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Abstract

DNAzymes are a group of synthetic nucleic acid based APls that have the
ability to inhibit protein translation by targeting the transcript of a specific gene.
DNAzymes have already been tested in clinical trials with five different
diseases. Two of the DNAzymes have been tested for dermal application
against atopic dermatitis and skin cancer (squamous-cell carcinoma, basal cell
carcinoma). The development of an appropriate dermal drug delivery system
(DDS) is challenging, because DNAzymes are prone to enzymatic degradation
and have problematic properties in terms of skin penetration. The task of this
thesis was to develop a dermal DDS that addresses both issues. The dermal
DDS should maintain the integrity of DNAzymes while enhancing the
penetration and uptake of DNAzymes into human skin and the targeted
keratinozytes. First, to ensure the integrity of this particularly group of APls, the
degradation of DNAzymes on human skin had to be identified and analysed.
The analysis revealed that unprotected DNAzymes were rapidly degraded by a
DNase Il like activity. Therefore, protective systems were developed to protect
against DNase Il. Especially, complexation of DNAzymes with polycations,
forming polyplexes, was able to sufficiently maintain the integrity of the API.
Depending on the properties of the polycations a specific ratio (§) between the
oppositely charged DNAzymes and polycations was necessary to fully protect.
A ¢-ratio of about 1-2 along with a positive zeta potential increased in general
the chances of an appropriate protection. The most effective protection was
achieved with polycations of biodegradable chitosan. To enhance the
penetration of DNAzymes through the skin barrier the submicron emulsion
(SME) was identified as ideal candidate and the SME was developed as carrier
system for DNAzymes. The SME increased the penetration of APl into skin. The
DNAzymes accumulated especially in the stratum corneum due to the SME’s
excipients. Consequently, the stratum corneum was able to act as an API
reservoir. The SME and the chitosan polyplexes were finally combined to a so
called protective dermal DDS. The protective dermal DDS enhanced the
penetration into the skin and protected the DNAzymes. On cellular level the
uptake of DNAzymes into the targeted keratinocytes were enhanced due to the
polyplexes.



Einleitung

Erkrankungen der Haut sind ein wachsendes sozioGkonomisches Problem der
Gesellschaft. In einer deutschlandweiten Kohortenstudie wurden Erwerbstatige
im Alter von 17-70 Jahren hinsichtlich therapiebedurftiger Hautlasionen
untersucht. Bei 26,8 % dieser Bevolkerungsgruppe konnte eine Hautlasion mit
Therapiebedarf festgestellt werden (Augustin et al., 2011). Dieses Resultat zeigt
deutlich den hohen Bedarf in der Therapie von Hauterkrankungen auf, insofern,
dass das Untersuchungsergebnis  einen  Rickschluss auf die
Gesamtbevoélkerung zulasst. Werden die Ergebnisse der Studie auf die
erwerbsfahige Bevolkerung Ubertragen, so sind derzeit ungefédhr 14 Mio. der
deutschen und 88 Mio. der europaischen Bevdlkerung betroffen (European
Union, 2016). Die Therapie von Hauterkrankungen erfolgt idealerweise Uber die
dermale Wirkstoffapplikation. Im Hinblick auf den therapeutischen Erfolg hat die
lokale Bioverflgbarkeit des Wirkstoffes einen mafgeblichen Anteil. Um eine
hohe Bioverfligbarkeit an dem Zielort in der Haut zu erreichen, muss eine
angemessene perkutane Absorption erfolgen. Die Absorption des Wirkstoffes
wird dabei entscheidend durch die Haut, den Wirkstoff selbst und das

Tragersystem bestimmt.

Haut

Die Haut ist das gréBte Organ des Menschen und grenzt den Organismus von
der Umwelt ab. Es ist ein komplexes Organ, das durch seinen vielschichtigen
Aufbau zahlreiche Funktionen erfillt. Als &uBere Begrenzung kommt die Haut
einer ihrer Hauptfunktionen nach, indem sie Schutz vor exogenen Noxen
gewahrt. Durch aktinische, mechanische, biochemische und immunologische
Barrieren entgegnet die Haut dieser chronischen Belastung. Diese Barrieren
werden durch einen passiven sowie aktiven Schutz gesichert. Die
Unterscheidung der aktiven und passiven Barrieren wird durch die Art der
Abwehr beschrieben. Die passive Hautbarriere verhindert eine Penetration
exogener Noxen durch den speziellen Aufbau der Gewebestruktiur. Die
Gewebestruktur wird dabei maBgeblich durch die Epidermis und das Stratum
corneum gebildet. Die stetige Proliferation der Keratinozyten in der Epidermis
und deren terminale epidermale Differenzierung fihren zu einer kontinuierlichen
Rekonvaleszenz des Stratum corneum an der Hautoberflache. Das Stratum
corneum besteht aus mehreren Schichten von Korneozyten, die in eine Lipid-



Proteinmatrix eingebettet sind (Elias, 1983). Als Resultat bewirkt dieser
Zustand, dass das lipophile Stratum corneum die Hauptdiffusionsbarriere fir
exogene und endogene Substanzen bildet (Scheuplein und Blank, 1971; Wertz
et al., 1989). Gegenuber der passiven Barriere wird die aktive Barriere
hingegen durch Prozesse beschrieben, die zu einer Veranderung der exogenen
Noxen flhrt. Kommensale Bakterien an der Hautoberfliche sowie die Haut
selbst sind der Ursprung flir degradierende Proteine, die insbesondere
chemischen und mikrobiellen Noxen entgegenwirken (Eckhart et al., 2012;
Gallo und Nakatsuji, 2011). Zusatzlich wird auf der Hautoberflache aktiv ein
selektierendes Milieu geschaffen, das zur Folge hat, dass mikrobielle Noxen
nicht resident werden oder penetrieren kdnnen (Sanford und Gallo, 2013). Ist
dieser zuvor beschriebene komplexe Prozess der Homdéostase der Haut
gestort, ist diese gegenluber Erkrankungen anfalliger. In Kombination mit der
chronischen Belastung durch auBere Noxen kann die &uBere Barriere

geschwéacht werden und es zum Ausbruch von Erkrankungen kommen.

Hauterkrankung — Aktinische Keratose

Im Fall der aktinischen Keratose, welche als Vorform des
Plattenephitelkarzinoms betrachtet werden kann, erfahrt die Homdbostase eine
Disruption durch pathogene Veranderung der Keratinozyten (Nomura et al.,
1997; Roewert-Huber et al., 2007). Die Folge ist eine Veranderung der
Hautmorphologie. Da die Veranderungen durch UV-Strahlung induziert werden
kénnen, zeigt insbesondere Australien eine hohe Pravalenz, die bei der
Population der Uber 40-Jahrigen bei 60 % liegt (Marks et al., 1986). Aufgrund
der Tatsache, dass weder die Chancen einer vollstdndigen Regression noch
das Risiko einer Progression zu einem invasiven Plattenephitelkarzinom
abzuschatzen sind, halt die ,International League of Dermatological Societies*
ein therapeutisches Vorgehen fir notwendig (Werner et al., 2015). In ihrer
derzeitigen Therapieempfehlung werden invasive Methoden wie ablative
Verfahren bis hin zur chirurgischen Exzision im Fall von Einzellasionen als
Methoden der Wahl betrachtet. Jedoch ist die invasive Therapie an exponierten
Stellen problematisch und fur ein groBflachiges Vorgehen ungeeignet. Das
Beispiel der aktinischen Keratose verdeutlicht den Handlungsbedarf in Hinblick
auf die Erforschung geeigneter Wirkstoffe fir neue Therapieansatze im Bereich

der Dermatopharmazie.



Nukleinsédurebasierende Wirkstoffe

Einen vielversprechenden neuen Therapieansatz bilden die therapeutischen
Oligonukleotide. Der tberwiegende Teil der potenziellen Wirkstoffe greift auf
post-transkriptioneller Ebene in der Zielzelle ein. Hierbei wird die Translation
von spezifischen mRNAs inhibiert, deren Expression eine Schisselrolle in der
Pathogenese zugeschrieben wird. Reprasentanten dieser Technologie sind
nicht codierende Oligonukleotide wie die Antisense Oligonucleotides, small
interfering RNAs, Ribozyme sowie DNAzyme (Bhindi et al., 2007). Im Hinblick
auf die Entwicklung neuer Therapieanséatze in der Dermatopharmazie besitzen
die DNAzyme, als synthetisches Analogon zu den natirlich vorkommenden
Ribozymen, erfolgsversprechende Vorteile. Die speziellen 10-23 DNAzyme
bestehen aus einem DNA-basierenden Einzelstrang, welcher in eine
katalytische Doméane und zwei flankierende Bindungsarme unterteilt werden
kann (Santoro und Joyce, 1997). Uber die Flexibilitdt der Bindungsarme kann
eine Ziel-RNA selektiv adressiert werden, wahrend die katalytische Domane die
Ziel-RNA spaltet (Cairns et al., 1999). Der Prozess der Spaltung unterliegt einer
enzymatischen Kinetik mit mehrfacher Substratumsetzung (Santoro und Joyce,
1998). Die enzymatische Kinetik in Kombination mit einer erhdhten Stabilitat in
biologischen Matrices im Vergleich zu RNA-basierenden Wirkstoffen erhéht die
zu erwartende therapeutische Potenz. Die hohe Selektivitdt bezlglich der
primaren als auch sekundaren Zielstruktur sowie die Unabhangigkeit gegentber
endogenen zellularen Faktoren wie RNase H, Dicer und RISC (RNA-induced
silencing complex) verringern zudem das Risiko unerwinschter Wirkungen wie
beispielsweise ,off-target effects* (Fellmann und Lowe, 2014; Kole et al., 2012;
Santoro und Joyce, 1998). Hinsichtlich einer Therapie gegen Hauterkrankungen
werden  derzeit drei  DNAzyme  entwickelt. Diese  adressieren
entzltindungsassoziierte Erkrankungen wie atopische Dermatitis (klinische
Prafung: NCT02079688), Psoriasis (Praklinik) oder Hautkarzinome
(Plattenepithelkarzinom, Basalzellkarzinom) sowie deren Vorstufe in Form der
aktinischen Keratose (Zhang et al., 2006). Die Applikation der therapeutischen
DNAzyme soll fir jede der genannten Erkrankungen lokal erfolgen. Dadurch
wird zwar das Problem einer gewebespezifischen Distribution umgangen,

jedoch ist ein Wirkstofftransport in die Haut erforderlich (Larson et al., 2007).



Wirkstofftransport

Die Penetration in die Haut wird im Allgemeinen durch den Prozess der
passiven Diffusion beschrieben (Scheuplein und Blank, 1971). Um die Diffusion
eines Wirkstoffes durch die passive Barriere der Haut zu férdern, werden
dermale Drug Delivery Systeme (DDS) entwickelt. Wahrend fir géangige
Wirkstoffgruppen bereits zahlreiche Ansétze des zu wéhlenden dermalen DDS
etabliert sind, besteht im Bereich der Biomoleklle und im Speziellen fur
DNAzyme ein noch ausbauféhiges Forschungspotenzial. Zumeist wird auf
einen aktiven Wirkstofftransport der Biomolekile zurlickgegriffen, da eine
erhohte Penetrationseffizienz zu erwarten ist. Physikalische Methoden wie
lontophorese, Elektroporation oder mechanische, invasive Methoden wie
Mikronadeln, Abrasion, Ablation oder Perforation sind hierbei Methoden der
Wahl. Diese Methoden gehen mit einem hohen apparativen Aufwand an
stationarer Stelle oder einem invasiv-destruktiven Eingriff an der Haut des
Patienten einher. Bedingt durch die Methoden sind Applikationsort und -flache
beschréankt und meist ist eine nachtragliche Versorgung der Applikationsstelle
notwendig. Zusatzlich erfordern die aktiven Methoden bei einer
Langzeittherapie meist einhergehend mit einer hochfrequentierten Dosierung
eine gute Patientencompliance. DemgegenUber stoBen passive Methoden des
Wirkstofftransports auf gréBere Akzeptanz bei den Patienten. Ohne invasiven
Eingriff oder stationdre Behandlung steigt das Mal3 an Therapietreue. Mittels
einer geeigneten passiven Methode kann eine etwaige irreversible Schadigung
der Haut umgangen werden. Eine gro3flachige Applikation auch an exponierten
Hautstellen ist mdéglich. Die Umsetzung einer passiven Methode kann durch
den Gebrauch galenischer Tragersysteme erreicht werden. Diese
Tragersysteme zeichnen sich durch nicht aktive Hilfsstoffe aus, die in der Lage
sind, unter anderem die Penetration des Wirkstoffes zu fordern.

Wirkstoffschutz

Wahrend des Wirkstofftransports zum Zielort ist der Aspekt der Integritat des
Wirkstoffes zwingend zu berlcksichtigen. Ist der Wirkstoff gegenutber einer
Degradierung durch die aktive Barriere der Haut anfallig, kann der Wirkstoff
durch Modulierung geschiitzt werden (Dass et al., 2002). Jedoch kann eine
Modulierung in  in-vivo-Untersuchungen zu unvorhergesehenen und

unerwinschten Wirkungen oder verringerter therapeutischer Potenz flhren



(Fluiter et al., 2005; Rockwell et al., 1997). Typische DNA-Modulierungen
wurden bereits an DNAzymen getestet, aus denen sich einzig das invertierte
Thymidin am 3'-Ende durchgesetzt hat und Anwendung bei den drei genannten
DNAzymen gegen Hauterkrankungen findet.

Zielsetzung

Das Ziel der vorliegenden Arbeit bestand darin, ein protektives DDS zur
dermalen Applikation von therapeutischen DNAzymen zu entwickeln. Das
dermale protektive DDS sollte den Wirkstofftransport in die Haut férdern,
gleichzeitig den Schutz des Wirkstoffes gewahrleisten und schlussendlich die
zellulare Aufnahme des Wirkstoffes begunstigen. Die Wirkstoffgruppe der 10-23
DNAzyme stellte herausfordernde Anspriche an das zu entwickelnde dermale
DDS, insofern die Eigenschaften der DNAzyme sowohl deren Penetration als
auch deren Stabilitat beeintrachtigen. Um diesen komplexen Anforderungen zu
begegnen, bestand die Strategie der vorliegenden Arbeit darin, die relevanten
Teilaspekte separiert voneinander zu analysieren und die daraus resultierenden
Erkenntnisse in einem letzten Schritt zielfUhrend zu verknipfen. Das somit
entwickelte protektive dermale DDS sollte im pharmazeutischen Umfeld
realisierbar sein, d. h. die eingesetzten Substanzen sollten der Pharmaqualitat
entsprechen und die Herstellung des DDS einer einfachen und umsetzbaren
Methode unterliegen. Die Eignung der finalen Entwicklung wurde anhand des

potenziellen Wirkstoffes zur Therapie der aktinischen Keratose validiert.



Ergebnisse

Im Folgenden sind die Ergebnisse der fir das Promotionsthema relevanten
Verdéffentlichungen dargestellt. Die Gliederung der Verdéffentlichungen unterliegt
der strategischen und somit einer inhaltlichen und nicht chronologischen
Anordnung. Die Referenzen zu den Ergebnissen befinden sich in der
Referenzliste der jeweilig genannten Verdéffentlichung. Die Einteilung der
Ergebnisse spiegelt die drei Phasen der Entwicklung eines geeigneten
protektiven dermalen DDS fir DNAzyme wider: Der erste Teil beschreibt
grundlegende Untersuchungen zur Auswahl eines geeigneten Tragersystems
fur die Wirkstoffgruppe der DNAzyme. Im zweiten Teil wird die Degradierung
eines DNAzyms auf der humanen Haut genauer analysiert und der Schutz
durch  polyplexbildende  Polykationen  begutachtet. = Aufgrund  der
vorangegangenen Ergebnisse kann im dritten Teil aus der Addition der
Submicronemulsion (SME), als geeignetes Tragersystem und des Chitosan-
Polyplexes, als geeignetes Schutzsystem, ein protektives dermales DDS far
das DNAzym gegen aktinische Keratose entwickelt und hinsichtlich der
Wirkstoffpenetration und -integritat validiert werden.



Ansétze zur dermalen Applikation von DNAzymen

In der Veréffentlichung ,Development of drug delivery systems for the dermal
application of therapeutic DNAzymes* (Schmidts, Marquardt et al., 2012)
wurden unterschiedliche Tragersysteme hinsichtlich ihrer méglichen Eignung
zur Applikation eines DNAzymes untersucht. Die Auswahl der zu entwickelnden
Tragersysteme beruhte auf zwei Aspekten. Zum einen sollte das Tragersystem
die Penetration des Wirkstoffes in die Haut férdern und zum anderen sollte das
Tragersystem den Wirkstoff vor Degradierung schitzen. Die Microemulsion
(ME) und die SME wurden aufgrund ihrer allgemein  guten
penetrationsférdernden Eigenschaften ausgewahlt. Demgegentber wurden die
Wasser-in-Ol-Emulsion (W/O-Emulsion) sowie die Wasser-in-Ol-in-Wasser-
Emulsion (W/O/W-Emulsion) hinsichtlich ihrer Eigenschaft ausgewahlt, den
Wirkstoff in der wassrigen Phase einzukapseln und somit vor einer
Degradierung zu schitzen. Die Effekte der zwei unterschiedlich zugrunde
gelegten Formulierungsstrategien kénnen im Folgenden an der SME und der
W/O/W-Emulsion nachvollzogen werden, insofern beide Tragersysteme die
besten Ergebnisse erzielten. In den ersten vergleichenden Studien wurden das
Freisetzungsverhalten und das Penetrationsverhalten des DNAzymes aus den
unterschiedlichen Tragersystemen bzw. in die Haut simuliert und analysiert. Die
Wirkstofffreisetzung aus der SME zeigte eine sofortige steady state-Phase mit
anschlieBender Plateauphase nach 2 Stunden. In der Plateauphase lag der
Wirkstoffgehalt im Akzeptormedium bei 1/3 des wassrigen Referenzstandards.
Die W/O/W-Emulsion hingegen zeigte nach 6 Stunden eine sehr geringe
Freisetzung nahe dem Wert 0 %.

In der Penetrationsstudie mit einem ex-vivo-Modell mit intakter Haut der Sus
scrofa domestica (Hausschwein) wurden die Tragersysteme bezlglich ihrer
penetrationsférdernden Eigenschaften untersucht. In einem infinite-dose-
Experiment (300 pl/cm?), d. h. mit einem Uberschuss an Galenik, zeigte die
SME im Vergleich zur W/O/W-Emulsion und dem wassrigen Standard eine
Uberlegende Wirkstoffakkumulation in den Hautpraparaten. Dabei war
insbesondere eine Akkumulation des Wirkstoffes im Stratum corneum zu
beobachten. Veranderungen des hydrodynamischen Durchmessers der
Oltropfen, der durch den HLB-Wert (hydrophile-lipophile balance value) der
SME gesteuert wurde, hatten keinen Einfluss auf die Penetrationseffizienz des



Wirkstoffes. Dieser erste experimentelle Aufbau entsprach den ,International
Council for Harmonisation®, (ICH)-Leitlinien, vernachlédssigte allerdings den
Aspekt der Scherung und Verdunstung der Galenik beim Auftragen und
Einwirken auf der Haut. Um diesen beiden Aspekten Rechnung zu tragen,
wurde die Penetrationsstudie mit einer geringeren Galenikmenge (finite dose,
11,4 yl/cm?) und Scherung durchgefiihrt. In diesem Fall invertieren die
Ergebnisse und zeigten eine 3,3-fach héhere Akkumulation des DNAzymes in
den Hautpraparaten durch die W/O/W-Emulsion, zusatzlich zu einer erhéhten
zellularen Aufnahme. Zusammenfassend beschreiben die Ergebnisse, dass die
SME eine gute Freisetzung sowie penetrationsférdernde Eigenschaften fir das
DNAzym besitzt, jedoch die schitzenden Eigenschaften der W/O/W-Emulsion
bei dem Auftragen von geringen Mengen Uberlegen waren. Hinsichtlich der
Wirkstoffdegradierung wurden weitere Untersuchungen an der Hautstruktur
durchgefihrt. Die ex-vivo-Haut der Sus scrofa domestica wurde absichtlich
geschéadigt, indem die Schichten des Stratum corneum sukzessive entfernt
wurden. Die abgenommenen Hautschichten wurden bezlglich ihrer
degradierenden  Aktivitat gegentiber dem DNAzym untersucht. Die
degradierende Aktivitat war an der Hautoberflache am héchsten und verringerte
sich mit jeder weiteren abgenommen Schicht, wodurch sich ein gradueller
Verlauf zeigte. Mit dem Ablésen des Stratum corneum verminderte sich zudem
die Akkumulation des Wirkstoffes durch die SME in den Hautpraparaten um den
Faktor von circa 1,5.

Degradierung und Schutz von DNAzymen auf der humanen Haut

Die Veroffentlichung ,Degradation and protection of DNAzymes on human skin®
(Marquardt, Eicher, et al., 2016) vertieft den Aspekt der Degradierung und des
Schutzes von DNAzymen gegenlber der aktiven Barriere der Haut. Basierend
auf der These, dass die Degradierung durch endogene und exogene Enzyme
verursacht wird, wurde in einem ersten Schritt die Identitdt des degradierenden
Enzymes bestimmt. In einem ex-vivo-Versuchsaufbau wurde das Abbaumuster
des DNAzyms auf humaner Haut qualifiziert. Die Hautschuppen verschiedener
Personen (kaukasischer Typus) wurden unter geeigneten Bedingungen mit dem
DNAzym inkubiert. Beim Abbau von DNA-basierenden Wirkstoffen entstehen
DNA-Fragmente, welche mithilfe der Anionenaustausch HPLC nachgewiesen
werden kénnen. Mit dieser Analysemethode ist es mdglich, einzelne DNA-



Fragmente bezliglich ihrer Lange aufzutrennen und in einem Chromatogramm
zu visualisieren. Das Chromatogramm zeigte DNA-Fragmente im Bereich von
30-33 Nukleotiden sowie zwei Abbauprodukte im Bereich von 19 Nukleotiden.
Das detektierte Abbaumuster wurde mit dem Abbauschema verschiedener
Arten von Desoxyribonukleasen (DNasen) verglichen. Die DNasen zeigten
jeweils ein spezifisches Abbaumuster mit charakteristischen DNA-Fragmenten,
wobei die spezifischen  Abbaumuster durch  Veradnderungen der
Reaktionsparameter, wie pH-Wert (im Bereich 5,0 und 6,6) und Dauer der
Reaktion, nicht beeinflusst wurden. Im Vergleich mit der Haut zeigte die
DNase Il ein ahnliches Abbaumuster. Demzufolge besitzt die menschliche Haut

eine mit der DNase Il vergleichbare Abbauaktivitat.

Nach erfolgreicher Identitatsbestimmung wurde die Umsatzgeschwindigkeit
degradierender Enzyme und der damit einhergehenden abbauenden Aktivitat
bestimmt. Auf Basis des ex-vivo-Versuchsaufbaus wurde die Aktivitat auf zwei
unterschiedliche Arten detektiert. Im ersten Fall erfolgte die Detektion mithilfe
eines kovalent gebundenen Fluoreszenzmarkers und des korrespondierenden
Black Hole Quenchers. Durch Degradierung des DNAzyms wurden
Fluoreszenzmarker und Quencher sterisch getrennt, die Fluoreszenzléschung
aufgehoben und somit das Fluoreszenzsignal messbar. Die Zunahme der
Fluoreszenz war indirekt das Mal3 der Degradierungsaktivitdt gegentber dem
DNAzym und konnte in Echtzeit detektiert werden. Die zweite Art der Detektion
hatte den Vorteil einer direkten Quantifizierung. Mithilfe der Anionenaustausch
HPLC konnte die Reduktion des intakten Wirkstoffes analysiert werden, wobei
die Datenaufnahme auf eine Endpunktdetektion beschrankt war. Trotz der
methodischen Unterschiede konnten beide Analysemethoden eine spezifische
Aktivitat von 5,9 £ 0,1 Units/mg bei einem pH-Wert von 5,0 Ubereinstimmend
quantifizieren. Das Ergebnis wurde relativ zu aufgereinigten DNase |l Standards
ermittelt. Diese Standards unterlagen den Aktivitdtsangaben des Herstellers,
wobei die Ermittlung der Aktivitdt nicht mit den vorliegenden
Reaktionsbedingungen Ubereinstimmte. Eine unabhangige Quantifizierung der
Aktivitdt ohne Standards war durch die Anionenaustausch HPLC mdglich und
ergab einen geringeren Wert von (5,6 + 0,3)*10° Units/mg.
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Um den Wirkstoff auf der Haut vor Degradierung zu schitzen, wurden
Schutzsysteme basierend auf Polyplexen entwickelt. Zur Herstellung der
Polyplexe wurden verschiedene Polykationen genutzt. Die Auswahl der
Polykationen setzte sich aus unterschiedlichen Arten von Chitosan-Polymeren
und einem standardgebrauchlichen verzweigtem Polyethylenimin (PEI)
zusammen. Die Charakterisierung der Polykationen wurde durch den Hersteller
tdbernommen und um den Grad der Protonierung der Aminogruppen in
Abhangigkeit des pH-Werts erganzt. Im Vergleich zu den Chitosan-Polymeren
zeichnete sich das PEIl durch eine 4,2-fach héhere Ladungsdichte aus.
Lediglich 56 % der freien Aminogruppen des PEls waren bei pH 5,0 protoniert,
wahrend im Fall der Chitosan-Polymere anndhernd alle Aminogruppen
protoniert waren. Folglich entsprach das N/P-Verhéltnis der Chitosan-Polymere
dem des Ladungsverhalinis (N/P = &c), wahrend im Fall des PEls das N/P-
Verhéltnis in etwa dem doppeltem Ladungsverhalinis entsprach (N/P = 2*¢p).
Das N/P-Verhéltnis beschreibt das Verhéltnis zwischen der Anzahl an
Aminogruppen des Polykations und der Anzahl an Phosphatgruppen des
DNAzyms. Das Ladungsverhaltnis (§) hingegen beschreibt das Verhaltnis
zwischen den gegensatzlich geladenen Gruppen des Polykations und des
DNAzyms. Die aus dem DNAzym und den unterschiedlichen Polykationen
entstandenen  Polyplexe wurden bezilglich ihrer physikochemischen
Eigenschaften charakterisiert. Das Ladungsverhaltnis bestimmte dabei generell
die Eigenschaften des Polyplexes. Mit zunehmendem Ladungsverhalinis
erhéhten sich der Grad der Komplexierung, das Zeta-Potenzial sowie die
Stabilitat der verschiedenen Polyplexe. In einem Ladungsverhéaltnis zwischen 1
und 2 wechselte das Zeta-Potenzial der Polyplexe seine Ladung. In diesem
Wendepunkt besaBen die Polyplexe ihre gréBte PartikelgroBe und
PartikelgroBenverteilung. Ab einem Ladungsverhaltnis von 2 erreichte der
Komplexierungsgrad des Wirkstoffes sein Maximum, das mit einer maximal
positiven Ladung der Polyplexe einhergeht. Hinsichtlich ihrer Eignung als
Schutzsystem wurden die Polyplexe in einem in-vitro-Versuchsaufbau getestet.
Das in-vitro-Screening basiert dabei auf den Ergebnissen der
ex-vivo-Hautuntersuchungen und simuliert die DNAzym-Degradierung auf der
humanen Hautoberflache. Abhangig von dem Ladungsverhélinis zeigten die
Polyplexe aller Polykationen einen ausreichenden Schutz gegeniber
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enzymatischer Degradierung. Uber dem jeweiligen kritischen Ladungsverhaltnis
(i) konnte das DNAzym vollstandig geschitzt werden. Die niedrigsten
kritischen Ladungsverhaltnisse benétigten Chitosan S, gefolgt von den anderen
Chitosan-Polyplexen. Mit Ausnahme von Chitosan S korrelierte das kritische
Ladungsverhaltnis mit dem maximalen Grad an Komplexierung. Das PEI
wiederum zeigte das hochste kritische Ladungsverhéltnis oberhalb des Wertes
der maximalen Komplexierung. Zusatzlich zum in-vitro-Screening wurden die
Polyplexe des Chitosan S des Weiteren mit menschlicher ex-vivo-Vollhaut
inkubiert. Erneut zeigte sich ein &hnliches Ergebnis wie bei dem in-vitro-
Screening. Einzig das & veranderte sich von 1,01 auf 1,26.

Entwicklung eines protektiven dermalen Drug Delivery Systems fiir
DNAzyme

In der Veroffentlichung ,Development of a protective dermal drug delivery
system for therapeutic DNAzymes* (Marquardt, Eicher et al., 2014) wird die
Entwicklung eines protektiven dermalen DDS fir DNAzyme unter besonderer
Berlcksichtigung des  Wirkstoffschutzes und des Wirkstofftransports
beschrieben. Im Rahmen der Entwicklung stitzt sich die Veroffentlichung auf
eine mikroskopisch-spektrale Auswertungsmethode, die in der Verdffentlichung
,Evaluation and quantification of spectral information in tissue by confocal
microscopy* (Mader, Marquardt, et al., 2012) entwickelt wurde.

Die Entwicklung eines geeigneten DDS setzt die Nutzung eines kompatiblen
Konservierungsmittels voraus. In einem geeigneten Versuchsaufbau mit
ausgewahlten DAC (Deutscher Arzneimittel-Codex) konformen
Konservierungsmitteln zeigte einzig die Benzoesaure eine Inkompatibilitat mit
dem DNAzym. Die verbleibenden Konservierungsmittel wurden genutzt, um
eine konservierte SME zu entwickeln. In einem Konservierungsbelastungstest,
basierend auf den Angaben des Europédischen Arzneibuchs, konnte
ausschlieBlich die mit Propylenglykol konservierte SME einen geeigneten
Schutz gegeniber mikrobieller Kontamination erzielen. Unabhangig einer
Wirkstoffbeladung konnte die Stabilitdt aller konservierten SME beziglich
physikochemischer  Eigenschaften, wie pH-Wert, TropfengréBe und
TropfengréBenverteilung, Uber einen Zeitraum von 3 Monaten gewahrleistet
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werden. In dem untersuchten Zeitraum lag die Wirkstoffwiederfindung aller
konservierten SMEs in einem Bereich von 100 £ 12 %.

Hinsichtlich der Entwicklung eines additiven Schutzsystems wurden zwei
kontrare Strategien verfolgt. Im Fall der entwickelten Liposome konnte eine
Einschlusseffizienz des Wirkstoffes von 6 % erreicht werden, was in dem
DNAzym Degradierungstest zu einem signifikant héheren Schutz gegenlber
dem wassrigen Standard flhrte. Allerdings unterlag der Schutz einer zeitlichen
Beschrankung und n&herte sich nach 2 Stunden dem Wert der liposomalen
Kontrollformulierung ohne Wirkstoffeinschluss an. Demgegeniber zeigten die
entwickelten Chitosan-Polyplexe einen zeitunabhangigen Schutz. Uber den
untersuchten Zeitraum konnten 81 % des Wirkstoffes kontinuierlich geschuitzt
werden. Der Wirkstoff war bei einem Ladungsverhéltnis von 0,7 nahezu
vollstandig komplexiert. Die protektiven Eigenschaften wurden nach der
Kombination mit der in Proyplenglykol konservierten SME zwar weiterhin
beibehalten, jedoch konnte erneut eine zeitabhdngige Degradierung des
DNAzymes beobachtet werden. Parallel konnte in diesem Versuchsaufbau
gezeigt werden, dass der Wirkstoff in der SME ohne Polyplexe vollstandig
abgebaut wurde. Die entstandene Kombination wurde als protektives DDS
bezeichnet und nachfolgenden in-vitro-Untersuchungen unterzogen. Der Fokus
der Studien lag auf der Degradierung, Penetration und Verteilung des
Wirkstoffes und wurde an einem ex-vivo-Hautmodell der Sus scrofa domestica
durchgefihrt. Nach 24 Stunden Versuchsdauer konnte ein vollstdndiger Schutz
des DNAzymes auf der Haut nachgewiesen werden. Die Penetration des
Wirkstoffes in die Haut war, im Vergleich zum wassrigen Standard, um den
Faktor 3,3 erhdht. Ohne die SME zeigten die Chitosan-Polyplexe keine
penetrationsférdernden Eigenschaften und waren in der Penetrationsstudie
dem wassrigen Standard unterlegen. Die Verteilung des DNAzymes in der Haut
wurde mittels konfokaler Laser-Scanning-Mikroskopie visualisiert. Das
fluoreszenzmarkierte DNAzym wurde spezifisch angeregt und das
Emissionsspektrum der Haut gerastert aufgenommen. Um den Farbstoff zu
identifizieren, wurde das Emissionsspekirum mit einem Referenzspektrum
korreliert und Uber einen statistischen Schwellwert dem Farbstoff oder der
Autofluoreszenz der Haut zugewiesen. Das Ergebnis der Analyse zeigte eine
Wirkstoffkumulation durch das protektive DDS im Stratum corneum und den
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auBeren Schichten der Epidermis. Die =zellulare Aufnahme des
fluoreszenzmarkierten Wirkstoffes in die Hautzellen wurde in der Zellkultur an
HaCaT-Keratinozyten  untersucht. Mit Hilfe der Chitosan-Polyplexe
fluoreszierten ein Viertel der untersuchten Zellen, wahrend sich das
Fluoreszenzsignal innerhalb der Zelle akkumulierte. Hierbei konnte eine
Wiederfindung des intakten Wirkstoffes von 12 % in den Keratinozyten

nachgewiesen werden.
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Diskussion

Die Therapie von Erkrankungen setzt eine therapeutisch wirksame
Bioverflgbarkeit des Wirkstoffes im Koérper voraus. Um eine hohe
Bioverfigbarkeit am Wirkort zu erlangen, ist in vielen Fallen ein DDS
unabdingbar. Die Auswahl der DDS ist dabei abhangig von Faktoren wie
Applikationsort, Ziel und dem Wirkstoff selbst. In der vorliegenden Arbeit wird
speziell fur therapeutische DNAzyme ein protektives dermales DDS entwickelt.
Die Entwicklung wird anhand eines Modell-DNAzymes durchgefihrt, welches

zur Therapie von aktinischer Keratose eingesetzt werden soll.

Auf Grundlage dieser Zielsetzung sind die menschliche Haut und das Zytosol
der Keratinozyten als Applikationsort bzw. Wirkort festgelegt. Die Haut als
schutzende Barriere zwischen Organismus und Umwelt stellt hohe Anforderung
an die Entwicklung des DDS. Die generelle Barrierefunktion setzt sich dabei
aus zahlreichen aufbauenden Teilaspekten zusammen. Der vielschichtige
Aufbau der Haut, terminale Differenzierung, Tight Junctions, Immunabwehr,
residente Bakterien sowie sekretive Enzyme sorgen in der Haut fir eine
schitzende Homdéostase (Naik et al., 2012; Proksch et al., 2008). Zuséatzlich zur
Barrierefunktion der Haut stellt auch der Wirkstofftypus besondere Anspriiche
an das DDS. Der dieser Arbeit zugrunde liegende Wirkstofftyp ist ein
Biomolekiil bestehend aus Desoxyribonukleinsaure. Charakteristisch flir diese
neue Art der Wirkstoffe sind ein hohes Molekulargewicht, eine negative Ladung
und deren hydrophile Eigenschaft. Des Weiteren unterliegt der Wirkstoff im
physiologischen Umfeld einer enzymatischen Degradierung. Diese diffizilen
Eigenschaften erschweren die Entwicklung eines geeigneten dermalen DDS. In
dem aktuellen Review ,Nucleic acid delivery into skin for the treatment of skin
diseases‘ benennen die Autoren drei wichtige Herausforderungen, die es
generell bei dem Transport von Nukleinsaure in die Haut zu Gberwinden gilt: 1.
Erhalt der Integritat des Wirkstoffes, 2. Penetration des Wirkstoffes in die Haut
sowie 3. Zellulare Aufnahme des Wirkstoffes (Zakrewsky et al., 2015). Diese
drei Aspekte werden als hinreichend notwendig betrachtet, um an ihnen im
Folgenden die Entwicklung eines geeigneten dermalen DDS fir therapeutische
DNAzyme zu diskutieren.
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Integritéat des Wirkstoffes

Die Desoxyribonukleotidkette des zugrunde liegenden Wirkstoffes ist anfallig
gegenlber hydrolytischer Degradierung (Lindahl, 1993). Eine Degradierung
fuhrt zu einer Verringerung oder zum Erldschen der therapeutischen Potenz.
Bei der topischen Applikation des Wirkstoffes auf der Haut unterlag der
Wirkstoff einer Degradierung, welche durch die aktive Hautbarriere
hervorgerufen wurde. Die degradierende Aktivitdt nahm von innen nach auf3en
zu und hatte die héchste Aktivitat an der Hautoberflache. An der Hautoberflache
kann die Hydrolyse durch die umgebende Matrix katalysiert werden. Dabei kann
es zu einer saureinduzierten Katalyse durch den pH-Wert der Oberflache sowie
zu einer enzymatischen Katalyse durch exogene und endogene Enzyme
kommen. Ziel war es, die degradierende Aktivitat zu identifizieren, deren
Umsatzgeschwindigkeit zu quantifizieren und in der Konsequenz ein System zu

entwickeln, welches den Wirkstoff vor Degradierung schitzt.

Durch eine saurekatalysierte Degradierung kann eine Spaltung der N-
glykosidischen Bindung am Wirkstoff erfolgen, was zu einer Depurinierung oder
in selteneren Fallen zu einer Depyrimidierung fahrt (Lindahl, 1993; Pogocki und
Schéneich, 2000). Das entstehende Produkt ist anfallig gegenlber einer B-
Eliminierung, sodass es zu einem Strangbruch des Phosphatriickgrats kommt
(Lindahl, 1993). Diesbezlgliche in-vitro-Untersuchungen im physiologischen
pH-Bereich der Haut konnten keine erh6éhte Degradierung des DNAzymes im
Vergleich zwischen sauren und neutralen pH-Wert aufzeigen. Demnach ist die
Wabhrscheinlichkeit einer speziellen saurekatalysierten Hydrolyse des
Wirkstoffes auf der Haut als gering einzuschatzen.

Andererseits wurde ein hohes Mal3 an enzymatisch katalysierter Hydrolyse an
der humanen Hautoberflache detektiert. Die Degeneration des Wirkstoffes
erfolgt hierbei Uber die Phosphorhydrolasen, welche den DNA-Strang sowohl
am Ende als auch innerhalb der Nukleotidkette spalten kdnnen. Die Nukleasen
bauen endo- und exogene DNA ab und tragen dazu bei, die Hombostase und
die Barrierefunktion der Haut aufrechtzuerhalten (Eckhart et al., 2012; Howell et
al., 2003). Zur Identifizierung der enzymatischen Aktivitdt wurde das
Abbaumuster der humanen Hautoberflaiche mit dem Abbaumuster
unterschiedlicher Typen von DNasen verglichen. Obgleich das DNAzym als
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Substrat nur eine geringe Nukleotidldnge aufweist, bildeten die abgebauten
DNA-Fragmente ein spezifisches Muster, das der DNase |l zugeordnet werden
konnte. Die Detektionsmethode erwies sich als robust, insofern weder pH-
Werténderung noch unterschiedliche Reaktionszeiten zu Ver&nderungen der
spezifischen Abbaumuster der unterschiedlichen DNasen filihrten. Das
entstandene Abbaumuster der hauteigenen DNasen wurde unter anderem
durch ein CpG-A-Motiv gepragt, das eine endosomale Toll-like-Rezeptor 9-
Aktivierung nach sich ziehen kann (Chan et al., 2015). Die Aktivierung des Toll-
like-Rezeptor 9 tragt zur Interferon Ausschittung bei und ist ein wichtiger Faktor
in der kdpereigenen Immunantwort gegeniber exogener DNA aus Viren und
Bakterien. Die DNase Il selbst wird im Lysosom der Hautzellen detektiert und
wird vermutlich Gber die Keratinosome in das Stratum corneum sekretiert
(Fischer et al., 2011; Ohkouchi et al., 2013). In Anlehnung an Fischer et al. ist
die DNase-ll-Aktivitat der Haut auf die DNase?2a und L-DNasell

zurUckzufihren (Fischer et al., 2011).

Eine 3'-5' Exonukleaseaktivitdit oder eine DNase I-Aktivitat, wie sie im Blut
vorkommt, konnte fir die Modell DNAzyme nicht identifiziert werden
(Cherepanova et al., 2007). Obwohl TREX2 als Vertreter der Exonuklease in
der Haut nachgewiesen werden kann, konnte keine diesbezlgliche Aktivitat
festgestellt werden (Parra et al., 2009). Der Grund basiert auf der bereits
bestehenden Wirkstoffmodulation, welche durch die Einfihrung eines
zusatzlichen, invertierten Thymidins am 3-Ende das DNAzym vor einer 3‘-5-
Exonuklease-Aktivitat schitzt (Takei et al., 2002). Ebenfalls wurde keine
DNase-I-Aktivitat festgestellt, obgleich in den ex-vivo-Versuchen der pH-Wert
dem Optimum der DNase | angeglichen wurde. Das Fehlen einer DNase-I-
Aktivitat widerspricht dem Usus, DNase | als Standard zu nutzen, um in-vitro-
Stabilitdtsstudien durchzufiihren, welche die enzymatische Degradierung der
Haut simulieren sollen (Schmidts et al., 2011).

Nach der Qualifizierung der degradierenden Aktivitdt wurde die
Umsatzgeschwindigkeit erfolgreich quantifiziert. Bei der Quantifizierung galt es
zu berucksichtigen, dass die entstehenden Abbauprodukte des Wirkstoffes dem
Enzym erneut als kompetitives Substrat zur Verfligung standen. Da jedoch eine
degradierende Veranderung des Wirkstoffmolekils im pharmazeutischen Sinne
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zum Funktionsverlust flhrt, wurde einzig die Aktivitdt des Enzymes gegenulber
dem intakten Wirkstoff quantifiziert. Da keine vergleichbaren Messwerte in der
Literatur beschrieben wurden, wurden zwei unterschiedliche Messmethoden
genutzt, um die Umsatzgeschwindigkeit zu bestimmen. Die Messmethoden
grinden zum einen auf dem Prinzip der fluoreszenzbasierenden Forster-
Resonanz-Elektronen-Transmission und zum anderen auf der UV-Messung des
gréBenseparierten intakten = Wirkstoffes. Trotz der unterschiedlichen
Messmethoden zeigten die Messungen vergleichbare
Umsatzgeschwindigkeiten im Ergebnis. Die Werte bezogen sich relativ zu
einem aufgereinigten DNase-lI-Standard. Die Hersteller dieser Standards
ermitteln grundsétzlich die Aktivitdt des Enzyms anhand doppelstréangiger DNA.
Der Wirkstoff hingegen ist ein Einzelstrang und wird daher langsamer
umgesetzt (Harosh et al., 1991). Als Konsequenz ergab die Quantifizierung
ohne Bezug zum DNase-lI-Standard einen stark erniedrigten Wert im Vergleich
zur relativen Umsatzgeschwindigkeit.

Zusammenfassend beschreiben die ermittelten Erkenntnisse die humane
Hautoberflache als ein Kompartiment, welches den Wirkstoff durch die DNase |l
aktiv nach kurzer Verweilzeit degradiert und gleichzeitig das Immunsystem
durch TLR9 stimulieren kann. Ein erfolgreiches DDS muss diese aktive Barriere
Uberwinden, indem es die Integritat des Wirkstoffes sicherstellt.

Diesbezuglich wurden in einem ersten in-vitro-Versuch zwei unterschiedliche
Schutzstrategien verfolgt. Diese beruhten zum einem auf der Einkapselung des
Wirkstoffes in unilamellare Liposome und zum anderen in der Komplexierung
des Wirkstoffes zu Polyplexen. Wahrend bei der Herstellung der protektiven
Systeme eine vollstdndige Komplexierung zu Polyplexen erreicht wurde, konnte
bei den Liposomen hingegen nur eine geringe Einschlusseffizienz erreicht
werden. Die Einschlusseffizienz lag im Bereich der nach Xu et al. berechneten
theoretischen Einschlusseffizienz, allerdings unterhalo von 10 % (Xu et al.,
2012). Auf Grundlage der geringen Einschlusseffizienz erzielte die liposomale
Formulierung einen geringen und zudem zeitlich begrenzten Schutz des
Wirkstoffes. Im Vergleich gewdhrleisteten die auf Polykationen basierenden
Polyplexe einen nahezu vollstindigen Schutz Uber den gesamten
Untersuchungszeitraum hinweg. Der Schutz wurde dabei durch die
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Wirkstoffkomplexierung  erreicht, die  sowohl Uber elektrostatische
Wechselwirkung als auch Uber hydrophobe Wechselwirkung zwischen dem
DNAzym und dem Polykation erfolgen kann (Dautzenberg und Jaeger, 2002;
Liu et al., 2005). Im Polyplex schirmt das Polykation den Wirkstoff sterisch ab

und verhindert somit eine enzymatische Degradierung.

Basierend auf diesen Erkenntnissen wurde die Untersuchung zur Eignung
verschiedener Polykationen zur Polyplexbildung intensiviert. Als bioabbaubares,
biokompatibles Polykation wurden unterschiedliche Chitosan-Polymere
ausgewahlt, welche sich im Molekulargewicht, im Deacetylierungsgrad sowie in
der Hydrophilie unterschieden (Kean und Thanou, 2010). Als Vergleich wurde
das in der Gentechnik als Goldstandard bezeichnete PEI genutzt (Patnaik und
Gupta, 2013). Die Charakterisierung hinsichtlich PartikelgréBe, Zeta-Potenzial,
Komplexierungsgrad und Stabilitdt der hergestellten Polyplexe ergab, dass,
unabhangig von dem Typus des Polykations, die Eigenschaften durch das
Ladungsverhaltnis ¢ gepragt wurden. Hierbei zeigte der Einfluss des ¢-
Verhéaltnisses auf alle Eigenschaften keine UnregelmaBigkeiten. Die Polyplexe
wurden hinsichtlich ihrer schiitzenden Eigenschaften gegenlber der aktiven
Barriere der Hautoberflache in einem weiteren standardisierten in-vitro-
Versuchsaufbau getestet. Ein hoher Wert des ¢-Verhalinisses und ein Zeta-
Potenzial im Bereich des positiven Plateaus sind gute Indikatoren fur einen
ausreichenden Schutz des Wirkstoffes. Demgegentiber zeigte insbesondere der
ermittelte Komplexierungsgrad ein indifferentes Bild. Das zugrunde liegende
Messprinzip basiert auf der kompetitiven Verdrangung des positiv geladenen
Fluoreszenzfarbstoffes von dem negativ geladenen Wirkstoff durch die
komplexierenden Polykationen. Durch das Messprinzip wird die Komplexierung
mittels elektrostatischer Wechselwirkung bei gleichzeitiger Diskriminierung der
hydrophoben Wechselwirkung analysiert. In den Untersuchungen zeigte PEI
eine vollstandige Komplexierung bei dem vergleichsweise niedrigsten ¢-Wert. In
dem Wirkstoff-Degradierungsversuch bendtigte PEl jedoch ein hdheres ¢&-
Verhaltnis, um einen ausreichenden Schutz zu gewahrleisten. Folglich stellte in
diesem Fall ein maximaler Komplexierungsgrad keinen Indikator fUr einen
ausreichenden Schutz dar. Diese Divergenz kann im Vergleich der
Eigenschaften zwischen PEI und Chitosan S erldutert werden. Das Chitosan S

ist ein gréBeres Polymer mit héherem monomeren Molekulargewicht und
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geringerer Ladungsdichte. Das hohe Molekulargewicht der Monomere sorgt
nach der Bindung an den Wirkstoff flr eine bessere Abschirmung der einzelnen
Wirkstoffmonomere, wahrend die GréBe des Polymers sowie die geringe
Ladungsdichte die Flexibilitdt des Polymers verbessern (Liu et al., 2007). Die
Flexibilitat férdert das ,Umschlingen® des Chitosan-Polymers um das
Wirkstoffmolekil und verhindert die Annaherung degradierender Enzyme
(Rudzinski und Aminabhavi, 2010). Die Tatsache, dass bei einem gemessenen
Komplexierungsgrad von nur 50 % der Wirkstoff vollstdndig geschitzt wurde,
weist auf eine zusatzliche hydrophobe Wechselwirkung zwischen Chitosan und
Wirkstoff hin, die hingegen unter dem Einsatz von PEI nicht ermittelt werden

konnte.

Ausnahmslos konnte ein ausreichender Schutz des Wirkstoffes gegentber der
aktiven Hautbarriere mittels jedes der untersuchten Polykationen erzielt werden.
Unterschiede zeigten ausschlieBlich die Effizienzen des Schutzes, welcher
durch den bendtigten &witWert bestimmt wurde. Die Chitosan-Polymere und
insbesondere das Chitosan S zeigten die héchste Effizienz, wahrend PEI die
geringste Effizienz aufwies. Infolgedessen waren die Chitosan-Polymere dem
PEI GOberlegen. Werden die Polykationen hinsichtlich einer therapeutischen
Applikation beurteilt, kann eine ahnliche Einordung erfolgen. Zwar wird in der
Literatur den PEI-Polymeren eine hohe Transfektionseffizienz sowie ein
Endosomaustritt zugeschrieben, das méglicherweise zu einer Erhéhung der
Wirkstoffkonzentration im Zytoplasma flhren kann, allerdings besitzt es als
nicht abbaubares Polymer ebenfalls eine erhdhte Tendenz zur Toxizitat
(Boussif et al., 1995; Kawakami et al., 2006). Demgegentiber zeichneten sich
im Allgemeinen die Chitosan-Polymere durch ihre Bioabbaubarkeit und -
kompatibilitdt aus und sind somit dem PEI vorzuziehen, da sie eine geringe
Tendenz der Toxizitat aufweisen (Kean und Thanou, 2010).

Zusétzlich zu den in-vitro-Versuchen wurden die Chitosan S-Polyplexe in ein
Tragersystem bestehend aus einer SME eingearbeitet und auf der ex-vivo-Haut
der Sus scrofa domestica inkubiert. Hierbei sollten die schiitzenden Effekte des
Chitosan-Polyplexes in der SME auf ex-vivo-Haut untersucht und zusatzlich
eine mogliche Inkompatibilitdt zwischen Polyplex und Tragersystem aufgedeckt
werden. Zwar zeigten die Polylexe in der SME im in-vitro-Versuch eine

20



zeitabhangige Degradierung des Wirkstoffes, jedoch konnte diese Beobachtung
im ex-vivo-Modell nicht aufrechterhalten werden. Uber den gesamten
Untersuchungszeitraum gewahrleisteten die Polyplexe einen vollstandigen
Schutz des Wirkstoffes auf der Haut im Vergleich zum vollstédndig degradierten
wassrigen Standard. Des Weiteren konnte ein schitzender Effekt durch die
SME selbst ausgeschlossen werden. Ohne die Polyplexe wurde der Wirkstoff in
der SME rasch degradiert, da dieser in der auBeren wassrigen Phase der
Emulsion vorlag und dadurch direkt mit der degradierenden Hautoberflache in
Kontakt stand. Erst durch die Wirkstoffkomplexierung zu Polyplexen erreicht der
Wirkstoff einen effektiven Schutz, obwohl sich die Polyplexe immer noch in der
auBeren Phase befinden. Folglich kénnen die Chitosan-Polyplexe in jegliche
wassrige Phase — auch weiterer Tragersysteme — eingearbeitet werden,
solange keine Inkompatibilitat vorliegt, welche die Komplexierung beeintrachtigt.

Nach erfolgreichem Schutz des Wirkstoffes auf der Haut kann dieser in die Haut
penetrieren. In der Hautmatrix befinden sich endogene Polyelektrolyte, die
durch komplementédre Verdrangung negativen Einfluss auf die Stabilitat der
Chitosan-Polyplexe nehmen kénnen (Danielsen et al., 2005). Die Folge zeigte
sich bei der Inkubation der Polyplexe mit menschlicher Vollhaut bei dem sich
der &it von 1,1 auf 1,26 erhdhte. Befindet sich der Polyplex unbeschadet in die
Haut, kann dieser in die Hautzellen aufgenommen werden. Bei der zellularen
Aufnahme wird der Polyplex Uber das Endosom/Lysosom aufgenommen (Dass
et al.,, 2002). Howell et al. beschreiben, dass die DNasell in diesen
Zellkompartimenten die pradominante Desoxyribonuklease und der limitierende
Engpass in der Zellaufnahme ist (Howell et al., 2003). Danach ist das DNAzym

durch die Polyplexe auch auf zellularer Ebene geschiitzt.

Penetration des Wirkstoffes

Die topische Applikation des Wirkstoffes und die damit bendtigte
Wirkstoffpenetration an den Zielort in der Haut stellt eine groBe
Herausforderung an das dermale DDS. Der Erfolg der Penetration wird durch
die Eigenschaften des Tragersystems, des Wirkstoffes und den Zustand der
Haut bestimmt. In dieser Arbeit war nur das Tragersystem frei zu wahlen,
wahrend der Zustand der Haut durch die Hauterkrankung und der Wirkstoff
durch das Nutzen von DNAzymen festgelegt war. Insbesondere die
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charakteristischen Eigenschaften der Wirkstoffgruppe, wie der geringe
Octanol/Wasser-Verteilungskoeffizient, die negative Ladung und das hohe
Molekulargewicht, sind fir die Wirkstoffpenetration problematisch. Die Folge ist
eine geringe Penetration des Wirkstoffes, sodass in den ex-vivo-Versuchen mit
einem wassrigen Standard eine Wiederfindung in der Haut von lediglich 0,02 %
nachgewiesen werden konnte. Die geringe Bioverfigbarkeit des Wirkstoffes
wurde dabei sowohl durch die bereits beschriebene aktive Barriere als auch die
passive Barriere der Haut negativ beeinflusst. Die passive Barriere stellt dabei
die Hauptpermeabilitdtsbarriere dar und wird hauptsachlich durch das Stratum
corneum gebildet. Durch Abtragen des Stratum corneum und die damit
einhergehende Schadigung der passiven Barriere wurde die Penetration des
Wirkstoffes erhéht.

Die Ergebnisse belegen die Notwendigkeit, ein penetrationsférderndes
Tragersystem zu entwickeln, welches die Wirkstoffpenetration auch in die
intakte Haut férdert. In einem ersten Auswahlverfahren mittels ex-vivo-
Hautmodellen wurden zwei potenzielle Tragersysteme identifiziert, die W/O/W-
Emulsion und die SME. Die SME zeigte gegentuber dem Wirkstoff eine hohe
penetrationsférdernde Wirkung, konnte jedoch keinen Schutz vor einer
Degradierung gewahrleisten. Demgegentiber hatte das komplexe System der
W/O/W-Emulsion den Vorteil, den Wirkstoff in die innere wassrige Phase durch
eine innere Olphase einzuschlieBen. Allerdings wurde durch die Entwicklung
der additiven Schutzsysteme in Form von Polyplexen sowohl der Schutz durch
die komplexe W/O/W-Emulsion als auch das Hauptdefizit der SME obsolet.
Folglich stellt die SME eine ideale Grundlage zur Entwicklung eines dermalen
DDS dar und erflllt zugleich die Zielsetzung der vorliegenden Arbeit sowohl
eine einfache als auch umsetzbare Methode zu etablieren. Die SME ist
allgemein ein zweiphasiges System mit einer dispersen Olphase. Die GréBe der
Oltropfen befindet sich im Nanometerbereich und kann @iber den Hydrophilie-
Lipophilie-Gleichgewicht-Wert  (hydrophilic-lipophilic-balance, HLB-Wert) der
Emulgatoren reguliert werden (Schmidts et al., 2012). Im idealen Verhaltnis der
emulgierenden Hilfsstoffe, am erforderlichen HLB-Wert (required HLB-Wert),
weisen die Oltropfen die kleinste GréBe auf. Die dadurch hergestellten
unterschiedlichen TropfengréBen der SME hatten weder einen Einfluss auf die
Penetration des Wirkstoffes noch auf die Liberation des Wirkstoffes aus dem
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Tragersystem. Die vergleichsweise schnelle Wirkstofffreisetzung aus der SME
war durch die geringe Viskositat des Tragersystems und die Lokalisation des
Wirkstoffes in der &uBeren Phase begrindet. Einzig der allgemein hohe
Verteilungskoeffizient der SME wirkte sich negativ auf die Freisetzung aus.

Um die SME als Tragersystem zu nutzen, musste ein etwaiges mikrobielles
Wachstum in dem Tragersystem unterbunden werden. Demzufolge wurden
unterschiedliche  Konservierungsmittel getestet und hinsichtlich ihrer
konservierenden Eigenschaften sowie Kompatibilitit gegentber dem
Tragersystem und dem Wirkstoff bewertet. Einzig Propylenglykol hielt allen drei
Anforderungen stand. Alle Ubrigen Konservierungsmittel konnten im
Konservierungsbelastungstest nicht bestehen. Die Benzoesaure zeigte zudem

eine Inkompatibilitdt gegentber dem Wirkstoff.

Die mittels Propylenglykol konservierte SME wurde mit den Chitosan-
Polyplexen kombiniert, um ein protektives dermales DDS zu entwickeln. Der
effektive Wirkstoffschutz durch die Kombination in den
Degradierungsversuchen wurde bereits als eine der notwendigen Bedingung fir
ein DDS erodrtert. Im Folgenden qilt es, die penetrationsférdernden

Eigenschaften der SME im DDS als eine weitere Notwendigkeit zu diskutieren.

Da die gute Freisetzung der SME zu einer guten pharmazeutischen
Verfugbarkeit an der Hautoberflache flhrte, wurde eine steady-state-Phase
schneller erreicht, in der kontinuierlich der Wirkstoff an die Haut freigesetzt
wurde. Folglich erhéhte sich der Konzentrationsgradient zwischen
Hautoberflache und Stratum corneum und férderte dadurch die Penetration.
Ebenfalls erhdéhten die genutzten Polyplexe den Konzentrationsgradienten,
indem diese den Wirkstoff auf der Hautoberflache vor Degradierung schitzten.
Neben dem Konzentrationsgradienten hatten im Speziellen die Hilfsstoffe der
SME einen positiven Einfluss auf die Penetration, indem sie den
Diffusionskoeffizienten beeinflussten. Die ausgewahlten Hilfsstoffe der SME
verflgen Uber hautmodulierende Eigenschaften, welche die
Wirkstoffpenetration férdern. Konkret sind die Hilfsstoffe in der Lage, die
Eigenschaften des Stratum corneum durch Verdnderungen der Lipidbereiche,
Modifizierung der Proteinbestandteile sowie durch Beeinflussung der
Wirkstoffverteilung zu  verdndern  (Neubert et al., 2001). Die
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penetrationsférdernden Hilfsstoffe der SME lassen sich in verschiedene
Kategorien mit unterschiedlichen Effekten einteilen. So zahlt der eingearbeitete
Stearylalkohol zu den Fettalkoholen. Uber langkettige Fettalkohole wurde
berichtet, dass diese zur Lipidextraktion und zur Lipiddisruption im Stratum
corneum fluhren (Dias et al., 2008; Kandimalla et al., 2010). DarlGber hinaus
kann der Stearylakohol auch als Co-Emulgator betrachtet werden und fallt
zusatzlich in die Kategorie der nichtionischen Tenside. Zu dieser Gruppe
gehdéren zudem die Emulgatoren Glycerolmonostearat, Ceteareth-20 und
Laureth-9. Diese Gruppe zeichnet sich allgemein durch ein gering irritatives
Potenzial im Vergleich zu ionischen Tensiden aus und erreicht seine
penetrationsférdernden  Eigenschaften durch die Adsorption an den
Grenzflachen sowie die Disruption der Lipidschicht (Abraham, 1997; Park et al.,
2000). Weitere Bestandteile der SME wie das Glycerol und das Propylenglykol
zahlen zu den mehrwertigen Alkoholen. Grundsétzlich werden diese als
Cosolventien in  Tragersystemen eingesetzt. Insbesondere fir das
Propylenglykol wird zusétzlich in der Literatur auf eine penetrationsférdernde
Eigenschaft verwiesen. Danach soll der Wirkstoff durch den Lésungsmittelstrom
des penetrierenden Propylenglykols mitgerissen werden. Dieser Effekt wird als
konvektive Penetration (solvent drag) beschrieben (Herkenne et al., 2008). Die
eingearbeiteten Triglyceride, das Oleyloleat sowie das Cetearyl-Isononanoat
kébnnen in die Kategorie der Fettsduren und Fettsdurederivate eingeordnet
werden. Die Olsaure des Oleyloleats erhéht beispielsweise die Fluiditat der
Lipide und erreicht dadurch eine verstarkte Penetration (Aungst, 1989; Golden
et al., 1987). Zusétzlich kann es hydrophile Pools im Stratum corneum bilden, in
denen es zu einer Bildung von einem Wirkstoffreservoir kommen kann

(Ongpipattanakul et al., 1991).

Zusammenfassend zeigt die Auflistung, dass die SME aus einer Vielzahl von
Hilfsstoffen mit penetrationsférdernden Effekten (chemical penetration
enhancers) besteht, welche 47,5% (v/w) der Formulierung ausmachen.
Dadurch ist es zu erklaren, dass eine vergleichsweise hohe Penetration

gegenuber anderen Formulierungen erreicht werden konnte.
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Verteilung und zellularer Aufnahme des Wirkstoffes

Das Ziel des Wirkstofftransports bei der topischen Therapie von
Hauterkrankungen befindet sich vorwiegend in den oberen Hautschichten. Um
die Verteilung des Wirkstoffes in der Haut nach der Penetration zu Uberprifen,
wurde der Wirkstoff mit einem Fluoreszenzfarbstoff markiert und anhand des
emittierenden Signals lokalisiert. Jedoch besitzt die Haut als biologische Matrix
eine Autofluoreszenz, welche je nach Signal-to-Noise-Verhéltnis die
Messungen erheblich verfalschen kann (Schenke-Layland et al., 2006). Um
dieses Problem zu adressieren, wurde eine Methode entwickelt, welche anhand
des Emissionsspektrums zwischen dem Farbstoff und der Autofluoreszenz
unterscheiden kann. Ein groBer Vorteil dieser Methode ist die
intensitatsunabhangige Identifizierung. Dadurch konnten sogar geringe
Fluoreszenzsignale in der Haut ihrem Ursprung zugeteilt werden. Eine
Limitierung erfahrt die Methode dadurch, dass das Fluoreszenzsignal
unabhangig von der Integritat des Wirkstoffes und folglich nicht direkt mit der
Wirkstoffkonzentration gleichzusetzen ist. Hinsichtlich der Verteilung des
Fluoreszenzsignals in der Haut konnte die Methode eindeutige Ergebnisse
aufzeigen. Die SME erreichte eine hohe Akkumulation des spezifischen
Fluoreszenzfarbstoffsignals in den oberen Hautschichten der intakten Haut,
insbesondere im Stratum corneum. Das Stratum corneum bildete somit ein
Wirkstoffreservoir, aus dem der Wirkstoff stetig in die Epidermis freigesetzt
werden konnte. Die Einlagerung des Wirkstoffes in dem Stratum corneum ist
dabei durch die bereits diskutierten Hilfsstoffe, wie das Oleyloleat, begrindet.
Die vergleichenden Tragersysteme, wie z. B. die W/O/W-Emulsion, konnten
einen ahnlichen Effekt nicht aufzeigen. Wurde die passive Penetrationsbarriere
durch das Abtragen des Stratum corneum geschwacht, verlor die SME im
Gegensatz zu den anderen Tragersystemen an Penetrationseffizienz. Folglich
adressiert die SME spezielle Hauterkrankungen, wie die aktinische Keratose,
mit intakter Hautbarriere.

Nach erfolgreicher Penetration des Wirkstoffes durch das genutzte protektive
dermale DDS verbleibt die zelluldare Aufnahme als letzte Hirde. Die Zielzellen
des speziellen Wirkstoffes waren die Keratinozyten. Die Aufnahme und
Verteilung des Wirkstoffes wurde erneut mit dem fluoreszenzmarkierten

Wirkstoff GOberprift. Es konnte nachgewiesen werden, dass ein Viertel der
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HaCaT-Zellen ein Fluoreszenzsignal des Fluoreszenzmarkers aufwiesen. Das
Fluoreszenzsignal konnte innerhalb der Zellen lokalisiert werden und bestatigt
somit, dass der Wirkstoff in die Zelle aufgenommen wurde. Die signifikant
héhere Aufnahmeeffizienz des Wirkstoffes im Vergleich zu dem waéssrigen
Standard wurde durch die Komplexierung mit dem Chitosan-Polymer zu
Polyplexen erzielt. Als Polykation verfigt Chitosan Uber die Mdglichkeit, die
negative Ladung des DNAzyms ganz oder partiell zu Gberdecken. Dadurch wird
die Wabhrscheinlichkeit erhdht, die negativ geladene Zellmembran zu
Uberwinden (Huang et al., 2004). Zudem wurde bewiesen, dass 12 % des

aufgetragenen Wirkstoffes in der Zelle intakt vorlagen.

In Bezug auf die eingangs erlauterten Aspekte der Integritat, Penetration und
zellularen Aufnahme des Wirkstoffes wird abschlieBend Folgendes
festgehalten: In dem entwickelten protektiven DDS konnte durch das Nutzen
von Chitosan-Polyplexen die Integritdt und die zellulare Aufnahme des
DNAzymes sichergestellt werden. In Kombination mit der SME wurde eine
erhdhte Penetration in die Haut erzielt. Zusammenfassend adressiert das
protektive DDS erfolgreich alle drei von Zakrewsky et al. aufgestellten

Hauptaspekte des Transports von Nukleinsdure in die Haut.
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Zusammenfassung der Erkenntnisse

Die therapeutischen DNAzyme stellen als neue Wirkstoffgruppe einen
vielversprechend Ansatz bei der Therapie von Hauterkrankungen dar. Derzeit
sind funf DNAzyme in der klinischen Wirkstoffprifung von denen zukinftig
wiederum zwei gegen Hauterkrankungen eingesetzt werden sollen. Far eine
erfolgreiche Therapie muss der Wirkstoff an den Zielort in der Haut penetrieren
und dort intakt vorliegen. Allerdings erschweren allgemein die Eigenschaften
der Wirkstoffgruppe den  Wirkstofftransport und den Erhalt der
Wirkstoffintegritdt. Zudem besitzt die Haut eine Barrierefunktion, die es zu
Uberwinden gilt, um eine hohe Bioverfugbarkeit in den pathogen veranderten
Hautzellen zu erreichen. Die Hautbarriere 1&sst sich in eine passive und aktive
Barriere unterteilen. Wahrend die aktive Barriere der Integritat des Wirkstoffes
schadet, verhindert die passive Barriere die Wirkstoffdiffusion. In Bezug auf die
aktive Barriere konnte nachgewiesen werden, dass das ungeschutzte DNAzym
auf der humanen Hautoberflache durch DNase Il degradiert wird. Durch eine
Komplexierung mit Polykationen zu Polyplexen konnte der Wirkstoff auf der
Haut geschutzt werden. In Abhangigkeit der Eigenschaften des Polykations
waren unterschiedliche ¢-Verhaltnisse nétig, um den Schutz zu gewahrleisten.
Ein ¢-Verhaltnis im Bereich von 1-2 und darlber hinaus im positiven Zeta-
Potenzial erhéht die Chance auf einen ausreichenden Schutz. Als Polykationen
eigneten sich insbesondere bioabbaubare Chitosan-Polymere, welche im
Vergleich zu Polyethylenimin laut Literatur eine geringere Toxizitat aufweisen.
In Bezug auf die passive Hautbarriere konnte diese mittels Submicronemulsion
(SME) Uberwunden werden. Selbst die gréBeren Polyplex-Partikel konnten
durch die SME in die Haut penetrieren. Dabei erhéhten die Hilfsstoffe der SME
die Penetration und erreichen eine Akkumulation des Wirkstoffes in dem
Stratum corneum der intakten Haut. Somit stand das Stratum corneum als
Wirkstoffreservoir zur Verfigung. Die Polyplexe wiederum erreichen auf
zellularer Ebene eine erhdéhte Aufnahme des Wirkstoffes in HaCaT-Zellen. Die
Kombination aus Chitosan-Polyplexen und SME fihrte zu dem Ergebnis eines
protektiven dermalen DDS, das sowohl die Penetration als auch die
Zellaufnahme férdert und darlber hinaus den Wirkstoff schiitzt.
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DNAzymes are potent novel drugs for the treatment of inflammatory diseases such as atopic dermatitis.
DNAzymes represent a novel class of pharmaceuticals that fulfil a causal therapy by interruption of
the inflammation cascade at its origin. There are two challenges regarding the dermal application of
DNAzymes: the large molecular weight and the sensitivity to DNases as part of the natural skin flora.
To overcome these limitations suitable carrier systems have to be considered. Nano-sized drug carrier
systems (submicron emulsions, microemulsions) are known to improve the skin uptake of drugs due to
their ability to interact with the skin’s lipids. To protect the drug against degradation, the hydrophilic
drug may be incorporated into the inner aqueous phase of carrier systems, such as water-in-oil-in-water
multiple emulsions. In the present study various emulsions of pharmaceutical grade were produced. Their
physicochemical properties were determined and the influence of preservation systems on stability was
tested. Drug release and skin uptake studies using various skin conditions and experimental set-ups were
conducted. Furthermore, cellular uptake was determined by flow cytometric analysis. The investigations
revealed that the developed multiple emulsion is a suitable and promising drug carrier system for the
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topical application of DNAzyme.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Chronic inflammatory diseases of the skin such as atopic
dermatitis are increasingly prevalent worldwide mainly in indus-
trialised countries. They represent complex skin disorders that
develop on the basis of a genetic predisposition under the influence
of certain environmental factors. The current understanding is that
immunological mechanisms are mainly involved in the pathology
of these diseases with activation of different T cell subpopulations
selectively contributing to the development of either disease or
a disease state (Leung, 2000; Leung and Soter, 2001). In atopic
dermatitis, the immune hypothesis invokes an imbalance in the T
lymphocytes, with Th2 cells predominating in the acute phase; this
results, among other things, in the cytokine production of various
interleukins such as IL-4, IL-5, IL-12 and IL-13 (Garlisi et al., 1995;
Griinig et al., 1998; Maggi, 1998). Therefore, most current therapies

* Corresponding author. Tel.: +49 0 641 309 2550; fax: +49 0 641 309 2553.
E-mail address: Frank.Runkel@kmub.thm.de (F. Runkel).
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are still based on general anti-inflammatory drugs that may reduce
symptoms without directly interfering with the disease-causing
mechanisms. Novel concepts for approaches include the use of
antisense-based molecules such as antisense DNA, DNAzymes,
small interfering RNA (siRNA) and ribozymes that interfere with
the mRNA of proteins that are involved in the pathogenesis of the
respective disease (Kim et al., 2009). DNAzymes represent a novel
class of antisense molecules that have not yet been established for
the treatment of any human disease. 10-23 DNAzymes are a group
of RNA-cleaving DNA molecules that contain a catalytic domain
(Cieslak et al., 2003; Silverman, 2005; Tritz et al., 2005) and cleave
the RNA sequence at a phosphodiester bond between an unpaired
purine and a paired pyrimidine residue (Santoro and Joyce, 1998).
10-23 DNAzymes targeting GATA-3 mRNA have recently been
developed, and their anti-asthmatic effect in mouse models has
been successfully demonstrated (Sel et al., 2008). As GATA-3 plays
a central role in Th2 cell differentiation (Barnes, 2008) and in pro-
moting Th2 responses (Zhu etal.,2006), similar results are expected
for the treatment of inflammatory skin diseases with the mRNA-
cleaving GATA-3 10-23 DNAzyme. Therefore, this oligonucleotide
model was chosen as a promising API candidate for the treatment of
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atopic dermatitis. For the effective treatment of atopic dermatitis, it
is necessary to transport the oligonucleotide into the epidermis and
to the inflammatory infiltrate. However, the topical application of
such molecules is still challenging owing to their limited bioavail-
ability, which is due to several reasons (Akhtar et al., 2000). For
example, penetration into the skin compartments is often restricted
due to the rather large size of these molecules, which often exceeds
10kDa. In addition, as a result of size and chemical composition,
oligonucleotide molecules are generally not easily taken up by
cells; thus the transfection efficiency of target cells in the skin is
often low (Bally et al., 1999). Moreover, oligonucleotide-degrading
enzymes such as RNases and DNases may destroy the integrity
of such molecules before they come into contact with their tar-
get structures. DNA-cleaving enzymes might be located on both
the skin and in skin tissue. The deoxynucleases on the skin are
mainly produced by several microorganisms, which belong to the
natural skin flora such as Staphylococcus (Langlois et al., 1989;
Wierup, 1978). Drug carrier systems for topical application of such
sensitive and large DNA molecules pursue improvement of skin
uptake and protection against degradation. Therefore, different sys-
tems were evaluated. With regard to the encapsulation properties
of DNAzymes, systems with an inner water phase (water-in-oil
(W/O) emulsion and water-in-oil-in-water (W/O/W) emulsion)
were chosen as appropriate candidates. With respect to their
excellent transport properties, a microemulsion and a submicron
emulsion with hydrophilic DNAzymes located in the outer water
phase were chosen. Due to their distinct structure and proper-
ties, multiple emulsions are of particular interest for several drug
delivery approaches, including the dermal application of encapsu-
lated drugs in pharmaceutical products (Fukushima et al., 1987;
Khopade and Jain, 1999; Lindenstruth and Miiller, 2004; Schmidts
et al., 2010). Microemulsion (ME) and submicron emulsion (SME)
represent carrier systems below one micrometre in size and allow
improved drug penetration and permeation into the skin compared
to conventional formulations (Bouchemal et al., 2004; Delgado-
Charro et al., 1997; Djekic and Primorac, 2008; Kanikkannan and
Singh, 2002; SchmalfuR et al., 1997).

In the present study, a W/O/W emulsion, a W/O emulsion, an
SME and an ME were produced, their physicochemical properties
were determined over time and the formulations were tested for
sufficient preservation. Furthermore, drug release and skin uptake
studies using various skin conditions and experimental set-ups
were conducted and were analysed by HPLC, hybridisation-ELISA
and fluorescence microscopy. Finally, a W/O/W emulsion and a
SME were compared regarding celluar uptake of the drug by flow
cytometric analysis.

2. Materials and methods
2.1. Materials

All ingredients were obtained in pharmaceutical grade. Light
and heavy paraffin oil, isopropyl palmitate, sodium chloride
(NaCl), magnesium sulphate heptahydrate (MgSO,4), propylene
glycol, glycerol 85%, potassium sorbate, citric acid, butylene gly-
col, propyl-4-hydroxybenzoate and hydrophobic basis gel (DAC)
were supplied by Fagron (Germany). Cetostearyl isononanoate and
Coco-Caprylate/Caprate were provided by Cognis (Germany). Ethyl
Oleate, Sorbitan Oleate (Span®80), Oleth-5, Oleth-10 and Steareth-
20 were provided by Croda (Germany). Soy lecithin, methyl-4-
hydroxybenzoate and triglycerol diisostearate were purchased
from Caelo (Germany). Caprylocaproyl macrogol-8-glycerides
(Labrasol®) and Polyglyceryl-6-dioleate (Plurol Oleique®) were
obtained from Gattefossé (France). Acrylamide/Sodium acry-
loyldimethyl Taurate Copolymer/Isohexadecane/Polysorbate®80

(Sepineo®P600) was obtained from Seppic (Germany). Methanol
(gradient grade), water (gradient grade), sulphuricacid, ethylenedi-
amine tetra-acetic acid (EDTA) and sodium hydroxide (NaOH) were
obtained from VWR (Germany). Benzoic acid was obtained from
Euro OTC Pharma (Germany), and the Phenoxyethanol was from
Th. Geyer (Germany). An unlabelled and a 6-carboxyfluorescein
(FAM) labelled 10-23 DNAzyme was provided by Sterna Biologicals
(Germany) representing the sodium salt of DNAzyme, a single-
stranded DNA molecule composed of 34 deoxynucleotide bases
with a molecular weight of 10.6 kDa (unlabelled). UltraPure™ Tris
Hydrochloride (Tris—HCl) was supplied by Invitrogen (Germany).
NaCl and magnesium chloride (MgCl,), both nuclease-free, were
obtained from Applied Biosystems (Germany). Polysorbate 20
(Tween®20) and Sodium dodecyl sulphate ultra-pure (SDS) were
purchased from Carl Roth (Germany). Trizma® hydrochloride
and Trizma® base were supplied by Sigma-Aldrich (Germany).
Oligonucleotide probes labelled with either digoxigenin or
biotin were synthesised by Operon (Germany). Anti-digoxigenin-
peroxidase and BM Blue POD substrate were supplied by Roche
Diagnostics (Germany). Phosphate buffered saline (PBS) without
Mg2* and Ca?* was supplied by Biochrom AG (Germany), and
proteinase K was purchased from Qiagen (Germany). Dispase
Il was obtained from Roche Molecular Biochemicals (Germany).
Trypsin/EDTA and Trypsin Inhibitor were both supplied by
Pan (Germany). Collagenase was purchased from Worthing-
ton Biochemical Corporation (USA) and Hyaluronidase from
Sigma-Aldrich.

2.2. Preparation of delivery systems

DNAzyme was added to the water phase of the formulations.
Regarding the multiple emulsion, DNAzyme was added to the inner
water phase at a total quantity of 0.4 wt%. For skin penetration stud-
ies, 10% of the DNAzyme was replaced by the fluorescent labelled
FAM-DNAzyme.

W/O emulsions were prepared at room temperature. The water
phase (5 wt% glycerol, 0.3 wt% MgSQy4, 0.14 wt% potassium sorbate,
0.07 wt¥% citric acid and 63.9 wt% distilled water) was added slowly
to the oil phase (3.0 wt% triglycerol diisostearate, 1.2 wt% isopropyl
palmitate, 1.2 wt% Cetostearyl Isononanoate, 0.2 wt% soy lecithin
and 24.6 wt% hydrophobic basis gel) and stirred with a mortar and
pestle until a homogeneous emulsion was obtained.

W/O/W emulsions were prepared using a 2-step procedure pre-
viously reported by Matsumoto et al. (Matsumoto et al., 1976).
First, the primary W/O emulsion was produced. Second, the
obtained primary emulsion (40.0 wt%) was dispersed in the aque-
ous phase containing the hydrophilic emulsifier. In detail, the
simple W/O emulsions were produced by adding the aqueous phase
(0.065 M MgS04 solution containing the DNAzyme) to the oil phase
(15.8 wt% heavy paraffin oil, 4.0 wt% Sorbitan oleate and 0.2 wt% soy
lecithin) followed by a homogenisation step using a rotor-stator
homogeniser (Diax 600, Heidolph, Germany) for 2 min at 9500 rpm.
Next the chilled primary emulsion was slowly added to the outer
water phase (1.0 wt% Steareth-20 and 58.7 wt% preserved water)
under stirring at 1200 rpm using a EUROSTAR digital stirrer (IKA,
Germany) at room temperature. Finally, 0.3 wt% Sepineo®P600 was
added as thickening agent under gentle stirring.

An ME was obtained by gently mixing the appropriate quantities
of the components plus the DNAzyme at room temperature. The oil
phase consisted of 7.20 wt% Labrasol®, 4.80 wt% Plurol Oleique®,
2.50wt% cetostearyl isononanoate and 2.50 wt% isopropyl palmi-
tate. The water phase consisted of 2.49wt% glycerol, 16.60 wt%
propylene glycol, 0.30 wt% MgS0,4 and 63.21 wt% distilled water.

SMEs were prepared as followed. The water phase (a blend of
Oleth-3 and Oleth-10 in total 6.0wt%, 3.0wt% glycerol, 0.3 wt%
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MgS0,4 and 75.3 wt% preserved water) and oil phase (5.0 wt% Coco-
Caprylate/Caprate, 5.0wt% cetearyl isononanoate, 5.0 wt% Ethyl
oleate) were heated separately to 70°C. The two phases were
then combined and homogenised for 1 min using a rotor/stator
homogeniser at 24,000 rpm. Three different SMEs were produced
with HLB values of 10, 11 and 12. Oleth-3 and Oleth-10 were used
to adjust the HLB value.

2.3. Characterisation of the drug delivery systems

Droplet size analysis was performed with respect to the require-
ments of the samples. The mean droplet sizes (z-Average) of W/O
emulsion and ME were determined by dynamic light scattering
(High Performance Particle Sizer, Malvern Instruments, UK). W/O
emulsions were diluted 1:1000 with light paraffin oil (viscosity:
33 mPas) prior to measurement, while the MEs were measured
undiluted. The droplet sizes of the multiple W/O/W emulsions
and the SMEs were determined by laser diffraction (Mastersizer
S, Malvern Instruments, UK). The results are presented as the mean
diameter D(v,0.5) based on the volume distribution. Determination
of the viscosity was performed at 25 °C using the RheoStress 300
Rheometer (ThermoHaake, Germany) with a cone and plate geom-
etry of 20mm in diameter and a 2° angle. The apparent viscosity
was measured over a shear rate of 0.1-100s~! and presented as
the mean value (n = 3). All of the above mentioned parameters were
recorded over a period of 3 months.

2.4. Preservative efficacy test

Preservative efficacy tests were performed according to the
European Pharmacopoeia (2008) using the microbial strains:
Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa,
Candida albicans and Aspergillus niger. The microbial impurities
were determined after storage at 25 °C for one week. Preservative
efficiency test was considered a success when the count of bacte-
ria is reduced within one week by more than 99.9% and fungus by
more than 99.0%.

2.5. Drug release studies

The DNAzyme release from the drug delivery systems was stud-
ied using the Franz diffusion cell set-up (surface area 1.76 cm?
and 12 mL acceptor volume) (Gauer Glas, Germany). A pre-soaked
mixed cellulose ester membrane (pore size 0.2 um, @ 25mm,
Whatman, Germany) was placed between the donor and receptor
compartment. The acceptor medium (distilled water) was contin-
uously stirred (500 rpm) and the temperature was maintained at
32.5°C. After equilibration (30 min), 500 p.L of the investigated for-
mulation was applied on the top side of the membrane and the
released DNAzyme was monitored by collecting samples (300 L)
of the acceptor fluid at different time points. Sampling time was
adjusted for every formulation. The samples were analysed by
hybridization-Enzyme Linked Immunosorbent Assay (ELISA). All
experiments were repeated three times and are presented as the
mean value £ SD.

2.6. Skin penetration studies

DNAzyme skin uptake studies were performed in vitro using the
Franz diffusion cell set-up (OECD, 2004a,b). Porcine skin was cho-
sen due to its similarity to human skin in terms of its morphology
and permeability characteristics (Diembeck et al., 1999) and due
to its availability. Therefore, untreated porcine ears (domestic pig)
were obtained directly from a local slaughterhouse, and immedi-
ately transferred to the lab under cool conditions. Porcine ears were
washed by rinsing with mildly warm water and wiped with paper

towels, and the bristles were carefully shortened by trimming. Full
thickness porcine skin was either used immediately (fresh skin) or
stored at —20°C (frozen skin; up to 6 months) and thawed prior
to use in experiments. Untreated skin (intact skin) and skin with
an impaired barrier were used to conduct skin uptake studies. To
simulate the impaired barrier of atopic dermatitis skin, the porcine
skin underwent a tape stripping procedure following Simonsen and
Fullerton (2007), which was controlled by transepidermal water
loss (TEWL) measurements. On the day of the experiment, the pre-
pared skin samples were mounted into the Franz diffusion cell with
PBS as the acceptor fluid and equilibrated for 30 min at 32.5°C.
Then, the investigated formulations were evenly applied as either
an infinite dose (500 L) or a finite dose (20 wL) onto the skin
surface for 24 h. To mimic potential human exposure, the finite
dose was applied and gently massaged for 1 min. At the end of the
experiment, any remaining formulation was removed by a wash-off
procedure. Skin samples were analysed by hybridisation-ELISA and
fluorescence microscopy. Skin sections for the fluorescence micro-
scope analysis were stamped out, shock frozen and stored at —20 °C.
The remaining parts were reduced to small pieces and covered with
lysis buffer (50 mM Tris-HCl, 25 mM EDTA, 100 mM Nacl, 0.5% SDS)
plus proteinase K overnight. The samples were then centrifuged,
and the supernatant was used to conduct hybridisation-ELISA. All
experiments were repeated three times and are presented as the
mean value + SD.

2.7. Cellular uptake of DNAzymes

Fluorescence activated cell sorter (FACS, Calibur, BD Bioscience,
Germany) was used to determine the cellular uptake of the FAM-
DNAzyme. Skin penetration studies (finite dose experimental set
up, chapter 2.6) were conducted and the total amount of DNAzyme
was replaced by FAM-DNAzyme. At the end of the experiment,
cells were isolated out of the epidermis and measured by FACS.
Therefore, punch biopsies (4 mm) were taken, and incubated over
night at 4°C in 1 mL Dispase II (2.4 U/mL). Subsequently, the epi-
dermis was taken-off the dermis and incubated for 5 min at 37°C
in 1 mL Trypsin (0.05%)/EDTA (0.02%). The enzymatic digestion was
stopped by adding the same amount of Trypsin Inhibitor to the epi-
dermis. To obtain a single cell suspension, cells were separated by
using a cell strainer (40 pm). After two additional wash steps with
PBS cells were measured by FACS and analysed using Cell QuestPro
software (BD Bioscience). Results are presented as geometric mean
value (GeoMean), representing the mean value of the total fluo-
rescence of the cell population, and percentage of FAM-DNAzyme
positive cells (%pos). Therefore, the threshold values were adjusted
in order to obtain low values of skin cells treated with the placebo
formulations.

2.8. Fluorescence microscopy analysis

For fluorescence microscopy analysis, 10-pwm-thick cryosec-
tions were prepared with the Leica CM 1850UV (Leica, Germany).
Slices were analysed using the fluorescence microscope DMI 6000B
(Leica, Germany) with the L5 filter cube. The fluorescent pictures
analysis is based on summing the pixel intensity values (total inten-
sity) and counting the number of the summed pixels. Then the total
intensity is normalised to the number of the included pixels rep-
resenting the intensity per pixel for the given image; at least 15
images were analysed for each sample, and values are presented as
the mean + SD.

2.9. DNase activity assay

To determine the DNase activity on the skin surface, the first
three tape strips obtained by skin tape stripping were analysed. The
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single tape strips were incubated for 20 min with 1.5 ml of 10 mM
sodium acetate buffer (pH 5.0) and 0.5 mL of an aqueous DNAzyme
solution (0.1625 mg/mL). The samples were filtered (0.2 wm pore
size), and the remaining DNAzyme amount was analysed by HPLC
(Schmidts et al., 2011).

2.10. Quantification of the DNAzyme

DNAzyme recovery and stability testing in the developed drug
delivery systems as well as testing of DNase activity on the skin
surface was performed by a slightly modified anion-exchange HPLC
method (DNAPac PA-100 4 mm x 250 mm anion-exchange column
and guard column (Dionex, USA)) previously described by Schmidts
et al. (2011). Briefly, equilibration buffer (A) consists of 20 mM
Tris—-HCI, 20% methanol and 263 mM NaCl, and elution buffer (B)
consists of 20 mM Tris-HCl, 20% methanol and 650 mM NacCl. Both
buffers were adjusted to pH 7. The following gradient was run with
a flow of 1.0 mL/min: 0-11 min (100% A), 11-50 min (from 100% A
to 100% B), 50-56 min (100% B), 56-60 min (from 100% B to 100%
A) and 60-70min (100% A). If necessary, sample preparation was
done by sonication at 50°C for 30 min prior to HPLC analysis.

Samples obtained by skin penetration studies and drug
release studies were analysed by a hybridisation-ELISA. The
hybridisation-ELISA developed for the specific detection of
DNAzyme (Dicke, 2009) was adjusted for the present requirements
and performed as follows. Samples were diluted within a con-
centration range between 1 ng/mL and 78 ng/mL (dilution buffer:
20 mM Tris-HCl, 2.6% SDS, 0.5 mM MgCl,; pH 7.4). Then 100 p.L of
the hybridisation buffer (20 mM Tris-HCl, 52.5 mM Nacl, 0.5 mM
MgCl,; pH 7.4), 80 L dilution buffer and 0.22 pL of a mixture of
oligonucleotide probes labelled with digoxigenin or biotin (each
with 0.5 mg/mL) were added to 30 pL of the sample. This solu-
tion was incubated for 5 min at 75 °C and then immediately chilled
to room temperature. Next, 100 pL of this solution was incubated
in a 96-well streptavidin-coated microtiter plate (StreptaWell,
High Bind, Roche) for 2h at 37°C and washed ten times with a
buffer (20 mM Tris Base, 150 mM Nacl, 0.1% Tween®20; pH 10.0).
Each well was filled with 100 L of an antibody mixture (100 L
hybridisation buffer plus 0.5 pL anti-digoxigenin-peroxidase (anti-
digoxigenin-POD, 250 mU/mL)), incubated by gently shaking for
1.5h at 37°C and washed again as previously described. Subse-
quently, 100 L of BM Blue POD substrate was transferred into each
well and incubated for 5 min in darkness. The reaction was stopped
with 50 uL 2 M H;,S04, and the absorbance was measured with
a Multiskan FC photometer (Thermo Fisher Scientific, Germany)
at 450 nm and 650 nm as the sample and reference wavelengths,
respectively. The calculation was done by a logarithmic standard
curve.

3. Results
3.1. Selection of preservatives for the delivery systems

To identify the applicable preservative agent for the investi-
gated drug delivery systems, various commonly used preservative
systems were examined by visual observation regarding microbio-
logical and physical stability (Table 1).

Propylene glycol as one component of the ME was sufficient to
preserve this formulation. With regard to the W/O/W emulsion,
preservatives showed a bearing influence on the physical stability
leading to coalescence and phase separation. Only the applica-
tion of 0.05% of benzoic acid showed sufficient microbiological and
physical stability. Based on the preservative efficacy test and the
stability data, the formulations were preserved as follows: the W/O
emulsion contained 0.14% potassium sorbate, the ME contained

Table 1
Influence of different preservative systems on the microbiological and physical
stability of various drug delivery systems; (—) failed, (+) passed, (O) no data. Con-

centrations are given as total amount of the formulation.

Preservative Preservative Stability (3
efficacy test months)
W/O emulsion
0.14% potassium sorbate + +
ME
16.60% propylene glycol + +
SME
0.10% Parabens? - +
20.00% propylene glycol + -
10.00% propylene glycol/0.10% Parabens? - +
5.00% butylene glycol/0.10% Parabens? - +
0.20% potassium sorbate + +

W/O/W emulsion
0.10% Parabens? -
0.20% Parabens? -
0.40% Parabens? - -
20.00% propylene glycol (0]
10.00% propylene glycol/0.10% Parabens? -
5.00% butylene glycol/0.10% Parabens? - -
5.00% butylene glycol/0.10% (0]
Parabens?/0.50% Phenoxyethanol
8.00% butylene glycol/0.10% Parabens? - -
8.00% butylene glycol
0.14% potassium sorbate
0.20% benzoic acid
0.05% benzoic acid

+

+ + O |

2 Parabens (75%
hydroxybenzoate).

methyl-4-hydroxybenzoate and 25% propyl-4-

20% propylene glycol in the water phase, the SME contained 0.20%
potassium sorbate and the W/O/W emulsion contained 0.05% ben-
zoic acid.

3.2. Stability of delivery systems

To compare different drug delivery systems, the physicochemi-
cal properties were determined. First, stable placebo formulations
were developed. The placebo formulations (n=3) were considered
as stable if the physicochemical parameters did not change within 3
months (stored at 25 °C and 60% RH). Next, these formulations were
produced with DNAzyme, and the physicochemical parameters of
the formulations were observed over 3 months (Table 2).

Regarding the droplet size and viscosity in the long-term stabil-
ity analysis, the addition of DNAzyme did not appreciably influence
these parameters in the case of the W/O emulsion, the ME and the
SMEs. Only in the case of multiple emulsions was an increase of
droplet sizes and a slight decrease in viscosity observed over three
months. DNAzyme stability in the different formulations ranged in
the order of W/O/W > W/O » ME > SMEs. ME and SMEs showed a
considerable decrease of DNAzyme content of about 35% after three
months. Only with the W/O/W emulsion was a sufficient DNAzyme
stability observed over three months. Additionally, regarding the
different SMEs, the droplet size depended on the HLB of the surfac-
tant blend.

3.3. Drug release studies

Drug release of the different formulations and an aqueous solu-
tion of DNAzyme were studied. First, the three SMEs, varying in
droplet size, were compared (Fig. 1A). DNAzyme released from the
three SMEs is very similar, and an influence of the droplet size could
not be detected. In general, SMEs showed an immediate release;
about 22.3 +1.3% was released within the first hour increasing up
to 30.1 + 3.2% after five hours.
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Table 2
Physicochemical parameters of DNAzyme containing formulations.

pH Viscosity [mPas] D(v,0.5) [pm] z-Average [nm] Recovery [%]

W/O emulsion

Day 1 - 4954 - 816 973 £ 1.1

Month 1 - 4703 - 800 889 £ 15

Month 3 - 4764 - 900 88.8 £ 0.3
ME

Day 1 6.9 9.1 - 95 993+ 14

Month 1 6.6 9.6 - 105 99.8 £ 29

Month 3 6.4 11.8 - 114 65.6 + 0.8
SME HLB=10

Day 1 4.6 2.4 0.23 - 104.1 £ 09

Month 1 4.6 2.6 0.23 - 100.6 + 1.3

Month 3 4.5 2.7 0.22 - 62.6 £ 0.3
SME HLB=11

Day 1 4.6 2.6 0.40 - 1023 £ 2.0

Month 1 4.6 2.6 0.40 - 101.4 + 0.5

Month 3 4.6 2.6 0.37 - 62.9 £ 0.6
SME HLB=12

Day 1 4.6 2.8 0.77 - 100.8 + 1.7

Month 1 4.6 2.9 0.77 - 1002 + 1.2

Month 3 4.5 3.1 0.75 - 66.3 £ 0.8
W/O/W emulsion

Day 1 5.8 935.0 14.65 - 98.3 £ 05

Month 1 5.7 903.8 17.99 - 100.5 £ 0.5

Month 3 52 803.8 29.27 - 103.5 £ 0.3

Fig. 1B shows the comparison among the different formula-
tions and an aqueous DNAzyme solution. The amount of DNAzyme
released was in the following order: aqueous solution > SME (HLB
12)> ME>W/O/W emulsion>W/O emulsion. Drug release was
strongly dependent on the drug carrier system. An undisturbed
release was recognised with the aqueous solution (81.4 +4.3% after
two hours). While DNAzyme from SME (HLB 12) was released
immediately and yielded a plateau phase after two hours, ME
showed a delayed release and a lag time of 90 min and was con-
tinuously increasing over time. DNAzyme released from W/O/W
emulsion and W/O emulsion was either close to the quantification
limit or not detectable at all. Less than 0.1% of the DNAzyme was
released after 24 h.

3.4. DNase activity assay

To study the influence of DNase activity of the skin on the pene-
tration studies, the degradation of DNAzyme was determined. Fig. 2
represents the data of the DNase activity experiment of fresh and
frozen skin on top of the stratum corneum (tape 1) up to tape 3.
The results exhibited a reduction of DNase activity from the top of
the skin (tape 1) to the deeper skin layers. The frozen-thawed skin
showed a similar decreasing profile but an overall lower amount of
DNase activity.
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3.5. Skin penetration studies

DNAzyme transport into the skin was compared with respect
to the different drug carrier systems and different experimental
designs. The comparison of the three SMEs, differing in droplet size,
showed no significant difference (Fig. 3).

To compare the influence of the different drug carrier systems,
the DNAzyme transport into skin was studied (Fig. 4A + B). The pen-
etration of DNAzyme into impaired and intact skin ranged in the
order SME (HLB 12)>ME > aqueous solution (aq. s.)>W/O/W and
W/O emulsion after 24 h. In general, the DNAzyme uptake from
impaired skin was slightly increased compared to the intact skin
except with the SME (HLB 12). Examination of the fluorescence
assay showed similar results (Fig. 4B), thus are in agreement with
the results by hybridisation-ELISA.

Fig. 5 depicts representative examples of fluorescence
microscopy images of vertically cross-sectioned skin follow-
ing topical application of DNAzyme in various formulations
prepared for the fluorescence assay (Fig. 4B). The permeation of
FAM-DNAzyme was restricted to the epidermal layer, especially
the stratum corneum.

The most promising drug carrier systems regarding drug trans-
port into the skin, SME (HLB 12), and DNAzyme stability, W/O/W
emulsion, were subjected to further penetration studies using fresh
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Fig. 1. Cumulative drug release (HPLC analysis) of DNAzyme from various drug carrier systems. (A) SME with different HLB values: (O) HLB 10, (A) HLB 11, (OI0) HLB 12. (B)
Various drug carrier systems (®) aqueous solution, ((J) SME (HLB 12), (¢) ME, (o) W/O/W emulsion, W/O emulsion below limit of detection; (mean4+SD, n=3).
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Fig. 2. Results of the DNase activity assay of fresh and frozen skin samples by tape stripping; analysed by HPLC.

© 8- skin (Fig. 6) and the finite dose approach to mimic a more realistic
= experimental design (Fig. 7).

DNAzyme uptake from W/O/W emulsion into skin was not sig-
g o~ 6- nificantly affected by the skin conditions, but it exhibited a slightly
a e higher DNAzyme uptake with the frozen skin (Fig. 6). Regarding the
- % 4 - SME, a significant decreased amount of DNAzyme uptake was seen
L 5 with fresh intact skin compared to the frozen intact skin, while no
g =~ 2. difference was seen with the impaired skin.
GC-> Finally, the influence of finite dose application under a low pres-
[0 sure massage on the skin uptake of DNAzyme was investigated to
o 0- mimic the common conditions. Then, a formulation was applied on

the skin. This experiment showed a nearly 4-fold higher DNAzyme
HLB 10 HLB 11 HLB 12 uptake from the W/O/W emulsion (0.26 +0.15 p.g/cm?) compared

to the SME (0.07 + 0.03 pg/cm?; HLB 12) (Fig. 7).
Fig. 3. DNAzyme skin uptake of SMEs varying in HLB values and droplet sizes. Infi-
nite dose approach and frozen skin with intact skin barrier (mean +SD, n=6); 24 h,
analysed by hybridization ELISA.
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Fig. 4. DNAzyme skin uptake of various drug carrier systems; results of (A) hybridisation ELISA and (B) fluorescence assay. Infinite dose approach, frozen skin for 24 h
(mean+SD, n>3).
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Fig. 5. Fluorescence microscopy images of vertically cross-sectioned skin following topical application of FAM-DNAzyme (green) in various formulations. Scale bar represents
100 pwm. Pictures in the upper row represent the intact skin, and those in the lower row represent the impaired skin. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of the article.)
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Fig. 6. DNAzyme skin uptake analysed by hybridisation-ELISA; Infinite dose and
24 h analysed by hybridisation-ELISA (mean 4 SD, n > 3).
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Fig. 7. DNAzyme skin uptake analysed by hybridisation-ELISA. Finite dose approach
with low pressure application on fresh intact skin for 24 h analysed by hybridisation-
ELISA (mean=+SD, n=6).
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3.6. Cellular uptake of DNAzymes

To determine the cellular uptake of the FAM-DNAzyme, FACS
analysis of cells obtained from skin penetration studies with
W/O/W and SME were done. As depicted in Fig. 8, it is shown that
the penetrated FAM-DNAzyme was taken up by viable epidermal
cells, mainly keratinocytes. Cellular uptake of the FAM-DNAzyme
is improved by the W/O/W emulsion as compared to the SME
resulting in an obvious higher increase of the respective uptake
parameters as compared to the SME.
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4. Discussion

The dermal therapy of skin diseases is often limited due to
insufficient therapeutic drug levels at the target site. Therefore,
the identification and application of suitable drug carrier sys-
tems are essential for a successful therapy. On the one hand,
10-23 DNAzyme is a relatively large molecule (10.6kDa); there-
fore, appropriate inactive ingredients have to be chosen to enhance
or even enable skin uptake. On the other hand, the DNAzyme is
extremely sensitive towards DNases naturally occurring on the skin
surface and in the skin tissue, therefore an encapsulation of the
drug, in multiple emulsions, would be preferable.

The aim of this study was to identify formulations that best
meet these requirements. Therefore, two drug carrier systems, SME
and ME, with excellent penetration-enhancing properties due to
their excellent drug solubility characteristics, alternation of skin
lipids and small droplet size (Friedman et al., 1995; Kreilgaard,
2002) were developed. Furthermore, two formulations with the
DNAzyme encapsulated in the inner aqueous phase were pro-
duced: a conventional W/O emulsion and, as innovative approach,
a W/O/W multiple emulsion. Particular attention was paid to the
preservation of the developed formulations due to the expected
influence on the formulation stability. The preservatives tested and
concentrations used were chosen according to the German Phar-
maceutical Codex (DAC). No incompatibility occurred when the
preservative potassium sorbate (0.14%) for the W/O emulsion and
propylene glycol (16.60%) as formulation constituent of the ME was
used and the preservative efficacy test was successful. The selec-
tion of an appropriate preservative for the W/O/W emulsion and
the SME was more difficult. One possible explanation could be the
influence of the inactive ingredients, e.g., soy lecithin, on the effi-
ciency of the preservative (Darwish and Bloomfield, 1995; Kohn
et al.,, 1963) and the distribution of the preservative between the
aqueous and lipophilic phase of the emulsions (Kurup et al., 1991).
Furthermore, W/O/W emulsions are extremely sensitive towards
variation of components and additives (Schmidts et al.,2010). How-
ever, 0.05% benzoic acid and 0.20% potassium sorbate showed an
appropriate preservation for W/O/W emulsion and W/O emulsion,
respectively.

Regarding the stability of the formulations, the SME, ME and
W/O emulsion did not meet the requirements for the recovery
of the DNAzyme over 3 months. Degradation of the DNAzyme
over time might be attributed to the non-encapsulated drug in
the outer water phase in the case of ME and SME (Schmidts et al.,
2011), DNase contamination during non-aseptic sampling for the
stability testing or unspecific interactions with the formulation
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Fig. 8. Results of the FACS analysis of the cellular uptake of FAM-DNAzyme after skin penetration studies (n=4). Left: geometric mean value (GeoMean). Right: percentage

of FAM-DNAzyme positive cells (%pos).
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components (Langlois et al., 1989). In contrast, only the W/O/W
emulsion revealed sufficient DNAzyme recovery and protection
during the period of observation that can be attributed to an
appropriate encapsulation.

Next, the pharmacokinetic data of the developed DNAzyme con-
taining formulations by drug release and skin penetration studies
were collected. A comparison of the three different SMEs showed
no significant influence of the droplet size on the drug release and
skin uptake of DNAzyme. In contrast, Verma et al. (2003) showed
a size-dependent influence of liposomes on drug penetration. One
explanation might be the width of the droplet size distribution and
therefore an overlapping droplet size of the developed SMEs. Fur-
thermore, it must be considered that the hydrophilic DNAzyme was
solubilised in the outer water phase.

Drug release is influenced both by the formulation and the drug
properties. The formulation viscosity, the drug distribution among
the phases (partition coefficient) and the thermodynamic activ-
ity of the drug define the diffusion coefficient and thus the drug
release. An expected fast and unimpeded diffusion of the DNAzyme
from aqueous solution was observed. DNAzyme was released from
various formulations in the order SME (HLB 12)> ME>W/O/W
emulsion >W/0O emulsion, which is in agreement with the results
of Ferreira et al. (1994), who showed that the hydrophilic glucose
was released fastest from an O/W emulsion, but was barely released
from a W/O/W emulsion and a W/O emulsion. While the maxima
of DNAzyme released from the SME and ME were comparable, the
DNAzyme release was delayed with the ME. This can be associated
with the higher viscosity of the ME as well as the possible inner
structure of the ME, e.g., the formation of a bicontinuous structure
(Kreilgaard, 2002) that hampers an immediate release. The extent
of DNAzyme released from SME was less compared to the aque-
ous solution and might be attributed to the SME ingredients that
block the pores of the membrane. Finally, the DNAzyme release
from W/O/W and W/O emulsion was practically non-exist, which
is a result of the DNAzyme encapsulation in the inner water phase
of W/O/W and W/O emulsion and the high viscosity of the systems.

However, drug release studies are not sufficient enough to pre-
dict skin uptake due to the lack of skin-vehicle interactions. Thus,
skin penetration was investigated to elucidate the most suitable
drug carrier system regarding protective effect and skin uptake.
DNAzyme may be used in the treatment of atopic dermatitis
that is characterised by a defective skin barrier. Therefore, both
skin conditions, intact and impaired skin, were investigated. Skin
uptake followed the order SME > ME >»> aqueous solution > W/O/W
and W/O for both impaired and intact skin after infinite dose appli-
cation for 24 h. The enhanced DNAzyme uptake by the SME and
ME compared to the aqueous solution is attributed to the well-
known enhancing properties of these carrier systems (Friedman
et al,, 1995; Schwarz et al., 1995). Furthermore, the low DNAzyme
uptake by the W/O/W and W/O emulsions might be a result of a
delayed drug release of the encapsulated DNAzyme. As expected,
the DNAzyme uptake was slightly enhanced when the skin bar-
rier was impaired. However, this is not true in case of SME. Drug
penetration is higher using intact skin compared to impaired skin
where the stratum corneum is absent. This phenomenon might be
attributed to the oil blend used, especially ethyl oleate, the ethyl
ester of oleic acid. Oleic acid is able to facilitate a transport of
hydrophilic substances into the skin by increasing the fluidity of
lipid portion (Kanikkannan and Singh, 2002) and the generation of
water pools within the stratum corneum (Ongpipattanakul et al.,
1991). Thus, the enhancing effect of the SME is less expressed in the
absence of the stratum corneum layer. Fluorescence microscopic
images revealed that the DNAzyme was mainly located in the upper
skin. As the target GATA-3 is mainly expressed in the inflammation
infiltrate containing T cells but also in eosinophils, basophils, mast
cells and epithelial cells (Justice et al., 2002; Masuda et al., 2004;

Zon et al.,, 1993), the observed DNAzyme uptake should be suffi-
cient for an appropriate treatment of atopic dermatitis. Next, the
influence of fresh skin on the DNAzyme uptake was investigated
using the SME and the W/O/W emulsion. Skin penetration studies
revealed the influence of DNase activity on the uptake of DNAzyme.
While no significant difference was observed for the encapsulated
and thus protected DNAzyme in the W/O/W emulsion, DNAzyme
uptake from SME clearly exceeded that of fresh skin with an intact
skin barrier. The DNase activity assay showed that DNase activ-
ity was highest with fresh skin and consequently degraded the
DNAzyme in the outer aqueous phase of the SME. Furthermore,
DNase activity showed a decreasing profile following the stratum
corneum layers from the outside inwards (Fig. 2). Subsequently, the
difference between fresh and frozen skin is less distinctive with the
impaired skin.

Florence and Whitehill (1981, 1982) showed that several mech-
anism of W/O/W multiple emulsions breakdown exist, for example
by rupture of the oily membrane due to the expulsion of the internal
water droplets or the diffusion of the water through the oil phase
owing to osmotic effects. Thus, the entrapped drug can be released
(Raynal et al., 1993). As a breakdown of the oily membrane can also
be induced by moderate shear stress (Muguet et al., 2001; Olivieri
etal.,, 2003), the influence of the topical application (a shear rate of
1000s! is commonly reached in topical application (Olivieri et al.,
2003)) was investigated. DNAzyme uptake with finite dose set-up
and application of the formulation under a gentle massage led to
the superiority of the W/O/W emulsion over the SME. This indi-
cates that the oily membrane of the developed W/O/W multiple
emulsion broke down under the applied shear, and the DNAzyme
was released and successfully penetrated into the skin. The tar-
gets of the DNAzyme are the cells of the viable epidermis. In order
to proof an uptake of DNAzyme by the cells of the epidermis, FACS
analysis of viable epidermal cells was performed. The FACS analysis
revealed that the FAM-DNAzyme uptake by the skin is not limited
to the interstitial of the epidermal compartment and the stratum
corneum. Importantly, Compared to the SME the W/O/W emulsion
mediated a higher drug uptake which confirmed the data obtained
by the skin penetration studies.

5. Conclusion

In summary, different drug carrier systems for the topical appli-
cation of DNAzyme were developed and investigated with regard to
the physicochemical stability and skin uptake. The encapsulation
of the hydrophilic DNAzyme into the inner aqueous phase of the
W/O/W multiple emulsion and the W/O emulsion clearly improved
the DNAzyme stability. DNAzyme uptake from SME to the skin indi-
cates that composition components, e.g., ethyl oleate, interact with
the stratum corneum, leading to enhanced DNAzyme penetration
compared to skin with impaired barrier, which is characterised
by a reduced stratum corneum. The release and consequently skin
uptake of DNAzyme from the W/O/W multiple emulsion can be
induced by shear commonly applied at topical application. With
regard to the experimental set-up, the results emphasise the reduc-
tion of skin DNase activity due to deep freeze storage. To conclude,
the developed W/O/W multiple emulsion is a suitable and promis-
ing drug carrier system for the transport of DNAzyme across the
skin and into epidermal cells of the atopic dermatitis affected
skin.
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ABSTRACT

DNAzymes are catalytic nucleic acid based molecules that have become a new class of active pharmaceu-
tical ingredients (API). Until now, five DNAzymes have entered clinical trials. Two of them were tested for
topical application, whereby dermally applied DNAzymes had been prone to enzymatic degradation. To
protect the DNAzymes the enzymatic activity of human skin has to be examined. Therefore, the enzy-
matic activity of human skin was qualitatively and quantitatively analyzed. Activity similar to that of
DNase II could be identified and the specific activity was determined to be 0.59 Units/mg. These results
were used to develop an in vitro degradation assay to screen different kinds of protective systems on
human skin. The chosen protective systems consisted of biodegradable chitosans or polyethylenimine,
which forms polyplexes when combined with DNAzymes. The polyplexes were characterized in terms
of particle size, zeta potential, stability and degree of complexation. The screening revealed that the pro-
tective efficiency of the polyplexes depended on the polycation and the charge ratio (&). At a critical &
ratio between 1.0 and 4.1 and at a maximal zeta potential, sufficient protection of the DNAzyme
was achieved. The results of this study will be helpful for the development of a protective dermal drug
delivery systems using polyplexes.

DNAzyme

DNase

Chitosan

Human skin
Polyethylenimine
Polyplex

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The group of 10-23 DNAzymes is a new class of APIs. The DNA-
zymes provide a combination of high specificity and enzymatic
activity [1,2]. A vast variety of 10-23 DNAzymes have been
designed for the therapy of different kinds of diseases such as can-
cer, immune system defects and viral infections [3-6]. Currently,
five DNAzymes have entered clinical trials and are suitable for local
administration [7]. Two of them, namely hgd40 and the Dz13,
could address skin diseases, such as atopic dermatitis or actinic
keratosis. Both DNAzymes have already been tested for dermal
application [8,9]. However, a dermal application of DNAzymes is
challenging, because DNA-based molecules are prone to enzymatic
degradation. The skin exhibits a broad range of DNA-degrading
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molecules besides DNase I [10]. In particular on the skin surface,
there is an abundance of deoxyribonucleases (DNase) of endoge-
nous and exogenous origin [11-14]. Correct identification of
DNAzyme-degrading activity on the skin can be useful to develop
an appropriate drug delivery system (DDS), which will protect
against degradation. Approaches to protect DNA-based APIs are
encapsulation or complexation with liposomes, nanoparticles or
polyplexes. Previously, we presented a dermal DDS which
combined polyplexes with a penetration enhancing submicron
emulsion (SME). In this study due to the SME, the polyplexes were
able to penetrate into the skin, whereas the DNAzyme was accu-
mulating in the SC and first layers of the epidermis at targeted site
[9]. Polyplexes are formed between two oppositely charged
polyelectrolytes, mostly driven by electrostatic interaction [15].
The properties of the polyplexes are influenced by the selection
of the polycation and the ratio between DNA’s phosphates and
the polycation’s protonated amino groups (& ratio). The protective
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efficiency of the polyplex was validated with the DNase I standard
test. A more realistic validation of dermally applied polyplexes is
still pending.

The aim of this work was to screen polyplexes adapted espe-
cially for dermally applied DNAzymes. Therefore, the main
DNAzyme-degrading enzyme on human skin as well as degrading
activity was determined. The results were used to develop an
in vitro screening to validate different kinds of polyplexes for pro-
tective efficiency.

2. Materials and methods
2.1. Materials

DNAzyme Dz13 sodium salt was synthesized by Integrated
DNA Technologies (Leuven, Belgium). The single stranded DNA
consisted of 34 deoxyribonucleotides, including an inverted
thymidine at the 3’ end with a molecular weight (MW) of
10.6 kDa [16]. Additionally, the Dz13 was labeled with 6FAM and
black hole quencher 1 at the 5’ end and 3’ end, respectively to
create FAM-Dz13-Q (Biomers, Ulm, Germany). The following listed
substances were purchased by the suppliers in parentheses:
Ex vivo full thickness skin (Across Barriers GmbH, Saarbruecken,
Germany), Deoxyribonuclease [ from bovine pancreas,
deoxyribonuclease II type IV from porcine spleen, branched
polyethylenimine (PEI) (MW: 25 kDa), chitosan oligosaccharide
lactate (chitosan OSL) (degree of deacetylation (DD): 90%, Mn:
4-6 kDa), (Sigma-Aldrich, Munich, Germany), T5 exonuclease
and micrococcal nuclease (New England Biolabs, Germany),
Chitopharm S (chitosan S) (DD: 70%, MW: 50-1000 kDa) (Cognis,
Monheim, Germany), Chitosan-HCI (chitosan XS) (DD: 70%, MW:
30-70 kDa) (Kraeber & Co, Ellerbek, Germany), Maxilon flavine
10 GFF/basic yellow 40 (Hemtsman, Germany).

2.2. DNAzyme analytics

The DNAzyme Dz13 was qualitatively and quantitatively ana-
lyzed by an anionic exchange high pressure liquid chromatography
(AEX-HPLC), which has been previously described [9]. Briefly, sam-
ples were purified with phenol-chloroform extraction and ethanol
precipitation. If it was necessary, samples were decomplexed using
sodium hydroxide or heparin (1% (w/v)).

2.3. Identification of the DNAzyme-degrading enzyme

Cornified squames from the skin surface found on used dry-
razor blades from healthy volunteers were collected. Prior to col-
lection, volunteers had not washed or creamed their skin for 12 h
and all hair was removed with a dry-shaver. The areas of collection
were on the forearm and lower leg. The skin samples were either
pooled (3 females and 3 males) or were individually tested (1
female and 2 males). The collected skin was suspended with a
TEAA buffer (100 mM TEAA-acetic acid, 1 mM MgCl,) at pH 5.0
or pH 6.6 to a concentration of 1% (w/v). The suspension was vig-
orously mixed and afterward centrifuged. The supernatant was
incubated with a final Dz13 concentration of 50 pg/mL at 33 °C
at 300 rpm for 15 min up to 3 h. Degradation products were ana-
lyzed with the AEX-HPLC method. The DNase I, DNase Il and micro-
coccal nuclease were incubated at the same conditions with the
Dz13. Only T5 exonuclease was incubated with the provided reac-
tion buffer (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM
magnesium acetate, 1 mM DTT, pH 7.9). All experiments were done
in triplicates.

2.4. Activity assay

The specific activity of the DNAzyme-degrading enzyme was
determined with two different methods:

i. For a real-time fluorescence analysis the FAM-Dz13-Q was
incubated at a final amount of 30 pg/mL with the pooled skin
supernatant of Section 2.3 but using an acetic buffer (50 mM
acetic acid, 1 mM MgCl,, 0.1% IGEPAL, pH 5.0). To determine a
calibration curve, the same amount of FAM-Dz13-Q was
incubated in heat-inactivated skin supernatant with DNase
II standards in a range from 2 to 10 Units/mL (33 °C, at least
1 h). The emission (480/520 nm) was measured every 30 s
using the Synergy HTX plate reader (BioTek Instruments, Ber-
lin, Germany). All data points of the samples were subtracted
from corresponding samples incubated in heat-inactivated
skin supernatant. All samples were tested six times, and stan-
dards and blanks were analyzed in triplicates. The data are
presented as the mean with standard deviation (SD).

ii. For an endpoint analysis the AEX-HPLC was used. The Dz13
was incubated at a final amount of 50 pg/mL, with the
pooled skin supernatant of Section 2.3. The reaction was
done at 33 °C for up to 4 h in TEAA buffer (100 mM TEAA,
1 mM MgCl,, pH 5.0). At each time point, the reaction was
stopped and the sample was measured by the AEX-HPLC
method. Calibration standards of DNase Il were in a range
of 2.5-10 Units/mL. The reaction was repeated six times
and results are presented as the mean + SD.

2.5. Preparation of polyplexes

The polyplexes were made by self-assembly complexation. The
polycations chitosan XS, chitosan S, chitosan OSL, PEI and the
polyanionic DNAzyme Dz13 were dissolved in a reaction buffer
(100 mM TEAA-acetic acid, 1 mM MgCl,, pH 5.0). The polycation
solutions were each mixed with the Dz13 solution. The final
Dz13 concentration was 100 pig/mL, whereas the polycation con-
centration was in a range between 5 and 500 pg/mL. The corre-
sponding N/P ratio (ratio between phosphate groups of the DNA
and free amino groups of a polycation) varied for each polycation.

2.6. Characterization of polyplexes

The degree of protonation of polycation’s amino groups was
determined with a potentiometric titration. First, 50 mg of polyca-
tion was dissolved in 100 mL of deionized water containing
100 mM NacCl. In case of chitosan, the water was acidified with
additional 0.15 mL of 100 mM HCl and the solution was stepwise
back-titrated with a solution of 100 mM NaOH. In case of PEI, no
HCl was added and the titration was done with a solution of
100 mM HCl. The pH was measured with a pH meter (SG78,
Mettler-Toledo, Giessen, Germany). The titration was done in
duplicates. The acid dissociation constant (pK,) was determined
at the inflexion point of chitosan. The pK, of PEI at each pH value
was calculated using Eq. (1). The parameters o and B are the slope
and the axis intercept of a linear relation between the common
logarithm of the deprotonation quotient and pH [17].

PK, = (1 —o) x pH—f (1)

The polyplexes were characterized at about 30 min after polyplex
formation. The size distribution was measured according to the
dynamic light scattering and is indicated with z-average size
(z-average) and polydispersity index (PDI) (Zetasizer Nano Z,
Malvern, Worcestershire, UK). If the particle exceeded the size of
1 pm, the polyplexes were measured by static light scattering and
the particle size is indicated as Sauter mean diameter (Mastersizer
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2000, Malvern, Worcestershire, UK). The zeta potential was mea-
sured with the Zetasizer Nano Z. Samples of all measurements were
diluted in TEAA buffer (100 mM TEAA-acetic acid, 1 mg MgCl,, pH
5.0). All samples were tested in triplicates, and the data are pre-
sented as the mean £ SD. To visualize polyplexes at high & ratios
the samples were dried and sputtered with gold. Images were taken
with a scanning electron microscope (SEM) (EVO LS10, Zeiss, Jena,
Germany) using an electron acceleration voltage of 20 kV.

To determine the degree of complexation of the polyplexes, a
competitive displacement assay was developed. The fluorescent
emission of the cationic fluorescent dye (basic yellow 40) increased
if the dye bound to single-stranded DNA. Adding a competitive
polycation such as chitosan or PEI released the dye from the
Dz13 and the emission decreased. The fluorescent dye (final con-
centration 1% (w/v)) was incubated with different amounts of
Dz13 standards (2.5-100 pg/mL) or with polyplexes at different
N/P ratios using a TEAA buffer (100 mM TEAA-acetic acid, 1 mM
MgCl,, pH 5.0). The emission (485/528 nm) was measured with
the plate reader (Synergy HTX, BioTek Instruments, Berlin, Ger-
many). To decomplex the polyplexes, lithium-heparin was added
for a final concentration of 0.1% (w/v). All samples were tested
six times, and the data are presented as the mean + SD.

The stability of the polyplexes was measured with the gel retar-
dation assay. The method has been previously described with mod-
ifications [9]. In brief, the polyplexes were loaded into an agarose
gel and an electric field was applied. Afterward, the DNAzyme of
the polyplexes was stained with a fluorescent dye to document
mobility. Modifications were made in terms of the TEA buffer
and the loading buffer. The pH value of both buffers was set to
5.0 and the loading buffer was changed to 6% glycerol and 50%
TEA buffer.

2.7. DNAzyme degradation assay

2.7.1. Skin surface

Polyplexes consisting of 100 pg/mL Dz13 and different polyca-
tions at a variety of N/P ratios were incubated with a final concen-
tration of 5.9 Units/mL DNase II (33 °C, 300 rpm, 90 min). The
reaction was stopped by phenol-chloroform extraction and ana-
lyzed by the AEX-HPLC method. The data are presented relative
to untreated Dz13 standards. All experiments were repeated six
times, and are presented as the mean * SD.

2.7.2. Full thickness skin

Human facial skin was obtained from female Caucasian volun-
teers undergoing plastic reduction. The three donors have given
their written permission to use the ex vivo samples for scientific
examinations and the procedure was in accordance with the Ethical
Conduct for Research Involving Humans. 0.5 g of each cryopre-
served skin specimen was incubated in 1 mL extraction buffer
(100 mM TEAA-acetic acid, 1 mg MgCl,, pH 5.0) for 1h and
300 rpm. 50 pL Dz13 (200 pg/mL) alone or with different chitosan
S polyplexes (& ratio: 0.31, 0.63, 1.01, 1.26, 6.29) was incubated
with 50 pL skin extract (33 °C, 300 rpm, 15 min). The reactions
were stopped and purified by phenol-chloroform extraction. Non-
treated controls were incubated with heat inactivated skin extracts
of each donor. The results are summarized as the mean * SD.

2.8. Statistics

Statistical analysis was performed with OriginPro 8. To deter-
mine significant differences in the mean of families, a one-way
Analysis of Variance (ANOVA) was performed. The homogeneity
of variance was tested with a Levene’s test. As a post hoc test,
the Bonferroni analysis was used. A significance level of p < 0.05
was used.

3. Results and discussion
3.1. Degradation of dermally applied DNAzymes

3.1.1. Identification of the degrading enzyme on human skin

The present study focused on the human skin surface to identify
the most degrading enzyme against DNAzymes. In a previous
study, it was shown that the skin surface is the most degrading
layer during drug delivery [8]. On the skin, a variety of different
degrading enzymes can cleave DNA-based APIs. The degradation
with each enzyme will ideally result in different DNA fragments.
Following this assumption analysis of a fragment pattern could
in turn give information about the prevalent degrading enzyme.
Therefore, the degradation pattern of the Dz13 on human skin
was obtained and qualitatively analyzed by AEX-HPLC. The AEX-
HPLC separated DNA fragments according to the amount of nega-
tively charged phosphates. The resulting chromatogram shows
DNA absorption peaks at different time points, according to the
length of the DNA fragment (Fig. 1). The intact Dz13, with 34
nucleotides, had one characteristic peak at a retention time of
about 16.2 min, whereas the enzymatically degraded Dz13 showed
multiple DNA fragments, which generated characteristic degrada-
tion patterns. In order to associate the skin's degradation pattern
with a DNase pattern, a broad range of DNase representatives
was analyzed. The reaction parameter, time and pH value were
varied to investigate robustness of the degradation patterns.
Despite previous reports, monitoring the patterns at an initial
and an advanced stage revealed no changes in the degradation
mechanisms [18]. The pH value of the reaction was varied between
5.0 and 6.6 (data not shown), to represent the pH range of the
whole skin [19]. The highest pH dependency was examined with
T5 exonuclease, which was only active at a pH value of 7.9 and
failed to be compared with a more acidic pH value. In contrast,
the remaining DNases were active at both pH values and their
specific degradation patterns remained unchanged. In fact, the
degradation pattern was so consistent that a comparison of the
pattern can be used to identify the degrading enzyme of DNA-
zymes on the human skin. To exclude individual skin abnormali-
ties, the patterns of three individual persons (data not shown)
and a pool of six persons were compared and, irrelevant of the ori-
gin, no variations were observed. The degradation pattern had
characteristic DNA fragments at a range of n — 1 to n — 4 and prod-
ucts around n — 15. The n — 1 to n — 4 fragments could be an indi-
cation for an exonuclease activity. But in comparison with the
purified DNases, neither the micrococcal exonuclease nor T5
exonuclease nor DNase I had similarities. However, the DNase Il
did have a comparable degradation pattern with DNA fragments
of similar sizes. Moreover, the n — 1 to n — 4 fragments could be
explained by the high concentration of purine at the 5 end of
the Dz13, which is a preference for DNase II cleavage [20]. Further-
more, the fragments of around n — 15 can be attributed to the CpG-
A motif in the catalytic domain of the 10-23 DNAzymes, which is a
cleavage site of DNase II [21]. Exchanging the CpG-A motif by a
triplicate of deoxyadenosine resulted in the absence of the partic-
ular fragments. In conclusion, a DNase II-like activity was identi-
fied against the DNAzyme Dz13 on the human skin. This result is
in agreement with Fischer et al., who identified DNase II as a main
degrading enzyme of the stratum corneum but only when using
double stranded DNA substrates of higher lengths [12].

3.1.2. Determination of the enzyme activity on human skin

The specific activity of the enzyme on the skin was determined
by two independent methods. Using both methods would reduce
the error of the determined specific activity value, because the
specific errors of each analytic method would be diminished.
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Fig. 1. AEX-HPLC chromatograms of Dz13 after degradation with different types of DNases and human skin. Chromatograms show degradation products at two different
stages of degradation. The reactions were done at pH value 5.0, except T5 exonuclease (pH 7.9). Arrow indicates intact Dz13.

The real-time analysis used a developed fluorescence assay. The
Dz13 was modified with a fluorescent dye and a corresponding
dark quencher. If the FAM-Dz13-Q molecule was intact, the specific
fluorescent emission was absorbed by the quencher. Degradation
of the FAM-Dz13-Q separated the fluorescent dye from the
corresponding quencher and an increased emission signal could
be monitored. The curve of the resulting emission was fitted and
the maximal slope represented the maximal conversion rate
(Fig. 2A). The resulting specific activity of human skin was
determined with 0.59 + 0.01 Units/mg relative to DNase II stan-
dards. The endpoint analysis determined the integrity of Dz13 at
different time points. Therefore, the intact Dz13 was quantified
by AEX-HPLC (Fig. 2B). Using the endpoint analysis, the specific
activity on the skin was determined with 0.59 + 0.27 Units/mg
relative to DNase II standards. However, to decelerate the activity
of purified DNase II, suppliers use double stranded DNA by default.
But double stranded DNA gets degraded faster than single stranded
DNA such as DNAzymes [22]. The method can determine the actual
activity without the need of DNase standards. The resulting actual

activity was found to be 5.6 - 10> Units/mg and therefore 10° fold
lower than the activity relative to DNase standards. Although two
different analytic methods were used, both methods revealed
nearly equal results. However, comparable data could not be found
in the literature to evaluate the determined values.

3.2. Characterization of polyplexes

The characterization of polyplexes is important, because the
various properties have a large impact on different approaches.
Size and zeta potential of the particles have influence on colloidal
stability, skin penetration and cellular uptake [23-25]. The degree
of complexation and complex stability will influence the protective
effects and API release characteristics [26-28]. A characterization
of polyplexes with different polycations in a broad range of N/P
ratios was done using different kinds of biodegradable chitosans
(Fig. 4). In addition, PEI was selected because the polycation is
often considered as a gold standard in DNA delivery [29]. The
degree of protonation of the polycation’s amino groups is one of
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Fig. 2. Determination of Dz13 degrading activity of the skin (mean *SD, n=6).
Degrading activity was monitored by real-time fluorescence analysis. The offset was
set to zero (A). Degrading activity was measured by an endpoint analysis (B).

the main aspects of polyplex formation. The used chitosans pos-
sessed primary amino groups with similar residues, which resulted
in specific pK, values for each chitosan. The specific pK, values
revealed almost completely protonated amino groups at a pH value
of 5.0 (Table 1). Under the particular conditions the N/P ratio was
equal to the & ratio (N/P ratio = &¢ ratio). On the contrary, the
branched PEI possessed a high amount and high variety of amino
groups with different residues, which complicates the determina-

Table 1

chitosan XS

chitosan S

Fig. 3. SEM images of different polyplexes with high & ratios. Scale bars indicate
200 nm.

tion of one specific pK,. Therefore, potentiometric titration data
had to be additionally fitted with a model proposed by Suh et al.
[17]. The resulting oo = 0.1895 and B = —1.0485 were used to deter-
mine a pK, value for each pH value. At a pH value between 5.0 and
5.1, only 55-56% of the groups were protonated. The partial proto-
nation leads to the outcome, that the N/P ratio was unequal to the &
ratio (N/P ratio # &p ratio).

The degree of protonation, and thus, the & ratio, influenced the
zeta potential of the produced polyplexes. The zeta potential pro-
vided information about the surface potential of polyplexes. A
low & ratio with an excess of the Dz13 resulted in negative zeta
potentials, whereas a high ¢ ratio with an excess of polycations

Properties of different polyplexes at different & ratios. Particle size measured with DLS or SLS. The degree of protonation was determined with potentiometric titration.

Ecp ratio z-average (d nm) PDI Sauter mean diameter (nm) pH value Degree of protonation (%)
Chitosan XS 7.93 186 +34 0.3+0.1 5.0+0.0 98
3.17 243 + 45 0.2+0.0 5.0+0.0 98
2.78 333+108 03+£0.0 5.0+0.0 98
1.59 (49 £5)-10° 5.0+0.0 98
0.40 (8+4)-10° 5.0+0.0 98
Chitosan S 6.29 344 +125 03102 51+0.0 98
2.52 353+109 0.3+0.2 5.0+0.0 99
1.26 377 £130 02+0.2 5.0+0.0 99
1.01 (91 £31)-10° 5.0+0.0 929
0.63 (75 £20) - 10° 5.0+0.0 99
0.31 (17 £3)-10° 5.0+0.0 99
Chitosan OSL 8.24 222+19 0.3+0.1 5.0+0.0 98
333 326+ 68 0.2+0.0 5.0+£0.0 98
3.05 592 +75 0.7+0.0 5.0+0.0 98
1.65 (72£12)-10° 5.0+0.0 98
0.21 (8+4)-10° 5.0+0.0 98
PEI 19.95 114+20 0.2+0.0 51+0.0 55
7.98 152 +21 0.1+0.0 51+0.0 55
4.06 148 £ 12 0.1+£0.0 5.0+0.0 56
1.62 (83 £20)-10° 5.0+0.0 56
1.22 (56+12)-10° 5.0+0.0 56
0.51 200 £ 69 0.3+0.2 5.0+0.0 56
0.20 89+8 0.4+0.0 5.0+0.0 56
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Fig. 4. Characterization of polyplexes from different polycations (mean + SD, n = 3). Zeta potential (M) and degree of complexation in terms of free Dz13 (a) at different &
ratios are presented. Samples shown in the gel retardation assay are marked with 0. The dotted graphs of PEI represent the dependency to N/P ratio.

resulted in positive values (Fig. 4). At &;so, the composition of poly-
cation and polyanion neutralized each other resulting in a neutral
zeta potential. The characteristic ;5o values were at or near to an
equal stoichiometric ratio and depended on the polycations. The
specific g5 values followed the order: chitosan S < PEI < chitosan
OSL < chitosan XS. The lower &;so values of chitosan S and PEI
can be attributed to the formation of more stable polyplexes at
lower & ratios due to a high MW of chitosan S or due to a high
charge density, respectively. The stability of the polyplexes was
visualized by a retarded mobility in the gel retardation assay as
well. The polyplexes were able to cover the negative charge of
the Dz13 in an applied electric field before the specific &;so values
were acquired.

The degree of protonation is a primary parameter of complexa-
tion, but complexation is not restricted to the electrostatic interac-
tion. In addition, a second hydrophobic binding mode between the
polycation and the groove of DNA was reported for chitosan and
PEI [30,31]. In the present study, the competitive displacement
assay primarily monitored complexation via electrostatic binding.
The assay revealed that the recovery of free DNAzyme was gradu-
ally reduced with the addition of polycations, whereas the degree
of complexation increased (Fig. 4). In the case of chitosan, the &
ratio at a degree of complexation of 50% (&s0) was at 1 or between
1 and 2. Consequently, about two amino groups of the chitosan
polymer were necessary to complex one phosphate group of the
Dz13. The degree of complexation levelled off at around 90% with
positively overcharged polyplexes. The lower &sq value of chitosan

S was related to the MW. The flexibility of polymers increased with
the chain size [32]. Therefore, chitosan S needs less amino groups
to entangle the DNA strand of Dz13. In comparison, PEI had a lower
50 value of 0.5 and at ;5o the Dz13 was entirely complexed. The
difference between the polycations can be related to the type of
binding. Whereas the complex formation of PEI was driven by
the electrostatic binding mode, the complexation with chitosan
could be attributed to an additionally hydrophobic binding mode
due to a lower charge density along with incomplete deacetylation.
Charge density and MW are generally important factors in particle
size formation [24]. The size of polyplexes generally depended on
the zeta potential, despite the fact that different types of polyca-
tions were analyzed (Table 1). In near isoelectric conditions (;so),
polyplexes obtained the highest sizes and polyplexes agglomerated
within hours. The smallest particle sizes were achieved at high &
ratios with a positive zeta potential. Such size reduction is consis-
tent with a gain in electrostatic repulsion of the particles. The visu-
alization of the polyplexes showed grape like structures (Fig. 3).
Polyplexes of PEI showed the least aggregation tendency, while
SEM sample preparation. Polyplexes of chitosan S formed polymer
films including spherical particles.

3.3. Validation of polyplexes on skin
Polyplexes have already been shown to protect DNA-based

molecules against degradation on porcine skin [9], but the protec-
tive efficiency of polyplexes on human skin remains to be exam-
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ined. In order to screen a higher amount of different kinds of poly-
plexes an in vitro degradation assay was developed. Therefore, the
degrading activity of human skin was simulated using DNase II at
the determined activity. The polyplexes of each polycation were
tested in a wide variety of ¢ ratios (Fig. 5). At a critical & ratio (&),
a complete protection could be achieved without significant differ-
ence to a corresponding control. The & ratio depended on the
selected polycation and the polyplex properties following the
order: chitosan S < chitosan XS < chitosan OSL < PEI. At the &
ratios, the zeta potential and the degree of complexation were at
the maximum levels. The high degree of complexation ensured
that each DNAzyme molecule had been bound and shielded by
the surrounding polycations. Only chitosan S protected the Dz13
at the lowest & ratio without a complete complexation. The
experiment revealed some protection at a ratio of 0.63 and full pro-
tection at 1.01, indicating that the specific threshold for sufficient
protection was somewhere between the two ratios. The polycation
could better entangle the nucleic acid, resulting in a more effective
sterical hindrance, due to high molecular and flexible polymer
chains [33]. This observation is in accordance with the high stabil-
ity of the gel retardation assay. However, PEI possessed a high sta-
bility, and the highest complexation efficiency, but had the lowest
protection efficiency. The high charge density, and hence, the high
electrostatic binding, positively affected stability and complexa-
tion of the polyplexes, but did not efficiently shield the Dz13. This
result supports the assumption that the sterical hindrance is not
only affected by electrostatic binding, but also by the hydrophobic
binding mode. Considering all empirical data, the following obser-
vation can be made: In terms of polycation properties, a high MW
positively affected the protective efficiency. In addition, the & ratio
controlled the physicochemical properties of a polyplex, whereas a
levelled off zeta potential is a good indicator for a sufficient
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protection of DNAzymes. Concerning a therapeutic application,
polyplexes based on chitosan, would be favorable due to
biodegradability and low toxicity [34]. On the other hand, poly-
plexes with PEI are known to have a high transfection ability along
with an endosomal escape, which would increase the amount of
DNAzymes at the cytoplasm of skin cells [35]. But PEI is a non-
degradable polycation which has a tendency to be toxic [36].

Concerning an appropriate dermal DDS, the protection of DNA-
zymes is one major part besides skin penetration and cellular
uptake of the APL In a previous study a dermal DDS was developed
that combined the penetration enhancing effects of a SME with the
protective effects of chitosan-polyplexes [9]. The study showed
that the dermal DDS was able to protect and enhance penetration
of DNAzymes into ex vivo porcine skin. A first examination was
done to determine the protective efficiency of Dz13 in human skin.
Therefore, the most promising polyplexes with chitosan S were
incubated with ex vivo full thickness skin to determine the protec-
tive efficiency. Without polyplex protection the Dz13 was
degraded and only 39.7 £ 11.8% of intact Dz13 was recovered. At
a & ratio between 0.63 and 1.01 the recovery rate raised from
56.0+3.7% to 80.5+2.9%. At a & ratio of 1.26 the recovery rate
(94.1£9.0%) did not show a significant difference to the
non-treated control (heat inactivated skin extract) and was
therefore declared as & ratio. In comparison with skin surface,
the higher degradation rates can be explained by a loss of complex
stability due to competitive interferences of skin’s polyelectrolytes
[37].

The data of the present study confirmed the protective effects of
polyplexes on and in human skin and will help to optimize further
approaches of the dermal DDS. Aspects of penetration and cellular
uptake of DNAzymes with the particular dermal DDS with human
skin remain to be analyzed.
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Fig. 5. Degradation assay was done with different polyplexes at different & ratios (mean * SD, n = 6). The polyplexes with a fixed Dz13 amount were incubated in DNase II
to simulate the human skin and the intact Dz13 was quantified afterward with AEX-HPLC. Data are presented relative to the corresponding control without DNase treatment.
(-); indicates control without DNase II treatment. Significant differences were calculated by one-way ANOVA following a Bonferroni test.
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4. Conclusion

In the present work, the degradation and protection of a
DNA-based API on human skin were analyzed. The determination
of the degradation pattern of a DNAzyme on the skin could be
related to that of DNase II activity, with a specific activity of
0.59 Units/mg. The results were used to develop an in vitro degra-
dation assay. The assay was successfully used to screen different
polyplexes for the protective efficiency on human skin. Depending
on the & ratio of the polyplexes, the DNAzyme could be sufficiently
protected against degradation. The high MW of the biodegradable
chitosan S resulted in the highest protective efficiency, whereas PEI
had the lowest protective efficiency.
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Abstract. A confocal imaging and image processing scheme is introduced to visualize and evaluate the spatial
distribution of spectral information in tissue. The image data are recorded using a confocal laser-scanning micro-
scope equipped with a detection unit that provides high spectral resolution. The processing scheme is based on
spectral data, is less error-prone than intensity-based visualization and evaluation methods, and provides quanti-
tative information on the composition of the sample. The method is tested and validated in the context of the devel-
opment of dermal drug delivery systems, introducing a quantitative uptake indicator to compare the performances
of different delivery systems is introduced. A drug penetration study was performed in vitro. The results show that
the method is able to detect, visualize and measure spectral information in tissue. In the penetration study, uptake
efficiencies of different experiment setups could be discriminated and quantitatively described. The developed
uptake indicator is a step towards a quantitative assessment and, in a more general view apart from pharmaceutical
research, provides valuable information on tissue composition. It can potentially be used for clinical in vitro and in
Vivo applications. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.10.106011]
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1 Introduction skin biopsies. However, elaborated approaches using tape-strip-
ping and HPLC analysis are often used for evaluation. HPLC
analysis allows quantification of the drug in the whole sample
without showing the distribution. Microscopy on the other hand
shows the pathways of the transport but lacks the possibility to
quantify without further calibration efforts.'

Microscopic tissue imaging is very promising in terms of
identifying pathways and providing further inside in penetration
processes. However, a major problem is that tissue often shows
strong autofluorescence. Especially skin is very complex and
consists of various endogenous fluorophores, such as melanin,

The visualization of intrinsic and extrinsic substances in biolo-
gical tissue is a very common task in the area of biomedical
imaging. Fluorescence microscopy is a widely used technique
to assess the local distribution of either intrinsic autofluorescent
structures or incorporated fluorescent molecules. In the field of
investigating drug delivery into biological tissue, especially skin
tissue, fluorescent dyes are utilized in many cases as model
agents. Amongst other techniques confocal,! multiphoton®™
and widefield® microscopy is used to evaluate pharmaceutical
transdermal and dermal delivery systems.”” Amongst others,

highly potent approaches for delivery and therapy are micro-
emulsion'®!? and nanoparticle’® formulations. Transdermal
delivery systems are used for systemic drug distribution. There-
fore the amount that permeated through the skin is of interest. In
vivo studies commonly analyze the drug concentration in blood
while in vitro studies, for example, have to analyze the concen-
tration in equivalent receptor fluids. The drug concentration is
normally determined by enzyme-linked immunosorbent assay
(ELISA) or high-performance liquid chromatography (HPLC).
The focus of dermal delivery systems is the penetration of drugs
into the skin layers. An important parameter that can be assessed
microscopically using vertical slices of the tissue is the penetra-
tion depth. The origin of tissues can be from excised skin
addressing in vitro studies or in case of in vivo studies from
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—University of Applied Sciences, Institute of Medical Physics and Radiation Pro-
tection, Wiesenstrale 14, 35390 Giefen, Germany. Tel: ++49 641 3092675;
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elastin, riboflavin and NAD(P)H? and possesses a broad auto-
fluorescence spectrum that may interfere with incorporated
external dyes. Due to the overlapping spectra, the origin of
the fluorescence in microscopic images cannot be easily distin-
guished by signal intensity alone. Recording spectral informa-
tion along with intensity images would help in the identification.
Some approaches for recording spectral information by means
of hyperspectral setups can be found in the literature.

Previous studies describe the penetration of fluorophores into
skin, skin tumor and irradiation investigations and the assess-
ment of bruised and traumatic skin injuries.'*'® Numerous
further reports on spectral imaging that do not cover skin
research are available 2%

In this work we present a new confocal imaging approach
with microscopic spatial resolution to visualize spectral infor-
mation in tissue. The appropriate image processing steps based
on normalized cross-correlation and the derivation of a new
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quantitative measure is described. The method is tested in the
context of pharmaceutical development of drug delivery sys-
tems. In this study it is used to localize and evaluate fluorescent
dyes in vertical slices of excised porcine skin to quantify uptake
efficiency of a submicron emulsion for dermal transport.
Although the method is discussed in the field of pharmaceutics,
the method can be useful in more general applications in life-
science imaging. Therefore, in addition to the presented in vitro
considerations, potential in vivo applications are discussed.

2 Material and Methods

2.1  Fluorescent Probe and Skin Autofluorescence

Nile Red (Sigma-Aldrich, Germany) was used as a lipophilic
fluorescent dye in the prepared submicron emulsion. The fluor-
escence spectrum of Nile Red remains stable over a wide pH
range while influenced by the polarity of its solvents.® Figure 1
shows the emissions spectra of the dye, solved in 70% ethanol,
in comparison to natural porcine skin measured by the confocal
laser-scanning microscope. Nile Red has an emission peak at
580 nm excited with the 476 nm line of an argon laser. The
broad autofluorescence spectrum of skin exists due to the
numerous intrinsic fluorophores.

2.2 Drug Delivery System Preparation

Submicron emulsions were chosen as a delivery system because
they have shown to enhance the penetration of substances into
skin due to their particle size and surfactants.?® Submicron emul-
sions are oil-in-water emulsions with a droplet size below one
micrometer. It is a kinetic stable emulsion in which the droplet
size is achieved by an incorporation of emulsifiers.”” The oil
phase consisted of oleth-3, -10, ethyloleat (Croda, Germany),
coco-caprylat/caprat, cetearyl isononanoat (Cognis, Germany)
and 0.002% Nile Red, while the aqueous phase consisted of
sodium chloride, citric acid, potassium sorbate (Fagron,
Germany), magnesium sulfate and glycerol (Caelo, Germany).
The surfactant concentration was adjusted to achieve a hydro-
philic-lipophilic balance value of 11. All ingredients obtained
were of pharmaceutical grade. The physico-chemical properties
were recorded to characterize the delivery system. The dynamic
light scattering analyzing method (Zetasizer Nano ZS 90, Mal-
vern Instruments, UK) showed a z-average size of 258 £ 3 nm
with a polydispersity index of 0.16 £ 0.01. The viscosity of
24+02mPa-s was determined by RheoStress 300
Rheometer (ThermoHaake, Germany). Due to the preservation
with potassium sorbate, the pH value was adjusted to 4.8 £ 0.2.

= — Skin
® 08 -- Nile Red
C
2
E 06
°
& o4
T
E 02
g | -
Z 00
500 550 600 nm 650
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Fig. 1 Emission spectra of untreated porcine skin and the fluorescent
dye Nile Red (Excitation: 476 nm). The spectral data was measured
using the confocal microscope. The normalized presentation of the
data shows the distinguishable emission peaks and the spectral overlap.
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2.3 Porcine Skin Samples

Porcine ear skin is quite similar to human skin and was therefore
used in this study.?® Fresh ears of domestic pigs were obtained
from a local abattoir and kept on ice during transport to the
laboratory. After slaughtering, porcine ears were cleaned with
water and shaved to remove the bristles. The full thickness skin
was displaced with a scalpel and stored at —20 °C for less than
three months.

Two preparation methods were used to obtain reference skin
samples for validation measurements and penetration skin sam-
ples. The latter were used for the penetration study that evaluates
delivery system performance.

2.4 Reference Skin Samples

The frozen skin specimens were cut into 10-um thick slices
using a cryo-microtom (Leica Microsystems, Germany) and
then transferred into 70% ethanol with different Nile Red con-
centrations for 10 min. The dye was soaked up and excessive
dye was removed from the skin under flowing water. The dye
concentrations (0.2, 1, and 2 pg/mL) were chosen to cover a
common recovery range of agents in the specimens of drug
penetration studies. These reference skin samples were used
to derive the sensitivity of the imaging scheme.

2.5 Penetration Skin Samples

The penetration of Nile Red into skin was performed on a Franz
diffusion cell setup. On the day of experiment the frozen skin
was thawed and fixed between the donor and receptor chamber
of the Franz diffusion cell (Gauer Glas, Puettlingen, Germany).
The penetration area had a diameter of 1.767 cm? and was in
contact to 12 mL phosphate buffered saline (PBS) temperatured
to 32.5 °C on the dermis side. The submicron emulsion was
applied as infinite-dose (300 L) for 3 h, 6 h, 8 h and 24 h
to three porcine skin samples each to get a total of 12 experiment
samples. After each time period, the skin was removed from the
diffusion cell, wiped and washed with 50 mL aqua dest. The
specimen was mounted into a freezing medium (Leica,
Germany), shock frozen by fluid nitrogen and cut into various
10 um thick vertical slices in order to prepare penetration sam-
ples for microscopy.

2.6 Spectral Imaging

Spectral imaging was performed using a TCS SP5 confocal
laser-scanning microscope (Leica Microsystems, Mannheim,
Germany) equipped with a detection unit that allows spectral
discrimination to selectively detect narrow wavelength bands.
The recorded fluorescence emission region (excitation at
476 nm) starting at 495 nm up to 650 nm (divided into 10 single
detection bands that are 20 nm wide) was chosen to cover the
spectra of porcine skin and Nile Red. A 0.7 NA water immersion
objective (20X) was used and the image resolution was set to
512 x 512 pixel with a pixel size of 1.51 um?, resulting in a
field of view of 775 x 775 pm?. The generated image stacks
were of the dimensions xyA. The reference spectrum of Nile
Red was recorded in the same way. Figures 2 and 3 give an over-
view of a 24 h penetration sample in comparison to natural
(untreated) skin. The series of A-stack pictures and an exemplary
spectrum of the selected regions of interest (ROI) are shown to
illustrate the different spectra. These spectral differences are
used for the image processing scheme.
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Fig. 2 Overview (a), images of the A-stack (b) and spectra of ROl 1 and 2 (c) of a 24 h penetration skin sample. The given wavelengths of the A-stack

describe the center of the 20 nm wide wavebands.
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Fig. 3 Overview (a), images of the 2-Stack, (b) spectra of ROI 1 and 2, (c) of an untreated skin sample. The given wavelengths of the 1-stack describe the

center of the 20 nm wide wavebands.

2.7 Image Processing Scheme

The image processing starts with the application of a threshold
to exclude pixels with low intensities. The background or noisy
image regions are excluded from the calculations. In the next
step, the intensity data are normalized along the A-axis to cal-
culate intensity independent spectra for each image pixel.
The normalized cross correlation (CC) metric is used to quantify
the similarity between the normalized sample spectra and the
reference spectra of Nile Red.

Z [SRef(i) _Sl;ef} * [SSample (1) _SSa;nple]

{Z [Sgef (i) —Sket]* } * {Z [Ssampe (1) = Ssample) }

)]

CC =

where S, (i) is the normalized intensity at position i of the refer-
ence spectrum, S, (i) is the normalized intensity at position i
of the sample spectrum, S.; is the mean intensity value of the
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normalized reference spectrum and Ssm_nple is the mean intensity
value of the normalized sample spectrum.

The resulting correlation coefficient map of the image is built
on the spectral information in the sample and is therefore based
on dye distribution. Hereby, the highest CC value of one repre-
sents complete accordance between sample and reference spec-
trum. Decreasing CC values indicate decreasing correlation of
the spectra.

To enable a comparison of the different images, the uptake
indicator UI, is introduced. It represents the quantity of coeffi-
cients higher than a threshold normalized to the total number of
pixels representing tissue.

UL — Number of correlation coefficients higher x
.=

2

Number of tissue pixels

These tissue pixels are derived by calculating the standard devia-
tion of the normalized spectral data for every pixel. A uniformly
distributed intensity profile along the A-axis indicates back-
ground pixels that are not included in the calculations.

Because Ul, depends on an arbitrary threshold, two evalua-
tion experiments were carried out. In the first experiment
untreated skin samples were used to calculate the fraction that
is false positively classified as Nile Red pixels with increasing
threshold values (see Table 1).

Table 1 indicates the fraction of pixels of an untreated skin
sample that are false positively calculated to be similar to the dye
reference spectrum.

In the second experiment the reference skin samples were
used to evaluate the highest threshold that allows a clear discri-
mination between the used concentrations.

Figure 4 shows the results of the reference samples indicating
that Ul ¢ is not suitable to allow discrimination of the two low-
est concentrations, whereas it is possible when using Ul g. Con-
sidering the very low false positive classification of. 02%, Ul g
was used as the evaluation parameter for further experiments.

2.8 Validation Measurements

To confirm that the scheme is not depending on absolute inten-
sity values, the samples were imaged with different intensifica-
tion by varying photomultiplier (PMT) voltages in a range from

Table 1 Measurements of untreated skin samples (n = 5) for the eva-
luation of the 0 parameter.

Ubs Ubs Uos Uy Upg Uy

Mean (%) 3.6 .9 4 .09 .02 .0002

StdDev (%) .9 A4 N .03 .01 .0002

Table 2 Presentation of the skin penetration results in mean Ul g and
standard deviation for the four time periods.

Ulp.g 3h 6h 8 h 24 h
Mean (%) 0.7 1.5 3.0 13.8
StdDev (%) 0.6 1.1 2.6 48
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Fig. 4 Determination of the appropriate value for Ul,. The graph shows
the Ulg 7, Ulgg and Ul g values for 0.2 pg/mL, 1 pg/mL and 2 pg/mL
Nile Red reference skin samples. It is not possible to discriminate the
0.2 pg/mL and 1 pg/mL sample when using Ulg .

500 V to 1200 V in eight steps. Ul g was calculated for every
image and was expected to be constant for different image inten-
sity levels. For the second experiment the focal depth was
changed during imaging of two skin samples and Ul g was cal-
culated to assess the influence of focusing.

3 Results

3.1  Scheme Validation

The results of the validation experiment for varying signal inten-
sities are shown in Fig. 5(a). Regarding the variation of the PMT
voltage to modify the image intensity, Ulyg is nearly constant
over a 200 to 300 V region for the 24 h and 8 h samples. The
Ul g increase at 500 to 600 V can be explained with the very
low overall intensity of the spectral images at 500 V. Thus, the
spectra cannot be properly measured. The Ul g decrease starting
at 900 to 1000 V can be observed due to a strong signal satura-
tion effect in single spectral bands for the 8 h and 24 h samples.
Therefore, the spectral information is lost because of detector
saturation. The 6 h sample has a Ul,g value that is constant
over the range of 600 to 1200 V.

These measurements indicate that the Ulyg values do not
change significantly over a broad intensity interval when
using reasonable imaging parameters.

Focus position, in contrast, is a very sensitive parameter. The
graph in Fig. 5(b) shows a Gaussian-like distribution of Ul g
with varying focus depths for the 10 gm thick sample. The mea-
surements indicate that it is important to focus carefully for get-
ting reliable results. Considering the moderate Ul,g change
around the —1 pm to 1 um relative focus position, a roughly
3-um tolerance margin for focusing can be supposed.

3.2 Skin Penetration Study

The results of the penetration study show a strong time depen-
dence of dye uptake in skin (see Fig. 6 and Table 2). The assess-
ment of this uptake using the Ul,g parameter allows the
quantitative comparison of the four time periods. It shows
that the 24 h samples have a more than four times higher
mean Ulyg value compared to the 8 h samples.

The overlay intensity-based images and the spectrally
resolved dye distribution are shown in Fig. 7. The intensity-
based images were recorded with optimized parameters to
achieve high image quality. The dye distribution was visualized
using the correlation coefficient map and the Ul g parameter as
a threshold. The epidermal skin layer can be distinguished from
the lower dermal layer due to its bright gray appearance. The
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Fig. 5 The graphs show the results of the varying PMT (a) and focus (b) settings. The image sequences illustrate the changes in the data when varying the

PMT voltage and the focus depth, respectively.

T 0.204

Ulos 0.15
0.10

0.05

3h 6 h 8h 24 h
Time

Fig. 6 Skin penetration study results (n = 20 per penetration period).
Data are presented in mean £SD. *P < 0.05 and ***P < 0.001 evalu-
ated by paired Student’s t-test. The 24 h samples show a significantly
higher uptake of Nile Red.

darker dermal layer, however, shows brighter structures
throughout the whole area. Dye distribution, shown in red, indi-
cates that for the 3 h, 6 h and 8 h samples, the uptake does not
cover the whole epidermis in the way that the Ul ¢ criteria is
fulfilled. The 24 h sample shows complete uptake in the epider-
mis and additional uptake in the dermis layer.

4 Discussion

It was shown that a spectrally resolved imaging and processing
method can be used to assess and compare spectral information
in tissue. The processing scheme calculates the introduced
uptake indicator that derives from spectral correlation analysis.
It can be used for mapping spectral information in microscopic
images of tissue. The method is developed and validated in the
context of a very frequently performed penetration experiment
according to the OECD Guidelines for Testing of Chemicals in
pharmaceutical research. However, the scope of the method is
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not limited to drug delivery studies but can be transferred to
further applications that need spectral discrimination at a micro-
scopic scale.

4.1 Pharmaceutical In Vitro Experiments

High dermal transport is important to address skin diseases
occurring in the upper layers. Tape-stripping methods are com-
monly used to stepwise ablate small parts of the outer skin for
quantitatively analyze depth profiles.”> However, it is limited to
the stratum corneum and does not give any information of the
homogeneity and the distribution of drugs in the skin layer itself.
In contrast, microscopic evaluation of vertical slices has the cap-
ability to show profiles directly throughout the whole skin, but
lacks the possibility to quantify the amount of penetrated sub-
stances. Schmidts®® presented a skin penetration study that cor-
related an ELISA based quantification with an intensity-based
microscopy evaluation method. The results were of good qua-
litative accordance indicating the suitability of the microscopy
approach for evaluating dermal delivery systems. The developed
uptake indicator of this paper was a consequent advancement of
Schmidts’ microscopy analysis. It allows indirect quantitative
measurements and is a step towards the quantitative evaluation
of dermal delivery systems and processes. The results of the pre-
sented penetration study support this statement as they show a
clear discrimination of the four time periods.

Our proposed method may also be beneficial to studies invol-
ving applications of spectral and hyperspectral imaging of pene-
tration studies. Roberts; et al.; performed delivery studies using
a FLIM multiphoton system* that is capable of spectrally detect-
ing fluorescence signal to compare liposome systems. They con-
cluded that the deformability of the liposomes increases
penetration based on visual evaluation. In this case, the uptake
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Fig. 7 Overlay of the intensity based confocal images of the skin and the spectrally resolved dye distribution (shown in red, please refer to the online

version of this manuscript) for the four time periods.

indicator could be used to obtain comparable results and further
increase insight into underlying penetration processes.

Hernandez-Palacios'* introduced a hyperspectral camera sys-
tem with 20 pum spatial resolution to evaluate penetration stu-
dies. The hyperspectral camera detected the emission peak of
Alexa 488 (518 to 524 nm) and therefore avoided the use of
fluorescence filters. However, the evaluation is based on the
fluorescence intensity that is composed of Alexa dye and
skin autofluorescence background. Skin structures like melanin
and keratin, with an emission peak at 520 nm,>* contribute to
this intensity. Subtraction of a constant offset value compensates
the overlaying signal. Figure 7 illustrates that, when using
microscopic resolution, structures of the skin are brightly visible
that are not covered with dye. In this case, the overlapping and
superimposing signal of the skin and dye vary depending on
microscopic structures that are not equally distributed. Hence,
a constant autofluorescent background offset cannot be defined
and mapping of the dye based on intensity in the microscopic
scale is not possible.

4.2 Advantages and Drawbacks for Delivery Studies

The spectral imaging scheme has several benefits. Additional to
the advantage of accurate dye mapping, spectral analysis is
superior to intensity-based methods in terms of experiment pro-
cedures because it does not require standardized imaging. In
general, the emission intensity in confocal microscopy depends
on various parameters. Therefore, when using intensity-based
methods, it is a comprehensive but very important task to use
constant settings in order to assure the comparability of the
results. This standardization process requires the assessment and
control of imaging setup and sample conditions. While the setup
may be kept constant for a whole experiment with certain effort,
the sample conditions cannot be controlled easily due to their
biological nature.

It is known that the pH-value changes in different skin
layers®! and may influence the intensity of dyes that have a
strong pH-dependency. Apart from the pH value, fluorescence
emission can also be affected by polarity. In the case of Nile
Red, the fluorescence is unaffected by pH-values between 4.5
and 8.5 but the emission peak shifts depending on the polarity
of the environment.” A possible shift must be considered for
choosing the appropriate reference spectrum for image proces-
sing calculations. Additionally, photobleaching is a serious
problem that requires attention. Borgia® reports a 4 to 16%
bleaching rate after a one second illumination of Nile Red. It
is concluded that the images have to be taken within 10 ms to
avoid a strong signal variation.
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The spectral data do not depend on absolute intensity values
but on relative intensity changes between single wavebands.
Consequently they are less sensitive to condition variations
and photobleaching resulting in a high robustness of the calcu-
lated results. Figure 5 shows that the calculated assessment
parameter is constant for reasonable changes of the imaging
parameters. This allows measuring every sample with individual
settings without the need to use standardized imaging para-
meters for comparing the results. The advantage is a broad, ana-
lyzable concentration range of fluorescent dye in skin
specimens. This is especially useful for comparing completely
independent experiment setups.

Another advantage of the spectral method is that it is still
applicable whenever dyes with emission spectra that are clearly
separated from the skin spectrum are not available. Although the
spectra overlap, an explicit correlation to either dye or tissue can
still be performed. As a result, a reliable assessment of the spa-
tial distribution of dye in tissue is possible.

The Ul g parameter that is chosen for the evaluation of the
penetration study is an arbitrary measure. It is important to
understand that it cannot be used to quantitatively assess the
total amount of dye in skin. Due to the overlapping dye and
skin spectra, it is difficult to determine the exact correlation
coefficient that describes the transition between the two possible
signal origins. The Ul , parameters are used to arbitrarily clas-
sify the calculation results into dye and tissue pixels according
to a threshold value. For this reason the proposed spectral
method is not applicable for tasks that need exact quantitative
results. In these cases intensity-based methods can be used that
need to be calibrated or intensity corrected. Monte Carlo simu-
lations that determine and compensate for effects of signal
attenuation due to scattering and absorption’” are often applied
for these applications. Combining these techniques with the
spectral evaluation for penetration studies would add valuable
information to the localization and penetration depth of dye
and agents.

4.3 Pharmaceutical In Vivo Experiments

It is arguable that in vitro results can be used to assess delivery
systems designed for in vivo use. No clear data is available in the
literature as there are many studies with good and poor correla-
tion between in vitro and in vivo results.*® Therefore, in vitro
results for drug delivery cannot be transferred directly to
in vivo considerations without further investigation. For this
reason, studies are performed with a parallel in vivo/in vitro
setup®*° using living mice for the application and penetration
of delivery systems and substances. The mice either are sacri-
ficed or biopsies are taken for analysis afterwards. An approach
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for in vivo imaging without sacrificing the animals is the use of
animal window models.’”* Here, the living animal can be
microscopically examined directly through windows that are
surgically inserted into the region of interest. Whenever living
animals are observed motion artifacts have to be considered and
either fixation or synchronizing the scanning system to the
heartbeat needs to be performed. Amornphimoltham® reviewed
further in vivo applications for drug delivery research and
showed the technical efforts that have to be made for data
acquisition.

4.4 Feasibility for Clinical In Vivo Applications

Gareau presented an approach of in vivo confocal reflectance
microscopy for the detection of early-stage melanoma of murine
skin without further surgical interventions. Lange-Asschenfeld*!
and Caspers* showed confocal laser-scanning microscopes for
in vivo imaging of human skin morphology and wound healing.
Both studies mention the potential use for pharmaceutical
research on drug delivery. A combination of the proposed
microscope setup and our spectrally resolved detection unit
could be used for optical sectioning and evaluation of fluores-
cent dyes in living tissue. Additionally, the in vivo microscopy
scheme presented by Gareau combined with our proposed spec-
tral uptake indicator could be used in clinical applications like
melanoma detection presented by Kuzmina'> for monitoring
size and shape variations.

Extending established microscopic in vivo imaging schemes
with our proposed spectral evaluation method has the chance to
provide additional information for pharmaceutical and clinical
applications. However, further investigation is necessary to vali-
date these potential approaches.
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RNA-cleaving DNAzymes are a potential novel class of nucleic acid-based active pharmaceutical
ingredients (API). However, developing an appropriate drug delivery system (DDS) that achieves high
bioavailability is challenging. Especially in a dermal application, DNAzymes have to overcome
physiological barriers composed of penetration barriers and degrading enzymes. The focus of the
present study was the development of a protective and penetration-enhanced dermal DDS that was tailor
made for DNAzymes. DNAzyme Dz13 was used as a potential API for topical therapy against actinic
keratosis. In the progress of development and selection, different preservatives, submicron emulsions
(SMEs) and the physiological pH range were validated with respect to the API's integrity. A
physicochemical stable SME of a pharmaceutical grade along with a high API integrity was achieved.
Additionally, two developed protective systems, consisting of a liposomal formulation or chitosan-
polyplexes, reduced the degradation of Dz13 in vitro. A combination of SME and polyplexes was finally
validated at the skin and cellular level by in vitro model systems. Properties of penetration, degradation
and distribution were determined. The result was enhanced skin penetration efficiency and increased
cellular uptake with a high protective efficiency for DNAzymes due to the developed protective DDS.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

DNAzymes represent a novel class of nucleic acid-based
potentially active pharmaceutical ingredients (API). The synthetic
molecules can be grouped into different subclasses. The molecules
of the 10-23 DNAzyme subclass consist of a single DNA strand that
can be divided into a conserved catalytic domain and two flanking
binding domains (Breaker and Joyce, 1994; Santoro and Joyce,
1997). The catalytic domain is able to cleave the transcripts of
gene expressions (post-transcriptional silencing). Variations of the
binding domain can specifically address different pathogen gene
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http://dx.doi.org/10.1016/j.ijpharm.2014.12.043
0378-5173/© 2014 Elsevier B.V. All rights reserved.

expression patterns, resulting in a high number of potential
therapeutic approaches (Cairns et al., 1999; Tan et al., 2009).
Promising approaches have been made towards developing
therapies for different skin diseases, for instance, atopic dermatitis
or basal cell and squamous cell carcinomas (Cai et al., 2012;
Schmidts et al., 2012).

A new dermally applied API could be DNAzyme Dz13. Dz13 is a
typical representative of the 10-23 DNAzymes with hydrophilic
properties, a high molecular weight (MW) of 10.6kDa and a
negative charge (Khachigian et al., 2002; Santoro and Joyce, 1997).
Studies revealed that Dz13 can inhibit the translation of the
overexpressed protein c-Jun consequently suppressing the growth
of squamous and basal cell carcinomas (SCC and BCC) (Cai et al.,
2012; Cho et al, 2013; Zhang et al., 2004). Similar results are
expected for the treatment of actinic keratosis, a precursor form of


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ijpharm.2014.12.043&domain=pdf
mailto:Kay.Marquardt@kmub.thm.de
http://dx.doi.org/10.1016/j.ijpharm.2014.12.043
http://dx.doi.org/10.1016/j.ijpharm.2014.12.043
http://www.sciencedirect.com/science/journal/03785173
www.elsevier.com/locate/ijpharm

K. Marquardt et al./International Journal of Pharmaceutics 479 (2015) 150-158 151

SCC and BCC (Criscione et al., 2009). In this context, Dz13 was
chosen as a promising API candidate for topical treatment of actinic
keratosis.

The target of Dz13 is the messenger RNA of c-Jun in the
cytoplasm of keratinocytes located within the outer skin layers.
Dermally applied Dz13 is at the site of action but is separated by
multiple physiological barriers compromising therapeutic out-
comes. The stratum corneum is the outermost skin layer and forms
a first lipid barrier (Jepps et al., 2013), restraining DNAzymes from
penetration. The second main barrier of the skin is enzymatically
active. Enzymes of exogene and endogene origin on the surface and
in the skin can irreversibly degrade DNA (reviewed by Eckhart
et al, 2012). If DNAzyme overcomes the two barriers, a high
bioavailability in the top skin layers will be helpful to sufficiently
internalize Dz13 into cells. A variety of approaches may be possible
to pass through the crucial barriers, despite the challenging
properties of DNAzymes, including the following strategies. (i)
Enhancing the permeability of the stratum corneum by hydration
or disruption. In this setting, using penetration enhancers, for
instance propylene glycol, oleic acid or even whole galenic
formulations, such as submicron emulsions (SME), could be
possible (Mohammed et al., 2014; Ongpipattanakul et al., 1991).
SMEs have excellent penetration enhancement properties due to
their compositions and nano-scaled droplet size, which have
already shown an ability to transport and accumulate a DNAzyme
into the first skin layers (Amselem and Friedman, 1998; Schmidts
et al., 2012). (ii) Maintaining the integrity of DNAzymes by using
protective systems. For example, the systems could consist of
liposomal formulations or chitosan-polyplexes that could coun-
teract the degradation of DNAzymes by encapsulation or
complexation, respectively (Richardson et al., 1999; Semple
et al., 2001). Furthermore, an advantage of both systems could
be that they enhance cellular uptake. It is expected that a
combination of the approaches in one protective drug delivery
system (DDS) will increase the topical bioavailability of DNAzymes,
resulting in an increase in therapeutic efficiency (Elsabahy et al.,
2011; Zhu and Mahato, 2010).

The present study focused on an advancement towards a
protective DDS for the dermally applied Dz13. In preliminary
examinations, the compatibility and suitability of different
preservatives and pH range with Dz13 was investigated. Subse-
quently, a SME with an appropriate preservation was developed to
enhance the penetration of the API. The SME was investigated in
terms of physicochemical stability and the integrity of Dz13. To
protect the DNAzyme against degradation, a liposomal formulation
and chitosan-polyplexes were developed and validated. Finally, a
combination of the SME and polyplexes generated a novel
protective DDS. Aspects of penetration, degradation and distribu-
tion with and without the protective DDS were determined on the
skin and cellular level with in vitro model systems.

2. Materials and methods
2.1. Materials

Triethylammonium acetate and phenol-chloroform-isoamyl
alcohol were provided by Applichem Lifescience (Germany).
Phosphatidylcholin and phosphatidylglycerol were thankfully
provided by Lipoid (Germany). Deoxyribonuclease I from bovine
pancreas, 10x TAE buffer, and agarose were purchased from
Sigma-Aldrich (USA). DNAzyme Dz13 sodium salt was synthesized
by Integrated DNA Technologies (Belgium). Dz13 consists of
34 deoxyribonucleotides including an inverted thymidine with a
MW of 10.6 kDa (Khachigian et al., 2002). Especially for fluores-
cence analytics, a 5’FAM-labelled DNAzyme (FAM-DNAzyme) with
similar characteristics was synthesized by Biospring (Germany).

The fluorescence-labelled FAM-DNAzyme (MW: 10.6 kDa) consists
of 34 deoxyribonucleotides and an inverted thymidine (Turowska
et al.,, 2013). In addition, SYBR Gold nucleic acid gel stain was
bought from Life Technologies (Germany). PBS buffer with and
without Mg?* and Ca?*, Dulbecco’s modified eagle’s medium, fetal
bovine serum, and trypsin/EDTA solution were purchased from
Biochrom AG (Germany). The human keratinocyte cell line HaCaT
was kindly provided by Prof. Dr. Weindl of the Institute of
Pharmacy (Pharmacology and Toxicology), Freie Universitdt Berlin,
Germany. The following ingredients were obtained at pharmaceu-
tical grade. Phenoxy ethanol and benzoic acid were purchased
from FrankenChemie (Germany) and OTC Pharma (Germany),
respectively. Glycerol, magnesium sulphate were purchased from
Fagron (Germany). Glyceryl stearate, stearyl alcohol and ceteareth-
20 were supplied by Evonik (Germany). Benzyl alcohol, methyl-
paraben, propylparaben, propylene glycol, laureth-12 and
caprylic/capric triglyceride were bought from Caelo (Germany).
Cetearyl isononanoate, oleyl oleate and chitosan (Chitopharm S)
were provided by Cognis (Germany). The chitosan has a MW range
of 50-1000 kDa and a degree of deacetylation of 70%. The following
ingredients were obtained at HPLC grade. Acetonitrile, ethanol,
sodium perchlorate, hydrochloric acid, sodium hydroxide, potas-
sium dihydrogen phosphate, disodium hydrogen phosphate and
sodium acetate were supplied by VWR BDH Prolabo (Germany).

2.2. DNAzyme analytics

For the present examinations, Dz13 and the alternative 5’FAM-
labelled DNAzyme (FAM-DNAzyme) were analysed by the follow-
ing four different methods.

(i) The quality and quantity of Dz13 and the FAM-DNAzyme were
analysed by using anionic exchange high pressure liquid
chromatography (AEX-HPLC). Prior to analysis, samples were
purified using phenol-chloroform extraction and an ethanol-
sodium acetate precipitation. The purified samples were
analysed with a DNAPac PA200 column (Thermo Fisher
Scientific, Germany). The HPLC system was a LaChrom Elite
system with a fluorescence detector and UV-vis (VWR-
HITACHI, Germany). The UV-vis detector wavelength was
set to 260 nm. Calibration detector was performed between 15
and 200 pg/mL (% =0.999) with a limit of quantification (LOQ)
of 3.7 wg/mL and a limit of detection (LOD) of 11.4 ug/mL. The
fluorescence signal was measured using a 490 nm excitation
wavelength and 520 nm emission wavelength. The calibration
curve was established in a range from 4 to 40 pug/mL
(r*= 0.999). The LOQ and LOD can be specified with 1.0 g/
mL and 0.3 pg/mL, respectively. The equilibration buffer
consisted of 20% acetonitrile and 4% triethylammonium
acetate (pH 7.0), while the elution buffer also included 0.2 M
acetate sodium perchlorate. The AEX-11;HPLC system was
performed in gradient mode, starting with 45% elution buffer
and, after 18 min, ending with 100% elution buffer. The flow
rate was 1 mL/min at a temperature of 60 °C. The EZChrome
Elite Software was used for peak integration. The quantifica-
tion was performed using a standard calibration curve at the
investigated concentration range and above the quantification
limit.

(ii) The quantities of intact Dz13 and FAM-DNAzyme were
measured by hybridization-ELISA as previously described
(Schmidts et al., 2012). Hybridization probes were adjusted
to Dz13 or FAM-DNAzyme, and the substrate was exchanged to
ABTS solution.

(iii) FAM-DNAzyme was detected using confocal laser-scanning
microscopy (CLSM) using the TCS SP5CLSM (Leica, Germany).
To distinguish between the specific fluorescence of the dye and



152 K. Marquardt et al./International Journal of Pharmaceutics 479 (2015) 150-158

autofluorescence of skin specimens or cell extracts, a spectral
analysis of each pixel was performed according to Maeder et al.
(2012). The method was adapted to the FAM dye. Therefore,
the excitation wavelength and emission wavelength spectrum
were set to 488nm and 500-600nm, respectively. The
method-specific p-value was set to 0.85. After identifying
the dye, the specific intensity was summed and is presented as
a mean intensity per summed pixel & SD.

(iv) The fluorescences of FAM-DNAzyme in the HaCaT keratino-
cytes were detected using flow cytometry (guava easyCyte
5HT, EMD Millipore, Germany) and analysed using corre-
sponding software (GuavaSoft 2.5). After 5000 events per
sample, the cell population was defined in the forward-
scattering and sideward-scattering diagram. The fluorescence
emission of 488 nm excitation wavelength of the gated cell
population was used to identify FAM-DNAzyme positive cells.
The threshold was adjusted to obtain the lowest signal of the
medium control.

2.3. Preparation of drug delivery systems

2.3.1. Submicron emulsion

The SMEs were produced by high-energy emulsification. The
blend of the emulsifiers of the SME without preservatives was
previously optimized regarding most thermo-stable droplet size.
The SMEs were manufactured in triplicate with and without
Dz13 according to Table 1 and each was conserved using different
preservatives analogous to Table 2. In the case of the parabens, a
blend of methylparaben and propylparaben was used. The aqueous
phase and oil phase of the SME were separately heated to 65°C
until all ingredients were dissolved. The aqueous phase was added
to the oil phase and homogenized for 2 min at 24,000 rpm by a
rotor/stator homogenizer (D-15 homogenizer with DS-20/PF-EMR,
MICCRA, Germany).

2.4. Preparation of protective systems

2.4.1. Liposomes

Liposomes were manufactured using a combination of the lipid
film method and high pressure homogenization. A mixture of 4 wt
% phosphatidylcholine and 1wt% phosphatidylglycerol were
dissolved in chloroform in a round bottom flask. The organic
solvent was completely removed using rotary evaporation (BUCHI,
Germany). Dz13 was encapsulated using the passive loading
technique. For that purpose, the remaining thin lipid film was
hydrated with a 0.01 M Sorensen’s buffer and 4 mg/mL Dz13 at
40°C resulting in large multilamellar vesicles (LMV). The LMVs
were homogenized in a high pressure homogenizer (EmulsiFlex-

Table 1

Composition of the submicron emulsion.
Ingredient wt%
Aqua ad 100
DNAzyme 0.40
Caprylic/capric triglyceride 10.0
Cetearyl isononanoate 6.00
Ceteareth-20 3.85
Glycerol 85% 3.00
Glyceryl stearate 0.65
Laureth-12 1.00
Magnesium sulphate 0.30
Oleyl oleate 4.00
Preservatives B
Stearyl alcohol 1.00

¢ For preservatives’ concentration, see Table 2.

Table 2

Concentration of the preservatives.
Preservatives wt%
Benzoic acid 0.10
Benzyl alcohol 1.00
Phenoxy ethanol 1.00
Propylene glycol 20.0
Parabens
Methylparaben 0.15
Propylparaben 0.05

C5, AVESTIN, Germany). The homogenization process was per-
formed for 30 cycles at 40 °C and 1000 bar. A control group (spiked
liposomes) was produced without Dz13. Therefore, Dz13 was
spiked to the formulation to a final concentration of 4 mg/mL after
liposome manufacturing process.

2.4.2. Chitosan-DNAzyme polyplexes

Chitosan-DNAzyme polyplexes were prepared in the following
manner. Chitosan was dissolved in 1 M sodium acetate buffer with
a pH value of 5.0. A concentrated, aqueous DNAzyme solution was
added to the chitosan solution to a final DNAzyme concentration of
4mg/mL. The final chitosan concentrations were in a range
between 0.1 and 2 mg/mL equal to a N/P ratio of 0.035 and 0.7. A
stepwise mixing of both solutions at 25°C and 1300rpm in a
Thermomixer (Eppendorf, Germany) formed coarsely dispersed
polyplexes.

2.5. Preparation of a protective drug delivery system

To generate a protective DDS, the developed SMEs and
polyplexes were combined. Placebo SMEs with preservatives were
manufactured according to Section 2.3.1. The polyplexes with
DNAzymes were produced as described in Section 2.4.2 and dried
overnight. The dried polyplexes were resuspended in the SMEs.
Final concentrations of the DNAzymes and chitosan in the
protective drug delivery system were 4mg/mL and 2 mg/mL,
respectively.

2.6. Stability of DNAzymes

The influence of different matrices on the integrity of
DNAzymes was investigated. Therefore, Dz13 was incubated at a
final concentration of 4 mg/mL with the following matrices: (i)
Aqueous solutions were in a range of the physiologic pH values. The
pH values from 5 to 7 in 0.5 steps were maintained by a 67 mM
Sorensen’s buffer. (ii) Aqueous solutions with different preserva-
tives were used. The preservatives and their concentrations were
used according to Table 2. (iii) SMEs were used with different
preservatives. SMEs were produced as described in Section 2.3.1.
All samples were selectively incubated at 8°C, 25°C at a 60%
relative humidity (RH) or 40°C with 75% RH. Each condition was
performed in triplicate and analysed at fixed time intervals over a
period of 3 months. Dz13 was qualified and quantified by
AEX-HPLC. The data are presented as the mean with SD relative
to the mean after 1 day.

2.7. Characterization of drug delivery systems and protective systems

The characterization of the DDSs and protective systems was
selectively performed with regard to physicochemical properties,
sufficient preservation and complexation efficiency. The physico-
chemical properties were determined as described in the following
steps. The mean droplet size and droplet size distribution of
diluted SMEs or liposomes were analysed using dynamic light
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scattering (DLS) with the Zetasizer Nano Z (Malvern, UK). The
droplet size and droplet distribution were presented as the
z-average size (z-average) and polydispersity index (PDI), respec-
tively. The pH value was monitored with a pH probe (FE20, Mettler-
Toledo, Germany) or pH indicator strips (pH-Fix 2.0-9.0,
MACHEREY-NAGEL, Germany), depending on the sample volume.
Viscosity measurements were conducted at 25 °C with a cone and
plate geometry of 2.2 cm in diameter and 2° cone angle (RheoStress
300, ThermoHaake, Germany). The share rate ramp was 0.1-100/s.
The test of sufficient preservation was restricted to placebo SMEs.
The preservation efficiency tests were conducted according to the
European Pharmacopoeia using the microbial strains Staphylococ-
cus aureus,Escherichia coli, Pseudomonas aeruginosa and Candida
albicans (Council of Europe, 2013). The test of efficient complexa-
tion was restricted to polyplexes. A gel retardation assay was
performed to visualize the degree of complexation. A 1.5% agarose
gel was run in a Tris-acetate-EDTA (TAE) buffer (pH 8.3) for 1h at
100V (EV 200, Consort bvba, Belgium), and Dz13 was stained with
1x SYBR Gold. Each sample in the gel contained approximately
10ng of Dz13 premixed with loading buffer. Furthermore, the
degree of complexation was quantified by AEX-HPLC. The samples
were centrifuged for 5s at 13,000 rpm, and the recovery of Dz13 in
the supernatant was analysed. To analyse Dz13, the polyplexes
were decomplexed by adding sodium hydroxide to the samples
until obtaining a final molarity of 1M. All experiments were
performed in triplicates and are presented as the mean with SD.

2.8. DNAzyme degradation assay

The degradation of Dz13 was investigated with deoxyribonu-
clease I (DNase I, EC 3.1.21.1). A 0.45 M Sorensen’s buffer (pH 7.4)
with a 10 mM magnesium sulphate was produced. The DNase [ was
diluted with Sorensen’s buffer to a concentration of 400 units/mL
and stored on ice until use. The different samples including
4mg/mL Dz13 were incubated at a ratio 1:2 with the DNase I
solution. The incubation parameters were 25 °C at 300 rpm for 0.5,
1 or 2h in a Thermomixer (Eppendorf, Germany). The degrading
reaction was immediately stopped by adding phenol-chloroform
solution following an extraction and ethanol-sodium acetate
precipitation. Negative control groups of each sample were equally
treated without adding DNase 1. The purified samples were
analysed by AEX-2011;HPLC, allowing a qualitative and quantita-
tive measurement of the degradation of Dz13. Each sample was
tested in triplicate, and the data are presented as the mean with SD.

2.9. In vitro studies

2.9.1. Skin penetration study

The in vitro penetration study was performed in a Franz
diffusion cell with fresh and intact porcine skin (sus scrofa
domestica) in accordance with OECD guidelines and as previously
described (OECD, 2004a,b,b; Schmidts et al., 2012). Infinite doses
(0.5mL) of 4 mg/mL Dz13 and FAM-DNAzyme at a 9:1 ratio were
applied. After 24h, the penetration study was stopped and
analysed by multiple methods. The remaining formulation in
the donor chamber was completely washed off the skin and was
analysed using AEX-HPLC. Dz13 and the FAM-DNAzyme were
detected simultaneously. A skin area of 0.5 cm? was snap frozen
and vertically sliced in 15 specimens using the Leica CM 1850UV
cryostat (Leica, Germany) and analysed by CLSM. The remaining
skin (1.26 cm?) was analysed using hybridization-ELISA. For this
purpose, the skin was lysed by proteinase K, and the amount of
intact Dz13 was quantified using specific probes. Each sample was
tested in 5 Franz diffusion cells. The data are presented as the
means with SDs.

2.9.2. Cell uptake study

HaCaT cells were cultivated in 24-well plates (2 cm?/well) in
DMEM medium with 10% FBS at 37 °C, 5% CO,. At a confluence level
of more than 75%, the cell monolayer was washed with PBS. The
cells were treated with different media (0.5 mL). For this purpose,
the total amount of Dz13 was replaced by the FAM-DNAzyme at a
final concentration of 1pg/cm? The FAM-DNAzyme was com-
plexed with chitosan to polyplexes (N/P ratio: 0.7) and diluted with
DMEM (n=18). Control groups consisted of FAM-DNAzyme
without chitosan (n=18), chitosan itself (n=6) or medium only
(n=6). After 24 h, the cell monolayer was washed twice with PBS,
and the distribution of the FAM-DNAzyme was monitored by
CLSM. Therefore, cells were stained with 4/,6-diamidino-2-
phenylindole (DAPI) and Alexa Fluor 555 Phalloidin. Additionally,
trypsinized cell suspension was analysed by flow cytometry. The
cell extract of 9 wells were pooled to 3 samples, lysed with
Proteinase K, and analysed by hybridization-ELISA.

2.9.3. Statistics

Statistical analysis was performed with OriginPro 8. To
determine significant differences in the mean of families the
one-way Analysis of Variance (ANOVA) was performed. The
homogeneity of variance was tested with the Levene's test. As a
post hoc test the Bonferroni analysis was used. p <0.05 was
considered as significant.

3. Results and discussion
3.1. Stability of DNAzymes

In preliminary investigations, the influence of different matri-
ces on the Dz13’s integrity was investigated. Matrices or
ingredients could interact with the API or trigger degradation,
resulting in decreased therapeutic activity. Dz13 was tested over a
pH range similar to the physiologic gradient of the skin (Wagner
et al., 2003) and conventional for a final DDS. No different
alteration in comparison with each pH value could be observed
(data not shown). Especially, no degradation of the DNA’s
phosphodiester bonds by acid hydrolysis was monitored, which
would be one degradation pathway. In a further analysis,
appropriate preservatives and their concentrations were selected
according to the German Pharmaceutical Codex. The integrity of
Dz13 was unaffected by the tested preservatives with the
exception of benzoic acid (Table 3). Samples with benzoic acid
continually lost Dz13 recovery. An interaction between DNAzyme
and benzoic acid is conceivable because Zhang and Ma, (2013)
discovered that the sodium salt of benzoic acid is able to interact
with DNA by hydrophobic and hydrogen binding. This interaction
can change the retention time of Dz13 in the AEX-HPLC analysis,
which led to a decreased detection of the DNAzyme. As a result, all
tested preservatives, except benzoic acid, can be used for further
formulations containing Dz13.

Table 3

Dz13 recovery from aqueous solutions with different preservatives after 3 months.
The means of triplicate samples with SDs relative to the corresponding means after
1 day. O, not performed.

DNAzyme recovery (%)

Preservatives 8°C 25°C 40°C
Without 98+1 103+3 101 +4
Benzoic acid (0] 58+1 0]
Parabens 0] 101 +3 0]
Benzyl alcohol (0] 100+3 0]
Phenoxy ethanol 100+1 100+3 107 +4
Propylene glycol 97+1 101 +5 101 £2
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Table 4

Physicochemical properties of SMEs with different preservatives with or without Dz13 measured by DLS, pH indicators or a pH probe (mean + SD, n = 3). PE test, preservative

efficacy test; O, not performed.

SME without DNAzyme

SME with DNAzyme

Preservative pH z-average (d.nm) PDI PE test pH z-average (d.nm) PDI
Without 1 day 6.7 30329 03+0.1 o 0 0 (]
1 month 7.0 223+2 0.1+0.0
3 months 7.0 223 +1 0.1+0.0
Parabens 1 day 5.7 24348 0.1+0.0 Fail 6.2 258438 01+0.1
1 month 6.2 315+£19 02+0.0 6.2 305+82 02+0.1
3 months 6.0 300+ 13 0.1+0.1 6.3 286+70 0.2+0.0
Benzyl alcohol 1 day 6.6 243+12 0.1+0.1 Fail 7.0 268 +35 0.1+0.1
1 moth 7.0 326+7 02+0.0 7.0 267 +30 0.1+0.1
3 months 7.0 288+ 14 0.2+0.0 7.0 259+30 0.1+0.0
Phenoxy ethanol 1 day 6.8 261+5 0.1+0.0 Fail 6.8 330+13 0.3+0.1
1 month 7.0 334+8 03+0.1 6.8 347+15 0.2+0.1
3 months 7.0 319+21 0.1+0.1 6.8 324+2 0.2+0.1
Propylene glycol 1 day 6.7 225+1 0.1+0.1 Pass 7.0 223+10 0.1+0.0
1 month 7.0 255+0 0.1+0.0 7.0 235+28 0.1+0.1
3 months 7.0 249+3 02+0.1 7.0 211+35 01+0.1

The SME formulations of Section 2.3.1 (except benzoic acid)
were chosen as the DDS. The integrity of Dz13 in all SMEs was over
a range of 100+12% after a period of 3 months. Thus, the
ingredients of the particular SME did not affect the stability of
Dz13.

3.2. Development of a drug delivery system

The SME as a promising DDS was further characterized.
Therefore, a selection of compatible preservatives was added to
the basic SME formulation according to Section 2.3.1. The stability
of the DDSs were monitored with regard to physicochemical
properties (Table 4). The droplet size of the formulation without
preservatives and Dz13 was approximately 300 nm and decreased
slightly within the first weeks of storage. The addition of
preservatives and Dz13 did not significantly influence the droplet
size and droplet size distribution (p <0.05). Furthermore, the
parameters of all SMEs did not change significantly with
p <0.05 over the period of time. The viscosity of most SMEs was
in a range of 21 +7.6 mPas. SMEs containing propylene glycol had
the highest viscosity of 46.5 & 8.7 mPas. The preservative efficacy
test revealed sufficient preservation only by the SMEs that
contained propylene glycol. Overall, the SME represents an
appropriate DDS for DNAzymes due to the physicochemical
stability along with the compatibility with Dz13.

3.3. Development and validation of the protective systems

3.3.1. Liposomes

Liposomes are able to encapsulate hydrophilic APIs into the
aqueous inner phase. A lipid bilayer separated the inner phase
from the external phase, resulting in a protection against
degrading enzymes located in the external phase. Therefore, a
liposomal formulation with DNAzymes was produced. The
incorporation of Dz13 into the liposomal formulation increased
the liposome size (z-average) from 36+2nm to 52+12nm.
However, the droplet size distribution of both formulations
remained similar with a PDI of 0.4. Encapsulating DNAzymes into
liposomes is challenging using the passive loading technique,
especially at high API concentrations and small liposome sizes
(Xu et al, 2012a). Purifying the liposomes by diafiltration
determined a Dz13 encapsulation efficiency of less than 6% (data

not shown). A theoretical encapsulation efficiency of 9.2% based on
the calculation by Xu et al. (2012b) affirmed the result. Therefore,
the majority of the DNAzymes were present in the external
aqueous phase and unprotected towards DNase activity. In the
DNAzyme degradation assay with DNase [, the liposomal
formulation was validated to be suitable as a potential protective
system. The liposomal formulation with encapsulated Dz13 was
compared to a liposomal formulation with spiked Dz13 after the
liposome formation (Fig. 1). The formulation with encapsulated
Dz13 was significantly more protective than the liposomal
formulation with spiked Dz13 and an aqueous solution (p < 0.05).
After 2 h, Dz13 in the aqueous solution was completely degraded,
while 8.7 +0.8% and 5.0 + 0.5% of Dz13 in the encapsulated and
spiked formulation, respectively, was intact. Although the DNA-
zyme of the spiked formulation was not encapsulated, protective
properties were monitored. This might be explainable by the
observations by Gregoriadis et al. (1996). The group described that
DNA was able to adsorb onto similar liposomal lipids and thus
protected against degradation to a certain extent (Gregoriadis
etal., 1996). Nevertheless, the recovery of Dz13 from the liposomal
formulations was reduced over the time, indicating that the
majority of the DNAzyme was insufficiently protected.

100+ 1 1 hour
1 12 hours
£ 804
>
2 60- . =005
8 p< 0.05
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2 40-
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aqueous solution liposomes spiked liposomes

Fig. 1. DNAzyme degradation assay with liposomal formulations. Comparison of
liposomes directly manufactured with Dz13 versus liposomes spiked with
Dz13 after liposome formation. The Dz13 was analysed by AEX-HPLC (mean =+ SD,
n=3). Significant differences were calculated by one-way ANOVA following a
Bonfferroni test (p < 0.05).
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N/P ratio

4

Fig. 2. Gel retardation assay with polyplexes at different N/P ratios. A fixed
Dz13 concentration was complexed with different concentrations of chitosan
resulting in different N/P ratios. The samples were analysed by gel electrophoresis.
Lane C: Dz13 without chitosan.

3.3.2. Chitosan-DNAzyme polyplexes

The complexation between DNAzyme and cationic chitosan to
polyplexes spontaneously occurs by electrostatic attraction
(Dautzenberg and Jaeger, 2002). The resulting close bond may
be able to shield the DNAzyme against enzymatic degradation.
Investigation in the present study revealed that the properties of
the chitosan-DNAzyme polyplexes depended on the ratio of
chitosan's amino groups to DNAzyme phosphate groups (N/P
ratio). The stability of the polyplexes increased with higher N/P
ratios. Stable polyplexes had the ability to cover the negative
charge of Dz13 as visualized by a retarded gel mobility in the
electric field (Fig. 2). In contrast, Dz13 without chitosan or
decomplexed Dz13 (sample not shown) had an unhindered
run length.

The degree of complexation of the polyplexes was measured by
AEX-HPLC (Fig. 3A). Using this method, free Dz13 in the
supernatant of polyplex samples was detectable, while complexed
Dz13 was not detected. Therefore, the degree of complexation was
reciprocally proportional to the recovery of the free DNAzyme. An
increased amount of chitosan did increase the degree of
complexation. At a N/P ratio above 0.61, maximal complexation
efficiency was achieved. The protective properties of the poly-
plexes for DNAzymes were further tested in the DNAzyme
degradation assay. The recovery of Dz13 was monitored at multiple
time points (Fig. 3B). At a N/P ratio of 0.7, no time-dependent
degradation of Dz13 was observed, and a maximal integrity of
81 4+ 2% was maintained. The observed loss might be due to partial
exposure of outer complexed Dz13 to DNase activity. A correlation
between degradation and degree of complexation after 2h of
DNAzyme degradation assay could be generated (Fig. 3C). The
correlation demonstrated that polyplexes with a high N/P ratio
represent sufficient protective systems for DNAzymes.

3.4. Protective drug delivery system

Compared to the liposomal formulation, the polyplex samples
(N/Pratio: 0.7) provided a significant higher and time-independent
protective efficiency. Therefore, the promising polyplexes were
incorporated into a SME containing propylene glycol to generate a
protective DDS. Propylene glycol was selected as a compatible
agent with sufficient preservative activity. The polyplexes main-
tained the degree of complexation (97 4-2%) while also incorpo-
rating into the protective DDS. The protective property of the
system was finally validated by the DNAzyme degradation assay
(Table 5). A high DNase concentration was subjected to the samples
to maximise the degrading stress and exceed the activity of human
skin (Reimer et al., 1978). At that concentration, unprotected
Dz13 was almost fully degraded in every sample after 2h. In
contrast, the protective DDS obtained significant higher protection
efficiency (p<0.05). The complexation of Dz13 increased
the protective efficiency similar to the previous results of
Section 3.3.2. However, unlike the polyplexes in aqueous solution,
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Fig. 3. Polyplex samples with a fixed Dz13 concentration in sodium acetate buffer analysed by AEX-HPLC (mean + SD, n=3). A: Complexation efficiency between Dz13 and
chitosan at different N/P ratios. B: DNAzyme degradation assay with Dz13 in polyplexes at different N/P ratios. C: Correlation between DNAzyme degradation after 2 h and

degree of complexation of Dz13 and chitosan.
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Table 5
DNAzyme degradation assay of different samples with Dz13 (mean +SD, n=3).
Protective DDS consisted of SME with propylene glycol and polyplexes (N/P: 0.7).

DNAzyme recovery (%)

Samples 0.5h 1.0h 2.0h

Aqueous solut. 4441 2242 7+0
Acetate buffer 57+3 30+2 640
SME 25+1 10+1 2+0
Protective DDS 10145 84+6 70+3

a time-dependent degradation of Dz13 was observed. The
ingredients of the SMEs might led to temporary destabilisation
and dissociations of the polyplex compounds. Bordi et al. (2013)
observed a similar destabilisation of the electrostatic interaction
between chitosan and DNA in the presence of a high ionic strength
medium. Furthermore, the efficiency of enzymatic reactions is
generally sensitive towards the reaction medium. In the present
study, matrix effects of the protective DDS influenced DNase I
activity. A decreased pH value by the sodium acetate buffer of
polyplex samples (Mori et al., 2001 ) had an inhibitory effect on the
DNAzyme degradation. In contrast, a high magnesium concentra-
tion (Pan et al., 1998) of the SMEs increased the enzymatic activity.
Nevertheless, the data clearly demonstrated that incorporating the
polyplexes into the SME compensated for the SME's lack of a
protective characteristic, resulting in a protective DDS. Addition-
ally, the approach using polyplexes could be adaptable for other
DDSs where the DNAzyme is unprotected (Schmidts et al., 2011).

3.5. In vitro studies
3.5.1. Skin penetration study

DNAzyme applied with the protective DDS was subjected to a
skin penetration study. In this study, aspects of degradation,
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penetration and distribution were examined using different
analytic methods (Fig. 4). AEX-HPLC analysis of the remaining
formulation revealed that polyplexes could maintain the integrity
of Dz13 on the skin surface. By contrast, the unprotected Dz13 in
aqueous solution were nearly fully degraded after 24 h (Fig. 4A). To
calculate the distinct degradation of each sample, the ratio
between the peak area of the intact Dz13 to the whole peak area
of the chromatogram was compared relative to the ratio of HPLC
calibration standards. The aqueous solution had a relative recovery
of 6 4+ 7%, the polyplexes in aqua of 97 + 1% and the polyplexes in
SME of 994 2%. Similar results were observed with the FAM-
DNAzyme (data not shown). The reduction of intact DNAzymes in
aqueous solution is triggered by commensal bacteria and the skin.
The penetration of intact Dz13 into the skin was quantified using
hybridization-ELISA. The polyplexes themselves did not positively
affect the penetration efficiency compared with the aqueous
solution. However, the combination of polyplexes and SME as
protective DDS increased the skin uptake from 0.3 + 0.3 pg/cm? to
a value of 1.0+ 0.5 pg/cm? (Fig. 4B). The CLSM visualised the
distribution of FAM-DNAzyme in the skin. The pictures of vertically
cross-sectioned skin specimens revealed that the identified
fluorescence signal was located within the outermost skin layers
(Fig. 4C). However, the CLSM was unable to verify the integrity of
the FAM-DNAzyme. Therefore, the quantified and summarized
CLSM data indicated a similarly enhanced penetration efficiency of
the FAM-DNAzyme from aqueous solution and the protective DDS
(Fig. 4D). Degraded FAM-DNAzyme can penetrate with less
difficulty into the skin due to a smaller MW, resulting in a false-
positive signal. Therefore, the fluorescence analysis can only be
utilised if a potential degradation of the fluorescence-labelled
molecule is monitored. In conclusion, the protective DDS can
protect DNAzyme from degradation on the skin surface and can
enhance the penetration of intact DNAzyme into the layers of
the skin.
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Fig. 4. Penetration study with Dz13 in aqueous solution, polyplexes in aqueous solution or polyplexes in SME. A: AEX-HPLC chromatograms of Dz13 in the applied
formulations after the penetration study. Arrows indicate the intact DNAzyme. B: Intact Dz13 recovery in skin samples measured by hybridization-ELISA (n=5). C: CLSM
pictures of skin specimens. Spectral analysis (upper picture) and overlay with transmitted light picture (lower picture). The scale bar represents 100 wm. D: Summed data of

all spectral analysis CLSM pictures (n=5).
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Fig. 5. Cellular uptake of the FAM-DNAzyme with polyplexes into HaCaT keratinocytes after 24 h of incubation. A: Percentage of fluorescence positive cell measured by flow
cytometry (controls n=3, samples n=9). B: Pictures of HaCaT keratinocyte incubated with polyplexes. FAM-DNAzyme are represented in green. Nucleic DNA and F-actin
filament of the cytoskeletons were stained with DAPI (blue) and Alexa Fluor 555 Phalloidin (red), respectively. The scale bar represents 10 pm. Orthogonal section yz and xz
are corresponding to the cross. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.5.2. Cell uptake study

On the cellular level, the penetration and distribution of
DNAzyme with the polyplexes (N/P: 0.7) were compared to naked
DNAzymes with HaCaT keratinocytes. To simulate the cell uptake
after penetration into the skin, the concentration of FAM-
DNAzyme in the cell medium was adjusted to 1.0pg/cm?
(according to Section 3.5.1). The results of the flow cytometry
demonstrated an enhanced uptake of FAM-DNAzyme by poly-
plexes into the keratinocytes (Fig. 5A). The data are in accordance
to the summed data of CLSM analytic (data not shown). The results
indicated that polyplexes were able to cover anionic properties of
DNAzymes (see Section 3.3.2), which might have enhanced the
internalization progress. The concentration of the intact FAM-
DNAzyme in cells was determined to be 0.12+0.00 pwg/cm? by
hybridization-ELISA. The internalized FAM-DNAzyme was distrib-
uted into the cytoplasm at the side of action (Fig. 5B).

4. Conclusion

In the present study, a physicochemical stable SME with
sufficient preservation was developed as an appropriate DDS for
DNAzyme Dz13. To protect Dz13 against enzymatic degradation, a
liposomal formulation and chitosan-DNAzyme polyplexes were
developed. In a validation process, the integrity of Dz13 was
monitored in different samples in the presence of degrading DNase
I. The assay revealed that the protective properties of the
liposomes were mainly driven by the lipid ingredients rather
than by encapsulating the Dz13. The superior polyplexes indicated
that the stability and charge of the complex and the protective
characteristic depend on the N/P ratio. The combination of
developed SME and the polyplexes was able to compensate for
the SME's lack of protection. In general, using the polyplexes may
be possible for other DDS with insufficient protection of
DNAzymes. The developed protective DDS was examined in in
vitro model systems at the skin and cellular level. The protective
DDS was able to protect Dz13 and FAM-DNAzyme against
degradation on the skin surface. The penetration of the intact
Dz13 and FAM-DNAzyme into the skin and subsequently into
keratinocytes was enhanced compared with the control samples.
Topically applied FAM-DNAzyme was distributed into the outer-
most layers of skin, and in the case of the cell culture, FAM-
DNAzyme was mainly located in the cytoplasm at the site of action.
The presented results confirm that the developed protective DDS is
an appropriate system for the dermally applied DNAzyme towards
a therapy against actinic keratosis. Finally, the protective DDS
could be adaptable for other nucleic acid-based APIs.
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