sectioning, the fluorescence signals in x-y plane is shown in the inset la, and the

fluorescence signal in x-z axis is shown in insets 2a and 3a, with arrowheads indicating
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PRN locations. Distributions of PRN on the epidermis and in hair follicle at 12 h post
application are shown in (D) and (E), respectively. The bar graph summarizes the
follicular penetration depths of rhodamine-labelled PRN over times (p>0.05). Images

are representatives of observations in 3 rats.

2.4.4 Pathological studies

According to the scoring system for skin irritation (ISO 10993-10: 2010), the
results were recorded regarding the formation of erythema, eschar and edema at day
7,14, 21 and 28 post first application. Both the two control groups (DW and CS) and
the skin of rats treated once daily with PRN showed no sign of inflammation at any
time points (Fig 5). The statistical analyses indicated no significance difference in mean
macroscopic skin lesion among PRN-treated group and the two control groups at all
time points (Table 4). In contrast, from day 7 skin lesions are noticed in RAL-treated
group and started to exhibit the formation of erythema, eschar and edema on day 7
and the signs with irregularly raising and roughened scaling heterogeneously persisted

until day 28 (Fig. 5A). The grading indicates slight to moderate irritation (Fig. 5B).
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We observed no significant difference in mean microscopic skin lesion scores
among PRN and the two control groups (DW and CS) at all time points. From day 7
until the end of the study period, we observed more than 2 granular cell layers of
epidermis, normal stratum corneum and no dermal inflammation in the skin of the
PRN-treated group (Fig. 6A). Only the RAL-treated group showed signs of irritation and
inflammation which resulted in a distinguished irritation index ranging from mild to
moderate irritation. The mean microscopic skin lesion score of the RAL-treated groups
was significantly different from other groups at all time points (Table 5) (p<0.05). The
epidermal thicknesses measured from the base of the stratum corneum to the
basement membrane are shown in Fig. 6. For both control groups (DW and CS), the
epidermis only consisted of one or two layers of viable cells and the dermis had no
organized subepidermal band of connective tissues. There was no difference of
epidermal thickness between these two control groups (Table 6). The PRN-treated
group produced significantly higher epidermal thickness than the RAL-treated group
(p<0.05) at all time points except at day 21 (Table 6).
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2.4.5 Immunohistochemical evaluations for K5, K14, K10, PCNA, IL-6 and CRABP-
2 proteins

IHC were applied to the histological specimens. Characteristics and
quantifications of IHC from all treatment groups are summarized in Fig.7-8. For basal
proliferation of epidermis of PRN group, K5 and K14 expressions were strongly positive
in the basal layer as well as the suprabasal layer of the hyperplastic epidermis in all
time points (Fig. 7D, L) while control groups (DW and CS) had weak immunoreactivity
(Fig. 7A-B, 1-J) and RAL group had only strong K14 immunoreactivity (Fig. 7K) The
marked positive nuclear labeling as more than 1-layer PCNA positive cells in nuclei of
basal layer of PCNA of PRN group (Fig. 7X) was observed while other groups (Fig. U-
W) were occasionally detected and scatted in nuclei of basal layer through the same

length of epidermis.

The expressions of both K10 (Fig. 7H) and CRABP-2 (Fig. 7T) of PRN group
distributed clearly in cytoplasm of keratinocyte of the suprabasal layer of epidermis
and significantly while RAL-treated group appeared only focal expression (Fig. 7G&S).
The expression of IL-6 in fibrocytes underneath epidermis and infrequently in

keratinocytes was found only in RAL group in all time points (Fig. 70).

The immunohistochemistry of day 7, 14 and 21 of topical application was

provided in supplementary materials (Fig.10-12).
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Figure 7 Immunohistochemistry of treated skins at 28 days of topical application.
Immunohistochemical features of (A-D) K5, (E-H) K10, (I-L) K14, (Q-T) CRABP-2 in
epidermis, (M-P) IL-6 in dermis, and (U-X) nuclear labeling of PCNA in the length of
basal epidermal layers express in diffuse intracytoplasmic pattern from all treatment
groups (bar = 100 um). Insets show in higher magnification (bar = 50 pum). Topical
application of PRN induced expression of K5, K10, K14, CRABP-2 and PCNA meanwhile
faintly expression of IL-6 immunoreactivity. (DW; distilled water, CS; unloaded

nanocarriers, RAL; conv.RAL solution and PRN; proretinal nanoparticles).
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Figure 8 Quantitative analyses of immunohistochemical expressions
of (A) K5, (B) K10, (C) K14, (D) IL-6, (E) CRABP-2 and (F) PCNA of treated skins from all
time points (mean + SD) with significantly difference (p<0.05) marked with *. (DW,
distilled water, CS; unloaded nanocarriers, RAL; conv.RAL solution and PRN; proretinal

nanoparticles)
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2.5 Discussion

HaCaT cells have been used in several in vitro pharmacological studies of retinoids
[88-91] because they can be maintained in a defined retinoid-free cultured system and
possess the same epidermal differentiation capacity as normal keratinocytes [92].
Cytotoxicity evaluation is addressed as a key of safety assessment for numbers of living
cells. In present study, through MTT and PI assay, we observed that both PRN and RAL
at the concentration of 3.33 uM were not cytotoxic to HaCaT cells since the materials
showed similar level of cell viability to that of the negative control. This information
agrees with previous report which indicated that retinoids at 1-10 uM concentration
are minimal cytotoxic to keratinocytes [93]. Nevertheless, TUNEL assay results which
alludes key cellular events in apoptosis by detecting DNA fragmentation in the late
stage of apoptosis, indicates that the RAL induced significant higher cellular apoptosis
effect than the PRN. Previous research has revealed that retinoic acid (RA) can promote
apoptosis by regulating apoptosis-associated genes in keratinocyte as early as 4 h post
RA exposure and the effect can last to 24 h post exposure [72]. The less cytotoxicity
and apoptotic induction of PRN as compared to RAL can be explained through the
sustained release of the RAL from the PRN [84]. Intracellular concentration of retinoic
acid can be observed through the expression level of the CRABP-2 [94]. It is logical to
see that both PRN-treated and RAL-treated HaCaT cells showed higher CRABP-2
expression than the control cells. Interestingly, the PRN-treated cells showed stronger
CRABP-2 expression than the RAL-treated cells. We speculate that the less apoptotic
induction of PRN may link to the more intense CRABP-2 expression observed in this
experiment. It was likely that cellular function was more optimal when the cells were

in a less cytotoxic environment.

Observation of the fluorescence signal of the PRN after 12 h of in vivo topical
application, the PRN distributed well in the hair follicles and on the stratum corneum.
It was expected to see aggregation of PRN along epidermis as the water evaporated.
These deposited PRN could supply retinal to skin while maintaining the integrity of the
easily degrade retinal structure. The size of the PRNs of 240.1+29 nm [84] fits well with

their distribution into the hair follicles since it has been reported earlier that particles
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of the size around 256 nm could penetrate rat’s hair follicles well through the gear
pump mechanism [95]. Another important point we observed here is that the depth
of PRN was independent on the post application period [96]. In other words, depth of
PRN at 3 h post application and that at 6 or 12 h post application were similar. This
indicated that the hair movement together with the massage actions during the
application set the depth of the particles in the hair follicles, and the penetrated
particles did not move down or up from their positions afterwards, regardless of the
animal movement. The hair follicle penetration ability of PRN gives the material
prospected applications since hair follicles are the residence of stem cells [97] and
immune cells [98]. In addition, the PRN residency in the hair follicles can also serve as

a reservoir of retinoid for the skin.

Previous study indicated that 25% of volunteers were irritative to the 0.1% topical
retinal uses [99]. The irritation mechanism has been explained by an overload of non-
physiological amounts of exogenous retinoic acid, the cellular conversion form of the
RAL[28]. Here using rats, we also observed epidermal hyperplasia in RAL-treated group.
However, neither macroscopic and microscopic signs of irritation nor inflammation
through the 28 day-test was observed in the PRN-treated group. More interestingly,
although PRN-treated group showed no skin irritation, epidermal thickening effect was
the most potent when compared to the RAL-treated group and the control group. We
explained these results through the ability of PRN to sustain the release of RAL so that

RAL concentration was stabilized at the effective but un-irritating level.

As shown and discussed above that both PRN and RAL stimulated the thickness of
epidermis of the rats that had been topically applied with the materials, here we
further confirm that such effect was the biological action of the delivered retinoid by
monitoring the biological markers that involve epidermal differentiation and

organization, keratins (K) 5, 14 and 10, (CRABP-2), IL-6 and PCNA.

Normally, keratinocytes proliferation is associated with increasing in DNA synthesis
and increasing cell mitotic activity [100]. Here, we employed PCNA as a marker to

probe over the DNA replication activity. Although PCNA expression was clearly
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observed in basal epidermis of both the PRN-treated and the RAL-treated skins, the
expression was higher in number of basal cells of epidermis in the PRN-treated group.
The result implies that the PRN-treated skin possessed higher keratinocyte
proliferation, comparing to the RAL-treated skin. This is in accorded with the better
increase in epidermis thickness reported and discussed above. Retinal released from
PRN probably involves in epidermal keratinocyte proliferation by either stimulating or
modulating the actions of mitogenic growth factors [101]. This observation agrees with
the CRABP-2 expression. Although CRABP-2 expressions were observed in suprabasal
layers of the epidermis of both the PRN-treated and the RAL-treated rats, the
expression in the PRN-treated group was more intense and well distributed. This
discrepancy implies the better cellular function of the epidermal cells of the PRN-
treated group and it was likely due to the more optimal and more steady retinal
concentration available to those cells. CRABP-2 itself plays important roles in retinoic
acid metabolism and maintenance of vitamin A homeostasis and is key molecule to
control bioavailability of retinoid by transporting retinoic acid to cellular nucleus [19,

102, 103].

More interestingly, only the PRN-treated group showed PCNA and CRABP-2
expression in the sebaceous glands. This implies that only the PRN, not the
conventional RAL, could deliver retinoid to the sebaceous glands. This is very likely
because PRN was observed in the hair follicles at the depth around the location of
the sebaceous g¢land. This finding would be very beneficial in clinical application

focused on sebum production as retinoids are fat-soluble vitamin.

Epidermal proliferation and differentiation usually occur continuously through the
upward move of keratinocytes from the basal to the suprabasal layers [103]. As shown
above in the increased CRABP-2 and PCNA expressions and the thickening effect of
epidermis layer that both RAL and PRN produced, it is likely that these effects were
the results of stimulation at the protein level. Therefore, here we monitored the
expression of keratin proteins, K5 and K14 in the basal layer and the K10 in the
suprabasal layers. All these expressions could be observed in both the RAL-treated

and the PRN-treated skins. These three proteins are known to be affected by retinoids
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[69, 72, 104]. These results thus confirm that PRN could produce the retinoid biological
activities in regulating epidermis by stimulating high expressions of K5, K14 in basal
cells and K10 in suprabasal layers. As expected, in PRN-treated skin, intense expressions
of K5,14 and 10 were observed through the 28 days of the treatment, agreeing well
with previous studies on the topical application of retinoid [67, 99, 104]. These
alterations in keratin expressions of RAL-treated skin could be contributed from the
chronic irritation and inflammation. The re-epithelialization in the wound healing
process were found in all time points of RAL-treated skins. The expression of K5 in
RAL-treated skin was observed in the basal cells, or occasionally in the suprabasal
layers focally in the wound bed at all time points. Our finding is in agreement with
previous study that described the subtype of keratinocytes which involved in the re-
epithelialization of the wound healing [105]. Normally, the expression of K10 appears
only in suprabasal layers of intact epidermis [106]. That’s why K10 in RAL-treated skin
expressed irregularly and lowly when comparing to PRN-treated skin. The explanation
of high expression of K14 in RAL-treated skin could be the K14 expression found in
suprabasal cells during re-epithelialization process of injured epidermis [107] while the
K14 expression of PRN-treated skin clearly confined in hyperplastic basal cells.
Additionally, In RAL-treat skins through 28 day-test, the marked expression of IL-6 was
observed. This phenomenon agrees with the disruption of epidermal barriers and their
chronic pathological conditions as the increased level of IL-6 reflects the skin

pathology of retinoid dermatitis [108].

In Summary, PRN could serve as an excellent retinal reservoir with effective
follicular penetration and induction of skin proliferation. Follicular penetration of PRNs
and their time-independent localization was observed. In vitro increased expression of
CRABP-2 by PRN with no short-term cytotoxicity was clarified in HaCaT cells. Topical
application of PRN for 28 days clearly increased cell proliferation and differentiation in
rat epidermis resulting in the thickening of the epidermis and increased levels of
various retinoid associated biochemical markers such as K5, K14, K10, PCNA and CRABP-

2 except Il-6 without side effect of retinoid dermatitis.
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2.6 Supplementary materials

Table 3 Primary antibodies and immunohistochemical techniques

Primary Antigen
antibodies Types Retrieval Dilution source
Rabbit mAb anti-Human HIER; Citrate buffer,  1:300 Cell Marque
K5 (EP1601Y) pH6, Microwave, 5 (Sigma Aldrich, M,
min USA)
Rabbit mAb anti-Human HIER; Citrate buffer,  1:300 Cell Marque (Sigma
K14 K14 (SP53) pH6, Microwave, 5 Aldrich, MI, USA)
min
Mouse mAb anti-Human HIER; Citrate buffer, 1:200 Abcam (Cambridge,
K10 K10 (DE-k10) (@b9026) pH6, Microwave, 5 UK)
min
Mouse mAb PCNA antibody;  HIER; PBS, 1:200 DAKO (Glostrup,
PENA PC10 Microwave, 10 min Denmark)
Rabbit polyclonal aniti- . 1:300 Abcam (Cambridge,
IL-6 Human IL-6 antibody UK)
(ab6672)
Rabbit polyclonal anti- HIER; PBS, 1:400 Sigma Aldrich, MI, USA
CRABP-2 Human CRABP-2 antibody Microwave, 10 min

(HPA004135)

*K; cytokeratin, PCNA, proliferating nuclear antigen, CRABP-2; cellular retinoic
acid binding protein-2  HIER; Heat-induced epitope retrieval, PBS; phosphate buffer

solution, mAb; monoclonal antibody, pAb; polyclonal antibody
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Appendix A.

The fluorescent polymer synthesis of 5(6)-Carboxytetramethylrhodamine-
labelled PRN (rhodamine-labelled PRN)

The synthesis of rhodamine-labelled PRN was based on carbodiimide
chemistry.Firstly, 5(6)-Carboxytetramethylrhodamine (Aeyem of 555/580 nm) (6.34 mg)
was dissolved in dimethylformamide (DMF,0.5 mL) at 0°C under N, atmosphere. Then,
1-Ethyl-3-(3 dimethylaminopropyl) carbodiimide (EDCI, 8.45 mg, Sigma Aldrich) was
added to the solution and stirred for 30 min at 0 °C. Next N-hydroxy succinimide (NHS,
3.5 mg, Sigma Aldrich) was added, followed with PRN suspension (120 mg in 20 mL
water) and the mixture was stirred for another 4 h. The suspension was then dialyzed
against water under N, and lightproof condition. Suspension in the dialysis bag was

then freeze-dried.
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Table 4 Summary of mean macroscopic skin lesion score (mean + SD)

Treatment Day7 Dayl4 Day21 Day28
0 0 0 0
DW
negligible negligible negligible negligible
0 0 0 0
cs
negligible negligible negligible negligible
3.6+0.55H" J +
764055 %P a2+084t  18:084"°
RAL Y.h
Moderate Severe Moderate Slight
0 0 0 0
PRN
negligible negligible negligible negligible

Mean microscopic lesion score was evaluated based on ISO 10993-10:2010.

Statistical analyses were performed using two-way ANOVA followed by Tukey’s

multiple comparison test. Two control groups including 1) distilled water (DW) as

negative control and 2) chitosan nanoparticles (CS) as unloaded nanocarriers, and two

sample-treated groups including 3) topical application of conventional retinal (RAL; 0.1

% w/v or at 3.33 mM of retinoid) and 4) PRN (at 3.33 mM of retinoid). Mean microscopic

lesion score;
bttt

treatment groups.

indicates difference (p<0.05) within same day of treatment among all

*indicates difference (p<0.05) between day7 and day14 of RAL treatment.

¥ indicates difference (p<0.05) between day7 and day21 of RAL treatment.

h

indicates difference (p<0.05) between day7 and day28 of RAL treatment.

Jindicates difference (p<0.05) between dayl14 and day21 of RAL treatment.

P indicates difference (p<0.05) between day14 and day21 of RAL treatment.

9 indicates difference (p<0.05) between day21 and day28 of RAL treatment.



Table 5 Summary of mean microscopic skin lesion score (mean + SD).

Treatment Day7 Dayl4 Day21 Day28
0 0 0 0
DW
None None None none
0 0 0 0
CS
None None None none
10.6+3.59 14" - ,
. 8.8+3.0% 8+2.75 ¢ 5.8+2.03
RAL
Moderate Moderate Mild mild
0.8+0.36 0.2+0.11 0.2+0.11 0.6+0.26
PRN
None None None none

aq

Mean microscopic lesion score was evaluated based on I1SO 10993-10:2010.

Statistical analyses were performed using two-way ANOVA followed by Tukey’s

multiple comparison test. Two control groups including 1) distilled water (DW) as

negative control and 2) chitosan nanoparticles (CS) as unloaded nanocarriers, and two

sample-treated groups including 3) topical application of conventional retinal (RAL; 0.1

% w/v or at 3.33 mM of retinoid) and 4) PRN (at 3.33 mM of retinoid). Mean microscopic

lesion score;
thatt,

all treatment groups.

* indicates difference (p<0.05) between day7 and day21 of RAL treatment.

indicates difference (p<0.05) within same same day of treatment among

¥ indicates difference (p<0.05) between day14 and day28 of RAL treatment.

R indicates difference (p<0.05) between day7 and day28 of RAL treatment
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Table 6 Summary of epidermal thickness

Treatment DW CS RAL PRN
Day7 26.05+2.63 25.79+2.47 48.39+6.99° 58.34:+5.96°"
Day14 31.38+3.32 29.55+3.35 53.42+4.95° 65+1.53")
Day21 31.01+2.13 30.35+2.48 62.91+£3.224" 66.39+0.93%P

78.62+11.07™
Day28 27.51+1.80 28.44+2.35 69.56+4.104™° ks

Two control groups including 1) distilled water (DW) as negative control and
2) chitosan nanoparticles (CS) as unloaded nanocarriers, and two sample-treated
groups including 3) topical application of conventional retinal (RAL; 0.1 % w/v or at
3.33 mM of retinoid) and 4) PRN (at 3.33 mM of retinoid).

abcdefeh indicates difference (p<0.05) within same day of treatment among all
treatment groups.
"% indicates difference (p<0.05) within same date between PRN and RAL-treated
group.
"™ indicates difference (p<0.05) when compared with 7days of RAL treatment
" indicates difference (p<0.05) when compared with 14days of RAL treatment
P9 indicates difference (p<0.05) when compared with 7days of PRN treatment

"indicates difference (p<0.05) when compared with 14days of PRN treatment
* indicates difference (p<0.05) when compared with 21days of PRN treatment
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Figure 9 Follicular penetration of rhodamine-labelled PRN in rat skin observed by

CLSM at 3 h 6 h and 12 h post topical PRN application.
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Figure 10 Immunohistochemistry of treated skin at 7 days of topical application.
(DW; distilled water, CS; unloaded nanocarriers, RAL; conv.RAL and PRN; proretinal nanoparticles).
Immunohistochemical features of diffuse intracytoplamic (A-D); K5, (E-H); K10, (I-L); K14, (Q-T);
CRABP-2 in epidermis, (M-P); IL-6 in dermis, and (U-X); nuclear labeling of PCNA in basal epidermal
layers in all groups at 7 days of daily topical application (bar = 100 um). Insets show in higher
magnification (bar = 50 um). Topical application of PRN induces expression of K5, K10, K14, CRABP-
2 and PCNA meanwhile slightly expression of IL-6 immunoreactivity compares to DW, CS and RAL-

treated groups.
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Figure 11 Immunohistochemistry of treated skin at 14 days of topical application.
(DW; distilled water, CS; unloaded nanocarriers, RAL; conv.RAL and PRN; proretinal nanoparticles).
Immunohistochemical features of diffuse intracytoplamic (A-D); K5, (E-H); K10, (I-L); K14, (Q-T);
CRABP-2 in epidermis, (M-P); IL-6 in dermis, and (U-X); nuclear labeling of PCNA in basal epidermal
layers in all groups at 14 days of daily topical application (bar = 100 pm). Insets show in higher
magnification (bar = 50 um). Topical application of PRN induces expression of K5, K10, K14, CRABP-
2 and PCNA meanwhile slightly expression of IL-6 immunoreactivity compares to DW, CS and RAL-

treated groups.
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Figure 12 Immunohistochemistry of treated skin at 21 days of topical application.
(DW; distilled water, CS; unloaded nanocarriers, RAL; conv.RAL and PRN; proretinal nanoparticles).
Immunohistochemical features of diffuse intracytoplamic (A-D); K5, (E-H); K10, (I-L); K14, (Q-T);
CRABP-2 in epidermis, (M-P); IL-6 in dermis, and (U-X); nuclear labeling of PCNA in basal epidermal
layers in all groups at 21 days of daily topical application (bar = 100 pm). Insets show in higher
magnification (bar = 50 um). Topical application of PRN induces expression of K5, K10, K14, CRABP-
2 and PCNA meanwhile slightly expression of IL-6 immunoreactivity compares to DW, CS and RAL-

treated groups.
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Highlight

® Topical proretinal nanopartilces, a novel formulation of topical retionids, can penetrated
effectively into the hair follicles with the time-independent manner.
® The recovered retinal concentration delivered to the stratum corneum and the hair

follicles was significantly higher when retinal was applied in the particulate form.
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3.1 Abstract

Topical retinoids are frequently applied for therapeutic and cosmeceutical
reasons although their bioavailability is low due to their chemical and photochemical
instability. Moreover, skin irritation is a common side effect. Therefore, proretinal
nanoparticles (PRN) as a novel formulation of topical retinoids, which are based on
chitosan grafted with retinal through reversible linkage, were developed and their skin
penetration behavior was studied. As nanoparticles preferably penetrate into the hair
follicles, the follicular penetration depths of PRN at different time points were
investigated. Moreover, the release capacity of the nanoparticulate system was studied
using fluorescein as a model drug. Additionally, the concentration of retinal in the
stratum corneum and in the hair follicles was quantified after application in particulate
and non-particulate form. The results showed that the nanocarriers reached the
infundibular area of the hair follicles, irrespective of the incubation time. The
nanoparticles were able to release their model drug within the hair follicle. The retinal
concentration delivered to the stratum corneum and the hair follicles was significantly
higher when retinal was applied in the particulate form. In conclusion, the presented
proretinal nanoparticle system may help to overcome the main problems of topical
retinoid therapy, which are skin irritation, chemical and photochemical instability and

low bioavailability, thus improving the topical retinoid therapy.

Keywords: Retinaldehyde, nanoparticles, follicular penetration, tape stripping
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3.2 Introduction

Vitamin A and its derivatives (retinoids) are known as crucial natural regulators
in skin proliferation and differentiation. In order to reduce the side effects related to
systemic administration, such as teratogenicity, skin and mucous membrane dryness
[109] which limit the use of retinoids in therapeutic purposes, topical application of
retinoids is often the preferred method of administration for dermatological or

cosmeceutical indications.

Retinaldehyde (retinal) is one of the natural intermediate precursors of retinoic
acid, which exerts the biological retinoid effects [110]. Unfortunately, topically applied
retinal is still irritative to human skin [111] and moreover, chemically and
photochemically unstable. Topically applied retinal can induce a retinoid dermatitis
[112]. This inflammation is induced by an overload of non-physiological amounts of
exogenous retinoic acid in the skin [113]. Therefore, the aim is to eliminate this dose-
related side effect and the instability of the chemical by developing a topical
nanoparticulate controlled-release drug delivery system, which releases retinal
continuously to prevent an excessive amount of retinal on the skin immediately after
application. Polymer-based nanoparticulate drug delivery systems have already been
considered and evaluated as topical carriers for different drugs [33]. Especially
chitosan-based nanoparticulate drug delivery systems have been used as transdermal
drug carriers [114]. They are assumed to provide several advantages in transdermal
drug delivery via their mucoadhesive, permeation enhancement and controlled-
release properties by the degradation of the polymer, which may enhance the drug

bioavailability [115, 116].

Next to dose-related side effects, also the penetration of topically applied
retinal itself represents a challenge. In general, most topically applied drugs provide
extremely limited bioavailability rates, which are often below 1%. The bioavailability
for retinoids is also less than 1% after single topical application [117, 118]. The low
bioavailability of most topically applied drugs is due to the strong barrier properties of
the skin and mainly the stratum corneum, the outermost layer of the skin. Three

potential penetration pathways, in general, provide access to the skin: the intercellular
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penetration pathway [119], the follicular penetration pathway and transcellular
penetration pathways [120]. Topically applied substances can try to overcome the skin
barrier via the intercellular penetration pathway, which is located within the lipid layers
that are surrounding the corneocytes of the stratum corneum or they can - at least
theoretically - pass the skin barrier by intracellular penetration, which, however, is
probably of minor importance. In addition, the hair follicles represent an interesting
entry port into the skin, which is especially of importance for particulate substances.
Previous studies could demonstrate that nanocarriers penetrate very efficiently into
the hair follicles, which was hypothesized to be due to a mechanical transport
mechanism induced by hair movement. Due to rhythmic movement of the hair in the
hair follicle, the nanocarriers can be transported deeply into the hair follicle
comparable to a ratchet mechanism. This effect was shown to be dependent, inter

alia, on the size of the nanocarriers and on the frequency of hair movement [121].

Although nanocarriers show an effective follicular penetration, they are not
able to overcome the stratum corneum directly due to their increased size. Already in
2000, the 500-Dalton rule was established which clarifies that substances, which have
a molecular weight more than 500 Dalton, are not able to penetrate via the
intercellular pathway [122]. Nevertheless, there are several studies that report an
increased penetration of topically applied substances delivered by particulate systems,
although the particles are not able to penetrate themselves. Here, the concentration
gradient and other, partially unclarified mechanisms seem to play the major roles [123,

124] .

By grafting retinal onto chitosan polymer, a biocompatible and bioabsorbable
polymer derived from the natural chitin polymer, and inducing self-assembly of the
grafted polymers, proretinal nanoparticles showed sustained release of retinal in vitro
[125]. Abilities of the proretinal nanoparticles to produce physiological effects without
skin irritation side effects were already demonstrated both, in an animal model and
also in human volunteers [125]. Nevertheless, the journey of the particles on skin,
together with their location are unknown. Therefore, the aim of the present study was

to investigate and quantify the skin and hair follicle penetration behavior of topically
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applied proretinal nanoparticles and the release of retinal from this system or of a
model drug, respectively, in order to improve topical retinoid therapy in the future. It
was hypothesized that proretinal nanoparticles penetrate very effectively into the hair

follicles and might be able to increase the bioavailability of retinal in the skin.

3.3 Materials and methods
3.3.1 Materials
3.3.1.1 Nanoparticles

PRN: PRN was prepared as previously described [125]. Briefly, chitosan (CS,
molecular weight of ~40,000-50,000 Da, Taming Enterprise, Samut Sakhon, Thailand)
was dissolved in 0.1% acetic acid, and the pH of the obtained solution was adjusted
to 5.9 using NaOH. The final solution contained 45 mg CS in 19.0 mL solution. Then
retinal (15 mgin 1.0 mL of ethanol) was slowly added dropwise into the CS suspension
at 5°C in the dark, under ultrasonic (40 kHz) and N, atmosphere. After 2 h, the
suspension was dialyzed against water under N, atmosphere and lightproof condition
to obtain PRN suspension in water. The suspension was then freeze-dried. The size of

PRN was 240.1+29 nm.

Rhodamine labelled-PRN: 5(6)-Carboxytetramethylrhodamine (6.34 mg) was
dissolved in dimethyformamide (DMF, 0.5 mL) at 0 °C under N, atmosphere. 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDCI, 8.45 mg, Sigma Aldrich) was added to the
solution and stirred for 30 min at 0 °C. Then N-hydroxysuccinimide (NHS, 3.5 mg, Sigma
Aldrich) was added, followed with PRN suspension (120 mg in 20 mL water) and the
mixture was stirred for another 4 h. The suspension was then dialyzed against water

under N, and lightproof condition. Suspension in the dialysis bag was then freeze-dried.

Rho-Flu-Chitosan nanoparticles: On ice, 5(6)-carboxytetramethylrhodamine
(4.0 mg) was dissolved in DMF (0.3 mL) under N, atmosphere. EDCI (6.0 mg) was added
to the solution and stirred for 30 min. Then NHS (3.5 mg) was added, followed with N-
succinylchitosan suspension (120 mg in 20 mL water) and the mixture was stirred for

another 4 h before being dialyzed against water. Then the obtained suspension was
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stirred with the activated 5-carboxyfluorescein solution (prepared by dissolving 5-
carboxyfluorescein (4.0 mg in 0.3 mL DMSO) and mixed with EDCI (6.0 mg) and NHS
(3.5 mg) on ice) for 4 h and then dialyzed against water. The obtained suspension was

freeze-dried.

RAL: Moreover, all-trans-retinal (RAL) (Sigma Aldrich, St. Louis, USA) was
prepared in the solution as the same retinoid concentration corresponding to PRN and

served as control.

3.3.2 Methods
3.3.2.1 Ex vivo skin preparation

The studies were performed ex vivo on porcine ear skin. Porcine ear skin is as
an appropriate model for human skin [126] and very suitable for investigating the
follicular penetration process as hair follicle size and density are well comparable.
Other than excised human skin, porcine ear skin remains fixed to the cartilage during
the experiments. Thus, any contraction of the skin and the hair follicles can be
excluded [127]. Fresh pig ears (6-month-old German domestic pig) with no abnormal
external appearances and no skin lesions were obtained from a local slaughter house
in Niederlehme, Germany. The protocol for this study adhered to the ethical principles
of the Veterinary Board of Control, Dahme-Spreewald. The porcine ears were cleaned
and rinsed with cold water, dried with paper towels and fixed on a polystyrene board.
The topical substances were applied to the well-demarcated skin areas using a silicon
barrier (Marabu Window Color, Marabu GmbH, Bietigheim-Bissingen, Germany) to
prevent any lateral spreading of the applied formulations from the designated skin
areas. 20 pL per cm? of each formulation was applied to the skin areas, distributed
homogeneously with 2 min of 50 Hz massage appliance (Novafon Pro soundwave
appliance, Weinstadt, Germany) and incubated following the indicated penetration
times following each application protocol at room temperature in a moisture chamber.
Each experiment was performed on 6 independent pig ears. Due to the light sensitivity

of retinoids, all experiments were carried out in a darkened room.
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3.3.2.2 Application of topically applied substances
3.3.2.2.1 Experiment A Determination of the follicular penetration
depths of PRN
In experiment A of the study, the follicular penetration depths of PRN were
investigated using 5(6)-carboxytetramethylrhodamine labelled-PRN for visualization by
confocal laser scanning microscopy. Therefore, two skin areas of 2x3 cm? for each pig
ear were demarcated as described above. One skin area was treated with PRN, the
other skin area remained untreated and served as control. After the topical application

and an incubation time of 2 h, skin biopsies were excised.

3.3.2.2.2 Experiment B Determination of the time dependency of the

follicular penetration depth and the release of the 5-carboxyfluorescein

from the 5(6)-carboxytetramethylrhodamine-labelled chitosan

nanoparticles

In experiment B of the study, 4 areas of 2x3 cm? were prepared as described

above.  The  chitosan =~ nanoparticles  double  labelled  with  5(6)-
carboxytetramethylrhodamine and 5-carboxyfluorescein were applied to three of the
marked areas. The fourth area remained untreated and served as control. Each of the
three treated skin areas was designated to have a different penetration time of 2, 4 or

24h, respectively.

3.3.2.2.3 Experiment C Modified differential stripping technique to

estimate the amount of retinal in the stratum corneum and the hair

follicle after topical application of RAL and PRN

In experiment C of the study, three areas of 4 x 3 cm? were marked. PRN and

RAL were topically applied and one skin area remained untreated and served as
control. The incubation was determined to be 4 h according to the deepest follicular
penetration depths in experiment B and according to the previous in vitro study
determining the release efficacy of free retinal from chitosan nanoparticles, which was

approximately 60% at this time point [125].
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3.3.2.3 Analytical methods
3.3.2.3.1 Investigation of follicular penetration depths (experiment A and
B)
In experiment A and B, skin samples were processed after the different
incubation times as follows: full thickness skin biopsies were cut into probes of 5 x 5
mm in size using a surgical blade. The subcutaneous fat tissue was removed, and the

probe was immediately fixed with cryospray (Solidofix-cryospray, Carl Roth, Karlsruhe,

Germany), snapped in liquid nitrogen and kept in -20°C. Subsequently, cryosections of
hair follicles of 10 pm thickness were prepared using a cryostat (Microm Cryo-Star HM
560, Microm International GmbH, Walldorf, Germany). At least 10 hair follicles per

investigated skin area were prepared.

3.3.2.3.2 Confocal laser scanning microscopy
The hair follicle sections were examined with confocal laser scanning
microscopy (CLSM0700 Zeiss, Oberkochen, Germany) without additional tissue
processing. Laser excitation wavelengths of 488 and 555 nm were used to scan the
hair follicle sections. Untreated skin samples were used as controls to avoid any
autofluorescence measurement.
The CLSM provided dual-colored images of the fluorescent signals of 5-

carboxyfluorescein (Kex/em = 488/518 nm) and 5(6)-carboxytetramethylrhodamine

(Kex/em = 555/580 nm), respectively. The images were studied using 100x magnification.
Once the images were obtained, follicular penetration depths were measured in
micron for each formulation using ZEN 2012 software program (Carl Zeiss, Oberkochen,
Germany). The release properties of 5-carboxyfluorescein dye from the chitosan
nanoparticles in experiment B were also calculated as a percentage of the number of
hair follicles that had deeper follicular penetration depths of 5-carboxyfluorescein than
5(6)-carboxytetramethyl rhodamine at each time point against all hair follicles of that

time point.
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3.3.2.3.3 Modified differential stripping protocol (experiment C)

In experiment C, the modified differential stripping protocol according to Knorr
and colleagues in 2013 [128] was used to estimate the amount of retinal penetrating
into the stratum corneum and into the hair follicles after topical application of RAL
and RPN. Based on the assumption that most of the topical applied retinal is located
on the skin surface and in the stratum corneum, the stratum corneum was removed
by 70 tape strips. Subsequently, split skin of 600 pm in thickness was removed with
an electronic dermatome (Acculan 3Ti Dermatome, Aesculap, B Braun, Tuttlingen,
Germany). As tape stripping did not show any penetration of retinal into the inferior
part of the stratum corneum, it was assumed that retinal extracted from the remaining
split skin can only originate from the hair follicles.

The tape stripping procedure was performed as described by Weigmann and
colleagues in 1999. For the described experiment, adhesive tapes of a width of 18 mm
(TESA film No.5529, Beiersdorf, Hamburg, Germany) were used. After incubation of the
topically applied substances, tape stripping was started. Seventy consecutive tapes
were collected from each skin area. Immediately after tape stripping, the split skin was

removed.

3.3.2.3.4 UVVis spectroscopy and extraction protocol

At first, the transmission spectrum was determined for each removed tape strip
by UV/Vis spectroscopy (Perkin Elmer Lambda 650 S, Uberlingen, Germany) with an
empty tape in the reference beam. The absorption measured at 600 nm was used as
measure for the mass of the corneocyte aggregates placed on the individual tapes
[129]. Subsequently, all tape strips, and the tiny pieces of dermatomized skin were
extracted in ethanol. Therefore, the tapes were cut to a size of 1.5 x 3 cm® Each single
tape strip of No. 1-10 and the dermatomized skin were placed in a single test tube,
which was filled with the amount of 3.14 ml ethanol (Ethanol UVASOL, Merck,
Darmstadt, Germany) as extraction solvent. The tapes 11-70 were placed, each 5
consecutively together, in a test tube avoiding any overlapping and adhering to the

test tube and other tapes. Then, all tubes were ultrasonicated for 10 min (Sonorex
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Super RK102H, Bandelin Electronic, Berlin, Germany) and centrifugated at 4,000 rpm

for 10 min at 20°C (Hettich® Universal 320/320R centrifuge, Sigma Aldrich, St. Louis,
USA). After the extraction, the absorption spectra of retinal were recorded on the UV-
visible spectrometer at 25°C in the range of 250 - 500 nm using a quartz cuvette with
10 mm path length (Quartz Suprasil, Hellma Analytics,). The band maxima of the retinal
is at 380 nm. The concentration of free retinal in the extracted tapes and the
dermatomized skin was calculated using the standard reference curve, which had been
prepared of retinal standards. The results obtained from the PRN and retinal were

compared with the untreated skin areas as control.

3.3.2.4 Statistical analysis
To analyze the data, unpaired t-test for comparison of two pairs of samples
and Kruskal Wallis One-way ANOVA were used to investicate the differences between
the groups (GraphPad Software, San Diego, California, USA). Differences were

considered significant at p < 0.05.

3.4 Results
3.4.1 Experiment A Determination of the follicular penetration depths of PRN.
The follicular penetration depth of 5(6)-carboxytetramethylrhodamine-labelled
PRN was determined by confocal laser scanning microscopy. The red fluorescent signal
emitted by the topically applied PRN was detected in the hair follicles and also on the
skin surface. In total, 60 hair follicles from 6 independent skin samples were analyzed,
the mean follicular penetration depth was 411+60 pm (max=725; min=209) (Fig.13A).

No red fluorescent signal was detected in untreated skin areas (Fig.13B).
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5(6)-carboxytetramethylrhodamine-labelled PRN Untreated skin

Figure 13 Representative figures of hair follicle cross sections showing the follicular
penetration of 5(6)-carboxytetramethylrhodamine-labelled PRN.

(A) and untreated skin as control (B). The distribution of the red fluorescent signals

reflects the PRN distribution in the hair follicle after 2 h.

3.4.2 Experiment B Determination of the time dependency of the follicular

penetration depth and the release of the 5-carboxyfluorescein from 5(6)-

carboxytetramethylrhodamine-labelled chitosan nanoparticles

The CLSM images of the hair follicle cross sections after topical application of

5(6)-carboxytetramethylrhodamine-labelled chitosan nanoparticles loaded with 5-
carboxyfluorescein after different incubation times are depicted in Fig.14. The
fluorescence of 5(6)-carboxytetramethylrhodamine could be visualized at laser line
555 in red and the fluorescence of 5-carboxyfluorescein at laser line 488 in green. In
the right column, a merge of both fluorescence signals is demonstrated. The untreated
skin showed no fluorescent signal. The corresponding penetration depths of the 5(6)-
carboxytetramethylrhodamine-labelled  chitosan  nanoparticles, of the 5-
carboxyfluorescein and of the PRN are summarized in Fig.15. Both figures demonstrate
that 2 h after topical application, the follicular penetration of 5-carboxyfluorescein

(445+21 um) was deeper than that of 5(6)-carboxytetramethylrhodamine (408+25 pm).
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Therefore, it can be assumed that 5-carboxyfluorescein has been successfully released
from the 5(6)-carboxytetramethylrhodamine-labelled nanoparticles. After 4 h of
incubation time, the deepest follicular penetration of 5(6)-
carboxytetramethylrhodamine (474+31um) and of 5-carboxyfluorescein (509+34 pum)
was detected. After an incubation time of 24 h, 5(6)-carboxytetramethylrhodamine
(369+28 pm) and 5-carboxyfluorescein (413+28 pm) showed the lowest follicular
penetration depths. The follicular penetration depths of 5-carboxyfluorescein were
significantly deeper than those of 5(6)-carboxytetramethylrhodamine at every time

point for the majority of the hair follicles (2h: 80%, 4 h: 70% and 24 h: 87%) (p<0.05).
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Figure 14 CLSM images of hair follicle cross sections prepared at different time points

(A) 2h (B) 4h (C) 24h) after topical application of 5(6)-carboxytetramethylrhodamine-
labelled chitosan nanoparticles loaded with 5-carboxyfluorescein. Column E presents
the distribution of 5(6)-carboxytetramethylrhodamine in the hair follicles, column F
the distribution of 5-carboxyfluorescein. Column G is the merge of both fluorescent
signals and the transmission mode. The last row represents hair follicle cross sections

of untreated skin. Here, no fluorescent signal was detectable.
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Figure 15 Presentation of the mean follicular penetration depths in um of 5(6)-
carboxytetramethylrhodamine and 5-carboxyfluorescein, at different time points.

(A) The black triangle represents the follicular penetration depth of 5(6)-
carboxytetramethylrhodamine-labelled PRN after 2 h of incubation. The box plot graph
shows the mean follicular penetration depth of 5(6)-carboxytetramethylrhodamine at
different time points (which was linked to the chitosan nanoparticles). Due to the
significantly deeper follicular penetration depths of the model drug 5-
carboxyfluorescein (*p<0.05), it can be assumed that 5-carboxyfluorescein has been
released from the 5(6)-carboxytetramethylrhodamine-labelled chitosan nanoparticles.
(B) Schematic illustration of a hair follicle and follicular penetration depths for 5-
carboxyfluorescein  dye as a drug model release (clear dots), 5(6)-
carboxytetramethylrhodamine as the indicator for penetrated particles (black dots)
and 5(6)-carboxytetramethylrhodamine-labelled chitosan nanoparticles 2 h after
topical application. After the investigated time points, chitosan nanoparticles and PRN

were found mainly in the infundibulum of hair follicle.
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3.4.3 Experiment C Modified differential stripping protocol

After topical application of PRN and retinal, the concentration of retinal was
quantified in the stratum corneum and in dermatomized skin as shown in the Table 7
and Fig. 16. As the tape stripping revealed only very low or absent concentrations of
retinal in the middle and lower stratum corneum, respectively, the modified
differential stripping technique was applied analogously to previous study of Knorr and
colleagues in 2013 . This technique is based on the assumption that if no substance is
located in the lower stratum corneum by tape stripping (as could be demonstrated
for PRN and retinal, see Fig. 16E and F), the concentration found in the residual
epidermis and dermis highly probably originates from the hair follicles. Therefore, the
concentrations of retinal extracted from the dermatomized skin are referred to

hereinafter as follicular content.

The results revealed that the retinal concentration was higher in the PRN than
in the retinal-treated group, which was statistically significant for tape 1 and the
follicular content (p<0.05) (Fig. 16A-C). Although the concentration of retinal in tapes
2-10 and tapes 11-70 of PRN-treated group was not significantly different to the retinal
group, there is still a clear tendency for a higher concentration in the PRN group. After
70 tape strips, the cumulative concentration of retinal of PRN group was 3-fold higher

than in the retinal group (Fig. 16D).

The penetration profile of PRN in Fig. 16E demonstrates that retinal is located
approximately in the upper 75% of the horny layer. In contrast, the retinal from RAL is

located only in the upper 25% of the horny layer (Fig. 16F).
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Table 7 The summary of recovered retinal amount found in PRN and retinal-treated

groups in each tape stripping compartment and follicular content.

Data were represented as the mean values and the standard deviations of 6

replicated experiments. Jrp<O.05

Tape2- Tapell- Follicular
Treatment groups Tapel total
10 70 content
PRN
Concentration of recovered
retinal (ug/cm?) 185+7.70  53+20 15+17  26+12t 238484
Percentage of recovered
retinal (%) 16.1+8.6  59+22  1.7+19 29+1.3 26.4+9.3
Percentage of relative amount
of recovered retinal (%) 59.5+19.0 23.549.3 6.4+8.7 11.2+6.0 100
Retinal
Concentration of recovered
retinal (ug/cm?) 29114 3.5+2.0 0.4+0.5 0.2+0.2 7.0+2.5
Percentage of recovered
retinal (%) 3.2+1.6 3.9+2.2  0.5+05 0.2+0.3 7.7+2.7
Percentage of relative amount
of recovered retinal (%) 43.4+151 50.2+£15.6 5.5+4.7 25429 100
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Figure 16 UV-absorption spectra of recovered retinal (7\,380nm)

(C) Comparison of the concentration of retinal in PRN and RAL-treated groups (pg/cm2)
for tape 1, tape 2-10, tape 11-70 and the follicular content after 4 h of incubation (*
p<0.05). (D) Cumulative concentration of retinal (ug/cm2) after topical application of
PRN and RAL in the stratum corneum. (E-F) Distribution of retinal in (E) PRN- (black fill)

and (F) RAL-treated skin (black fill) inside the stratum corneum.
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3.5 Discussion

The usefulness of retinoids is widely recognized in dermatology for the therapy
of acne and other retinoid responsive disorders, but also as an anti-aging
cosmeceutical. Due to its susceptibility, the development of topical retinoid
preparations requires improvement in stability and controlled release properties.
Therefore, the utilization of particulate drug delivery systems seems to be a promising
approach as nanoparticle systems can provide a better chemical and physical stability
of drugs and moreover, offer a sustained release. Unfortunately, nanoparticles are
rarely able to ov ercome an intact skin barrier directly, but they have been described
to penetrate very efficiently into the hair follicles and to improve skin absorption of
actives by maintaining a concentration gradient and by other partly still unclarified

mechanisms [123, 124].

Previous studies clearly demonstrated that the follicular penetration
mechanism is mainly mechanically driven and comparable to a ratchet [121]. Due to
the movement of the hair, whereby movement direction and frequency also play
significant roles, the nanoparticles are transported deeply into the hair follicle. This
process is facilitated if nanoparticle size and the thickness of the cuticula cells, which
cover the hairs, are comparable in size. In an earlier study it was shown that, by
selecting a specific particle size, different target sites within the hair follicle can be
reached. For nanoparticles with a diameter of 643 nm, the follicular penetration depth
was significantly deeper than for nanoparticles of smaller or larger sizes. Whereas the
643 nm nanoparticles reached follicular penetration depths of more than 1000 pm,
smaller or larger particles remained only in the infundibulum. The authors could
reproduce their findings for different particle types [130]. In the present study,
nanoparticles of a size of about 240 nm were utilized. The deepest follicular
penetration depth for PRN was around 470 um after an incubation time of 4 h, meaning
a penetration down to the inferior infundibulum part of the hair follicle. When
comparing the data of the present study with data obtained for the PGLA particles
with a comparable size [131], the 230 nm PGLA particles penetrated approximately

800 pm into the hair follicle. The detected differences could be due to an aggregation
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effect of the particles used in the present study, which can affect the penetration
behavior [132]. Nevertheless, it can be stated that the target site of interest for retinal
in the therapy of acne, which is the infundibulum, can be successfully reached in order
to affect the main problems of acne, which are inflammation and abnormal
keratinization [133]. If deeper areas of the hair follicle have to be targeted in further
clinical indications, probably other vehicles have to be selected to avoid the
ageregation effect and to enhance the follicular penetration. Actually, the slightly
different follicular penetration depths can also be due to different vehicle formulations
as has been reported by Patzelt et al [130]. The PRN were prepared as an aqueous
suspension, which might support the aggregation effect [132]. Patzelt et al. also
reported that the same type of particles penetrated slightly deeper into the hair

follicles when applied in gel formulation than in aqueous suspension [130] .

Double fluorescent-labelled chitosan nanoparticles were used to investigate
the time dependency of the follicular penetration depth and the potential release of
the model drug fluorescein. Although many studies have succeeded in encapsulating
retinoids into nanocarriers [134, 135], especially the follicular penetration of these

nanocarriers at different time points has not been investigated so far to our knowledge.

For the investigation of the potential release, retinal was replaced by 5-
carboxyfluorescein for the visualization of the release by confocal laser scanning
microscopy. Although, 5-carboxyfluorescein is not able to replace retinal completely
as the chemical bond to the chitosan nanocarriers was changed from imine to ester
bond for fluorescein, both nanocarriers (PRN and double-labelled chitosan
nanocarriers) at least provided the same follicular penetration depth at 2 h. Therefore,
it can be concluded that the follicular penetration behavior of both particle types is

comparable.

Therefore, the fluorescent signal of 5(6)-carboxytetramethylrhodamine was
used to study the penetration behavior of the nanocarrier and the fluorescent signal
of 5-carboxyfluorescein was used to study the release properties of the nanocarriers.

Due to the solubility of chitosan, chitosan nanoparticles possess pH-dependent drug
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release [136]. The skin pH could control the grafted active substance sustainably
releasing from the chitosan nanoparticles. The sustain release character of the chitosan
nanoparticles at the skin pH was hypothesized to deliver the grafted active substances
on chitosan nanoparticles after single application [125]. Although the ester linkage
between 5-carboxyfluorescein and chitosan is not as labile as the imine linkage
between retinal and chitosan, ester bond hydrolysis is expected in hair follicles due to
the lipase presence in in the sebaceous glands and in the external root sheath of the
hair follicle [137, 138]. Faster release of 5-carboxyfluorescein as compared to that of
the 5(6)-carboxytetramethylrhodamine is likely the result of a more hydrophobicity of
the latter comparing to that of the former. Therefore, here the release of 5-
carboxyfluorescein was expected to be representative of drug release from the
penetrated particles in hair follicles. The follicular penetration depths of 5(6)-
carboxytetramethylrhodamine and 5-carboxyfluorescein were significantly different at
all time points, whereby 5-carboxyfluorescein could be detected approximately 50 pm
deeper inside the hair follicle than 5(6)-carboxytetramethylrhodamine. Therefore, it
can be assumed that the model drug fluorescein was transported into the hair follicle
by the nanocarrier, then it was released from the nanocarrier within the infundibulum
of the hair follicle, as expected, and subsequently, penetrated deeper into the hair

follicle independently from the nanocarrier.

The follicular penetration depths of the chitosan nanoparticles were found to
be not time dependent. There was no significant difference in the follicular penetration
depths after 2 h and 4 h, meaning that the maximum penetration depth can already
be reached at early time points. Based on the in silico data [121], it can even be
assumed that the maximum follicular penetration depth in ex vivo skin models can be
reached already within a couple of minutes during the massage application as the
results suggest that the follicular penetration process has to be mechanically
stimulated. As previous studies [125], however, demonstrated that more than 50% of
the release occurs after 4 h, this incubation time was selected. Surprisingly, the
follicular penetration depth was shown to be significantly reduced after 24 h. This

effect is probably due to a reduction of the fluorescence signal of 5(6)-
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carboxytetramethylrhodamine and 5-carboxyfluorescein over time as a retrograde
penetration cannot be expected in an ex vivo skin model. For the in vivo situation, it
is known that the particles are transported out of the hair follicle by sebum flow and

hair growth, which are lacking in ex vivo skin [139].

Additionally, the intercellular and follicular penetration of retinal was
investigated for retinal either released from a conventional RAL formulation or from
PRN. Most topically applied substances only show a very limited skin penetration due
to the strong barrier function of the skin. The results of the study showed that the
cumulative concentration of retinal in the stratum corneum was 3fold higher when
retinal was delivered by PRN than by a conventional RAL formulation. Moreover, the
penetration of retinal was significantly deeper when applied as PRN. Retinal released
from conventional RAL was only detected in the upper 10 tape strips, whereas retinal
from PRN was also detected in the lower part of the SC. The penetration profiles
clearly demonstrate these effects. It can be supposed that due to the good
encapsulation efficacy, retinal can be continuously delivered from the PRN reservoir
located on the skin surface and upper stratum corneum layers, whereas retinal from

conventional RAL is easily degrading due to its chemical and photochemical instability.

According to the Fick’s law explaining the passive transport of substances
through the skin [140], the flux of a substance is positively correlated to the
concentration gradient. Due to the increased concentration of retinal on the skin
surface when applied as PRN, a high concentration gradient exists resulting in a high
flux of retinal into the stratum corneum. These results are in agreement with [141]
who explained that nanoparticles would rather enhance the drug diffusion through the
skin barrier and increase the drug gradient than penetrating through the healthy
stratum corneum. Moreover, as already reported in other studies, it has to be taken
into consideration that the amount of retinal recovered from the middle and lower
part of the stratum corneum could already originate from the hair follicle openings
[142], which are also removed by the tape stripping procedure. This assumption can
be emphasized by the fact that especially retinal from PRN is localized at higher

concentrations in the lower stratum corneum. The better penetration of retinal from
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PRN application observed here agrees well to the more pronounced in vivo biological

effect observed for the PRN as compared to the RAL reported earlier [125].

In the present study, this assumption was the basis for the method to quantify
the follicular content. It was suggested that unless retinal is available in the lower
stratum corneum, it will likewise not be detectable in the rest of the epidermis but
only in the hair follicles. This assumption is also according to the well-established
method of differential stripping that is used to quantify the follicular content [143]. As
the removal of the follicular content was not possible by cyanoacrylate skin surface
biopsies in the porcine ear skin model as suggested by the differential stripping
method, subsequently to the removal of 70 tape strips, split skin was removed,
extracted and quantified to determine the follicular content. The follicular content
was around 5% of the applied retinal, which is in the same range reported by other

studies, which used the unmodified differential stripping technique [143].
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® \We could have the opportunity to deliver retinal directly to dermis using two

combinations of drug delivery strategies to treat some skin conditions
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4.1 Abstract

Topical retinoid treatments exert biological activities of skin both epidermis and
dermis. The topical application of retinoids targets multiple aspects in dermal
improvements including dermal collagen synthesis either treatment of skin aging or
scar-smoothing benefits in atrophic acne scar. Retinaldehyde has been well known to
be useful in these conditions. The main primary biological barrier to deliver topical
drug which limits the efficacy of transdermal drug delivery system is stratum corneum
which is formed by compact corneocytes. Proretinal nanoparticles (PRN), a polymeric
nanoparticulate form of retinaldehyde, has been proved to efficiently deliver and
supply retinal mainly in epidermis which is the upper part of skin. The use of two
combinations transdermal drug delivery strategies were developed and investigated in
this study by non-invasive imaging techniques as dermoscopy, optical coherence
tomography and multiphoton microscopy. The insertion array, microchannel
characteristics, PRN localization in microchannels and skin closure kinetic have been
studied and visualized successfully over the time following the application. Finally, the
skin depositions of retinaldehyde concentration in different topical application were
compared. The recovered retinaldehyde concentration in dermis was significantly
higher in microneedle loaded with PRN treated skin. We hypothesized that this
platform of PRN-loaded microneedle would provide rapid administration through short
time after microneedle insertion, assist a long-term releasing retinaldehyde from PRN
depots and supply dermis. Finally, it could be beneficial in some skin condition as

atrophic scar and photoaging in the future.

Keywords; Microneedle, retinaldehyde, nanoparticles, dermis
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4.2 Introduction

Topical application of retinoids targets multiple aspects in dermal
improvements including dermal collagen synthesis [144] either treatment of skin aging
[145-147] or scar-smoothing benefits in atrophic acne scar [148, 149] by enhancing
fibroblast in UV-damaged skin [150], improving skin texture and reducing discoloration
[151]. Retinaldehyde, a natural precursor of retinoic acid and a metabolite of vitamin
A, is shown to exert the biological activities of retinoids and beneficial for the treatment
of photoaging [10] and acne scarring [152]. Although topical application of
retinaldehyde is useful in clinical dermatology, there are still some limitations of the
topical usages such as its photochemical instability and irritation in long-term
application. Moreover, when focus on cutaneous concentrations of retinoids, all-trans-
retinoic acid has steep concentration gradient with high concentration in the epidermis
and relatively low concentration in the dermis [153]. The skin permeability of the
commercially available all-trans-retinoic acid is quite low as 5% [154]. The main
primary biological barrier to deliver topical drug which limits the efficacy of transdermal
drug delivery system is stratum corneum which is formed by compact corneocytes as
the thickness of 10-15 pm [155]. New growing microneedle technologies have been
purposed to tackle the limitation of customary transdermal drug delivery. Microneedle
(MN) is minimally invasive technique employed the array of micron-sized needles and
the length up to 1000 pm [156] to penetrate through stratum corneum and facilitate
the active substances to viable epidermis or dermis. Different biodegradable and water-
soluble polymer such as sodium hyaluronate [157, 158], polyvinylpyrrolidone (PVP)
[159] and polyvinyl alcohol (PVA) [160] have been used to fabricate dissolvable MN.
Then, it can manage the rate-controlling release of nanoparticles-loaded MN into target
area. Recently, proretinal nanoparticles (PRN) has shown promising capability to
overcome the instability of retinaldehyde and possess the controlled release of retinal
at skin pH [13]. However, nanoparticulate system has been proved to efficiently deliver
and supply retinal mainly in epidermis which is the upper part of the skin [13]. To
improve efficacy of delivery for further dermatological treatment in the dermis aspects,
the application of PRN-loaded microneedle has been purposed to overcome the

stratum corneum which is the natural barrier of the skin. Since retinaldehyde has many
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significant biolosgical effects to dermis. The dissolvable PRN-loaded microneedle has
been developed to bypass PRN to dermis directly. Thus, the aim of this investigation
is to visualize the ability of insertion of PRN-loaded microneedles by non-invasive
techniques including dermatoscopy, optical coherence tomography (OCT) as well as
multiphoton microscopy (MPM) and to quantify recovered retinal concentration in
both epidermis and dermis. All of these imaging techniques enabled real-time
functional images of skin penetration in the natural state and provided the penetration

depth data without the need for tissue sections.

4.3 Materials and methods
4.3.1 Fabrication of the dissolving PRN-loaded microneedles

PRN was prepared as previously described with some minor adjustment [19].
Briefly, chitosan (CS, molecular weight of ~40,000-50,000 Da, Taming Enterprise,
Samut Sakhon, Thailand) was dissolved in 0.05 % acetic acid, and the pH of the
obtained solution was adjusted to 5.9 using NaOH. The final solution contained 45 mg
CSin 19.0 mL solution. Then cold retinal (15 mg, Sigma Aldrich, in 1.0 mL of ethanol)
was slowly added dropwise into the cold CS suspension (5°C) under light-proof
condition while the mixture was continuously ultrasonicated (40kHz) under N,

atmosphere. The obtained PRN suspension was then freeze-dried. The size of PRN was

240.1+29nm.

The microneedles were fabricated using micro-molding technique with sodium
hyaluronate as the base material. Sodium hyaluronate (injection grade, Shandong
Focuschem Biotech Co., Ltd., Shandong Sheng, China), maltose and PVP (Sigma-Aldrich,
Missouri, USA) were dissolved and mixed with proretinal nanoparticles (PRN). The
obtained suspension was cast on micromoles and dried in a desiccator at room
temperature. The PRN-loaded microneedles were obtained by removing them from
the micromoles. The microneedle patch obtained here is the 10 X 10 needle array
patch with tetragonal pyramidal shaped needle of 200 X 200 pm base and 650 um

needle height. The amount of retinaldehyde loaded in the 10 X 10 needle part of
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each microneedle patch was 2.08 & 0.55 pg. A stereomicroscope (Olympus DP22,

Japan) was used to observe the morphologies and dimension of the MN.

4.3.2 Experimental designs of topical applications
Fresh porcine ears without any skin lesions from 6-month-old German domestic
pigs were obtained from local abattoir. The used protocol was approved by the
Veterinary Board of Control, Dahme-Spreewald. The porcine ears were cleaned up
under running tap water and dry with papers. Hairs were trimmed. Four areas of 1.5x3
cm? were defined. The test samples were untreated skin as a control, PRN-loaded

microneedles, PRN and RAL suspension.

The topical substances were applied to the well-demarcated skin areas using
a silicon barrier (Marabu Window Color, Marabu GmbH, Bietigheim-Bissingen, Germany)
to prevent the lateral spreading of applied substances in each pig ear. The 20 ulL of
liquid substances per cm? of treated area were applied (equivalent to 12 pg of
retinaldehyde/ 4.5 cm?), distributed homogeneously with 2 min of 50 Hz massage
appliance (Novafon Pro soundwave appliance, Weinstadt, Germany) and were
incubated following the indicated penetration times of 4 h at room temperature. PRN-
loaded MN patches were inserted to the tested area using hand pressure to press the
needle patch into the skin, the patch was held in place for 5 min with some massage
motion and pressure through the finger tip, then the base of the patch was peeled off.
Six patches of MN were used on the area of 4.5 cm® The peeled off base was subjected
to microscopic examination to make sure that all needles have been detached and
left in the skin. Each experiment was performed on 6 independent pig ears (N=6). Due

to the light sensitivity of retinoids, all experiments were handled to avoid the light.

4.3.3 Ex vivo skin penetration studies
4.3.3.1 Dermoscopy
To investigate the ex vivo insertion capability of PRN-loaded MN, dermoscopic
examination was performed immediately, 4h and 24h after microneedle administration
by a computerized polarized light videodermatoscope (FotoFinder Dermoscopy

equipped with Medicam 800 HD; FotoFinder Software, Bad Bimbach, Germany) with
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magnification factors of X20 to X70 at X10 increment lens. As polarized light was used,

no preparation of the area under examination was necessary.

4.3.3.2 Optical Coherence Tomography (OCT)

OCT was used as adjunct to dermoscopy to visualize the morphologic changes
of superficial layers of skin and to confirm the insertion and creation of microchannels
following the application of MN to porcine skin. Test areas of MN insertion were
scanned with OCT (VivosightOCT Scanner, Michelson Diagnosis Ltd., Kent, UK) after
dermoscopy over an area of 6x6 mm, depth 1 mm, with an optical resolution of < 7.5
pm laterally and < 5 pm axially at the same time points as dermoscopic examination.
No preparation of the skin surface, oil or ointment of test areas were required in OCT
scan. The function ‘multi-1" setting automatically generated 60 lateral scans of 6-mm
length every 100 um of lateral scanning of the axial OCT scans resulting in two-
dimensional cross-sectional images and en-face views. The OCT images were assessed
by naked eye for features affecting the epidermis and the dermis immediately, 4h and
24 h after single insertion. The penetration capability of MN was immediately

investigated without histological processes or sections.

4.3.3.3 Multiphoton microscopy (MPM) with fluorescence lifetime imaging
microscopy (FLIM)

In order to verify the location of PRN dissolved from MN, images of the
epidermis and dermis were acquired by means of the two-photon laser microscopy
Dermainspect (JenLab GmbH, Jena, Germany) consisting of a tunable femtosecond
titanium sapphire laser (Mai Tai XF, Spectra Physics, USA). The full thickness of skin

samples after MN insertion in the size of 1 x 1 cm? were prepared for the experiment.

To detect autofluorescence, the excitation wavelength used for this study was
at 760 nm. The laser was generated 100-fs pulses at a repetition rate of 80 MHz. Te
410-680 nm bandpass filter was utilized. The combination of TPM and FLIM was
applied for the detection of subtle changes in fluorescence lifetime of intrinsic
autofluorescent compound intentionally in microchannels in the treated skins created

by the insertion of PRN-loaded MN. Fluorescence lifetime data were analyzed by the
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SPClmage software (Becker&Hickl, Berlin, Germany) incorporated into the Dermainspect
system. Fluorescence decay in each pixel was fitted with a sum of two exponentials
(fast and slow) with a fixed shift value, and the intensity threshold was chosen
depending on the image quality. To obtained lifetime (T1 and T2) and amplitude (al
and a2) values were further exported and used for the evaluation of lifetime
distributions and image segmentation. The average lifetime was defined as
Tm=(@l1T1+a2T2)/(al+a2). The scanning modality of MPM-FLIM images was x-y
scanning, resulting in z-stack of horizontal images from the stratum corneum to the
dermis. The z-stack were taken by moving the objective in the z-direction, thus

scanning at different depths in the skin with steps every 10 pm.

4.3.4 Skin deposition of retinaldehyde from PRN-loaded MN
Skin deposition of retinaldehyde was performed after designated time of

incubation of all topical applications of ex vivo porcine model.

4.3.4.1 Extraction of epidermis and dermis treated with retinoids
To separate epidermis from dermis, full-thickness skin was dissected from the
underlying cartilage by using a scalpel and heated for 1 min on stainless steel heating
plate at 60 °C [161]. Epidermis could be entirely peeled from dermis with
forceps. Recovered retinaldehyde concentration in the skin was determined by UV-vis

spectroscopy

4.3.4.2 UV-vis spectroscopy for quantification of recovered retinal in the
skin
After epidermis and dermis from all test groups were subjected to be extracted
for the recovered retinal. Epidermis and dermis from each treatment group were
disrupted separately into tiny pieces and placed into a sterile 2 mL round-bottom tube
containing a 0.5 cm diameter stainless steel bead. All samples were mechanically
disrupted using a TissueLyser Il (Qiagen, Venlo, Netherlands) for 1 min at 30 Hz. and
another 1 min with 1 ml of extracted buffer (10% distilled water in acidic ethanol pH
3 (Ethanol UVASOL, Merck, Darmstadt, Germany). Each sample was placed in a single

test tube which was filled with the amount of 2.14 ml extracted buffer. Then, all tubes
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were ultrasonicated 10 min (Sonorex Super RK102H, Bandelin Electronic, Berlin,

Germany) and centrifugated at 4,000 rpm for 10 min at 20 °C (Hettich® Universal
320/320R centrifuge, Sigma Aldrich, St. Louis, USA).

After the extraction, the absorption spectra of recovered retinal in supernatant

were recorded on a Perkin Elmer Lambda 650 S UV-visible spectrometer (Uberlingen,

Germany) at 25 °C in the range 250-500 nm using a quartz cuvette with 10 mm
pathle