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Kurzausammenfassung

Diese Dissertation beschaftigt sich mit der Enteklung und Charaktetisierung biobasierter
partikularer Wirkstoffformulierungenfir die Verabreichung vonWirkstoffen in der Riechrinne, lat

Regio olfactoria Die Regio olfactoriaist Gber den Riechnerv und den Trigeminusnerdirekt mit

dem Gehirn und dem zentralen Nervensysm verbunden Die intranasale Wirkstoffapplikation ist
eine innovative Routansbesondere fiir Makromolekule und Proteineglie durch Transport entlang
dieser Nerverdie Umgehung der BlutHirn-Schranke ermdglicht. Deser sogenannteNoseto-Brain
Transport i$ deshalbaktuell vor allem flr dieTherapieneurologischer Erkrankugen, wie Multiple

Sklerose beispielsweisamit therapeutischenmonoklonalen Antikdrpern von Interesse.

Um derartige partikulare Wirkstoffformulierungen zu erforschenwurden zunachstPollactid-co-

Glycolid-Nanopartikel (PLGA)in Chitosan als Matrixmaterial mittels Sprihtrocknung zu PLGA

Chitosan-Nano-in-Mikro-Partikeln (NiMP)verkapselt. Solche spruhgetrockneten NiM® wurden

noch nie zuvor in der Literatur bescheben, da bisher ausschliglich emulsionsbasierte Verfahren
zur Beschichtungvon PLGANanopartikeln mit Chitosangenutzt wurden. Diein dieser Dissertation
hergestelltenNiMPswiesen eine spharische Form und Partikelgré3en von 5861 um auf. In ex

vivo olfaktorischer Mukosa vom Schwein zeigten unverkapselte mit Emulsionspdymerisation

hergestellte PLGANanopartikel (80 nm, 175 nm, 520 nm) eine groRen und zeitabhéngige

Aufnahme. Es wurde ermittelt, dass520 nm groRe PLGAPartikel innerhalb von 15min mit

Zellkernenund Neurofilamenten assoziieren. Im Vergleich dazu steigerteChitosan die Aufnahme
der sprithgetrocknetenNiMPs was auf die Eigenschaftvon Chitosanzurtickgefihrt wurde, Tight

Junctionsim olfaktorischen Epitheldffnen zu kénnen und so einen parazellularen Transportzu

ermoglichen. Die Offnung von Tight Junctionsdurch die Wechselwirkung mit Chitosanwurde

zum ersten Mal in olfaktorischem Gewebemittels immunhistologischer Farbung dedroteins
Zonula Occludendl (ZO-1) gezeigt.

AnschlieRend wurde der Einfluss unterschillicher Chitosanderivate mit Deacetylierungsgraden
(DD) von 8G90 % und Molekulargewichten (MW) von 20-500 kDa auf die Partikelmorphologie,
die PartikelgroRenverteilung und die Partikelausbeute des Spriihtrocknungsprozessegrsucht.
Das MW der ChitosanPartikel, weniger hingegen derenDD beeinflusstedie Morphologie und die
GrofRenverteilung der aus der Spruhtrocknung resultierenden Partikel sowie didusbeute des
Sprihtrocknunggprozesses. Bei 100C Einlasstemperatukonnten Partikel mit glatter Oberflacte,
monomodaler PartikelgroRenveeilung (Polydispersitatsindex 0,02+0,01) und 69£9 nm
Durchmesser produziert werden. Die in dieser Dissertationoptimierten Prozessparameter
ermdglichten zudem hohe Partikelausbeuternon Gber 60 % und eine kontinuierliche Poduktion
Uber einen Zeitraum vonbis zu 40 min.

Daruber hinaus wurden die Wirkstoffe Biotin und Ocrelizumalin dieser Dissertation zum ersten
Mal in Chitosan verkapselt;dabei konnte eine hohe Verkapselungseffiziena/on tber 80 % fur
Beladungen zwischen Syew.% (Biotin, Ocrelizumab) und 15gew.% (Ocrelizumab) mittels
Spruhtrocknungerzielt werden Mittels spektroskopischer Methoden wurde kein Unterschied zum
nativen Molekul festgestellt,was eine intakte primare und sekundare Proteinstruktur impliziert.
Lediglich ein bis zu 18%iger Verlust der Bindungskapazitdt nach erneuter Freisetzung aus den
spruhgetrockneten ChitosanPartikeln lies den Rickschluss aubDefekte der Tertiar oder
Quartarstruktur des Proteins zuDie Glasibergangstemperatur der entwickelterPartikel betrug
7, D36 °C und bestatigte deren Lagerstabilitdt tber finf Wochen bei Raumtemperatur. Die
Dissolutionstestsn vitro zeigten keinenBurstReleaseDer Diffusionskoeffizient von Biotin wurde
durch die Verkapselung in die ChitosarPartikelmatix auf Dsiotin-partikes = 4,11 10° cm2 s*
reduziert. Fur Ocrelizumab resultierte ein signifikant niedrigerer Diffusionskoeffizienmit
Docretizumaprartiver = 1,79 10° cm2s! aus den Partikeln. Nach 360 wurden 84,43+4,85 %
Ocrelizumab freigesetzt. e erhobenen Daten lieBen dieAnwendung des KorsmeyefPeppas
IX



Modells zu, welcheseine vollstandige Freisetzundes Wirkstoffs innerhalb von 395h voraussagte
und eine Wirkstofffreisetzung tiber anormalen Transporianzeigte

Um die entwickelte Partikelformuierung an derRegio olfactoriafixieren zu kdnnenwurden native

und Tyraminmodifizierte HyaluronsaureLésungen(HA, HA-Tyn als mdgliche Beschichtung auf
Mukosa untersucht. Dazu wurde das Spreitungsverhalten der HA-L6sungen unter

Laborbedingungen und in éner Klimakammer - die physiologischen Bdingungen der Nase
nachbildend? analysiert.Hierzu wurde ein Muzin-Agarosebasiertes artifizielles MukosaAnalog

mit der ex vivo Mukosa verglichen und validiert.Mit sinkender Polymerlonzentration der HA-

Lésung reduzierte sich der Kontaktwinkel, das Seitenverhaltnis des Tropfenstieg an und die

Spreitung auf der Mukosawurde beschleunigt. Die physiologischen Bedingungen deiNase
begunstigten ebenfalls die Spreitung.

Insgesamt konnte in dieser Dissertation erfolgreh eine Chitosanbasierte partikulare
Wirkstoffformulierung mittels Sprihtrocknung entwickelt werden, welche die strukturell intakte
Verkapselung niedrigmolekularer Wirkstoffe und monoklonaler Antikérper ermdglicht. Fir den
therapeutischen Antikdrper Ocrazumab konnte eine kontrollierte Freisetzung Uber 15 Tage
erzielt werden und das Matrixmaterial Chitosan bewirkte die Offnung vorTight Junctionsin der
olfaktorischen Mukosa vom Schwein. Dadurch konnte eine verstarkte Aufnahme im
olfaktorischen Epithel ezielt werden, was der (berwindung dieser biologischen Brriere
entspricht und die Eignung der entwickelten Partikel fur die intranasale Applikation deutlich
macht. Das Spreitungsverhalten UVernetzbarer HATyrLO6sungen ist fur die Applikation adi
Mukosa, und damit als befestigendeKomponente desin dieser Dissertationentwickelten Drug
Delivery Systemsn der Nasegeeignet.



Abstract

This doctoral thesigleals with the development and characterization of biebased particulate drug
formulations for drug delivery in the olfactory cleft lat. Regio olfactoria The olfactory mucosais
directly connected to the brain and central nervous system via the olfactory nerve and trigeminal
nerve. Intranasal drug delivery is an innovative route, especially for macromalées and proteins,
which allows bypassing the bloodbrain barrier by transport along these nerves. The stalled
noseto-brain transport is therefore currently of particular interest for the therapy of neurological
diseases, such as multiple sclerosis,ttj for example, monoclonal antibodies.

In this dissertation, polylactideco-glycolide (PLGA) nanoparticles were first encapsulated in
chitosan as matrix material by spray drying. Theesulting PLGAchitosannano-in-micro particles
(NiIMP) exhibited a sphecal shapeand patrticle sizes of 5.756.61 um. Such NiMPs havenever
been reported before in the lterature, because the current standard is coating via emulsification

In ex vivo porcine olfactory mucosa, unencpsulated PLGA nanoparticles (8am, 175 nm,
520 nm) prepared by emulsion polymerization showed sizeand time-dependent uptake. It was
determined that 520 nm PLGA particles associated with cell nuwal and neurofilaments within
15 min. In comparison, chitosan increased the uptake of spragried NiMPs, which was attributed
to the property of chitosan to be able to open tight junctions in the olfactory epithelium, allowing
paracellular transport. The opening of tight junctions by interaction with chitosan was
demonstrated for the first time in olfactory tissue using immunohistochemical staining of the
protein Zonula Occludens (Z0O1).

Subsequently, the influence of different chitosan derivatives with deacetylation degrees (DD) of
80-90 % and molecular weights (MW) of 20500 kDa was investigatedin terms of particle
morphology, particle size distribution and particle yield of the sprayrying process The MW of
the chitosan particles and the DD only to a minor extend, affected the particle morphology,
particle size distribution and the yield of he spray drying process. At 100°C inlet temperature of
the spray drying process, particles with smooth surface, monomodal particle size distribution
(polydispersity index 0.02+0.01) and mean diameters of 69+9 nm could be produced. The process
parameters optimizd in this dissertation ato enabled high particle yields over60 % and
continuous production over a period of 40 min.

In addition, the active ingredients biotin and ocrelizumab were encapsulated in chitosan for the
first time in this dissertation; a highencapsulation efficiency of over 8% was achieved for
loadings between 5wt% (biotin, ocrelizumab) and 15wt% (ocrelizumab) using spray drying.
Ocrelizumab remained structurally largely intact after encapsulation, with only up to 1% of
binding capacitylost, which was attributed to changes in tertiary or quaternary structure.

The glass transition temperature ofthe developed particles was7, 136 °C, confirming their
storage stability over five weeks at room temperature. Dissolution tesis vitro showed no burst
release. The diffusion coefficient of biotin was reduced by encapsulation in the chitosan particle
matrix to Dbaiotin pariices = 4.11 10° cm2 s*. For ocrelizumab, a significantly lower diffusion
coefficient of Docrerizumanpariicies = 1.79 10°® cm2s* resulted from the chitosan particles. After 360 h,
84.43+4.85 % ocrelizumab was released. The data collected allowed the application of the
KorsmeyerPeppas model, which predicted a completaelease of the drug within 395h and
explained a drug elease via abnormal transport.

To be able to fix the developed particle famulation to the olfactory cleft, native and tyramine
modified hyaluronic acid solutions (HA, HATyr) were investigated as a possible coating on
mucosa. For this purpose, the spreadg behavior of the HA solutions was analyzed under
laboratory conditions and in a climatic chamber simulating the physological conditions of the
nasal cavity. Amucin-agarosebased artificial mucosa analog was compared witex vivomucosa
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and validated. As the polymer concentration of the HA solution decreased, the contact angle
decreased, the aspect ratio of the droplet increased, and spreading on the mucosa was
accelerated. The physiological conditions of the nose also favored spreading.

Overall, in this Ph.D. thesisa chitosanbased particulate drug formulation using spray dryingvas
successfully developed, which enables structurally intact encapsulation of low molecular weight
drugs and monoclonal antibodies. Controlled release over 15 days was achéelv for the
therapeutic antibody ocrelizumab, and the matrix material chitosan caused the opening of tight
junctions in the porcine olfactory mucosa. This resulted in enhanced uptake in the olfactory
epithelium, which is consistent with overcoming this biadgical barrier and highlights the suitability
of the developed patrticles for intranasal delivery. The spreading behavior of 4Ybsslinkable HA
Tyr solutions is suitable for application to mucosa, and thus as an attachment component of the
intranasaldrug delivery system developeth this dissertation
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1. Einleitung
1.1 Neurologische Erkrankungen

Mehr als eine Milliarde Menschen leiden nach Schatzueg der Weltgesundheitsorganisation
(engl. World Health Organization WHO) weltweit an Erkrankungendes z2ntralen Nervensystems
(WHO, 2006) Neurologische Erkrankungen stellen damit eine gesellschaftliche Herausforderung
fur die offentliche Gesundheit dar. Neben Hirn und Rickenmarksverletzungen, entzindlichen
und neurodegenerativen Erkrankungen sind das vor allem neurologische und psychiatrische
Erkankungen wie Demenzen, Schlaganfie, Epilepsi@, Depressioen und Psychosen, aber auch
Tumorerkrankungen.

Ein Grofteil dieser Erkrankungenist bislang nicht heilbar, die Therapie erfolgt deshalb meist
ausschlieR3lich symptomatischiNeben dem unvorstellba grof3en individuellen Leid, welches diese
Erkrankungen verursachen, sind sie auch mit enormen Kosten fir die Gesundheitsnd
Sozialsysteme verbunden. Effiziente und bezahlbare Behandlungsstrategien liegen hier bisher nur
bedingt vor und eine alternde Geslischaft im demographischen Wandel stellt die
Gesundheitssysteme der Industrienationen vor enorme Herausforderungen. Es ist daher aus
ethischen und sozialen, aber auch aus 6konomischen Grunden dringend erforderlich, die
medizinische Versorgung in diesemddeich zu verbessern.

Zu den zehn am haufigsten diagnostizierten neurologiscimeErkrankungen zéhlerunter anderem
Parkinson, Multiple Sklerose, Hirnhautentziindungeripilepsienund Alzheimer (Destatis, 2017)
Aufgrund des demografischen Wandelstreten vor allem Parkinson und Alzheimer in den
vergangenenJahren vermehrtauf. Die Behandlung dieser weit verbreiteten Erkrankungen war
bislang allerdings ausschlief3lich symptomatisch mogli¢gpGN, 2016) Eine neue Studie erweckt
seit vergangenem Jahr erstmals Hoffnungir einen vielversprechenden Therapieansain der
Behandlung von AlzheimerDemenzen mittels monoklonalen Antikdrpern gegen ¢-Amyloid-
Plagues(DGN, 2021a; Mintun et al., 2021) Das Risiko fur Epilepsieerkrankungen nimmt mit
steigendem Alter ebenfalls zu, wobei bereits ein Drittel aller Epilepsieausbriiche im Kindesalter
auftritt (Elger & Berkenfeld, 2017)Im Gegensatzsind von Hirnhautentziindungen und Multipler
SkleroseMenschen allen Altersbetroffen. Die Multiple Sklerose betrifftetwa 120 000 Menschen

in Deutschland, wobei diese die haufigste chronische Erkrankung des zentralen Nervensystems
(ZNS)in jungen Menschen ist und sogar die neurologische Krankung ist, die bereits im frihen
Erwachsenenalter am haufigsten zu bleibender Behinderung fih(Hemmer, 2021) Besonders
vielversprechend in der Therapie von Multipler Sklerose sind ebenfati®noklonale Antikorper,
welche in der neuesten Generationauf eine Anti-CD20-Therage abzielen(A. L. Greenfield &
Hauser, 2018)

1.1.1 Multiple Sklerose

Multiple Sklerose (MS) ist mit2,5 Millionen Erkrankten weltweit aktuell die hé&ufigse
immunvermittelte chronisch-entziindliche Erkrankungdes ZNSGraf, Albrecht, Goebels, Aktas, &
Hartung, 2020; WHO, 2006) wobei die Ausltser dieser Autoimmunitatweitgehend ungeklart
sind. Ziel der Autoimmunreakton sind Axone und das diese umgebend#yelin, welches im ZNS
von Oligodendrozyten gebildet wird (Bunge, Bunge, & Ris, 1961) Folge dieser
Autoimmunreaktion sind damit demyelinisierte Axone und Axonschaden, welche Gliose und
Sklerose zur Folge habefHemmer, 2021; WHO, 2006) Aufgrund dieser Schadigungen ist eine
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Reizweiterleitung nur noch eingeschrankt oder gar nicht mehr méglich, weshalb die Betroffenen
meist Lahmungen oder verminderte Sensibilititaber auch kognitive Einschrankungenals
Symptome wahrnehmen. Da die zellularen Schéadigngen alledings dberall im Gehirn oder
Ruckenmark auftreten kdnnen sind die Folgen und Einschrankungeireser Erkrankungsehr breit
gefachert. 85 % der Patienten werden mit schubférmiger wiederkehrender MS diagostiziert
(engl. Relapsing RemittingMS, RRMS). Dabei wechseln sich Schiibe neurologischer Dysfunktion
und Erholungsphasen ab. 8®o der Erkrankten entwickeln spater entziindliche Lasionen, die zu
Gewebeabbau flihren. Diese Form der Erkrankung wird als sekurmm@dprogressive MS (engl.
Secondary ProgressivilS, SPMS) bezeichnet. Die primare progressive Form der MS (eRginary
ProgressiveMS, PPMS) wird zwar bei nur etwa 106 der Patienten diagnostiziert, geht allerdings
von Beginn an mit Gewebeverlust der Hirsubstanz einher um Erholungsphasen bleiben aus.
(Dendrou, Fugger, & Friese, 2015)

Am pathologischenAutoimmunprozessder MSsindvor allem autoreaktive Lymphozyten beteiligt.
Es konnten bereits die beiderCD4-positiven T-Helferzllen Tyl und T,17 als Ausléser identifiziert
werden. In aktuelleren Studien ist vor allem die Beteiligung vorB-Lymphozyten an der
Autoimmunreaktion in den Vordergrund der Forschung gerlckt die bei MS Patientenmit
Fortgang der Erkrankungvermehrt in das NS migrieren(Comi et al., 2021; Goldmann et al.,
2016). B-Lymphozyten sind dabei zum einen durch die direktee&retion proinflammatorischer
Zytokine an der Autoimmunreaktion beteiligt, zum anderen induzieren oder modulieren sie
wiederum T-ZellReaktionen.DarlUber hinaus wird das Immunsystem des ZNS hauptséchlich von
Mikroglia-Zellen Gberwacht, welche die neuronale Aktivitat prifen, neuronale Vorlauferzellen und
Synapsen wahrend der Entwicklung zum Schutz umhullennd auf Gewebeschéden reagieren
(Goldmann et al., 2016; Norris & Kipnis, 2019)Nichtsdestotrotz werden BZellen hauptsachlich
in der Peripherie des Koérpers transportiert und migriereaufgrund der BlutHirn-Schranle (BHS)
bei gesunden Menschen und damit auch bei Beginn der MS Erkrankumyir in geringen Zahlen
in das ZNSR. Li, Patterson, & BaOr, 2018).

Zellkern

Perizyt

Endothelzelle

Mitochondrium

Lumen des
KapillargefaBes . :
Tight Junction

Abbildung 1: Aufbau und Bestandteile der BluHirn-Schranke(Kubelbeck, 2020)

Die BHS stellt einen natlrlichen Schutzmechanismus des Koérpers dar, um Pathogene vom ZNS
fernzuhaltenund ist in Abbildung 1 schemdisch dargestellt. Die wichtigsten ier Bestandteilesind
das Kapillarendothel,die Tight Junctions die Perizytenund die Asterozyten Dabei besteht das
Endothel der Kapillaren, die das ZNS vaskularisieraus den Endothelzellen und Zelelt
Kontakten, den Tight Junctions Die aus Occludin und Claudin-TransmembranProteinen
bestehenden Tight Junctions reduzieren den parazellularen Transport von vor allenpolaren
Substanzen, wie Peptide und Proteinen signifikant (Begley, 2004; Patel & Patel, 2017)Die
Perizyten der BHS bestehen vor allem ausdem Strukturprotein Aktin, unterstitzen die
Aufrechterhaltung der BHS und regulieren den BlutflusgHerman & D'Amore, 1985; Rucker,
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Wynder, & Thomas, 2000) Zudem ist dasVorkommen der Perizytenmit der Dichte an Tight

Junctions korreliert. Eine Besonderheit der Perizyten ist aul3erdem deren makrozytische-
Eigenschaft welche es ihnen erméglicht ahnlichwie Makrophagen - Phagozytose und Antigen

Prasentation zu betreiben(Balabanov, Washington, Wagnerova, & Dor®uffy, 1996; Hickey &

Kimura, 1988). Dies ermdglichtim Umkehrschlusdie unmittelbare Entfernung von Schadstoffen

an der BHS. Die Asterozyten zahén zu den MakrogliaZellen und sind hauptséchich fur die

Versorgung von Nervenzellen mit Nahrstoffen verantwortlich. Dartber hinaus sind sie tber ihre

Auslaufer direkt mit dem Kapillarendothel in Verbindung, bedecken 99% dessen Flache um

tauschen Botensoffe mit diesem aus, um die ZelDifferenzierung und die Barrierefunktion der
BHSaufrechtzuerhalten.(Johanson, 1980; Pardridge, 2005)

1.1.2 Die Behandlung von Multipler Sklerose

Obwohl MS zu den bislang noch nichheilbaren Erkrankungen zahlt hat die Forschung der letzten
Jahre enorm verbesserte Therapiemdglichkeiten hervorgebradi@raf et al., 2020) Der aktuell
vielversprechendste Ansatz fir die erfolgreiche Behandlungiw&kRMS und PPMS sind ArED20-
Therapien mit monoklonalen Antikdrpern. Da, wie bereits beschrieben B-Lymphozyten
nachweislich selbst an der Asldsung einer zellularen Autanmunreaktion oder an der Aktivierung
proinflammatorischer T-Zellen beteiligt sind fat es sich als sinnvoll herausgestellt diese zu
inhibieren. Die zellulare Autoimmunreaktion sowie die Depletion derproinflammatorischen
CD20"-B-Zellen sindin Abbildung 2 schematischdargestellt. Die Inhibition von CD20"-B-Zellen
und deren dadurch ausgeloste Apoptosekann die im Blut vorherschende Zahl naiver und
proinflammatorischer BZellen effektiv reduzierenwas das Auftreten neuer Schib nachweislich
unterdriickt (A. L. Greenfield & Hauser, 2018)Von der daraufhin ausgeldsten etwa sechs bis neun
Monate andauerndenB-ZellDepletion sind PreB-Zellen und ausdifferenzietie Plasmazellen nicht
betroffen. CD20"-B-Zellenin Lymphknoten werden davon ebenfalls weniger erreicht und eine
Depletion von BZellen innerhalb des ZNS fehlte bighg, was wiederum mit der abschirmenden
Funktion der BHS zusammenhangt die insbesondere aub den Wirkstofftransport vom
lymphatischen System und dem Blutkreislaum das ZNS signifikant reduzierBegley, 2004; Patel
& Patel, 2017; Hartwig Wolburg et al., 1994) Fir die Permeation von Proteinen wurde beits
eine CSFSerumbDiffusionsrate beschriebendie mit dem isoelektrischen Punk{IEP)des Proteins
korreliert (Trojano et al., 1986) Insbesondere finmmunoglobuline G (IgG) wurde im Vergleich zu
kleineren Proteinen einreduzierter Permeabilitdtskoeffizient(CSF/Serumyon 0.36 bis 0.54
beschieben (Livera et al, 1984).

Aktuell werden die drei monoklonalen 1gG Antikodrper Rituximab, Ocrelizumab und Ofatumumab
als Anti-CD20-Wirkstoffe in der klinischen Forschung untersucht. Seit 2018 ist der humanisierte
Antikoérper Ocrelizumab fur die Behandlung von RRMS und PPMS8gelassen und wird zweimal
jahrlich als Infusion mit jeweils 600mg Wirkstoff verabreicht. Ocrelizumab bewirkt eine effektive
B-ZellDepletion, allerdings wird dadurch nicht nur die Autoimmunreaktion reduziert, sondern es
kann auch zu einer Immunsuppresen im Ubrigen Blutkreislauf kommen. Beschriebene
Nebenwirkungen sind moderate Reaktionen im Zusammenhang mit der Infusion, Schwindel,
Ubelkeit und das erhohte Risiko fir Erkrankungen der Atemwege sowie Herp¢®GN, 2018)
Aktuelle klinische Studien mit Ocrelizumab wiesen eine Serumkonzentration von ca.
100 pg Mleewm® 15 Tage nach der Infusion mit 600mg Ocrelizumab nach, diese nahm nach 30
Tagen auf ca. 50ug Ml Und nach 58 Tagen auf ca. 2Qug Ml ab (Gibiansky et al., 2021)
Die therapeutisch wirksame Konzentration von Ocrelizumab in der Cerebrospinalflissigkeit (CSF)
3



von Patienten ist lingegen bislang nicht bekannt. Seit 2021 ist nun auch der humane Antikorper
Ofatumumab fur die Behandlung von RRMS auf dem deutschen Markt verfugbar. Dabei werden
20 mg des Wirkstoffs einmal monatlich subkutan vom Patienten selbst verabreicht. Die

beschridbenen Nebenwirkungen sind ebenfalls Atemwegserkrankungen, systemische
injektionsbedingte Reaktionen und HarnwegsinfektionefiDGN, 2021b)

B-Zelle _Yanc.TcR
/

T-Helferzelle

CD80/86-CD28

Myelinschicht . , »
My AN 4

Freisetzung

- pro-inflammatorischer
Demyelinisierung| Zytokine

Myelin .

-reste ﬁ\ Autoantigene

Z(}N\/i CD20 ?

Qo

NS

B-Zelle
B-Zell-Apoptose

Abbildung 2: Wirkmechanismus der AntCD20-Therapie fiur die Behandlung von Multipler Sklerose.
Wahren der Demyelinisierung von Axonen bei Multipler Sklerose werden Myelinreste als Autoantigene von
B-Zellen erkannt. Die dadurchaktivierten BZellen rekrutieren T-Helferzellen. Uber die Bindung des
Haupthistokompatibilitditskomplexes (engl. Major Histocompatibility Complex, MHC) an den-ZellRezeptor
(engl. T-cell Receptor, TCR), sowie eines der glykosylierten Phosphoproteine CD86 CD86 an CD28 auf
der T-Helferzelle wird diese zur Produktion von proinflammatorischen Zytokinen undiutoantikdrpern
gegen die Autoantigene der Myelinfragmente stimuliert. Durch die Therapie mit Rituximab, Ocrelizumab
oder Ofatumumab wird CD20 auf CD20 B-Zellen gebunden, welche dadurch Selbstzerstérung durch
Apoptose auslésen und so keine weitere Autoimmunreaktion modulieren koénnenlveréndert nach
(Maucher, 2021).

Zudem werden auch niedrigmolekulare Wirkstoffe wie Glatirameracetat, Dimethylfumarat oder
Cladribin in der Behandling von MS eingesetzt, allerdigs meist fir RRMS im spaten Stadium
(Hemmer, 2021) Zudemwurde das Vitamin Biotin bereitsin klinischen Studienals Wirkstoff oder
fur die Unterstiitzung der Therapievon PPMSuntersucht (Sedel et al., 2015; Tourbah, Lebrun
Frenay, & Edan, 2016)Dabeiwurde festgestellt, dass eine taliche orale Dosis von 100ng Biotin
zur Verbesseung der PPMSSymptome beitrug was auf die erhéhte Energieproduktion in
demyelinisierten Axonen zuruckgefuhrt wurde und damit die Myelinsynthese in den
Oligodendrozyten fordern kénnte(Peyro Saint Paul, Debruyne, Bernard, Mock, & Defer, 2016)

Trotz der relativ guten Therapieerfolge der beschriebenen AMCD20-Therapien sind die aktuell
verwendeten Behandlungen limitiert. Die therapeusch wirksame Dosis wurde erst in den letzten
Jahren zurichst fur Ocrelizumab dann auch fur Ofatumumab aufgeklart. Dabei sindallerdings

4



vergleichsweise hohe Mengen der teuren Biopharmazelti notwendig und deren Wirkung im
ZNS am Ort der Erkrankung ist eingeschréankt, da nur wenige inhibierte BZellen im ZN-
nachgewiesen werden konnten(A. L. Greenfield & Hauser2018). Durch die vergleichsweise hoh
notwenige Dosis entstehenden nicht nur dem Gesundheitssystem hohen Kosten, sondern die
deutlich einschrankenden Nebenwirkungen reduzieren auch den Patientenkomfort, sowie die
Akzeptanz der Patienten. Dies macht den @larf weiterer Optimierungen dieser Therapien
deutlich. Allen gangigen enteralen und parenteralen Applikationsformen ist die abschirmende
BHSals Herausforderung gemein. Sobald insbesondere proteinoge Wirkstoffe wie monoklonale
Antikorper oral, intravenGs oder subkutan verabreicht werden, kann nur ein Bruchteil der
verabreichten Dosis das Gehirn und das Rickenmark erreichemmbei die Datenlage hierbei bisher
durftig ist. Um eine hohe Dosierungm ZNS zu erreichen wirdir schwerwiegende Erkrankungen
deshalb sogar dieintrathekale Applikation - direkt in das Ruckenmark verwendet, um die BHS
zu umgehen. Diese Verabreichungsform ist jedochfir die Patienten sehr unangenehm
Insbesondere bei MSund den vor allem jungen Patientinnen und Patientenist die Beeitschaft
unangenehme Therapien zur Pravention zu durchlaufen ausgesprochen geringlobelt,
Thompson, Berg, Gannedahl, & Eriksson, 201,4Ja das indviduelle Leid zu Beginrder Erkrankung
meist gering ist und Betroffenezunéchstoft nur einen einzelnen Krankheitsschub erletn. Um
die Bereitschaft fir Therapia im frihen Stadium dennoch zu férdernund dabei die zu diesem
Zeitpunkt noch weitgehend intakte BHS zu umgeherstellt die intranasale Applikation einen
innovativen Ansatz dar, der nicht nur einfach und schnell umsetzbaein konnte, sondern seit den
letzten Jahren bereits zunehmend in der Forschung etabliert idRie Umgehung der BHS Uber
intranasale Applikation folgt dem Prinzip desNoseto-Brain Transports, bei dem applizierte
Wirkstoffe nicht in das Blut aufgenommen werden, sondern ber oder entlang von Nervenzellen
transportiert werden.

1.2 Noseto-BrainTransport

Die direkte Verbindung zwischen Nase und Gehirn wurde 1990 zum ersten Mal beschrieben
(Morrison & Costanzo, 1990, 1992) Die Auslaufer desRiechnerg (Nervus olfactoriug und der
maxilaren Verzweigung des HirnnervégNervus trigeminu3 durchqueren den Schadelknochen und
minden in die Riechrinne, lat.Regio olfactoria Dieser schmale Bereich habeim Mensch eine
Flache von4 bis 5 cn¥, das entspricht etwa 3 % der Gesamtflaiche der Nasenhohle und ist nur
durch das knocherne, gelochte Siebbein vom Gehirnnd von der CSFgetrennt (Michael
Ikechukwu Ugwoke, Verbeke, & Kinget, 2010) Unter dem Prinzip desNoseto-Brain Transports
wird die intranasale Applikation von Wirkstoffen verstanden, die dort nicht in das Blusondern
unmittelbar in Nervenzellen aufgenommen werden und so die BlHlirn-Schranke umgehen
kénnen. Dieser Mechanismus wurde in deForschung bereitsfiir niedrigmolekulare Wirkstoffe
sowie fur makromolekulare Proteinwirkstoffe nachgewiesenwobei der Transport von Wirlstoffen
Uber die zwei beschriebenen Nerven erfolgen kann. Dementsprechend wird d&loseto-Brain
Transport in den Transport Uber den olfaktorischen Nerv und den Trarsport Uber den
Trigeminusnerv unterschieden (J. M. Anderson, Rodriguez, & Chang, 2008; Ganger &
Schindowski, 2018; Stiutzle, Flamm, Carle, & Schindowski, 2015bBeide Haupttransportwege
werden nochmalsin intrazellulare und extrazellulare Aufnahme unterteiltDiese Unterscheidung
wird in Kapitel 1.2.2 genauer erlautert.



Die Forschung der intranasalen Applikation von Wirkstoffen beschéftigt sich bislang zum Grof3teil
mit flissigen Darreichungsformen. Dabei sind die physikochemisn Eigenschaften des
Wirkstoffs entscheidend fur én Erfolg der Aufnahme in das Epithel und schlielich in das Gehirn.
Die passive Diffusiorund damit einhergehend die GrofRedes Wirkstoffs sgelt eine signifikante
Rolle (Warnken et al., 2016) allerdings scheint die Regulierung weniger strikt als an der BHS zu
sein. Insgesamt erreichten Wirkstoffe bei der intranasalen Verabreichurdadurch bis zu 13fach
hohere Konzentrationenin der CSHm Vergleich zurintravenésenVerabreichung(F. Wang, 2003)
Zudem kann Mukoadhésion die Kontaktzeit einer Wirkstofflosung an derRegio olfactoriades
Menschen von einer afi 14 Minuten verlangern (Charlton, Davis, & lllum, 2007) Die relatve
Bioverfugbarkeit der Wirkstoffe war dadurch ebenfalls hoher als bei der Verabreichung einer
Lésung und gleich éner subkutanen Applikation (Teshima et al.,, 2002; Michael Ikechukwu
Ugwoke, Exaud, Van Da Mooter, Verbeke, & Kinget, 1999) Die Mukoadhéasion stelltsomit eine
vielversprechenddvidglichkeit dar, um die Verweilzeit von Wirkstoffformulierungen zu verlangern
oder eine kontrollierte Freisetzungu ermdglichen(M. I. Ugwoke, Agu, Verbeke, & Kinget, 2005)
Insbesondere durchdie Verkapselung der Wirkstoffein Nano- und Mikropartikel konnte die
Wirkstoffaufnahme noch weiter gesteigert werden (Warnken et al., 2016) Begrindet werden
kann diese weitere Verbesserungbenfallsmit der verbessertenAdsorption, beispielsweise durch
Mukoadhdasion und dererhdhten Stabilitat der Wirkstoffe durch den Schutz der Verkapselung
Beim Vergleich wvischen Nanopartikeln aus Polyylenglykol-co-Milchsaure(engl. Polylacticacid)
(PEGPLA) und derdirekten intranasalenWirkstoffverabreichung als Lésung konnteriir die PEG
PLAPartikel biszu 8-fach héhere Wirkstoffkonzentrationen im Gehirn nachgewiesen werden
(Gao et al., 2007) Folglich scheint dieintranasale Applikation von Polymerpartikelrbesonders
vorteilhaft zu sein Bislang isthingegen noch nicht geklart, ob Nanopartikel bei der intranasalen
Applikation intakt in das Gehirn gelangen kénnen, da dazu widersprichlicherg§ebnisse publiziert
wurden (Fazil et al., 2012; Gao et al., 2007; A. Mistry, Stolnik, & Illum, 2015)

Bei den derzeit auf dem Markt erhaltlichen Systemen handelt es sich vor allem um Nasensprays
oder Nasentropfen (Kublik & Vidgren, 1998) Furpartikulare Formulierungen wurden Appikatoren
entwickelt, welche Pulver elektrisch zerstduben, komprimierte Luft als Druckgebeutzen, oder

auf die respiratorische Kraft des Patienten setzen(Djupesland & Skretting, 2012) Diese
Applikationsformen bedeclen im Gegensatz zu handeisblichen Nasensprays auch deBereich
der Regio olfactoria(Abbildung 3) (Warnken et al., 2016)

Abbildung 3: a-c: Verteilung von Wirkstoffformulierungen durch auf demMarkt vorhandene Applikatoren.
a: Impel Neuropharma Precision Olfactory Delivery.b: Optinose BiDirectional Applikator. c: Bn
handelslbliches NasensprayCharlton et al., 2007)

1.2.1 Die Anatomie der Nasenhdhle

Die Hauptfunktionen der menschlichen NasenhoOhle bestehen im @ehssinn und in der
Regulierung von Feuchtigkeit und Temperatur der eingeatmeten Luft sowie im Entfernen von
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Schmutz und Mikraorganismen aus der Atemluft(Menache et al., 1997) Das Nasenseptum teilt
den vorderenTeil der Nasenhdhle in zwei Kamnma. Jede Nasenkammer kanmvie in Abbildung -
4 dargestellt in sieben Teile unterteilt werden, den Nasenvorhof (A)das Atrium (B), den
respiratoristien Bereichbestehend aus untereC1), mittlerer (C2)und oberer (C3)Nasenmusche|

sowie den olfaktorischen Bereich(D) (Regio olfactorig und den Nasopharynx(E) (Michael

Ikechukwu Ugwoke et al., 2010) Die Regio olfactorialiberlappt teilweise mit dem Septumund

der oberen NasenmuschelSie wird vom Luftstrom der Atmung normalerweise nicht erreicht,

Duftstoffe werden stattdessen Uber Diffusion zu dieser sensiblen Region transportieth der

Nasenhohle reibt die Temperatur von 23 °C im Nasenvorhof bis35 °C im Nasopharynx, wobei

die Temperatur im Nasopharynx zwischen 32C und 35 °C schwankt(Ingelstedt & Ivstam, 1951;

Keck, Leiacker, Riechelmann, & Rettinger, 20Q0Die Luftfeuchtigkeit in der Nasenhdhle liegt

zwischen 90 % und 95 %, wobei im Nasopharynx die hochste Luftfeuchtigkeit von 956

gemessen wurde.Insgesamt hat die Nasenhdhle eine mit Mukosa ausgekleidete Flache von 150

200 cm? (Bourganis, Kammona, Alexopoulos, & Kiparissides, 2018a; Ganger & Schindowski,

2018; Michael Ikechukwu Ugwoke et al., 2010) die bei gesunden Menschen einen relativ

konstanten physiologischen pHNert zwischen pH5,5 und pH 6,5 aufweist (R. J. England, J. J.

Homer, L. C. Knight, & S. R. Ell, 1999)

Abbildung 4: Schematischer Schadelquerschnitt mit Nasenvorhof), Atrium (B) und respiratorischer
Region: unterer C1), mittlerer (C2) und oberer C3) Nasemmuschel, sowie Riechgithel (D) und Nasopharynx
(E) (verandert nach(Lynch, 2006).

Das respiratorische Epithddedeckt etwa 97 % der Nasenhohle undbesteht aus vier verschiedenen
Zelltypen; Drisenzellen mitund ohne Cilien, Basalzellen und Becherzellen. Die Becherzellen
transportieren Wasser, lonen und Mukus. Die Cilieder Drisnzellenschlagen mit 1000 Schlagen
pro Minute und transportieren Schmutz mit einer Geschwindigkeit von 5 mm pro Minute irdie
Richtung des NasopharynxDie Basalzellen sind multipotent und kénnen sich in die tbrigen Zellen
differenzieren. (Michael Ikechukwu Ugwoke et al., 2010)

Das olfaktorische Epltel besteht aus olfaktorischen sensorischen Neuronen(OSN) daran
anschlieBendenunmyelinierten olfaktorischen Axonen, Siitzzellen und BasalzellerfBourganis et
al., 2018a; Ganger & Schindowski, 2018)Die OSNsind bis zu200 pm lang. Ihre Dendriten reichen
bis in die dariiber liegende Mukusschicht hineinsind unbeweglich und funktionieren als
Detektoren. Sie lésen bei einem Reiz die Depolarisierung des zugehdrigen Axons aDge
Zellkorper der OSN liegen zwischen eth Stitzzellen, welche der Stabilisierung undder

Nahrstoffversorgung dienen. Die olfaktorischen Axone sind von olfaktorischen Hiullzellen und
7



Fibroblasten ummantelt und bilden den Riechnerv. Die Reizweiterleitung erfolgt von dort aus
zunachst zum Riechkolbn und danach weiter in das ZNSDie Mukussekretion findet im
olfaktorischen Epithel Gber Bowmandrusen statf welche bis in die darunterliegende
Bindegewebeschicht hineinreichen Die Epitheliendes olfaktorischen und des respiratorischen
Bereichs liegen dieser Bindegewebschicht, der Lamina propria auf, die hauptséchlich aus
Fibrodasten besteht.In die Lamina propriader olfaktorischen Mukosa sind mdem Blutgefalie,
Lymphgefal3e, Lymphoidfollikel und autonome Nervenfasern als Auslaufer des Trigeminusnervs
eingebunden.Im Gegensatz zur respiratorischen Mukosa ist die olfaktorische Mukosa von deutlich
weniger Blutgefalen durchzogen, was sich in einer fast wei3en Farbung zei@hlpesh Mistry,
Glud, et al., 2009; Stltzle & al., 2015b) und beide Bereiche auch optisch einfach unterscheidbar
macht. Beide Bereiche werdezudemvon einer5-15 um hohen Mukusschicht abgeschlosse(M.

I. Ugwoke et al., 2005) Mukus besteht zu ca. 95gew.% aus Wasser 0,5-1 gew.% aus Salzen,
1-2gew.% aus Lipiden, 0,2590ew.% aus Muzinen, anderen Proteinen und
DesoxyribonukleinsdurelNA) (Leal, Smyth, & Ghosh, 2017)Hauptbestandteil desMukus neben
Wassersind damit die Muzine. DieseGlykoproteinehaben ein Molekulargewicht von 1640 MDa,
besitzen hnge Polysaccharide als Seitenketten urmewirken die Mukoadhésion(Sheehan, Oates,
& Carlstedt, 1986) Die Muzine der olfaktorischen Mukosasind im Gegensatz zu andererMuzinen

im Korper sekretorisch, da sie abgemdert werden. In den Atemwegen kommen die
sekretorischen MuzineMUC2, MUC5AC uind MUC5B vor (Davies, Svitacheva, Lanneforkornfa,

& Carlstedt, 1999)

1.2.2 Extrazellulare und intrazellulare Mechanismeder Regio olfactoria

Die dem Noseto-Brain Transport zu Grunde liegenden Wege Uber den olfaktorischen Nerv oder
den Trigeminusnerv koénnen weiter in extrazellularen und intrazeliren Transport unterteilt
werden. Fir den extrazellularen Transport entscheidend sind beispielsweise, die auch im
olfaktorischen Epithel vorkommendenTight Junctions Sie wirken wie an anderen biologischen
Barrieren, zum Beispiel der bereits beschriebemeBHS, als selekiw Barriere, die die
Zellzwischenrdumeblockiert. Dadurch kénnen zwar vor allem niedrigmolekulare Stoffenoch
hindurchtreten, groRere Molekile wie Proteine kdnnen hingegen bei geschlossenenTight
Junctionsweniger gut aufgenommen werden (Crowe, Greenlee, Kanthasamy, & Hsu, 2018Die
Tight Junctionsbesitzen im ged6ffneten Zustand einen Durchmesser von ca. 1Bn (Alpesh Mistry,
Glud, et al., 2009; Miyamoto et al., 2001) Eine weitere Moglichkeit fir extrazellularerNoseto-
Brain Transportstellt der Erneuerungszyklus der OSN dar. Durch die Erneuerung der OSN nach
30-60 Tagen entsteht zwischen den Stiiizellen temporar extrazellularer Raum. Da die Ausbildung
von Tight Junctionsoder neuen OSN zeitverzogert stattfindet ist es wahrscheinlich, dass tber diese
extrazellularen Zwischenrdume vermehrt Wirkstoffe aufgenommen werden kénnd&rowe et al.,
2018; Y. Li, Field, & Raisman, 2005Partber hinauskann der Transport von Wirkstoffen entlang
der olfaktorischen Axone, zwischen diesen und den sie umgebenden Huillzellen erfolgddieser
extrazellulareRaum zwischen denolfaktorischen Axonen und ihren Hullzellenst unmittelbar mit
dem Liquor verbunden, weshalb Wirkstoffe Uber dése Route das Gehirn und das Rickenmark
direkt erreichen kénnen. Da auch de Auslaufer des Trigeminusnesy bis in die olfaktorische
Mukosa reichen, ist dieser als vergleichbarerer extrazellulardransportpfad ebenso denkbar
(Thorne, Pronk, Padmanabhan, & Frey, 2004)
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Abbildung 5: Schematische Darstellung der moglichen Node-Brain Transportwege flr intranasal
applizierte Wirkstoffe in den Riechkolben und die Cerebrospinalfliissigkgfl€ SFJ©Zimmermann, verandert
nach Stitzle et al. 2018)

Den intrazellularen Transportwegen desNoseto-Brain Transports liegen Pinozytose und
rezeptorvermittelte Endbzytose zu Grunde, welche sowohl fir OSN als aucHir den
Trigeminusnerv beschrieben sinfThorne 2004, Li & Field2005, Crowe et al. 2018). Wahrend flr
niedrigmolekulare Molekile wie béspielsweise Aluminiumlaktat (294Da) vor allem Pinozytose
stattfindet, werden Makromolekiile wie das Agglutinin-MeerrettichperoxidaseKonjugat (80 kDa)
oder IgG Antikorper (150 kDa) eher Uiber Rezeptorvermittelte Endozytose aufgenommenCrowe
et al.,, 2018; Ladel et al., 2018; Ladel et al., 2020) Aktuell wird vermutet, dass die initiale
Aufnahme von IgGsam olfaktorischen Epithel Giber den neonatalen Fc Bzeptor (FCRn) und den
Fecgamma Rezeptor vermittelt wird(Ladel et al., 2020; Maigler et al., 2021) dabei konnte eine
FcRezeptor abhangigeverzogerte Eliminierungvon IgG innerhab von 20 h statt innerhalb von
45 min in der Regio olfactoriavon Mausen festgestelliverden (Maigler et al. 2021) Die intranasal
applizierten 1gG konnten zudem im Riechkolben nach 4&in und nach 20 Stunden im
Hippocampus nachgewiesen werdenT heoretischwird von der olfaktorischen Mukosa ausgehend
ein weiterer VesikelTransport Uber den GolgiApparat und danach entlang von Axonen zum
Riechkolbenangenommen Crowe et al. 2018). Da dieser Transporallerdings fur Zeitspannen
zwischen 45min und sechs Stunén nach intranasaler Applikation in Mausenbeschrieben ist
(Crowe et al. 2018 Maigler et al. 2021), scheinendie Mechanismen desNoseto-Brain Transports
aktuell noch nicht vollstandig verstanderzu seinund sollten folglich weiter intensiv untersucht
werden.

1.2.3 In vitro Testsystemdur die intranasale Applikation

Nachdem bereits vielfach gezeigt werden konnte, dass intranasale Applikation und der zu Grunde
liegende Noseto-Brain Transport die Therapie des Gehirns und des ZNS verbessern bzw.
erleichtern kénnen, ist es essentiell die einzelnen Ebenen der bereits erlautertefransportwege
genauer zu untersuchen. Neben klassischemn vivo Studien mit Nagern werden in den
vergangenen Jahren vermehrin vitro und ex vivoModell-Systeme eingesetztum dem bereitsseit
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1959 postulierten 3R-Konzept (engl. Replace, Reduce, Refingerecht zu werden(Russell & Burch,
1960). Um Tierversuche zu vermeiderzu verringern und zu verbessernwird in der aktuellen
Forschung dedNoseto-BrainTransportsdie Applikation von Wirkstoffen zunachstmit in vitro oder
ex vivoModellen getestet (Ladel et al., 2018; Ladel et al., 2020; Ladel et al., 2019; Alpesh Mistry,
Glud, et al., 2009; Alpesh Mistry, Stolnik, & Illum, B09). Auch um beispielsweise die zelldren
Mechanismen direkt in der dfaktorischen Mukosa oder ausschlie3lich im Epithel vollumfanglich
zu verstehen sindex vivound in vitro Modelle selr gut geeignet.

Die beiden aktuell am haufigsten verwendeten Modlle in der Zellkultur sind die nasalehumane
PlattenepithelkarzinomZdllinie RPMI 2650, oder primare olfaktorischeEpithelzellen die
beispielsweise aus Biopsien des olfaktorischen Epithels von Schweinen extrahiert werden kénnen
(Ladel et al., 2018) Beide Zellformen koénnen, um die Bdingungen der Nasenhdhle besser
nachzubilden zudem in Air-Liquid-Interface-Kulturen kultiviert werden. Dabei werden sie auf
Transwellinserts ausgesat und erhalten Nahrstoffe nur vomunteren mit Zellkulturmedium
geflllten Kompartiment, wahrend sie oben der Umgebungsluft ausgesetzt sind/lom Schwein
kénnen bis zu 10cm?2 der olfaktorischen Mukosa prapariert werden, hierzu werden Biopsien aus
dem dorsalen Teil der oberen Nasenmuschel eatiert (Getty, 1975; AlpeshMistry, Stolnik, et al.,
2009), welche dann auch als komplexeres Modellex vivo verwendet werden, um die
Mechanismen der olfaktorischen Mukosa zu untersuchefiadel et al., 2018; Alpesh Mistry, 2009)
Um auch in desem Mocellsystem die Bedingungen der ldsenhthle mdglichst gut nachzubilden,
werden ca. 2cm? groRe Sticke der herauspraparierten Mukosa inSideby-SideZellen
beziehungsweise zwischen zweEppendorfGefale ohne Deckel eingespannt. Das &solaterale
Kompartiment wird zur Nahrstoffversorgung des Gewebes mit [posphatgepufferter Salzlésung
(PBShder Zellkulturmedium befiillt, das apikale Kompartiment bleibt leer, sodass die Epithelzellen
weiterhin der Umgebungsluft ausgesetzt sind. DieSideby-SideZellen wercen wahrend der
Untersuchung in einem Zellkulturinkubator inkubiertum die Bedingungen in der Nasenhohle zu
simulieren

1.3 Biobasierte Polymere

BiobasiertePolymeke oder Biopolymeresind Makromolekiile nattrlichen Ursprung$lUPAC, 1992)
Dabei kann es sichum Proteine, Nukleinséuren und Polysaccharide handeln. Biopolymdnnen
zudem in bioabbaubareund nicht bioabbaubare Biopolymere unterteilt werén. Weit verbreitete
nicht bioabbaubare Biopolymere sind zum Beispiel Polypropylen und Polyethylen, diggrund
ihrer Hergellung aus Bioethanol trotzdem als Biopolymere bezeichnet werden. Dennoaind die
meisten Biopolymere auf Starke, Zellulosdlolyhydroxybutyrat (PHB) und Polymilchs&aure (engl.
Polylactic acid PLA) basierend und damit auch biologisch abbaubarlnsgesamt gibt es
bioabbaubare Biopolymere pflanzlichen, bakteriellen und tierischen Ursprungs. Wahrend Starke
und Zellulose urspringlich @n Pflanzen stammen, sindMilcheiweil3, Kollagen und Hyaluronséure
ursprunglich tierischen UrsprungsDie moderne Biotechnologie ermdglichizudem die bakterielle
Produktion von PHB, PLA, und Hyaluronsaure (HAh grof3techniscken Malf3stab. Eine andere
Maoglichkeit ist die chemische Modifikation as urspriinglichen Rohstoffs, wie beispielsweise
Chitin zu Chitosan, um dessen Nutzbarkeit zu verbessern.

Ein wichtiger Vorteil von Biopolymeren gegentiber anderen Polymeren ist deren Biokompatibilitat,
was bedeutet, dass si&eine Immunreaktion in Kontakt mit Zellen oder dem Korper auslosen. Die
bioabbaubaren Biopolymere, allen voran PLA werden deshalb in der Medizintechnikd@elsweise
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als resorbierbares Nahtmaterial eingetzt, welches sich nach einigen Wochen bis Monatefim
Korper zersetztund deshalbnicht mehr chirurgisch entfernt werden muss. Starke und ZeIIquse-
Derivae werden flachendeckend in der Mhrungserganzungsmittel und Phamaindustrie als

Fullstoffe fur Kapseln und Tabletten eingesetzt, da sie die enthalteme Wirkstoffe vor
Umwelteinfliissen schitzen, eine einfache Dosierung ermdglichen und vom Kdorper entweder

einfach @. B. Starke) abgebautwerden kdnnen, oder als Ballaststoff£. B. Zelluose) im Darm von
Bakterien zersetztund wieder ausgeschieden werden.

1.3.1 Das Biopolymer Polylactigto-Glycolid

Das bioabbaubare Biopolymer Polylactido-Glycolid (PLGA), ein Polyester aus DMilchs&aure und
Glykolsaure wird ebenfalls bereits in der Medizintechnik als chirurgisches Nahtmaterial und in der
Pharmaindustrie fir Depotmedikamente verwendet, da es von der Europaischen
Arzneimittelagentur (engl. European Medical Agency EMA) und von der amerikanischerFood
and Drug Administration (FDA) zugelassen igDanhier et al., 2012) Lactid kann entweder durch
saurekatalytische Kondensation aus Milchsdure gewonnen werden, odbiotechnologisch aus
Glucose oder MelasseGlycolid entsteht beim Erhitzen von Gligolsaure. Durch eine ringdéffnemle
Polymerisation wird aus Glycolid anschlieBendPolyGlycolid das biologisch abbaubar ist. Die
Esterbindung von PLGA kann im Kérper bei 37C und einem pHWert von 7,4 hydrolytisch
gespalten werden wobei die dabei entstehenden Oligofragmente in Lésung deen und
abtransportiert werden kénnen.Durch das Massenverhéltnis voRLAund Polyglykolsaure €ngl.
Polyglycolic acid PGA)ist die Wirkstofffreisetzung fexibel einstellbar, wobei ein hdherer PLA
Gehalt eine langsamee Zersetzung und ein hoherer PGA Gelitaeine schnellere Zersetzung
bewirkt. Der Wirkstoff wird dabei entsprechendder Zersetzung ebenfalléangsameroder schneller
freigesetzt Eine Ausnahme stellt das ausgeglichene Verhaltnis von 50:50 (PLA:PGA) dar, dieses
setzt besonders schnell verkapseliWirkstoffe frei. (BrannonPeppas & Vert, 2000)

1.3.2 Das Biopolymer Chitosan

Das Biopolymer Chitosan wirchus dem nattrlich vorkommenden Chitin gewonnen und ist damit
ein nachwachsender Rohstoff. Pilze und die Schale von Krustentieren bestehen aus Chitin, wobei
die grof3technische Gewinnung von Chitosan vor allem Gber Chitin von Garnelenschalen erfolgt
(Shahidi & Synowiecki, 1991)Die Umwandlung von Chitin in Chitosan erfolgt entweder Uber
enzymatische Deacetylierung oder in NatronlaugeDas Polysaccharid setzt & aus i -1,4-
glykosidisch verkripften D-Glukosaminen zusammen.Je nach Deacetylierungsgradengl. Degree

of Deacetylation DD) ist ein kleinerer oder groRRerer Anteil an N-Acetylglucosaminresten
enthalten, da der DD den Anteil an deacetylierten Glucosamineangibt. Gangige DDs, die fur
Forschungszwecke erhaltlich sindliegen zwischen 70 % und 95 %. Der DD bestimmt die
physikochemischen Eigenschaften des Chitosans, wobei stark deacetylierte Derivate, also
beispielsweise mit einem DD von 956, eine hohere Kritallinitdt und geringe Quellbarkeit
aufweisen. Diese besitzen zudem eine héhere Reil3festigkeit und Dehnbarkeit, sowie eine hdhere
Viskositat als niedrig deacetylierte DerivateDariber hinaus ist Chitosan mukoadhésiv, wobei
mehr deacetylierte Gruppen diesverstarken und die Léslichkeit in Wasser erhhe(George &
Abraham, 2006; Wenling et al., 2005) Die Wechselwirkung zwischen den positiven
Aminogruppen von Chitosanund mehreren negativen Gruppen in der Schleimhawermadglicht die
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Mukoadhdsion, die wiederum vom Molekulargewichtdes Chitosan abhangt(Henriksen, Green,
Smart, Smista, & Karlsen, 1996Die Lange der ChitosarPolymerketten und ihr durchschnittliches
Molekulargewicht lassen sicldurch enzymatische Zersetzung oder saure Hydrolyseeuern (Illum,
1998).

Chitosan findet vielfaltig Anwendungen in der Kosmetik und Nahrungsmittelindustrie. Diese
reichen von Zahnpasta uber Fungizide, die Versiegelung von Nahrungsmittelpis hin zu
Ballaststoffen als Nahrungserganzungsmittel. Allerdingsst allein die Einfuhr von Chitosan
haltigen Lebens und Nahrungserganzungsmitteln erst seit 2017 in Deutschland erlaul§t FGB,
2017) und die Zulassung der EMA fir die Verwendung in Medikamenten flir den européischen
Wirtschaftsraum fehlt bislang. Trotzdem wéchst die Zahl an Forschungsstudien sigt Aktuell
befinden sich etwa zetm medizinische Produkte und Chitosan als Wirkstoff in kliniscineStudien
fur die Behandlung von chronischen Wunden, Zahnmarknekrose, Parodontose, Atopische
Dermatitis und sogar ProstatakrebgHeppe, 2020) Chitosan als partikulare Wirkstoffformulierung
wurde bislang nur in der Forschung untersuch{Rabiee et al 2020).

1.3.3 Das Biopolymer Hyaluronsaure

Hyaluronséure (HA) ist ein in der etrazellularen Matrix von Wirbeltieren vorkommendes
Glukosaminoglykan, also ein Mukopolysaccharid. Es besteht aDsaccharidEinheiten die -1,4-
glykosidisch verknupft sind. Ei Disaccharid setzt sich dabei aus eineD-Glucuronsdure undeinem
N-Acetylglukosamin zusammen Die physiologische Synthesgon HA im Korper von Wirbeltieren
erfolgt iber HA-Synthasen(Schulz, Schumacher, & Prehm, 200.7pie bakterielle Synthese von HA
in Streptococcus zooepidemicusvurde bereits 1969 von Stoolmiller und Dorfman erforscht
(Stoolmiller & Dorfman, 1969)und deckt heute einen GrofR3teil der industriellen ProduktiorfLiu,
Liu, Li, Du, & Chen, 2011) Die Eigenschaften von HA sind sehr gut auf deren Vorkommen im
Korper von Wirbeltieren zurlickzufiihren. Besonders enorm ist ihre Kapazitat Wasgerspeichern.
HA bildet beispielsweise das Hydrogel im Glaskorper des Auges. Zudem besitzenalrogele
eine hohe Druckbestandigkeit, wie beispielsweise in den Bandscheiben. Auf3erdest HA
Hauptbestandteil der Gelenkflissigkeitind kann als nattrlichesSchriermittel eingesetzt werden
Dort ist auch die scherverdiinnende Eigenschaft mdHA von Vorteil, welche dafiir sorgt, dass die
Viskositatvon HAbei héheren Scherkréften sinkt. Im medizinischen Bereich findet das Natriuates
der HA vielfach Verwendung, wr allem in der Therapie von Arthrose. Dabei werden HAGsungen
in Gelenke gespritt. Die sogenannte Visksupplementation wirkt gleichzeitig als StoRdampfer
und Schmiermittel, zum Beispiel im KniegelenkRodriguezMerchan, 2013; Trigkilidas & Anand,
2013). Besonders bekannt ist der Einsatz von HA in der Kosmetikindustrie, wobei hochmolekulare
Derivaie subkutan appliziert werden und niedrigmolekulare Derivate flr die &auRerliche
Anwendung eingesetzt werden, um Falten zu mildern(Pavicic et al., 2011) Zudem ist der
pharmazeutische Hisatz in der Augenheilkunde weit verbreitet, handelstbliche Augentrdpn
enthalten HA um gereizte Augen vor dem Austrocknen zu schiitzen und den Trénenfilm zu
stabilisieren. Ebensdtrdert HA die Wundheilung, wird als KombiPréparat bei Sodbrennen
eingesetz und wird flur Nasenspraysverwendet, welche die Schleimhaut langanhaltend
befeuchten. (Aya & Stern, 2014; Savarino et al., 2017)

In den letzten 20 Jahren wurden zudem chemisch modifizierte HBerivate erforschf da deren
mechanische Eigenschaften tber die chemische Struktur und Vernetzungsdichte gezielt einstellbar
sind (Xu, Jha, Harrington, FaraciCarson, & Jia, 2012; Zhu & Marchant, 2011) Besonders
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interessant ist lierbei das Tyraminmodifizierte Derivat der HA (HATyr), da dieses enzymatisc
oder mittels U\tLicht vernetzt werden kann(F. Lee, Chung®& Kurisawa, 2008b; J. H. Lee, 2018)-
Dadurch kann es zunéchst als flissige Losung injidieverden und nimmt nach der Verretzung
am Wirkort eine gezielt einstellbae Festigkeit als Hydrogel anHA-TyrHydrogele werden daher
in der Reparatur von Knorpeldékten und im Tissue Engineeringerwendet (Donnelly et al., 2017;

Motoichi Kurisawa, Joo Eun Chung, Yi Yan Yang, Shu Jun Gao, & Hiroshi Uyama, 2005; Ren, Gao,
Kurisawa, & Ying, 2015)

1.4 Drug DeliverySysteme

Drug DeliverySystemesind hochentwickelte Darreichungsfornen, die durch ihre Beschaffenheit
in der Lage sind die Verfugbarkeit eines Arzneimittels fir den Korper durch zeitliche oder
raumliche Eingrenzungzu kontrollieren (Breuer, Chorghade, Fischer, & Golomb, 2009Ein Drug
Delivery System kam ein stationares Implantaf aber auch ein aktives oder passives
Transportsystem mit oder ohnespezifischeRezeptorfunktion sein(Vert et al., 2012) Drug Delivery
Systeme umfassen zum BeispielNano- und Mikropartikel, Mizellen und Lipcsomen, aber auch
Hydrogele,die eine effektive Wirkstoffkonzentration am Wirkort zum Ziel haben. Dartber hinaus
sind der Verabreichungsweg Nebenwirkungen, die Halbwertzeit des Wirkstof§, die Freisetzung
des Wirkstoffs, sowie die Pharmakokinetik, der Paintenkomfort und die Akzeptanz der Patienten
bei der Entwicklung vonDrug DeliverySystemenzu beachten.Im Gegensatz zu konventionellen
Darreichungsformen, die den enthaltenen Wirkstoff in wassrigem Milieu unmittelbar freigeben
erzielen Drug DeliverySyseme eine kontinuierliche und kontrollierte Wirkstofffreisetzung tber
einen langeren Zeitraum (Breuer et al.,, 2009) Der Vergleich zwischen konventioneller
Verabreichung und der Freisetzung eindsrug Delivery Systems irBezug auf den therapeutischen
Bereich des Medikaments ist schematisch ibbildung 6 dargestellt.

Wirkstofffreisetzung konventionelle Darreichungsform
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Abbildung 6: Auftragung einer Wirkstoffkonzentration Uber die Zeit fir den schematiscén Vergleich
einer konventionellen Dosierung und eines Drug Delivery Systeifwsrandert nach(Janssen, Mihov,
Welting, Thies, & Emans, 2014)

Dabei kann die Einzeldosis eines oral verabreichten Medikaments mit verzogerter

Wirkstofffreisetzung die Dauer der therapeutischen Wirkung, im Vergleich zu einer

konventionellen Einzeldosis erhdhen; oder die kontrollierte Freisetzung findet nach Injektion statt

und sorgt so fur eine konstante Wirkstoffkonzentration im Blut oder GewebeZunachst wurden
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kontrollierten Wirkstofffreisetzung (engl. Controlled Releasgverwendet. Spater wurde zwischen
anhaltender Freisetzung (engl.Sustained Releageund der kontrollierten Wirkstofffreisetzung

differenziert; demnach solldie kontrollierte Freisetzungauch pharmakokinetische Anforderungen
erfullen (Vert et al., 2012)

Historisch kdnnenDrug DeliverySysteme in drei Generationen eingeteilt werde(iYun, Lee, & Park,
2015). Die erste Generation umfasstdabei vor allem Wirkstoffformulierungen, die oralund
transdermal verabreicht werden. Die zweite Generation zielt im Gegensatz dazu auf eine
kontrollierte Wirkstofffreisetzung ab, bei welcher der Wirkstoff innerhalb einer Matrix aus
Hilfsstoffen immobilisert wird und eine konstante Konzentration im Blut erreichen soll. Die dritte
Generation schlieflich zielt auf Wirkde ab, die nicht klasssch enteral (Uber den Verdauungstrakt)
oder parenteral(den Verdauungstrakt umgehend erreichbar sind.Die Drug Delvery Systeme der
dritten Generation sollendeshalb einen effektiven Wirkstofftransport tGiber biologische Barrieren
ermdglichen.

Als Wirkstofftrager (engl.Drug Carrie) sind Makromolekiile oder Polymerelefiniert, die flr den
Transport von Wirkstoffen vervendet werden und spater durch abiotische oder biotische Prozesse
den Wirkstoff freisetzen(Vert et al., 2012) Wirkstofftragersysteme, die eine Wechselwirkung mit
einem spezifischen Gewebe oder Rezeptor, beispielsweise eine Antikorigkennung
ermdglichen, oderdie selektivePermeation durch Membranen oder Kajllaren bewirken werden
als Targeted Drug Delivensysteme bezeichnet.

1.4.1 Wirkstofffreisetzungaus Drug DeliverySystemen

Bei der Wirkstofffreisetzung ausDrug DeliverySystemenwerden grundséatzlich funf verschiedene
Mechanismen der Freisetzung unterschiedeffrredenberg, Wahigren, Reslow, & Axelsson, 2011;
Lengyel, KallaiSzabd, Antal, Laki, & Antal, 2019) Diese sind schematisch irAbbildung 7
dargestellt.
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A: Diffusion B: Diffusion C: Wasseraufnahme, D: E: Erosion
durch durch Quellung, Oberflachen- Polymermatrix
wassergefiilite  Polymermatrix Entstehung neuer erosion oder
Poren Poren Hydrolyse

Abbildung 7: Molekulare Mechanismen der Wirkstofffreisetzung aus Drug Delivery Systemeh. Diffusion
aus wassegefilliten Poren, B: Diffusion durch das Tragermaterial (z. B. Polymermatrix}; Quellung des
Tragermaterials und dadurch vergroRerte sowie neue Porel: Oberflachenerosion, E: Zersetzung des
Tragermaterials (grandert nach (Fredenberg et al., 2011; Lengyel et al., 2019)

Handelt es sich bei dem untersuchten Drug Delivery System um ein pordses
Wirkstofftragermaterial, bieten die dort bereits vahandenen Poren Zwischenrdumeaus denen
die Wirkstofffreisetzung stattfinden kann(Abbildung 7A). Dabei sind die Wirkstoffe in der pordsen
Matrix nicht immobilisiert, sie werden in Kont&t mit Wasser oder einem anderen
Freisetzungsmedium aus den Poren herausgeloddie erste Form der Wirkstofffreisetzung ist
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folglich ausschlieB3lich von der Loslichkeit des Wirkstoffs im Freisetzungsmedium abhangig u
dadurch wenig kontrolliert. Die zweite Form der Wirkstofffreisetzung ist diffusionsbasie_
(Abbildung 7B). In diesem Fall handelt es sich bei der WirkstofftrAgermatrix um eine unléslich&;
nicht-quellbare, pordse Polymermatrix. Die Wirkstofffreisetzungsti nicht nur von der Ldslichkeit
des Wirkstoffs selbst, sondern auch von der PorengréRe des Tragermaterials abhangig. Je besser
l6slich der Wirkstoff im umgebenden Mediumist und je gréRer die Poren der Polymermatrigind,
desto schnellererfolgt die Wirkgofffreisetzung. Bei der dritten Form der Wirkstofffreisetzung
handelt es sich um eirDrug DeliverySystem, welches ein unlésliches, quellbares Polymermaterial
als Tragermatrix besitz{Abbildung 7C). Sobald das Drug Delivery System in Kontakt mit dem
Freisetzungsmedium kommt nimmt dieses Wasser auf und die Polymdyasierte Tragermatrix
quillt. Der Wirkstoff wird in diesem Fall durch die VergroRerung der Pen erstim gequollenen
Zustand also verzogert,freigegeben Bei dieser Form der Wirkstdfreisetzung ist zunéchst die
Quellbarkeit des Tragerpolymers fur die Wirkstéfireisetzung entscheidend, damit eiher geht die
Uber die Zeit zunehmende Porengrofie, welche die Wirkdtidreisetzung ebenfalls reguliert. Auch
bei dieser Form ist zudem Voraussetzung, dass der Wirkstoff aufgrund seiner Loslichkeit im
umgebenden Freisetzungsmedium herausdiffundierDie Quellung der Polymermatrix kann bei
einigen Polymeren gezielt auf einen Reiz erfolgen, themnesponsive Polymere kémen
beispielsweise in Abhangigkeit der @mperatur gezielt quellen oder schrumpfenDie vierte Form
der Wirkstofffreisetzung findet durch Oberflachenerosion der Tagermatrix statt (Abbildung 7D).
Dabei zersett sich das Tragermaterial durch den Kontakt mit dem Freisetzungsmedium oder
durch einen spezifischen Reiz, wie beispielsweise den {Wert oder die Temperatur des Mediums.
Dabei werden von auf3en beginnend Wirkstoffmolekiile freigesetzt, da das Matrixmatatisich
auflost. Diese Form der Wirkstofffreisetzung ist folglich vor allem von den Eigenschaften des
Matrixpolymers abhangig. Einen geringren Anteil macht wiederum die loslichkeit des Wirkstoffs

im Freisetzungsmetlm aus. Die finfte Form der Wirkstdffreisetzung erfolgt schlie3lich durch
Zersetzungdes vollstandigenDrug Delivery Systems, bzw. dempolymeren Tragermatrix (Abbildung
7E) Die Wirkstofffreisetzung kann hierbeiebenfalls durch einen dulR3ererReiz wie beispielsweise
einer pHWert- oder TemperaturAnderung, ausgeldst werden. Die Wirkstdifreisetzung ist damit
wiederum von den Eigenschaften des Mtrixmaterials abhangig, wahrend die Ldslichkeit des
Wirkstoffs keinen Einflusshat. Die gezeigten Feisetzungsvarianten dei bis vier (Abbildung 7B-
Abbildung 7D) haben auRerdemgemeinsam, dass fiir diese entweder eine homogene \Mfeilung
des Wirkstoffs in der Matrix, oder ein Depot im Zentrumvorliegen kann Ein Wirkstoffdepot kann
die Freisetzundiber einen langera Zeitraum zusétzlich beginstigenwahrend bei der ersten und
funften Variante (Abbildung 7A, Abbildung 7E)der komplette Wirkstoff auf einmal freigesetzt
wird.

1.4.2 Partikulare Wirkstofffreisetzung

Fur die Wikstofffreisetzung aus partikularenDrug Delivery Systemen wurden bereits verschiedene
Freisetzungprofile beschrieben. Die gewiinscht&ontinuierliche Freisetzung eines Wirkstoffs am
Wirkort entspricht in einem geschlossenen Systemin vitro einer Kkonstanten
Wirkstoffakkumulation. Folglich sollte die Freisetzungskinetik einer linearen Wirkstoffzunahme
Uber die Zeit entsprechenund wird als Freisetzungskietik erster Ordnung definiert (Bruschi,
2015). Die Kinetik erster Ordnungwird von der verbleibenden Konzentration an Wirkstoff im
Partikel und der Zeit bestimmt. Herausdiffundierende und noch verkapselte Menge an ik&toff
sind zueinander proportional, da die enthaltene Wirkstoffmenge begrenzt ist. Stattdessen
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beschreibt die Freisetzungskinetik nullter Ordnung die Freisetzung an einer Grenzflache mit
konstant bleibendem Wirkstoffreservoirwas aufgrund der dafur notwendigen Geometrie folglich
ausschlieBlich fur Pflaster oder Implantate moglich istdie ein deutlich groferes Depot
ermoglichen als Rrtikel, die ein begrenztes Volumen und eine maximale Beladungskapazitét
besitzen Die unterschiedlichen fur partikulare Drug Delivery Systeme moglichen
Frasetzungsverlaufe sind beispibhft in Abbildung 8 dargestellt.

Die meisten bisher beschrietnen Freisetzungkinetiken fur Partikel sind in drei Phasen der
Wirkstofffreisetzung unterteilbar. Zu Beginn der Wirkstdffreisetzung wird meist einBurst-Release
beschrieben, der sich durch eine starkere Wirkstiffeisetzung mit hoherer Steigung zeigt
(Abbildung 8, alle auf3er schwarze StricHeGrund dafir sind nicht verkapselte Wirkstoffmolekiile,
die auf der Partikeloberflache adhéert sind und bei Kontakt mit dem Freisetzungsmedium schnell
abgel6st werden kdnnen(Poulain et al., 2003; J. Wang, Wang, & Schwendeman, 2002Risse
oder teilweise zerstorte Partikel, die Wirkstoffe schneller freigebekOnnen ebenfalls einenBurst-
Releaseauslésen(Huang & Brazel, 2001)Die zweite Phasest von langsamer Wirkstéffreisetzung
charakterisiert, in der die Steigung der Freisetzungskinetik folgh abflacht (Abbildung 8, leere
Quadrate und geflllte Rauten) In dieser Phase findet die Diffusion der Wirkstoffe aus der
Polymermatrix statt(Fredenberg et al., 2011; Poula et al., 2003). Je kleiner die Bren der
Tragermatrix und je weniger porégas Tragerpolymerdesto langsamerdie Freisetzung Ebenfalls
in dieserPhase findet in Abhangigkeit des gewéhlten Matrixmaterials undessen Eigenschaften
zusatzlich die Quellurg der Polymerketten statt und kann somit ebenfalls einen Teil der
Wirkstofffreisetzung ausmachen

1.2

b

Wirkstofffreisetzung

35

Zeit in Tagen

Abbildung 8: Freisetzungsprofile, bestehendwus verschiedenen PhaserLeere Quadrate : BurstRelease
und eine schnelle Phase IIGefillte Kreise : Dreiphasige Freisetzung mit einer kurzen Phase Kreuze:

BurstReleaseund Freisetzung nditer Ordnung. Gefiilite Rauten : Dreiphasige sigmoidale Freisetzung.
Schwarze Striche : Zweiphasige Freisetzung, &hnlich der dreiphasigen Freisetzyraper ohne den Burst

ReleasgqFredenberg et al., 2011)

Die dritte und letzte Phase ist schlief3lich meist nochmal von einer starken Wirkstofffreisetzung
charakterisert, die in einem erneuten Steigungsanstieg der Freisetzungskinetik resultieren kann
(Abbildung 8, gefullte Rauten und schwarze Striche). Dadurch kann sich ein dreiphasiges,
sigmoidales Freisetzungsprofil ergeberAbbildung 8, gefillte Rauten). In dieser letzten Phase
kommt es zur Zersetzung der Tragermatrix, weshalb alle noch enthaltenen Wirkstoffe schnell
freigegeben werden. Je nachdem, welche Phase der Freisetzung am stfek ausgepragt ist
verschiebt sich die Funktion der Freisetzungskinetik nach links oder rechts. Wenn zum Beispiel ein
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initialer BurstRelease ausbleibt (Pan, Tang, Weng, Wang, & Huang, 2006)ist es sehr
wahrscheinlich, dass spater mehr Wirkstoffe freigesetzt werden. Ist die Wirkstofffreisetzung
ausschlieRlich zersetzungsbasiert findet hingegen ausschlie3lich die dritte, schnelle, aber spate
Frei®tzung der Wirkstoffe statt (Abbildung 8, schwarze Striche).

Da fur viele Drug Delvery Systeme zwar eine grobe Einteilung in die beschriebenen drei Phasen
maoglich ist, die molekularen Effekte sich aber meist Ubergern, wurden Modelle entwickelt, um
die experimentdl bestimmten Freisetzungskinetiken besser einordnen und verstehen zu kénnen.
Des Weiteren kénnen Uber ModellAnnahmen Riickschliissauf die Geometrie desDrug Delivery
Systems gezogen werdenFir eine reindiffusionsbasierte Freisetzung, die Uber die gesamte
Partikeloberflache konstant stattfindet kann diese mit dem Higuckylodell beschrieban werden
(Higuchi, 1963) Das RitgerPeppas bzw. KorsmeyePeppas Modell ist ebenfalls fir rein
diffusionsbasierte Prozessgeeignet (Korsmeyer, Gurny, Doelker, Buri, & Peppas, 1983; Ritger &
Peppas, 1987)Darlberhinaus kdnnen mit diesem Modell auch Freisetzungskitiken beschrieben
werden, die sich aus Diffusion und PolymerkettelQuellung zusammensetzen. Da dieses Modell
fur unterschiedlche Freisetzungsmechanismen anwendbar jsist es aktuell am verbreitetsten
(Bruschi, 2015; Estevinho, Carlan, Blaga, & Rocha, 2016; Fazil et al., 2012; Fredenberg et al.,
2011; Lengyel et al., 2019; Savin et al., 2019)Das KorsmeyetiPeppasModell beschreibt mit M;
die Menge anfreigesetztem Wirkstoff zum £itpunkt 7, My, ist die insgesamt verkapselte, also zur
Freisetzung verflighare Menge an WirkstoffK ist eine Konstante die den Wirkstoffeinschuss
bescheibt und r7ist der Feisetzungsexponent.

v -
= ULO
V)

Formel 1: Formel des KrsmeyerPeppas Modells fir die mathematische Beschreibung von Wirksteff
freisetzungen aus Drug Delivery Systeme{Bruschi, 2015)

Anhand des Freisetzungsexponentem kann die Freisetzung in rein diffusionsbasierfFcksche
Diffusion), hauptsachlicke Diffusion mit einem geringen Anteil an Polymerguellung(Case |
Transpor), gleichférmige Diffusion und Quellung der Plymerketten (Anomaler Transpor} und
hauptséchliche bzw. auschlieBliche Quellung der Polymerketten(Suoer Case |l Transpor),
unterschieden werden (Bruschi, 2015) Die Zuordnung der einzelnen Werte des
Freisetzngsexporenten 1 ist in Tabellel dargestellt. AuRerdem ist mit dem KorsmeyerPeppas
Modell jeweils die Unterscheidung in planare, zylindrische und sphéariscBeug DeliverySysteme
mdoglich. Darliber hinaus kann die Freisetzung aus zersetzbaren Polymeren mit dem Hopfenberg
Modell beschrieben werden(Katzhendler, Hoffman, Goldberger, & Friedman, 1997)
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Tabellel: Zuordnung des Freisetzungsexponentem des KorsmeyetPeppas Modells fir die Beschreibung
von Wirkstofffreisetzungen aus Drug Deliery Systemen. Die Einteilung erfolgt entsprechend der Geometrie
des untersuchten Drug Delivery Systems und dem stattfindenden molekoén Mechanismus der

Wirkstofffreisetzung (verandert nach (Bruschi, 2015).

Freisetzungsmechanismus Geometrie des :
: Freisetzungsexponent n
Drug Deli very Systems
Planar, dinner Film 0,50
Ficksche Diffusion Zylindrigch 0,45
Spharisch 0,43
Planar, dinner Film 0,50<n<1,0
Anomaler Transport
(gleichférmige Diffusion Zylindrisch 0,45<n<0,89
und Polymerquellung) -
Sphéarisch 0,43<n<0,85
Plana, dunner Film 1,0
Case I Transport
(hauptséachlich Diffusion, Zylindrisch 0,89
wenig Polymerquellun
g rolymerd 9 Spharisch 0,85
Super Case |l Transport Planar, dinner Film >1
(wenig Diffusion, —
>
hauptschlich Zylindrisch 0,89
Polymerquellung) Sphérisch > 0,85

1.4.3 Der Spruhtrocknungsprozess

Partikulare  Wirkstoffformulierurgen koénnen entweder (dber fallungsbasierte Prozesse,
Polymerisation  oder  Trocknung hergestellt werden. Wa&hrend féllungs und
polymerisationsbasierte Prozesse meist grol3e Mengen an Ldsungsmittekandtigen und die
Partikel in einem zweiten Schritt Uber Filtration, L&sungsmittelverdampfung oder
Gefriertrocknung gewonnen werden mussenist die Sprihtrocknung ein effizienter einstufiger
Prozess zur Partikelherstellung. Zudem ist die Sprihtrocknung in deharmaindustrie bereits
etabliert (G. Lee, 2002; Stahl, 198Q) Weitere Vorteile der Spruhtrocknung sinddie einfache
Skalierbarkeit und derkontinuierliche Prozess, welcher fir die kosteneffiziente Produktion in der
Industrie entscheidend istund aktuell in Bezug auflLaborautomatisierung weiter an Bedeutung
gewinnt. Nachteile sind hingegen die zunachst hohen Anschaffungskosten und der hohe
Platzkedarf, welcherdurch die bis zu meterhohenTrocknungstiirme zustande kommt. Vorteilhaft
fur das Produkt, also die Partikekind die stionende Trocknung aufgrund der Tocknungszeit von
wenigen Sekunden, sowie die gute Reproduzierbarkeit, welche eine gleideibende
Produktqualitat ermdglicht. Die erzeugten Partikel haben dabei eine GréRe im Nanaund
Mikrometerbereich, wodurch ein sehr feines Pulver entstehEs kdnnen sowohl Polymerlésungen,
Wirkstoff-PolymerGemische, als auch feine Spensionen, beispielseise mit Nanopartikeln
getrocknet werden. Fur die Trocknung von wassrigen Losungen oder Suspensionen wird Druckluft
als Trocknungsgasserwendet. Fir organische Ldosungsmittel ist aufgrund der Explosionsgefahr
durch das Emhitzen wéhrend des Prozesseslie Vawendung des Inertgases Stickstoffals
Trocknungsgas notwemlig. Der Sprihtrocknungsprozess lasst sich in vier Phasen untdeei
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Estens, die Zersiubung des Spruhtrocknungsfluid; zweitens, die Mischung des
Spruhtrocknungsfluids mit dem Trocknungsgas; dittens, die Verdampfung des Losungsmittels au
den Sprihtrocknungsfluid Tropfchen; und viertens, die Abscheidung des trockenen Produkts. D
Spruhtrocknungsprozess mit Diisenzerstaubung ist lbbildung 9 schematischdargestellit.

Duse

Druckluft =

Polymerlésungen

Bl _

Aspirator

Heizspirale

Trocknungs-
zylinder

Hoch-
leistungs-
zyklon

Abluft-
L| filter

Produkt

Abbildung 9: Schematische Darstellung eines GleichstreB8priihtrockners mit Diisenzerstaubung, bei der
entweder eine PolymetWirkstoff-Losung oder zwei getrennte Losungen fur Polymer und Wirkstoff in die
Duse gefodert werden konnen (©FraunhoferInstitut fir Grenzflachen und Bioverfahrenstechnik IGB

Das Sprihtrocknungsfluid, meist bestehend aus einer homogenen Polymafirkstoff-Mischung
wird mit einer Pumpe in die Dise des Sprihtrockners geférdert. Bei schlechtischbaren
Lésungsmitteln ist auch die Forderung von zwei getrennten Losungen in eine Duse moglich. Die
Duse fuhrt im inneren Kanal das zu verstdubende Sprihtrocknungsfluid. Im &uReren Kanal der
Duse wird das Trocknungsgas geférdert. An der Diusenspitzeeffen Sprihtrocknungsfluid und
Trocknungsgas aufeinander undler Tropfenaufriss und die Zerstaubung findedurch die Energie
des Trocknungsgases stattDaran ist nicht nur thermische Energie, smdern auch der im
Spriuhtrockner herrschende Unterdick, Zentrfugalenergie und kinetischeEnergie beteiligt. Je
grolRer dabei der Eergieeintrag, desto kleiner die Tropfchen. Durch die Zerstaubung in feine
Mikrotropfchen entsteht eine sehr grol@ Oberflache, welche die schnelle &dampfung des
Lésungsmittels ermdglichtDie Trocknungszeihimmt dabei proportional zur Trdofchengrof3e ab.
Beispielsweise kann ein Liter Fliggkeit, bei einem Tropfchenradiusvon einem Mikrometer
innerhalb von nur 0,01s getrocknet werden. Die Oberflache der Trdighen entspricht dabei
600 m2 (Stahl, 1980) Bei der Verdampfung wassriger Lésungen kommt es zur Bildung einer
Wasserdampfhulle, die daflr sorgt, dass di zu trocknenden Stoffe nicht der hei3en
Umgebungstemperatur ausgesetzt sindG. Lee, 2002) Die Verdampfung findet unmittelbar nach
der Zerstaubung im Traknungszylinder statt. Durch eine gleichméaRigeAbsaugung des
Trocknungsgases mittels Aspirator am Ende des Sptidtkners werden die durch die
Verdampfung entstandenen Partikel zundchst nach unten abgesaugt und danpeispielsweise
Uber einen Zyklon durch 86mungsabscheidung abgeschieden. Die trognen Partikel werden
schlieBlichals feines Pulver im Auffanggefall gesammelt. Da die Stromungsabscheidung innerhalb

eines bestimmten GroRenund Masséereichsder Partikelam besten funktioniert, wird ein kleiner
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Teil nicht abgeschiedener Partikel in einem Filtam Ende des Sprihtrockneraufgefangen. Das
gefilterte Trocknungsgas wird dann entweder nah aul3en abgefihrtoder tGber den Aspirator in
einem geschlossenen Kreislauf wieder zum Einlass des Sprihtrocknengizkgefihrt. Bei dem in
Abbildung 9 dargestellten Spriihtrocknerhandelt es sichum einen GleichstromSprihtrockner.
Bei diesem verlaufen die SpriuhtrocknungsfluidzZerstaubung und der Trocknungsgasstrom
gleichgerichtet. Diese Bauform ist flr sensible Materialien wie Wirkstoffe besonders gut geeignet,
da das Trocknungsgasim dem Bereich der Zerstaubung am warmsten isDadurch kommt das
getrocknete, moglicherweise sensible Produkt nicht mit denmeiRen Trocknungsgas inKontakt,
sondernnur mit der nach der Verdampfung deutlich reduzieten Austrittstemperatur.

Um die Produkteigenschafterder Partikelgezielt zu modifizieren sinddie Eintrittstemperatur, die
Pumprate des Sprihtrocknungsfluids, der Troelungsgasstrom und die Konzentration des
Spriuhtrocknungsfluids einstellbare Parameter. Von dieseRarametern werden indirekt die
Austrittstemperatur, die Partikelausbeute, sowie die &stfeuchtigkeit der Partikel und die
PartikelgréRe bestimmt.Alle Parameterbeziige sowie die Intensitat des Enflusses sind inTabelle
2 dargestellt.

Wahrend sich die Eintrittstemperatur vor allem auf die Austrittstemperatur und id
Restfeuchtigkeit des Produlg auswirkt, hat der Trocknungsgasstrom einen mimalen Einfluss auf
die Austrittstemperatur und einen starken Einfluss auf die Partikelgro3e. Die rRprate des
Spruhtrocknungsfluids  wirkt sich vor allem auf die Austrittstemperatur und auf die
Restfeuchtigkeit des Produkts aus. Eine Erh6hung der Konzeation des Sprihtrocknungsfluic
wirkt sich sowohl auf die Austrittstemperatur alsauch deutlich auf die PartikelgroRe aus.

Tabelle 2: Nicht direkt einstellbare Parameter des Spriihtrocknungsprozesses (Austrittstemperatu
PartikebréRRe, Restfeuchtigleit des Produkts, Partikelausbeute) in Abhéangigkeit der einstellbaren Parameter
(Eintrittstemperatur, Trocknungsgasstrom, Ruprate des Spruhtrocknungsfluid, Konzerration des
Spruhtrocknungsfluids). Dargestellt ist der Einfluss fir maral hohe einstellbare Parameter, wobei) kein
Einfluss, (1) geringe Zunahme (%) mittlere Zunahme und (% ® %) groRe Zunahme der nicht
einstellbaren Parametebedeutet (verandert nach(Bichi, 1997)

. Eintritts - Trocknungs - Pumprate Konzentration
Abhéangigkeit " ’ :
der Parameter temperatur gasstrom Spruhtrocknungs - | Spruhtrocknungsfluid

tt1 t11 flud * 41 11
Austritts - Direkt Mégsr I:r?lljtsess Mehr Losungsmittel | Weniger Lésungsmittel
proportional N muss verdampft | muss verdampft werden
temperatur 11 erwarmt werden 1
werden
Mehr Energie
far Mehr Fluid muss Groliere Masseader
PartikelgroRe - Zerstaubung | zerstaubt werden Partikel
des Fluids 1t t11
433
o Geringere M?—k.‘ljrs\é(ra]rdsar:;ggtle s Weniger verdampftes
Restfeuchtigkeit relative SUNGS| Lésungsmittel bewirkt
. o - bewirkt héheren ; X
der Partikel Luftfeuchtigkeit X geringeren Partialdruck
8 Parfaldruck 3
Tt
Trockenees
Produkt Abhénaia vom GroRere Partikel werden
Partikelausbeute verhindert - . 919 besser abgeschieden
. einzelnen Versuch
Agglomeration *
1 )
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1.4.4 Wirkstoffverkapselung mittelsSpriihtrocknung -
Wie bereits beschrieben ist fir die kontrollierte Freisetzung von Wirkstoffen au3rug Delivery

Systemen entweder eine homogene Wirkstoffverteilung in der Partikelmatrix notwelig, oder die

Wirkstoffe missen durch die Tragermatrix vollstangieingesdlossen sein, um einerBurstRelease

moglichst gering zu halten. Bei der Sprihtrocknung einer WirkstoffPolymerLdsung haben die

bereits beschriebenen Spruhtrocknungsparameter Eintritt®zw. Austrittstemperatur, Pumprate

des Spruhtrocknungsfluids und Konzentration des Spruhtrocknungsfluids, sowie die
Trocknungszeit einen signifikanten Einfluss aus die Dichte der Partikel und die Polyiérkstoff-

Anordnung in den Partikeln.Der Einflusshomogener Lésungen oder inhomogeneiDispersionen

als Spruhtraknungsfluid, sowie der Unterschied zwischeschneller Verdampfung und langsamer
Verdampfung auf die gebildeten Partikelsind in Abbildung 10 schematisch dargestellt.

A: Langsame Verdampfung (Tetris-Effekt) B: Schnelle Verdampfung (Rush-Hour-Effekt)
Starke < T
Wirkstoff- Schwache Wirkstoff- Gasblasen- Gasdurchladssige/
Polymer- Polymer-Interaktion bildung/ Permeable Hiille
Interaktion Undurchldssige

Hiille
Al / : ; - . - e
X TR Y
e AP o L
)
( < I/"cv(’e
J S Ggh
OB by ,\:b\
Homogene Phasenseparierte Leere Porose Partikel
Dispersion semikristalline Partikelhiillen
Dispersion

L Kompakte/Dichte Partikel | | Leichte (homogene) Partikel |

v v
Konzentration Fluid (+) Konzentration Fluid (-)
Pumprate Fluid (+) Pumprate Fluid (-)
Einlass/Auslasstemperatur (-) Einlass/Auslasstemperatur (+)
Trocknungszeit (-) Trocknungszeit (+)

Abbildung 10: Einfluss von langsamerA) und schneller Verdampfung B) auf die Partikelmorphologie und
die Wirkstoff-PolymerAnordnung fir die Herstellung von Wirkstoffformulierungen mittels Sprihtrocknung
(verandert nach(Paudel, Woku, Meeus, Guns, & Van den Mooter, 2013)

Bei langsamer VerdampfungAbbildung 10A) entstehen dichte Partikel mit kompakter Polymer
Wirkstoff-Packung. Der dabei stattfindende Effekt wird al3 etrisEffekt bezethnet (Paudel et al.,
2013). Bei der langsamen Verdampfung homogener Losungen entstehen starke
Wechselwirkungen zwischen Wirkstoffen und Polymer, die Wirkstoffe liegen in der Partikelmatrix
homogen verteilt vor. Bei der Sprihtrocknung inhomogenerphasenseparierter Dispersionen
entstehen hingegen schwache Wechselwirkungen zwischen den Wirksteffund den
Polymermolekilen. AiBerdem wirken sich eine hdhere Sprihtrocknungsfluitkonzentration, eine
hohere Punprate des Sprihtrocknungsfluid, geringere Eitritts- und Austrittstemperaturen,
sowie eine kirzere Trocknungszeit positiv auf die Bildung kompakter Partikel mit homogener
Matrix aus. Bei schneller Verdampfung entstehen hingegen leichte Partikel durch den
sogenanntenRushHour-Effekt (Abbildung 10B). Dabei konnen aus einer homogenen Wirkstoff
PolymerLdsung durch die Bildung von Gasblasen entweder hohle Partikel mit undurchlassiger
Hulle entstehen, oder homogene porése Partikel mit gasdurchlassiger Matrix. Beardhohlen
Partikeln sind die Wirkstoffe nurin der Partikelhiille enthalten, wahre in den pordsen Partikeln
die Polymer und Wirkstoffmolekiile homogen verteilt sind. Die Bildung leichter Partikel wird
zudem durch eine geringere Spruhtrocknungsfluikonzertration, eine geringere Pumprate des
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Spriuhtrocknungsfluids, hohere Eintritts und Austrittstemperaturen und eine langere
Trocknungszeit begtinstigt.

Bisher untersuchte Ansatze zur Wirkstoffformulierung mit Sprithtrocknung haben gezeigt, dass
die Verkapselungflissiger Wirkstoffe gut moglich ist, wohingegen feste Stoffe schwierig zu
verkapseln sind(Gouin, 2004). Zudem ist die Verkapselung lipophiler Molekile einfacher atiie
Formulierungamphiphiler und hydrophiler Substanzen. Mt der Spruhtrocknung sind auf3erdem
einfach thermoresponsive Wirkstdformulierungen erzeugbar, wohingegen dieHerstellung von
Drug Delivery Systemen, die zeitverzogert oder durch die Verdauung im Korper induziert den
Wirkstoff freisetzen als schwierig eingestuft wurde. Darlber hinaus ist bislang nicht eindeutig
geklart, ob es eine GroRReneinschrankung fir zu verkapselnde Wirkstoffe oder Nanopartikel gibt.
(Estevinho et al., 2016)

1.4.5 Spruhtrocknung von Immunoglobulinen

Wie bereits beschrieben ist die Spriihtrocknung in der Pharmainduie bereits etabliert, sie kommt
bei der Trocknung von Hilfsstoffen, Viteninen, Enzymen, oder aderen Ppteinen zum EinsatzG.
Lee, 2002; Stahl, 1980) Da das Erfolgspotential monolonaler Antikérper grof3 ist, werden diese
in groBen Mengen produziert (Backer, Metzger, Slaber, Nevitt, & Boder, 1988)Nach der
Produktion dieser sensiblen Makromolekiileist vor allem deren Lagerug eine aktuelle
Herausforderung(Bowen, Turok, & Maa, 2013) Da Medikamente, wie beispielsweise Esimpta®
und Ocrevus® als hochkonzentrierte Lésungen verabreicht werdgrist die Lagerung grof3er
Produktionsansatze mit aufwandigen Kuhlkettemotwendig (Bowen et al., 2013) Diesverursacht
hohe Kosten und groRen Platzbedarf.

Aus diesem Grund wurde die Sprihtrocknung von monoklonalen IgG Antikdrpern bereits in der
Forschung untersucht. Da sichider flissigen Formulierung vorigG Antikérpem Zuckerderivate
als Hilfsstoffe fur deren Stabilitdt in Losung bewéhrt haben, wurde zudem der Einflsisvon
Zuckerderivaten auf die Spruhtrocknung von IgGs untersucliHenry R Costantino, Andya, Shire,
& Hsu, 1997; Maury, Murphy, Kumar, Mauerer, & Lee, 2005; Stefanie Schiile, Wolfgang Friess,
Karoline BechtoldPeters & Patrick Garidel, 2007; Flavia Sousa, Cruz, Pinto, & Sarmento, 2018)
Die Analysemdglicher Agglomerate und Degradationin Folge von Denaturierungerfolgte mittels
GroRenausschlus$lochleistungsflissigkeitschromatografie  (engl. High  Pressure  Liquid
Chromatography 2 Size Exclusion ChromatographyHPLGSEC) unddynamischer Lichtstreuung
(engl. Dynamic Light Scattering DLS).Die Integritat der Proteinstruktur wurde zudem mittels
Intrinsischer Fluoreszenz, Zirkulardichroismus und FoufiBransformations-Infrarotspektroskopie
(FFIR) untersucht. Eine Forschungsgruppe analysierte auflerdesie Bindungsaktivitéat der
sprihgetrockneten IgGs mittels EnzymeLinked Immunosorbent Assay (ELISAXF. Sousa,
Sarmento, & NevedPetasen, 2017) 2007). Dariiber hinaus untersuchte ebenfalls eine
Forschungsgruppe die thermischeStabilitat der spriihgetrockneten IgG mittels dynamischer
Differenzkalorimetrie (DSC)YMaury, Murphy, Kumar, Mauerer, et al., 2005) Die Lagerstabilitat
der mit Zuckerderivaten gespruhtrockneten IgGs lag zwischen sechs Monaten und einenihiJa
wobei zwischen der Lagerung bei 28 °C und 25 °C kein signifikanter Unterschied festgestellt
wurde. Dabei stellte sich heraus, dass der Zusatz von -30 gew.% Sorbitol, Mannitol oder
Trehalosevorteilhaft fir den strukturellen Erhalt und die Lagerstabiitat spriihgetrockneterlgGs
war. Dies konnte sowohl im trockenen Zustand als auch nach dé€tekonstitution des Pulvers in
wassrigen Lésungen gezeigt werden. Dabei gingen die getrockneten IgG Molekiile innerhalb von
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nur 120 s wieder vollstandig in Losung. Spihtrocknung ist folglich fur die Trocknung und
Ruckgewinnung von IgGs al8ulk-Material geeignet.

1.4.6 Spruhtrocknung von Chitosan

Wie fur alle Spruhtrocknungsprozesse sind auch fur dexfolgreiche Spriihtrocknung von Chitosan
die zuvor beschriebenen Paramer Trocknungsgasstrom, Pmprate des Sprihtrocknungsfluid,
Eintrittss und Austrittstemperatur, sowie die Konzentation des Sprihtrocknungsfluid
entscheidend (Estevinho et al., 2016) Mit der Konzentration des Sprtitrocknungsfluids geht
zudem die Viskositéat der Losung einher, welche fir Chitosandsungen besonders hoch sein kann
und deshalb in der Prozessoptimierung beachtet werden sollfgEstevinho et al., 2016; Lorenzo
Lamosa, Remuna#sLopez, VilaJato, & Alonso, 1998) Aullerdem hat der DD des verwendeten
Chitosans einen Einfluss auf die istalinitit der Partikel, sowie auf intermolekulare
Wechselwirkungen und camit auch auf die Feisetzung von Wirkstoffen(Begley, 2004; Estevinho
et al., 2016). Neben Cyclodextrin, NatriumDiclophenac und anderen niedrigmolekularen
Verbindungen wurden auch verdauungsfordernde Enzyme, wie dpha-Amylase und Lactose
zusammen mit Chitosan gespruhtrocknet. Die Einlasstemperaturen reichten dabei von 105 bis
220 °C, wobei vor allem wassrige Systeme verwendet wurden. Die Pumprate des
Spruhtrocknungsfluidslag zwischen 0,0693L h™ und 3 L h™, wobei die Laborspriihtrockner BL90
und B-290 der Firma Biichi(Buchi Labortechnik AG, Flawil, Schweigm haufigsten eingesetzt
wurden. AuRerdem wird Tripolyphosphat(TPPJur die ionische Vernetzung von Chitosan bei der
Sprihtrocknung eingesetzt, da es sicdabei um das starkstenicht toxische Vernetzungsreagenz
handelt (Estevinho et al., 2016)Durch die Vernetzung mit TPKoOnnen die Partikeleigenschaften
und die Wirkstofffreisetzungsegenschaften weiter modifiziert werden, beispielsweise bei der
Formulierung von Laccas¢ Ka fpar , Tokamoo i, G&wiek 2013) Rariber
hinaus wurden auch bereits Kombinationen ausSilberNanopartikeln und Chitosan mit
Sprihtrocknung untersucht ( Tok 4 r ov U, Kafpar b6 Ofgamekj 2013L Die Ul bri
Verkapselung von Proteinen als pharmazeutische Wirkstoffe oder die Verkapselung von
monoklonalen Antikérpern in Chitosan wurde bislang noch nicht untersucht.

1.4.7 PartikulareDrug DeliverySysteme fur die nasale Applikation

Wie bereits beschrieben wurden in der intranasalen Applikation fir die Erforschung debloseto-
Brain Transports nicht nur Wirkstofflosungen, sondern auch bereits Partikel untersucht. Diese
stellten sich im Vergleiclzu pur aufgetragenen Losungen sogar als vorteilhaftdraus. Aus diesem
Grund wird die intranasale Applikation partikularerDrug Delivery Systeme in den letzten Jahren
intensiv untersucht (Bourganis, Kammona, Alexopoulos, & Kiparissides, 2018b; Keller, Merkel, &
Popp, 2021; Rabiee et al., 2020) Als besonders vorteilhafte Partikelmaterialien haben sich dabei
die Biopolymere PGA und Chitosan herausgestellt, wobei PLGA und Chitosaartikel bis zu
einem Durchmesser von 25@m uber den olfaktorischen Nerv ins ZN$ransportiert werden
konnen (Rabiee et al.,, 2020) Fur PLGAPartikel mit Olanzapin wurde beispielsweise eine
vielversprechende intranasale Applikation beschrieben, da die PL-BArtikel langsam quollen und
in der Nase em langsam freisetzendes Depot bildeten, wodurch eine achtfach hohere
Wirkstoffkonzentration als in geldster Form erzielt werden konntéSeju, Kumar, & Sawant, 2011)
AulRerdem wurde der Transport von PLGA#Rartikeln kleiner 200 nm entlang von Axonen und
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Nervenbiindeln in der Riechschleimhaut beschrieberfMuntimadugu et al., 2016). Die
parazellulare Aufnahme von Partikelnwurde bereits in verschiedenen Studien mittels
Epithelzelkulturen und Schleimhautgeweben untersucht(Fazil et al., 2012; Rassu et al., 2016;
Sadeghi et al., 2008; Sonaje et al., 2012)Dabei stellte sch Chitosan als besonders interessantes
Tragermaterial heraus, da Chbsan-Partikel einfach herzustellen und biokompatibel sind. Dariliber
hinaus wurde fur ChitosanPartikel die Eigenschaft beschriebehight Junctionstffnen zu kénnen,
was die Wirkstoffaufnahme nach intranasaler Gabe erhohte und eine hohere
Wirkstoffkonzentration im ZNS bewirkte(Bourganis et al., 2018a; Garcidruentes & Alonso, 2012;
Rabiee et al., 2020; Rassu et al., 2016fur die intrarasale Applikation von Partikeln ist es wichtig,
deren Verteilung im Gewebe, dera Biokompatibilitat, den biologischen Abbau und die mdgiche
Immunreaktionen zu kennen.Diese Aspekte sind allerding bisher nur wenigbeschrieben(Rabiee
etal., 2020). NeuesteDaten belegen, dasgsier Zusammenhag zwischen Wirkstoffformulierungen
und intranasalen Verabreichungswegen noch weitgehed unbekannt ist und damit weitere
Untersuchungen fur die EntwicklungintranasalerWirkstoffformulierungen notwendig sind. (Keller
et al., 2021; Rabiee et al., 2020)

Im von der Europaischen Kommission gefordertetHorizon 2020 Research and Innovation
ForschungsprojektN2B-patch (engl. Noseto-Brain-patch, N2B) hat sich ein Konsortium aus elf
europdaischenPartnerorgansationen im Forderzeitraum von anuar 2017 bis Juni 2021 mit der
Entwicklung einer innovativen intranasalen Applikationsforniiir die Behandlung von Multipler
Sklerose beschéftigt. Das sogenannteNoseto-BrainPflaster sollte aus einer paikularen
Wirkstoffformulierung und einer HydrogetMatrix zur Befestigung der Wirkstofformulierung in
der Riechrinnebestehen. Darliber hinaus wurde ein spezieller Applikator entwickeltym die
beiden Komponenten in cer Nasenhdhleexakt dosieren zu kénnen. Diese Dissertation wurde im
Rahmen dieses Projets am Fraunhoferinstitut fiir Grenzflachen und Bioverfahrenstechnik IGB in
Stuttgart durchgefihrt. In Zusammenarbeit mit weiteren Kooperationspartnern dieses Projekts
haben sich wissenschaftliche ublikationen ergeben die im Folgenden drgestellt sind Die im
folgenden dargestellte Zielsetzung dieser Dissertation wade jedoch Uber die wissenschaftlichen
Fagestellungen und fachlichen Anfordenngen des NB-patch Projekteshinausgehendformuliert
und bearbeitet
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2. Ziebetzungund Hypothesen der Arbeit
2.1 Zieketzungder Arbeit

Die Zielsetzung dieser Dissertatiowar die Entwicklung und Charakterisierung einer partikuléren
biobasiertenWirkstoffformulierung fir die kontrollierte Freisetzung an deRegio olfactoria Diese
Wirkstofffreisetaing ist schematisch in Abbildung 11 dargestellt. Fir die Entwicklung der
partikularen Wirkstoffformulierung als intranasalesDrug Delivery System solltezun&chst ein
langsam freisetzendes, biokompatibles Partikelrterial ausgewahlt werden und der
Sprihtrocknungsprozess fur die Herstellung von Wirkstoffpartikeln hinsichtlich des gewahlten
Biopolymers optimiert werden. Da sich Chitosan gegenulber anderen Biopolymeren als besonders
geeignet fir die intranasale Applikatbn von Wirkstoffen herausstellte sollte im Folgenden die
Applikation auf ex vivo Gewebebiopsien derRegio olfactoriavom Schwein untersucht werden.
Hierzu wurde die Methode zur Extraktion des porzinen olfaktorischen Epithels sowie dessen
histologische Andyse etabliert. Als erstes Modellsysin sollte die Aufnahme von PLGA
Nanopartikeln im Vergleich zu in Chitosan mittels Spriihtrocknung eingebetteteChitosanPLGA-
Nano-in-Mikropartikeln untersucht werden Damit sollte die Eigenschaft von Chitosan
interzelluére Tight Junctionsdffnen zu kénnen, bewiesenund damit die Eignung alsintranasales
Drug Delivery Systemgezeigt werden. Als n&chstessollten Partikel mit einem robusten und gut
analysierbaren Modellwirkstoff aus ChitosatrDerivaten mit unterschiedlichemDeacetylierungs
grad und Molekulargewicht mittels Spriihtrocknung hergestellt und verglichen werden, undas
am besten geeignete ChitosarDerivat hinsichtlich Partikelausbeute, Restfeuchtigkeit,
PartikelgréRenverteilung, Partikelmgrhologie, Verkapselungsdizienz und kontrolliertem
Freisetzungsverhaltenin vitro zu identifizieren. Daraufhin sollte schlie3lich ein therapeutisaér
monoklonaler Antikorper, welcher fur die intranasale Applikation und damit firNoseto-Brain
Transportvon wissenschaftlichem Inteesse ist in dieses ChitosarDerivat mit einem moglichst
hohen Beladungsgrad mittels Sprihtrocknung verkapselt und die resultierenden Partikel
wiederum hinsichtlich der oben genannten relevanten Partikeleigenschaften charakterisiert
werden. Da es sich bemonoklonalen Antikérpern um sensitive Makromolekile handeltsollten
insbesonderediese zusatzlich auf éren verbleibende strukturelle Integritat unddie Stabilitat bei
Raumtemperatur in den sprihgetrockneten Partikeln und nach der Freisetzung aus der
Verkapselung untersucht werden.Um die Haftung der entwickelten pulverférmigen Chitosan
Partikel an der Riechschleimhaut sicherstellen zu konnen sollten schlieRlich
Hyaluronséaurelésungen als mogliche zusatzliche Komponentnes intranasalen Drug Delivery
Systems untersucht werden. Hierfir wurde einMuzin-Agarose HydrogelSubstrat als artifizielles
Mukosa-Analog charakterisiert und das Spreitung®rhalten von Hyaluron&urelésungen
unterschiedlicher Konzentration darauf untersucht. AbschlieRend wurden vergleibende
Untersuchungen mit einem durch U\ Licht vernetzbaren Tyraminmodifizierten
Hyaluronsaurederivat auf dem MukosaAnalog und ex vivo Gewebebiopsien vom Schwein
durchgefuhrt. Dadurch sollte das MukosaAnalog abschlieRend validiert werden, sowiedie
Eighung der, durch UV-Licht vernetzbaren Tyraminmodifizierten Hydrogelvorlauferldsungen als
stabilisierende Komponentdir intranasalapplizierte Partikel getestet werden
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Abbildung 11: Schematische Darstellung der Nasenhéhkines Menschen mit NasenvorhofA), Atrium (B)
und respiratorischer Region: untererl), mittlerer (C2) und oberer C3) Nasenmuschel, sowie Ridéepithel
(D) und Nasopharynx ). Nahaufnahme der Freisetzung von WirkstoffenH) aus Partikeln G) an der Regd
olfactoria (H), sowie der schematische Transport der Wirtaffmolekile (I) zum Gehirn () (verandert nach
(M. I. Ugwoke et al., 2005; Michael Ikechukwu Ugwoke et al., 2010)

Aus der Zielsetzung dieser Disserianh ergeben sich mehrere wissenschaftliche Fragestelluay
Um diese genau untersuchen und diskutieren zu kdnnenhabe ich die wissenschaftlichen
Fragestellungen als Hypothesen formuliert Diese vier Hypothesen sind in Abbildung 12
schematisch dargestellt undverden im Folgenden erlautert. Die darauffolgenden Ergebnissier
Untersuchungen zu den Hypothesen sind in Kapitel 3, 4 und 5 dargestellt und diskutiert. Alle
Ergebnisse werdenin Kapitel 6 im wissenschaftlichea Gesamizusamnmenhang umfassend
diskutiert. Die Zusammenfassung und dieSchlussfolgerungen in Kaipel 7 sowie der Ausblick in
Kapitel 8 schlieRen diese Arbeit ab.

Hypothese Il
- Etablierung yp
Spriihtrocknung — Hypothese lll
von Chitosan - Optimierung
- Sprithtrocknung Hypothese v
- A_ppllkatlon von | i - Verkapselung
Chitosan- verschiedenen von Wirkstoffen .
Partikeln auf Chitosan- in ausgewahltes | - Vergleich und
olfaktorische Derivaten Chitosan-Derivat |Charakterisierung
Mukosa ) olfaktorischer
> Beweis - Charakteri-k | - Charakteri- Mukosa mit
7 . sierung Partikel- |5ierung Muzin-Agarose
Offnqng Tight morphologie, Ver_-k‘apselungs- Mukosa-Analog
Junctions durch PartikelgroBen-  effizienz, .
Chitosan verteilung und Integritat -SEva_Iwerung des
- Eignung fiir Partikelausbeute | Ocrelizumab und prﬁltlungs-
intranasale 3A hl d Wirkstoff- verha tens_.von
Applikation l')-‘SV:a €S freisetzung Hyaluronséure-
am Desten in vitro Losungen
geeigheten .
Chitosan- > Beweis Drug |2 Eignung
Derivates Delivery System Tyramin-

- Abschatzung
therapeutische
Relevanz

modifizierter
HA-Losungen als
befestigende
Beschichtung der
Partikel

Abbildung 12: Schematische Darstellung der vier Hypothesen fuiedUntersuchung und Diskussion der
wissenschaftlichen Fragestellungen dieser Dissertation.
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2.2 Hypothesender Arbeit

2.2.1 Hypothese |

Biopolymerbasierte Pdikel wie beispielsweise Polylactido-Glymlid-Nanopartikel (PLGA) finden
vielseitig Anwendung ds Drug Delivery System aufgrund der sehr gut einstellbaren
Freisetzungseigenschaftemon Wirkstoffen aus dem BiopolymelPLGA. Unzureichendrerstanden 2
hingegen sind die Applikation und die Aufnahme von Partikeln beispielsweise in Geweben.
Generell sind haptséacHich Ergebnisse publiziert, die die intrazellulare Aufnahme von
Nanopartikeln bis zu einer Grof3e vomur 250 nm bestéatigen Ob auch andere Transportrouten,
wie beispielsweise die parazellulare Aufnahme im olfaktorischen Epithel groRenlimitieren wirkt
ist noch nicht vollstandig verstanden.Weiterhin werden PLGAPartikel teilweise mit Chitosan
beschichtet, um entweder Mukoadhé&sion zu erzielen oderdie besondere Eigenschit von
Chitosan zu nutzen, das diesesdie ZellZellKontakte Tight Junctionsund Adherens Junctions
offnen kann. Dies ist Uber immunhistologische Farbung des Membranproteir®nula occludens
Protein 1 (Z0O1) nachweisbar. Allerdings werden in der Beschichtungon PLGA oder anderen
Nanopartikeln mit Chitosan meist lediglich diinne Lageran Chitosanvon wenigen Nanometern
erzielt. Die Einbettung von PLGANanopartikeln mittels Spruhtrocknung in Chitosanist bislang
noch nicht untersuchtworden, insbesondereim Hinblick auf intranasale Applikation Die folgende
Hypothese wurde aufgestellt:

Palylactid -co-Glycolid (PLGA) Nanopartikel konnen unterhalb eines Durchmessers von
200 nm innerhal b von 15 min intrazellulér in die olfaktorische Mukosa des Schweins
aufgenommen werden. Nanopartikel mit einer GrolRe von 500 nm werden nicht
aufgenommen. Durch die Verpackung der PLGANanopartikel in Chitosan mittels
Sprihtrocknung  entstehen  sogenannte  Nano -in-Mikro -Partikel mit  hoher
Verkapselungseffizienz und reproduzierbaren Partikeleigenschaften . Die Chitosan -
Beschichtung ermoglicht auch die Aufnahme von PLGANanopartikel n groBer 200 nm,
da Chitosan Zell -Zell-Kontakte im olfaktorischen Epithel des Schweins  6ffnet und so
parazellularen Transport bewirkt . Die Offnung der Zell -Zell-Kontakte kann mittels
immunhistologischer Farbung nachgewiesen werden.

Die von dem Kooperationspartner MyBiotech GnbH aus Uberherrn mittels
Emulsionspolymerisationhergestellten PLGANanopartikel mit den Durchmessern 81,6nm,
174,4 nm und 519,7 nm wurden mittels Rasterelektronenmikroskopie(REM)und konfokaler
LaserScanning Mikroskopie (LSM) charakterisiert und mittels Sprihtrocknung erfolgreich in
Chitosan verkapselt. Die entstandenen Nanim-Mikro Partikel wurden wiederum mittels REM und
LSM untersucht, sowie Uber statische Lichtstreuung charakterisiert. Die Aufnahme von reinen
PLGANanopartikeln unterschiedlicher Gré3e und die Aufnahme von Chitosan bzwChitosarn+
beschichteten Nanopartikeln wurdeex vivg auf praparierter olfaktorischer Mukosavzom Schwein
untersucht. Diese Studie wurdén der peer-reviewed Fachzeitschrift-rontiers inPharmacologymit
dem Titel £Nano-in-Micro-Particles Consisting ofPLGA Nanoparticles Embedded in Chitosan
Microparticles via SprayDrying Enhances Their Uptakén the Olfactory Mucosa veréffentlicht
(Spindler et 4., 2021).
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2.2.2 Hypothese Il

In der pharmazeutischen Produktion wird das Verfahren der Sprihtrocknung bereits
grofRtechnisch zur Trocknung von Wirkstoffen und Fullmaterialien eingesetzbie Forschung
beschéftigt sich zudem mit der Verwendung von Sprihtacknung zur Herstellung von partikularen
Wirkstoffformulierungen auf Basis von Biomaterialien wie Chitosan. Die in der Literatur
beschriebenen Prozesse hierzu sind jedoch oftmals nicht optimal ausgelegt, sodass inhomogene
Partikel entstehen,nur wenige Milligramm an Partikeln produziert werden, oder die Angabe
essenziellelProzessparametevollstandigfehlt. Die folgende Hypothese wurde aufgestellt:

Die Wahl des Chitosan -Derivates hat bei identisch gewéhlten Prozessparametern einen
signifikanten Einfluss a uf die Ausbeute des Sprihtrocknungsprozesses, die Partikel -
gréRBenverteilung und die Partikelmorphologie der gebildeten Partikel. Durch die Wabhl
idealer Prozessparameter konnen reproduzierbar spharische Chitosan  -Partikel mit
glatter Oberflache hergestellt w erden. Der robust gewéhlte Spruhtrocknungsprozess
ermdglicht die kontinuierliche Produktion im Labormaf3stab.

In diesem Kontext wurden sechserschiedene ChitosarDerivate mit Deacetylierungsgraden von
80 % und 95 % und Molekulargewichten zwischen 20kDa und 500 kDain der Spruhtrocknung
zur Partikelherstellungeingesetzt. Der Einfluss der Temperatur und des Materials, sowie die
Auswirkungen auf die Ausbeute wurden im kontinuierlichen LabormaR3stabuntersucht Die
gebildeten Partikelwurden hinsichtlich ihrer Restfeuchtigkeit gravimetrisch der Partikelgréf3e
mittels statischer Lichtstreuungund der Morphologie mittels Rasteelektronenmikroskopie
charakterisiert Die optimalen Sprihtrocknungsparametersowie die Diskussion der Parameter,
wurden zunachst exemplaisch fir ChitosanPLGANano-in-Mikro Partikel in der peer-reviewed
FachzeitschriftFrontiers in Pharmacologymit dem Titel £ N a-m-®licro-Particles Consisting of
PLGA Nanoparticles Embedded in Chitosan Micropatrticles via Spiaying Enhances Their Uptake
i n the Ol f axcetoffentlicht (Bpincller etal., 2021) Die detaillierte Analyse derPartikel
bestehend aus verschiedenerChitosan-Derivaten, sowie die Diskussion der Chitosaierivat
Eigenschaften und deen Einfluss auf die Partikeleigenschaftenyurde anschlieBendin der peer-
reviewed Fachzeitschrift International Journal of Pharmaceuticani t d e m Spraydtied |
Chitosan Particlesis Controlled Intranasal Drug Delivery Systenfier High Encapsulation Eiciency
of Small Molecules and Monoclonal Antibodies z ur Ver deéifgeaichtl i chung

2.2.3 Hypothese IlI

Fir die kontinuierliche Dosierung von Wirkstoffen sind unter anderem partikulare
Wirkstoffformulierungen auf Basis von Chitosan Gegenstand deaaktuellen Forschung Um eine
gleichférmige Wirkstofffreisetzungkinetik in vitro zu emeichen werden jedoch meist toxische
Vernetzungsreagenzien wie beispielsweise Glutaraldehyd eingesetzt. Died&ernetzungs
reagenzienerzielen zwar ein verlangsamtes Freizungsprofil des Wirkstoffs aus den Partikeln
sind allerdingsaufgrund der Toxizitat nicht geeignet fur die spatere Zulassung als mogliclse
Medikament. Dartber hinausgibt es bislang nur wenige Studien in der Literatur, die sensitive
Biopharmazeutika wie monoklonale Antikbrper mit hoher Verkapselungseffizienz und
gleichzeitiger Integritéat als Drug Delivery System verkapseln. Die folgende Hypothese wurde
formuliert:
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Die Wahl eines geeigneten Chitosan -Derivates ermdglicht die erfolgreiche und
strukturell i ntakte Verkapselung von niedrigmolekularen Molekilen und Antikorper -
wirkstoffen als Drug Delivery System mittels Spriihtrocknung. Daraus ergibt sich ein e
hohe Verkapselungseffizienz, Lagerstabilitat bei Raumtemperatur und ein  kontrolliertes
Freisetzungsverh alten Uber mehrere Tage in vitro . Die robust gewahlte n Parameter des
Sprilhtrocknungsprozess es ermoglichen dabei die Beladung unterschiedlicher 2
Wirkstoffk onzentration en, ohne die erzielten Partikeleigenschaften zu beeinflussen

Es wurdeaus den sechs vechiedenenin 2.2.2 Hypothese Il untersuchten ChitosanDerivaten
fur die Untersuchung von2.2.3 Hypothese Il das ChitosanDerivat mit 80 % deacetylierten
Gruppen und einem Molekulargewicht von 150300 kDa in Pharmaqualitat ausgewahlitda sich
dieses gegeniber den Ubrigen ChitosaDerivaten hinsichtlich  Partikelausbeute,
Partikelmorphologie und Verkapselungseffizienz als besser herausstelltBarn erfolgreich
verkapselt wurde das niedrigmolekulare Vitamin Bbptin (Vitamin B, Vitamin H) und der
humanisierte monoklonale IgG1l Antikdrper Ocrelizumab Dabei konnten maximale Partikel
Beladungen von ~5gew. % Biotin, sowie ~5gew. % und ~15 gew. % Ocrelizumab erzielt
werden. Etwa80 % der eingesetzten Wirkstoffe wude erfolgreich in die Partikel verkapseltdamit
konnte eine mittlere Verkapselungseffizienz vora 80 % erzielt werden Die strukturelle Integritét
und die Lagerstabilitat desAntikorpers Ocrelizumab wurde mittels Intrinsischer Fluoreszenz
Spektroskopie,  Zirklardichroismus, FouriefTransformations Infrarotspektroskopie  und
dynamischer Differenzkaloretrie nach der Verkapselung durch Sprihtrocknung untersucht.
Weiterhin wurde die fir die Bioaktivitdt essemielle Bindungskapazitat mittelsEnzymelinked
Immunosorbent Assay ermittelt und mit dem Tripeptidgehalt, bestimmt mittels Mikro
Bicinchoninsdure Asay, verglichen. Die entwickelten partikularen Drug Delivery Systeme mit
Biotin und Ocrelizumab wurden zudem mittels Rasterelektronenmikroskopie undstatischer
Lichtstreuung charakterisiert sowie deren Restfeuchtigkeit gravimetrisch bestimmt. Die
Wirkstofffreisetzungskinetik der partikularen Wirkstoffformulierungenwurde tber einen Zeitraum
von 15 Tagenin vitro untersucht. Die Ergebnisse dieser Studie wurden in degyeer-reviewed
Fachzeitschrifinternational Journal of Pharmaceuticsiit dem Tit e $pragdried Chitosan Particles
as Controlled Intranasal Drug Delivery Systems witkligh Encapsulation Efficiency forSmall
Molecules and Monoclonal Antibodies zur Ver df fentlichung eingerei

2.2.4 Hypothese IV

Hyaluronsédure Hydrogele werden aufgrundihrer guten Biokompatibilitit und groRRen
Adhasionsfahigkeitvielseitig imTissue Engineeringn der Chirurgieund alsDrug DeliverySysteme
eingesetzt. Obwohl die Eigenschaften der Hydrogele stark von dem Molekulargewicht, der
Konzentration und den Umgebungsbedingngen beeinfluss werden sind diese grundlegenden
Parameterin der Literatur nicht hinreichend dokumentiert und werden in den verschiedenen
genannten Anwendungenoftmals nicht beriicksichtigt. Fur die Untersuchung der Appliktion auf
Mukosa werden bislangzum BeispielMukosabiopsien tierischen Ursprungs verwendet, welche
haufig nicht in der notwendigen Qualitdt verfligbar sind ausschlief3lich frisch die benétigten
Eigenschaften aufweisen und eine hohe Variabilitit aufweisen konnen. Fur vor allem
oberflachenbasierte Fragestellungen, wie z.B. die Mukoadhdsion von pharmazeutischen
Formulierungensind in der Literatur bishernur sehr wenige effiziente Testsystera beschrieben.
Der Kooperationspartner Dr. Johannes Flamm untersuchte in seiner Dissertation an der
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Hochschule Biberacherstmals die Mukoadhasion eines Hydroge$ubstrats bestehend aus Muzin
und Agarose, im Vergleich zu Mukos&iopsien vom Schwein, als Mukosé&nalog. Die folgende
Hypothesewurde formuliert:

Das Hydrogel -Substrat bestehend aus Muzin und Agar ose ist nicht nur in Bezug auf
vergleichbare Mukoadh&sion ein gut geeignetes Analog fur ex vivo olfaktorische
Mukosa, sondern stimmt auch hinsichtl ich der Oberflachenrauigkeit, der Topografie und
den Spreitungseigenschaften mit der nattirlichen herausprapar ierten Riechschleimhaut
des Schweins Uberein. Aufgrund dieser vergleichbaren Eigenschaften kann das
Spreitungsverhalten von  Hyaluronsdurelésungen reproduzierbar auf dem Hydrogel -
Substrat analysiert werden. Die Polymerkonzentration der Hyaluronsaure I6sungen
beeinflusst den Kontaktwinkel, das Sei tenverhaltnis des Tropfens und die
Spreitungsgeschwindigkeit signifikant. Die physiologischen Bedingungen der Nase und
die Tropfendosierung in  Sessile Drop Konfiguration beginstigen die Hyaluronsaure -
Spreitung . Die Spreitung der Hyaluronsaurelésung auf Glas ist im Vergleich zu dem
Muzin -Agarose -basierten Hydrogel -Substrat reduziert, was grof3ere Kontaktwinkel und

ein niedrigeres Seitenverhaltnis des Tropfens impliziert.

Das auf Objekttrager beschichteteHydrogelSubstra bestehend ausMuzin und Agaroseist ein
geeignetes Analog flr olfaktorische Mukosa vom Schwein. Seingleichbleibende Qualitat
einfache Herstellung und kostenglnstige Beschaffungnachen es zu einem effizienteren
Testsystem fur pharmazeutische Applikatiten auf Mukosa, als die bisher eingesetztenex vivo
Gewebebiopsien In dieser Dissertation wurde die Herstellung dedluzin-Agarosebasierten
Hydrogels, sowie die Préaparation der Riechschleimhaut vom Schwein etabliert und durchgefihrt.
Daran anschlieBend dolgte die umfassende, vergleichende Charakterisierung der
Oberflachenrauigkeitund Topogrdfie der artifiziellen Mukosa und den porzinen Gewebebiopsien
der Riechschleimhaut Die artifizielle Mukosawurde dann als effizientes Testgstem flr die
Untersuchung von Hyaluronsdureldsungen eingesetzt Fiir die Bestimmung der fir die
Anwendung auf Mukosa relevanten Parameter- Kontaktwinkel, Seitenverhaltnis des Tropfens
Spreitungsgeschwindigkeitund Grenzflachenspannung- wurden Kontaktwinkelmessungenvon
nativen Hyaluronsaurdédsungen mit den Polymerkonzentrationen 10mg mL*, 20 mg mL* und
30 mg mL* auf Glassubstratenund der artifiziellen Mukosa in Sessileund Pendant Drop
Konfiguration durchgefiihrt. AbschlieRend wurden Spreitungsversuchemit, durch UV-Licht
vernetzbaren, Tyraminmodifizierten Hyaluronséurelésungen auf dem Hydrogebubstrat und der
ex vivo Mukosa vom Schwein durchgefiihrt Die Spreitung der Tropfen wurde bei
Laborbedingungen (21,5°C und 50 % Luftfeuchtigkeit) und in einer Klimakammer (34 °C und
90 % Luftfeuchtigkeit) - die physiologischen Bedingungen der Nasaachbildend - aufgezeichnet
Damit konnte die artifizielle Mukosa validiert werden und die Eignung des UVernetzbaren
HyaluronsaureDerivates fir die intranasale Applikation als mogliche Rikel-stabilisierende
Komponente getestet werden. Diese Ergebnisse wurden in depeer-reviewed Fachzeitschrift
Colloids and Surfaces B: Biointerfacesit dem Titel £Hyaluronate spreading alidates mucin-
agarose analogs as testystens to replace porcine nasalmucosa explants:An experimental and
theoretical investigation veréffentlicht.
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3. Entwicklung von PLGAChitosan-basierten Nanein-Mikro-Partikeln
mittels Spruhtrocknung und Untersuchung deren Applikation auf
porzinem olfaktorischen Epithel

Die Ergebrisse und die Diskussion zu den Hypothesen 1 und 2.1 sind diesem Kapitelals
Manuskri pt mNahoineVicro-ParticléseConsisting of PLGA Nanoparticles Embedded
in Chitosan Microparticles via Spralprying Enhances Their Uptake in the Olfactory Mwse
dargestellt. Dieses Manuskript wurde in derpeerreviewed Fachzeitschrift Frontiers in
Pharmacologyverbffentlicht. Dartiber hinaus wid 2.2.1 Hypothese | in Kapitel 6.1 und 2.2.2
Hypothese Il in Kapitel 6.2 zusammenfassend diskutiert.

Hinweis : Das Layout des Manuskripts wurde an das Layout dieser Dissertationsschrift angepasst.
Die dadurch entstandenen Uberarbetungen haben den Inhalt der Veéffentlichung nicht
verandert.

3.0 Erklarung meiner eigensindigen Leistung 3

Ich habe dieseStudie zum grof3ten Teil eigenstdndig konzipiert und ihre wissenschaftlich
Methodik ausgearbeitet. AuRerdem habe ich den Grof3teil der praktischen Arbeiten durchgefiihrt
und angeleitet, dies beinhaltete konkret:

9 Die Spruhtrockiungsparameterfir einen robusten Prozesdir das Biopolymer Chitosan
wurden von mir etabliert und optimiert.

9 Der Sprihtrocknungsversuch fir die Nandin-Mikro-Partikel (NiMPs) wurde von mir
konzipiert und die Herstellung der NiMPs angeleitet.

1 Die Gewebeprgaration aus frischen Schweineschnauzen von der Metzgerei wurde von
mir etabliert. Die Praparation der olfaktorischen Mukosa wurde von mir durchgefihrt und
erfolgte unter meiner Anleitung.

1 Die Partikelapplikation der NiMPs sowie der puren PLGA Partikel & vivo Gewebe-
Biopsien vom Schwein wurde von mir durchgefiihrt und angeleitet.

1 Die Methode zur Herstellung von Kryoschnitten der Gewebeproben sowie deren
immunhistologische Farbung wurde von mir etabliert und erfolgte unter meiner Anleitung.

91 Die lichtmikroskopischen Aufnahmen wuragn unter meiner Anleitung durctgefihrt und
ich habe die Analyse der Gewebeschnitte tbernommen.

9 Die konfokale LaserScanningMikroskopie wurde von mir durchgefihrt.

9 Die konfokalen MikroskopieAufnahmen wurden von mir ausgewertet.

1 Die PartikelgréRenbestimmung der NiMPs mittels statischekichtstreuungsmessung
erfolgte unter meiner Anleitung.

1 Die ZetaPotential Messungen der NiMPs wurden von mir angeleitet.

Alle erhobenen Datenwurden von mir ausgewertet. Der weitaus grofite Teil i@ses peer-reviewed
Fachartikels wurde von mir geschrieben, konkret habe ich den OriginBhtwurf des Manuskripts
konzipiert und geschrieben sowie federfiihrend die Anderungsvorschldge meiner Géutoren
harmonisiert und eingearbeitet.
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3.1.1 Abstract

Intranasal delivery has gained prominence since 1990, when the olfactory mucosa wasognized
as the window to the brain and the centrd nervous system (CNS); this hanabled the direct site
specfic targeting of neurological diseases for thdirst time. Intranasaldelivery is a promising route
because general limitations, such as the bloetrain barrier (BBB) are circumvented. In the
treatment of multiple sclerosis (MS) or Alzheim@ disease,for example, future treatment
prospects include specialized particles as delivery vehicl@ly(lactieco-glycolic acid) (PLGA)
nanoparticles are well known as promising delivergystems, especisf in the area of noseto-brain
(N2B) delivery. Chitosan is also broadknown as a functional additive due to its ability to open
tight junctions. In this study, we produced PLGA nanoparticles of different sizes and revealed for
the first time their sizetimedependent uptake mechanism into the lamina propria of porcine
olfactory mucosa. Theintracellular uptake was observed for 80 and 17%m within only 5 min
after application to the epithelium. After 15 min, even 520 nm patrticles were detected, associated
with nuclei. Espeially the presence of only 520hm patrticles in neuronalfibers is remarkable,
implying transcellular and intracellular transport via the olfactory or the trigeminal nerve to the3
brain and the CNS. Additionally, we developed successfulgpecialized Nanein-Micro particles
(NiIMPs) for thefirst time via spray drying, consisting of PLGA nanoparticles embedded into
chitosan microparticles, characterized by high encapsulationfefiencies up to 51%, reproducible
and uniform size distribution as well as smooth surface. Application oNiMPs accelerated the
uptake compared to purely applied PLGA nanoparticles. NiMRgere spread over the whole
transverse section of the olfactorymucosa within 15 min. Fasteruptake is attributed to additional
paracellular transport, which was examined via tightjunctioropening. Furthermore, a separate
chitosan penetration gradient of D150 um caused by dissociation from PLGA naneaypticles was
observed within 15min in the lamina propria, which was demonstrated to be proportional to an
immunoreactivity gradient of CD14. Due to the bendicial properties of the utilized chitosan
derivative regarding molecular weight (153300 kDa), degree of deacetylation (8@®6), and
particle size (0.210>m) we concluded that M2-macrophages herein initiated an ant
inflammatoryreaction, which seems to already take place within 15min following chitosan p#cle
application. In conclusion, we demonstrated the possibility for PLGA nanoparticles, asll as for
chitosan NiMPs, to take all three prominent intranasal delivery pathways to theain and the CNS;
namely transcellular, intracellular via neuronal de| and paracellulatransport.

3.1.2 Introduction

Intranasal delivery became more prominent in the last decades bes@umodern treatments focus
on biopharmaceuticals and concurrently reveal opportunities, but also provide challenges.
Intranasal delivey is a promising route to overcome general limitations such as the bloelgrain
barrier (BBB). In the treatment of neurological disorders, for example multiple sclerosis or
Alzheimei® disease. Future prospective treatments may also include not only protgiror
antibodies, but also specialized particles as delivery vehicles, but the BBB is shielding the central
nervous system (CNS) and the brain from the blood stream. Modern therapeutics, such as
antibodies and proteins, are therefore banned through size ekesion andsurface charge(Stutzle,
Flamm, Carle, & Schindowski, 2015a; Hartwig Wolburg et al., 1994)Wwhich is problematic for
intravenous and oral administration in current therapeutic approaches. More than one billion
people are currently affected by neurologichdiseases with a rising tendencyWHO, 2006)
Further, the global need displays a great demand for effective treatments of the upper airways,
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such as the nasal cavity. Covid9 infections, as one prominent example, occur mainly fronthe
initial contact to the nasalmucosa and can harmthérain (Layden et al., 2020; Yu et al., 202Q)
Therefore, to prevent greater damage, effective treatments should also occur along this route. As
a consequence, the actual need for innovative intranasal delivery sgsts is rapidly increasing.

The nasal mucosa, as thdirst biological barrier in the nose to target the brain and the CNS,
consists of respiratory and olfactory mucosa. The respiratory epithelium covers approximately
97 % of the nasal cavity in humans andis necessaryor respiration (M. I. Ugwoke et al., 2005)
Further, rapid clearance of dusand other foreign substances occurs via the directed movement
of millions of cilia(Menache et al., 1997) In contrast to this, the olfactory mucosa is characterized
by fewer long cilia, specialized to detect odmants, initializing an electric signal in olfactory sensory
neurons to maintain olfaction (M. I. Ugwoke et al., 2005) The olfactory sensory neurons are
located between epithelial cells and underlying basal cells, forming neuronal bundles, which
protrude through the ethmoid bone and therefore directly connect the olfactory mucosa to the
brain and the CNS(Morrison & Costanzo, 1990, 1992) Further, the olfactory mucosa consists of
a lamina propria mainly built of fibroblastic cells. The olfactory epithelion covers 45 cm? in
humans. Up to approximately 10 cm of the olfactory mucosacan be excised from the dorsal part
of the concha nasalis dorsalifn pigs (Getty, 1975; Ladel et al., 2018; Alpesh Mistry, 2009)The
olfactory epithelium can be distinguished from the respiratory epitheliundue to fewer blood
capillaries and hence brighter colofAlpesh Mistry, 209; Stitzle et al., 2015a)

Polymeric nanoparticles embody convincing advantages such stability, high loading capacity,
and controlled drug release(Bourganis et al., 2018b; Rabiee et al., 2020Poly(lacte-coglycolic
acid) (PLGA) nanoparticles especially are widely knovas promising delivery vehicles. PLGA,
consisting of lactic andglycolic acid, is a biodegradable biopolymer already approved kHye Food
and Drug Administration (FDA) and the EuropeaMedicine Agency (EMA)Danhier et al., 2012)
Its releaseproperties are tunable due to the mass ratio of lactic and@lycolic acid. Exemplarily, a
mass ratio of 50% each results in acontrolled release over several days. Degradation occurs
through hydrolysis and the decomposition products are furthemetabolized. U. Seju et al2011
reported PLGA nanoparticleas promising delivery systems for nos®-brain delivery beausedrug
release of olanzapine occurs over several days due to slawelling of PLGA and longterm
residence of the resulting gel athe site of action, further 8-fold drug concentrations, compared
to the solute form, have been achieed (Seju et al., 2011) Muntimadugu et al. 2016 reported the
transport of PLGAnanoparticles with diameters below 200 nm along axons withinthe nasal
mucosa(Muntimadugu et al., 2016).

Neurond bundles within the olfactory mucosa being directly connected to theolfactory or
trigeminal nerve is identiied as one transport routeto the brain and the CNS(J. M. Anderson et
al., 2008; Ganger & Schindowski, P18; Stltzle et al., 2015a) PLGA and chitosan particles up to
250 um were recently reported to be mainly transported via theolfactory route (Rabiee et al.,
2020); however, uptake and distribution examinationsof PLGA and chitosan particles imasal
mucosa samples are still raréddditional nose-to-brain delivery routes are intracellulanptake and
further transcytosis, as well as paracellulairansport. Other research groups focused on the
paracellularroute in epithelial cell cultures and mucosal tissued-azil et al., 2012; Rassu et al.,
2016; Sadeghi et al., 2008; Sonaje et al., 2012Herein chitosanbased carriers have become one
of the most promising and intensivel-studied mucosal drug deliverysystems(GarciaFuentes &
Alonso, 2012). This is attributed totheir mild and simple preparation technique as well as their
capacity to associate bialgics and enable transport across mucosal barriers.
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Chitosan is a renewable biopolymer, which is gained from the naturally occurring chitin of
crustaceans, extracted by deacetylatio(Garmento & Neves, 2012; Wenlig et al., 2005; Youling
Yuan, Chesnutt, Haggard, & Bumgardner, 2011b)With at least 50 % N-deacetylated chemical
groups, it is referred to as chitosan. The origin, as well as the degree of deacetylation, affects the
polymer properties, such as solubilityswelling, and adhesion. The interaction between the positive
amino groups of chitosan and several negative groups in the mucosa enables mucoadhesion,
which is further dependent on the molecular weight ofthe chitosan(Henriksen et al., 1996) The
length of the chitosan polymer chains and their average molecular vight can be controlled by
enzymemediated decomposition or acid hydrolysiglllum, 1998). The chitosan utilized in this
study, for example, has 86 deacetylated residues and is; therefore, mucoadhesive and well
soluble in acidic solutions.

Chitosan @n open tight junctions (Fazil et al., 2012; Rassu et al., 2016; Sonaje et al., 201&)hich
are the characteristic intercellular connections present in epithelial cells and endothelial cells. One
major component Zonula occludensprotein 1 (ZO-1) was initially exploredin 1986, by Stevenson
et al. 1986 in epithelial cells(Stevenson, Siliciano, Mooseker, & Goodenough, 1986} was later 3
also documented in endothelial cell§James Melvin Anderson, Stevenson, Jesaitis, Goodenoug
& Mooseker, 1988) and fibroblasts (Howarth, Hughes, & Stevenson, 1992; Itoh, Yonemura,
Nagafuchi, Tsukita, & Tsukita, 1991)The abovementioned research groups described the ability
of chitosan to open tight junctions in cell culture, studying the impact of chitosan solution®n
cellular interconnections. Further, other research groups have postulated that chitosan
nanoparticles open tight junctions and; therewith, affect increased drug levels in the brain and
the CNS, but did not directly prove the tightjunction opening (Bourganis et al., 2018b; Rabiee et
al., 2020; Rassu et al., 2016)Further experimental investigations of tight junction opening are,
therefore, still needed to fully clarify intranasal transport routes of chitosan p#cles and
encapsulated active pharmaceutical ingredients.

Together with the application of particles to the nasal mucosa, it is important to consider particle
distribution in the olfactory tissue, biocompatibility, biodegradation, and especially immune
response. Nevertheless, these aspects are rarely reported in literature for intranasal delivery and
more research is neededRabiee et al., 2020) The nasal mucosa, as a biological barrier directly
exposed to the environment, is a welknown immune active tissue(Bourganis et al., 2018b; Doty,
2015; Ladel et al., 2018; Morrison & Costanzo, 1990; Stitzle et al., 2015aNasalassociated
lymphoid tissue (NALT) includes immunactive cells, either present between the epithelial layer
and the lamina propria infiltrated from blood vessels, or directly produced inside of lymphoid
follicles located in the mucosa itself. Moreover, recent studies have revealed the still incomplete
understanding of intranasal pathways and distribution routes of individual compounds, as well as
formulation compositions (Keller et al., 2021; Rabiee et al., 2020)Which drug delivery system
exactly triggers whatspecfic pathway is mainly unclear up to now.

Consequently, clafiication of distribution routes of individual compounds as well as formulation
composition, such as the herein investigated prominent particle materials PLGA and chitosan, are
needed to dewlop suitable drug delivery systems in the future. Within this study, we examined
size and time- dependent particle permeation studies on porcine olfactory mucosa. We compared
the permeation of pure PLGA nanoparticles fodifferent diameters up to 520 nm to spraydried
nano-in-micro particles (NiMPs) coated with chitosan to identify chitosamediated mechanisms
important for intranasal delivery. Additionally, we utilized the unique bengts of the controlled
release of PLGA nanoparticles over several daysnbined with the aforementioned abilities of
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chitosan. Moreover, we investigated organoid accumulation, such as in glands and neuronal
bundles as well as the local initial immune response within the olfactory mucosa.

3.1.3 Materials and Methods

Nanopartic le Preparation

Poly(lactieco-glycolic acid) PLGA nanopatrticles with 8and 175 nm diameter were prepared by
precipitation. 5mg mlI'* PLGA 50:50(Evonik, Essen, Germany) and 14g ml'* Lumogen (BTC
Europe, Monheim, Germany), or 10mg ml'* PLGA 50:50 (Evoti, Essen, Germany) ané8 ug ml'*
Lumogen (BTC Europe, Monheim, Germany) were dissolved Acetone for 80 and 175nm
particles respectively. This solution was mixed in a 1:2 solvent:nonsolvent ratio wittstilled water
containing 2.5mg ml'* Pluronic F68(SigmaAldrich, St. Louis, United States) by the use of
amagnetic stirrer.PLGA nanoparticles with 520hm diameter were prepared by twostep double
emulsfication to obtain water-oil-water emulsions (w/o/w). Thefirst emulsfication step was
performed with Milli-Q water and 5mg ml'* PLGA (Evonik, Essen, Germany) solution in
Dichloromethane:Ethylacetate (1:3) as solvent. The water to organic phase ratio was 1:10. For
labeling 28 ug ml'* Lumogen F Red (BTC Europe, Monheim, Germany) was added to the
formulation dissolved in the organ¢ phase. As a surfactant polyvinyl alcohol (PVA) with a
molecular weight of 27 kDa (SigmaAldrich, St. Louis, United States) was used in the second
emulsfication. Therefore 1wt% PVA was dissolved in water at 80C. The obtained primary
emulsion and PVA ontaining aqueous phase were emul§iied to achieve a w/o/w emulsion at a
ratio of 1:10. Both emulsfication steps were perforned at the highest speed (26,000rpm) for

1 min by using Silence Crusher M (Heidolph Instruments GmbH & Co. KG, Schwabach, Germany)
homogenization device. Thdinally obtained w/o/w emulsion was stirred moderately overnight to
evaporate the organic phase.

Nano-in-Micro Particle Preparation via Spray Drying

A Blchi B290 mini spray dryer (Blchi Labortechnik AG, Flawil, Switzerlandyas used to
encapsulate the previously prepared PLGA nanopatrticles into a chitosan matrix. Chitosan 80/200
(Chitoceuticals, Heppe Medical Chitosan GmbH, Halle, Germany), with a degree of deacetylation
of 80 % and a molecular weight of 1502300 kDa, was disslved in 0.5 vol% acetic acid at a
concentration of 1 wt% . The chitosan matrix was labeled witlluorescein sodium salt (Honeywell
Flunka, New Jersey, United Stes) at a concentration of 260ug ml'* in the spray drying solution.
The nanoparticle suspensio (6.25 mg mI'* PLGA in MiliQ water) was then mixed with the
fluorescein labelled chitosan solution at a mass ratio of 1/3 or 2/3 before spray drying. Spray drying
was performed with a twofluid nozzle and a nozzle cap diameter of 1.5mm. The inlet
temperature was set to 100°C at a fluid feed rate of 4.46 mlmin'!, gas feed rate of
12.94 g min'', and an aspiration rate of 100% equating with D700 g min'*. The system was
equilibrated before use and washed after spray drying with MilQ water.
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Scanning Electron Microscopy

For Scanning Electron Microscopy (SEM) analysis, PL@#oparticle suspension (6.2%ng ml'!
PLGA in MilliQ water) was vortexed and 10uL of the suspension was pipettednto a clean silicon
wafer, covered with a petri dish, and driedovernight at room temperature. Nanc-in-micro particle
powders were fixed with conductive electron microscopy tape directly ont@ sample holder. A
thin layer of platinum was sputtered on allsamples before measurement. Measurements were
performed at different magnifications with a Leo Gemini 1530 VP (Carl Zeisklicroscopy
Deutschland GmbH, Oberkochen, Germanyhicroscope at 5.00kV using the InLens detector and
SE2 forsignal B.

Laser Scanning Microscopy

For Confocal Laser Scanning Microscopy (CLSM) the namoiicle suspension (6.25ng ml'* PLGA

in Milli-Q water) was vortexed and 10uL were applied to a cover glass, which was then covered
with a petri dish and dried at room temperature protected from light. Completely dried samples3
were measured upside down wih a 63x water immersion objective. Nanein-micro particles were
deposited rarely with a sieve and a spatula onto a cover glass, covered with an additional cover
glass and sealed gently with tape, to avoid contamination during analysis. Powder samples were
measured immediately after preparation with the 63x water immersion objective. Most tissue
samples have been measured with a 20x objective. All measurements have been performed with
a confocal LSM 710 (Carl Zeiss Microscopy Deutschland GmbH, Oberkochereri@any). The
utilized lasers and the corresponding emissioffilters for CLSM imaging are displayed in
Supplementary Table S1For threedimensional information, zstack measurementswith a pitch

of 0.5 um for 63x recordings and 1um for 20x images were reorded and stitched together in a
maximum intensity projection. For picture analysis and pogtrocessing, ZEN software (Carl Zeiss
Microscopy Deutschland GmbH, Oberkochen, Germany) was used.

Particle Size Distribution

PLGA nanoparticles were measured assuspension in MilkQ water via dynamic light scattering
using a Zetasizer Nano ZS (Malvern Instruments, Malvern, United Kingdom). Mean particle size
and Polydispersity Index (PI), referred to as squared difference between standard deviation and
averagedecay rate, were reported(ISO, 2017) The average decay rate is dimed by diffusion
coefficient and scattering vector as written in ISO standard 22412:2017. Since the StokEfmstein
hydrodynamic diameter is inversely proportional to the decay rate, the averageadieter is equal

to the average decay rate. Nanaén-micro particles were measured via static light scattering at
1,500 rpm stirring velocity performed with a Mastersizer 2000 (Malvern Instruments, Malvern,
United Kingdom) using its pP2000 measurement cell.The spraydried powder sample wasfirst
dispersed in 2propanol via ultrasonic treatment for 3s in an ultrasonic bath. Additional
measurements at 1,50rpm were performed after 1 min ultrasonic treatment in the measurement
cell. Measuring chitosan partites is reported with the organic solventethano{f Ka f par et
Tokarova et al., 2013) but we detected swelling of chitosan particles within several minutes in
ethanol falsifying the particle size measurem# as a result. Therefore, we only used -propanol

as a solvent for static light scattering measurements. We calculated the mean particle diameter
from the volume distribution output. Additionally, Scanning Electron Microscopy (SEM) images
were analyzed wth ImageJ software (Wayne Rasband 997). Particle diameters were extracted,
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plotted, and fitted with a Gaussian fit in Origin Pro 2019 (Origin Lab, 1992). Further, the
Polydispersity Index (Pdl) also for nann-micro particles (NiMPs) was calculated witkq. 1 using

the mean particle diameterd;, and the standard deviation of the particle sizef (Clayton, Salameh,
Wereley, & KinzerUrsem, 2016) which is not automatically reported within the Mastersizer
software (Malvern Instruments, Malvern, United Kingdom).

5, o, L l
qu,Q (1)

Zeta Potential

Zeta potential was examined for PLGA nanoparticles and nasin-micro particles (NiMPs) with a
Zetasizer Nano ZS (Malvern Instruments, Malvern, United Kingdom) utilizing a folded capillary cell
DTS 1070 (Malvem Instruments, Malvern, United Kingdom). The instrument was calibrated
routinely with a -50 mV latex standard. PLGA nanopatrticles were suspended in Mil)i water, as
well as in 2propanol as comparison. Due to initially occurring agglomeration and swellingf
chitosan NiMPs in MiliQ water, NiIMPs were suspended and measured only inf@opanol via
ultrasonic treatment of 30 s in an ultrasonic bath. For measurements in aqueous media
Smoluchowski approximation and Huckel approximation for noraqueous measurerents in 2-
propanol was used. The measurements were repeatédive times at neutral pH and 25°C after
600 s equilibration time.

Encapsulation Ef fi ciency

The encapsulation diciency of nanain-micro particles (NiMPs) was examined via image analysis
from Confocal Scanning Electron Microscopy images using the software ImageJ (Wayne Rasband,
1997) and two different calculations. First, the average number of PLGA nanoparticles colored in
red incorporated in green stained chitosan microparticles was determinadsing the assumption

of particles equal in size with the mean diameters extracted from light scattering measurements
for nanoparticles and microparticles, respectivelyn & 5). In the second calculation, the relative
encapsulation eficiency was observedelating the total crosssection area of PLGA nanoparticles
(red) to the crosssection area of nanoparticles solely outside of chitosan microparticles € 5).
Consequently, the difference between total crossection area of nanoparticles and crossection
area of nanoparticles outside of microparticles revealed the percentage of successfully
encapsulated nanoparticles through spray drying.

Tissue Preparation

Pig snouts were purchased from a local slaughterhouse. Mucosa specimens were excised from the
dorsd part of the concha nasalis dorsali@Getty, 1975; Alpesh Mistry, 2009) The olfactory mucosa
was gently removed from the underlying cartilage with the help of forcepgLadel et al., 2018)
Excised specimens were further dissected inté 2 cm? samples.Post mortemdelay of the mucosa
was below 2 h.
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Ex vivo Permeation Studies

For particle application, prepared mucosa specimens were put into a Petri di€hl2 mg of NiIMPs
were administered to the olfactory mucosa, which due to the chitosan coating is equivalent to
D4 mg of PLGA particles for NiMPs with low kitosan ratio and D2 mg for NiMPs with high
chitosan content, examined from the actual encapsulation éciency evaluated via image analysis
from Confocal Laser Scannindviicroscopy images The mucosa was then placed into a modiied
side-by-side cell consigng of two micro reaction tubes (1.5ml) between clamping tongs (Figure
3A), resulting with the inner radius 5mm in a permeaton area of 78.5mmz2. The bottom
microtube wasfilled with 260 pL of phosphate-buffered saline (PBS) at pH.4 before placing the
mucosa with its basolateral side on top of it. The system was sealed to avoid leakage by closing
the cell. Finally, the cell was put upside down into an incubator at 38C and 90 % humidity to
simulate the natural conditions within the nasalcavity for 5min to 2 h. As a comparison, 20uL

of the PLGA nanoparticle suspension was applied similarly; however, due to the production
procedureDO0.2 mg particles were applied in this case, which does hence only allow a quantitative
comparison among similar appliedsamples. Due to the sensitivity of PLGA nanoparticles theg
could not be dried and applied as a powder; however, the NiMPs could not be suspended i
aqueous media due to the intense swelling of chitosan. Consequently, PLGA nanopatrticles ai..
NiMPs were treaed differently in the experiments, which is considered in the comparison of the
results. Control samples were taken respectively at time poirt min directly after application.
After the respective incubation times, the mucosa specimens were immediatdixed in 4 wt%
paraformaldehyde for at least 2h and stored in 30wt% sucrose at 4°C until sectioning. The
tissue samples weg cut in 20 um slices at the site of apfied particles in a cryostat at-25°C
(HM560, Thermo Fisher Scierftt, Dreieich, Germany) ad mounted on Superfrost®Plus Micro
slides (Thermo Fisher Sciefii, Waltham, United States).

Immunohistochemistry and Histological Staining

The structural integrity of the epithelial layer was cofirmed by hematoxylireosin (HE) staining.
HEstained dides were dehydrated in ethanol and 2propanol. Finally, they were embedded with
Eukitt® Quick-hardening mounting medium (SigmaAldrich, St. Louis, United States) and covered
with a coverslip. For observation via confocal laser scanning microscopy eitlselely cell nuclei
were stained with DAPI (&6- Diamidin-2-phenylindol 2HCI; Serva Electrophoresis GmbH,
Heidelberg, Germany) or DAPI staining was performed after the immunohistochemistry staining
procedure. Tissue explants viability was vBdad with control samples livestained after incubation
up to 5 hwith Hoechst 33342 (Cell Signaling Technology Inc., Danvers, United States). To visualize
the initial immune reaction, CD14 cells were stained via CD14 primary antibody (#NB1607758,
Novus Biologicalsl.ittleton, United States) and goat antimouse secondary IgG (H+L) Alexa Fluor®
647 (#A-21235, Thermo Fisher Scierfic, Waltham, United States). Neurblament heavy protein
(200 kDa) NFH was marked to visualize docalization with neuronal bundles and tterefore
stained with NFH primary antibody (#PA110002, Thermo Fisher Scierfic, Waltham, United
States) and goat antichicken secondary IgY (H+L) FITC (#A16055, Thermo Fisher Sdienti
Waltham, United States). Celtell junction protein 1 Zonula occlwens protein 1; ZO-1) was
detected viaZzO-1 primary antibody (#NBP185047, Novus Biologicals, Littleton, United States) and
secondary goat antirabbit IgG (H+L) Alexa Fluor® 647 (#ab150083, Abcam, Cambridge, United
Kingdom). Thefluorescently stained samps werefixated with Fluoroshielgh mounting medium
(SigmaAldrich, St. Louis, United States) and covered with a coverslip.
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3.1.4 Results

Nanoparticles
Particle Size Distribution

The particle size of the poly(lactico-glycolic acid) PLGA nanoparticles marfactured with
precipitation was adjusted by the variation of PLGA concdration in the solvent phase. 5mg mL

! PLGA starting concentration resulted inmaverage particle size of 81.6im with a Polydispersity
index (P1) of 0.071, whereas characterizatioof the particles manufactured with 10mg mL* PLGA
starting concentration revealed a mean particle size of 174.4 nm and a PI value of 0.037. Hence,
both samples produced via precipitation resulted in monodisperse size distributions below the
critical valueof 0.1 (Hughes, Budd, Tiede, & Lewis, 2015PLGA nanopatrticles produced via the
double emulsion method resulted in a medium size of 519.7 nm with a narrow size distribution
characterized by a PI of 0.28.

Zeta Potential

The Zeta potential was characteristically negative for all prepared PLGA nanoparti¢Ravi Kumar,
Bakowsky, & Lehr, 2004; Vila, Sanchez, Tobio, Calvo, & Alonso, 200Bowever, 2-propanol is

less polar thanwater and has a laver dielectric constant of 18.0AsVm'! at 25°C compared to

78.5 AsvVm'! of water (Akerlof, 1932), the resulting zeta potential in both investigated solvents
did not differ significantly.

Morphology

PLGA nanoparticle morphology was examined using Scanning Electron Microscopy (SEM) and
Confocal Laser Scanning Microscop§CLSM). As presented ifrigure 1A nanoparticles prepared

by the double emulsion technique are spherical and show a smooth surface. Further, their
successful labeling with Lumogen F Red was cfirmed with their intense and homogenous color
(Figure 1B.
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Figurel: PLGA nanoparticles prepared by double emulsion technigyg, B) and spray dried nanein-micro
particles (NiMPs) prepared by spray drying at two different polymer ratios consisting of PLGA nanoparticles
(520 nm) and chitesan as matrix material (C?H). (A) Scanning ElectronMicroscopy (SEM) image,
magnification 5 kX. (B) Confocal Laser Scanning Microscopy (CLSM) picture, mag. 630 X, maximum intensity
projection (MIP) stiched together from a zstack, particles labeled with Lurogen F Red(C) CLSM image of
NiMPs 1/3 chitosan:2/3 PLGA, mag. 630 X, MIP; Enlarged cresesction of particles and particle schematic;
Chitosan (green) and PLGA nanoparticles (redp) CLSM image of NiMPs 2/3 chitosan:1/3 PLGA, mag.
630 X, MIP.(E) 3D projection of CLSM images (green: chitosan; red: PLGA) stiched together from-atack,
mag. 630 X, external view.(F) Transparent 3D projection of CLSM images (green: chitosan; red: PLGA)
stiched together from a zstack, mag. 630 X, internal view.(G) SEM mage of NiMPs 1/3 chitosan:2/3 PLGA,
mag. 10 kX. (H) SEM picture of NiMPs 2/3 chitosan:1/3PLGA, mag. 10 kX. 3D projections (external,
transparent) of CLSM images from 2/3 chitosan:1/3 PLGA NiMPs displayedimpplementary Figure S1
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Nano-in-Micro Particle s
Particle Size Distribution

Herein prepared nanein-micro particles (NiMPs) condisag of PLGA nanoparticles (520m)
coated via spraydrying with chitosan varying the chitosan:PLGA polymer ratio. First, NIMPs with
1/3 chitosan:2/3 PLGA were prepared andnalyzed via static light scattering (SLS), wWhistirring

at 1,500 rpm in the pP2000 measurement cell. The resulting Gaussian shaped volume size
distribution is presented inFigure 2A Compared to the NiMPs with 2/3 chitosan:1/3 PLGA, the
particle size ncreased with a higher chitosan ratio and the histogram is; therefore, shifted to the
right towards bigger particle sizes. Further, we calculated the d(0.5) value for both types of NiMPs
representing 50% of the particle populations respectively, as well athe mean patrticle size and
thereof the Polydispersity Index (Pdl) to characterize the homogeneity of the particle population.
These values are presented ifiable 1 NiMPs with a higher chitosan ratio resulted ira d(0.5)
particle size of 8.65um (Table 1) comparedto the slightly smaller particles with less chitosan
characterizd by a d(0.5) diameter of 8.10 ym. Both spraydried samples resulted in a unidisperse
particle size distribution; however, the population of NiMPs with less chitosan is more
homogenous than the sample with a higher chitosan ratio, characterized by a smaller Rdiable1).

Second, the samples were treated #h ultrasound for 1 min in the pP 2000 measurement cell
and afterwards measured again at 1,500 rpm. The second measurement d¢gcrevealed a
bidisperse size distribution for both sample types displayed Figure 2B The volume fraction is
divided equally in a nanopatrticle and a microparticle fraction, due to the split up of agglomerates.
The nanoparticle fraction of NiMPs with low chitosan ratio (1/3 chitosan: 2/3 PLGA) is
characterized by a mean particle diameter of 0.18m compared to 0.21 um of NiMPs with high
chitosan ratio (2/3 chitosan:1/3 PLGA) Table 1). Due to the previously described mean size of
519.7 nm of PLGA nanopaticles, the nanoparticle fractions of both NiMP samples should mainly
consist of pure chitosan. Further, the nanoparticle fraction resulted in slightly bigger particles due
to the higher chitosan ratio and the size distribution of this fraction is broadefTable 1). Incontrast,
the microparticle fraction of NiMPs with less chitosan is characterized bynaean particle diameter
of 6.61 um, whereas NiMPs consisting of more chitosan have a smaller mean diameter of 5 {{i%.
Additionally, the microparticle fracion of NiMPs with high chitosan ratio is narrower than the
microparticle fraction of NiMPs with low chitosanratio (Table 1). Thesefindings imply that
additional chitosan in the spray drying process is mainly forming pure chitosan nanoparticles, not
NiMPs Therefore, it is important to compare the encapsulation diciencies and understand,
whether a higher matrix ratio is bendicial to encapsulate nanoparticles via spray drying, which is
explained below.

Additionally, we measured the size distribution ofNiMPs in representative Scanning Electron
Microscopy (SEM) images using ImageJ software and plotted their resulting diameters against
frequency. The following size distributions are presented iRigure 2Ctogether with a non-linear
Gaussianfit performed in OriginPro software. The majority of 1/3 chitosan:2/3 REA-NiMPs has a
diameter of 0.45 pum. NiMPs with high chitosan ratio (2/3 chitosan:1/3 PLGA) resulted in a slightl
greater mean diameter of 0.52um (Table 1), which confirms that more chitosan availake during
spraydrying as matrix material results mainly in bigger nanoparticles. Further, the displayed size
distribution is monodisperse; however, very broad. This additional analysis shows, NiMPs (2/3
chitosan:1/3 PLGA) consisting of more chitosan resuh a broader size distribution than NiMPs
produced with less chitosan (1/3 chitosan:2/3 PLGA), which is attributed to the smaller sample
size of the image analysis. In the size distribution extracted from SEM images further only few
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microparticles occur.ln contrast to this, the size distributions examined via static light scattering
represent the samples volume fraction. In volumetric size distributions, few bigger particles
represent a bigger fraction than in frequency displaying distributions, where thvolume of the
measured particles within the sample is not considered.

Table1: Characteristic parameters of nanan-micro particles (NiMPs) obtained from static light scattering
measurements. d(0.5) value represents the diametef 60 % of the particle population. The Polydispersity
index (Pdl) characterizes the homogeneity of the particle population; 1 min ultrasonic treatment (US).

Method SLS SLS SLS SEM
" Agglomer:?\ted Suspension Suspension
Condition suspension in 2-propanol in 2-propancl Dry
in 2-propanol brop prop
After US After US
Treatment 1,500 rpm (First Peak) (Second Peak) None
d [um]
1/3 chitosan: 8.10 0.18 6.61 0.45
2/3 PLGA
d [um]
2/3 chitosan: 8.65 0.21 5.75 0.56
1/3 PLGA
Pdl 1/3 chitosan:
213 PLGA 0.99 0.70 1.89 0.6
Pdl 2/3 chitosan:
1/3 PLGA 1.17 0.87 1.84 1.3
Distribution Monodisperse Bidisperse Bidisperse Monodisperse

Zeta Potential

The examination of chitosan NiMPs in contrast to PLGA nanoparticles revealed an overall positive
zeta potential, which is characteristially for chitosan(Ravi Kumar et al., 2004; Vila et al., 2002)
and proves the successful encapsulation of PLGA nanoparticles into the chitosan matrix by spray
drying.

Encapsulation Ef fi ciency

Comparing both spraydried NiMP samples with different polymer ratios, in NiMPs with less
chitosan and higher PLGA ratio (1/3 chitosan:2/3 PLGA) generally about seven 519.7 nm PLGA
nanoparticles (NP) per single chitosan 6.6im microparticle (MP) have beerncapsulated Figure
1C). Red nanopatrticles are distributed inside of green chitosan microparticlésdure 15. Solely, a
few nanoparticles remained on thesurface Figure 1B and hence most nanoparticles were
encapsulated successfully. Due to the higher chitosan ratio Nid®vith 2/3 chitosan:1/3 PLGA
showed an average of only two 519.7nm PLGA NP in one chitosan 5.75m MP (Figure 1D. Both
samples further resulted in similar encapsulation &€iencies; however, NiMPs with a lower
chitosan ratio were produced with proportionally less matrix material to cover PLGA nanopatrticles.
NiMPs consisting of 1/3 chitosan:2/3 PLGA resulted in an encapsulatiorfiefency of 39+ 19 %
(Figure 1Q. NiMPs with a higher chitosan ratio (2/3 chitosan:1/3 PLGA) yielded in a higher
encapsulationefficiency of 51+ 16 % (Figure 1D, howeverthis is not signficant. Consequently,
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PLGA nanopatrticles were successfully encapsulated into chitosan via spray drying, but a 1/3 higher
matrix composition did not signficantly improve the encapsulation dfciency. Proportionally, even
more nanoparticles were encapsulated with a lower chitosan amount.

Morphology

NiMPs were further investigated via Scanning Electron Microscopy (SEM). Exemplary pictures, at a
magnification of 10 kX, are displayedin Figure 1E(1/3 chitosan:2/3 PLGA) andrigure 1F(2/3
chitosan: 1/3 PLGA). The previouslyescribed effect, causing slightly bigger particles due to the
increase in chitosan ratio during spray drying, can also be supported by the SEM analysis. Samples
prepared with a ratio of 1/3 chitosan:2/3 PLGA show more particles below one microrfFigure
1G), which is additionally proved with the size distribution inFigure 2C In contrast, spraydried
NiMPs with the opposite polymer ratio (2/3 chitosan:1/3 PLGA) are slightly lgigr (Figure 1H
Figure 2Q. Further, NiMPs are, independent of their polymer ratio, spherically shaped and show
a smooth surface, which can be attributed to the spray drying inlet temperature of 100C and a
reaulting outlet temperature of 45 + 1 °C, which allows continuous evaporation of the water
phase and results in homogenous particles with dense pores and hence smootbpgaring surface
(Paudel et al., 2013)
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Figure2: (A) Volume size distribution of nanein-micro particles (NiMPs) produced via spray drying. Particles
consist of PLGA nanoparticles (520 nm) coated with chitosan at a polymer ratio of either 1/3:2/3 or 2/3:1/3;

(n =5). (B) Volume size distribution of NiMPs after 1 min ultrasonic treatment in the measureme cell;

(n =5). (C) Particle number distribution G = 307 particles) extracted from Scanning Electron Microscopy

(SEM) images andfitted with a Gaussian fit; Dashed line (1/3 chitosan:2/3 PLGA) and full line (2/3

chitosan:1/3 PLGA).
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Mucosal Uptake of PLG A Nanopatrticles

In this study, we examined the uptake of PLGA nanoparticles with diameters of 80, 175, and
520 nm into olfactory mucosa tissue. Therefore, nanoparticle suspensions have been applied onto
the apical site of explanted porcine mucosa specime and incubated in specialized sidby-side
cells at physiological conditions of 35C and 90% humidity (Figure 3A mimicking the nasal
cavity. Quality control of olfactory mucosa biopsy and further processing steps including cutting,
particle applicatian, fixation, and cryosectioning occurred via hematoxylireosin (HE) staining.
Only specimens with an intact epithelial layer were analyzed; those with a damaged epithelial
layer were excluded from the study because a compromised epithelial layer could emte
particulate uptake. Further, sample thickness adx vivospecimens was 1,273t 356 um, whereas
individual samples were not sigricantly different in thickness (ShaipireNilk normality test, One
Way-ANOVA with Leven&® variance test and Bonferoni postoc test; p<0.05
respectively).Detailed thickness data and statistical analysis are presente8upplementary Figure
S2

PLGA nanopatrticles, with a diameter of 80 and 175 nm have been taken up immediately into th3
lamina propria of the olfactory mucosawithin 5 min after application. Particles are spread ovel
the lamina propria 80 nm nanoparticles, celocalized with cell nuclei, have been observed in
lymphoid follicles Figure 3B and the epithelial cell layer, which implies spontaneous cellular
uptake of these nanoparticles. 175 nm particles have additionally been documented more
prominent in glands than in lymphoid follicles Figure 3Q. In general, it is reported that cells can
take up nanoparticles, with a diameter below 200 nm, intracellularly after intranasal
administration (Bourganis et al., 2018b; Alpesh Mistry, 2009; Rabiee et al., 2020Muntimadugu

et al. 2016 has further already reported the transport of PLGA nanoparticles, with diameters below
200 nm, along axons within the nasal mucosgMuntimadugu et al., 2016). This was also proven
within our experiments for porcine olfactory mucosa. We further investigated PLGA nanoparticles
with a 520 nm diameter. In contrast to intranasal application Win and Feng et al.2005 proved
the intracellular uptake of 500 nm polymer particles into Cace? epithelial cells(Win & Feng,
2005). In our study, 10 min after application to the ofactory mucosa explants, cells also seemed
able to take up 520 nm nanoparticles; these were found distributed in the epithelial ger and
mainly in the outer 150 um of the lamina propria (Figure 3D. Overall, the uptake of the larger
size patrticles occurré in slower motion compared to 80 and 175nm particles. Further, 520nm
particles have not, in contrast to smaller nanoparticles, been observed primarily near nuclei within
the first 15 min but between, hence intercellularly. Within 15 min, further 520 nm patrticles have
been detected only sparely in glands, not in deeper layers of tHamina propria, nor in the collagen
tissue, which connects the porcine mucosa with the nasal septunm vivo. An overview of size
and time-dependent PLGA nanoparticle uptake rd distribution is presented in Table 2 In
summary, the uptake of PLGA nanoparticles, displayed rable 2 is fast, within only 5 min after
application to the apical side of olfactory mucosa, of PLGA nanoparticlagp to a diameter of
520 nm, into the epithelial cell layer. Further size dependent penetration occurs within 1fin to
the underlying lamina propria Herein, 80 nm particles penetrate to a high extent, whereas similar
amounts of 175 nm particles were taken up. 520nm, in contrast, penetrated toa very low extent
and, hence, wee also slower. Further, many 80 m particles were detected within 5min,
especially intracellularly within lymphoid follicles, which can imply an interaction with immune
cells. In contrast, 175 nm patrticles were only rarelfjpund associated with lymphoid follicles and
520 nm particles were, even within 15 min, not detected celocalized with lymphoid follicles. This
indicates a size dependent relation in transport. The initial immune reaction was investigated
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within this study and is described below. Supplementary, 176m particles have been detected
after 5 min in glands, 520 nm particles only after 15min, and 80 nm particles were not detected

at all. This again implies a size dependent differentiation in transport routesubdoes not impact
transport towards the brain or the central nervous system (CNS). In contrast, gland associated
nanoparticles might stuck in the mucosa and are, therefore, less effective as drug delivery system.
Additionally, only 520 nm nanoparticles hae been detected in neuronal bundles, which could
enable further transport to the brain or the CNS. Consequently, especially 520 nm particles seem
to have the ability for transcellular neuronal transport, in contrast, 80 and 175 nm do not. Those
seem to betransported only transcellular across other cell types. Finally, none of the investigated
pure PLGA nanopatrticle samples were detected within the basolateral collagen tissue and, thereof,
none of these penetrated the whole transverse section of the tissusamples within 15 min
following application.

A 35°C ; .
90 % humidity Lymphoid
follicle
Basolateral
()]fa‘lo?’y PBS )
mucosa pH 74 l ;' _-»T
= an
ol Air 1!
Particles Lymph01d
follicle

Apical
2mL

Reaction tube

/

—~— Y/~ ~ ~

Epithelial layer BL Lamina propria Lamina propria BL Epithelial layer

Blood vessel

Apical side
Basolateral side

Glands

\ - -

v

Epithelial layer Basal layer Lamina propria Collagen tissue

Figure 3: (A) Experimental setting ofex vivo particle permeation experiments, porcine olfactory mucosa
incubated in specialized siddy-side cell at physiological conditions of the asal cavity (35°C, 90%
humidity). (B2 D) Uptake of PLGA nanoparticles (red) 5 mi(B, C) and 10 min (D) after application to the
apical side of the olfactory mucosa. Maximum intensity projection (MIP) of Confocal Laser Scanning
Microscopy (CLSM) images isthed together from a z-stack. Cell nuclei stained with DAPI (blue). PLGA
nanoparticles colored with 14ug mL* (80 nm), 28 ug mL* (175 nm), or 28 ug mL* (520 nm) Lumogen. Red
arrows mark single particles. Area of particle accumulation enlarged.
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Tabe 2: Size and time-dependent uptake, as well as cedocalization with sub structures in the olfactory
mucosa, of PLGA nanoparticles (suspension) and spray dried nanemicro particles (NiMPs) (powder)
consisting of 520 nm PLGA pdicles embedded in chitosan. 5 min, 10 min, or 15 min after particle
application to the apical side and incubation at physiological conditions of the nasal cavity (3&, 90 %
humidity). (+) rarely, (++) intermediately, (+++) often particles observed, of X no particles observed.
Examined samples: PLGA nanoparticlea £ 3), respectively; NiMPsng). Quantitative comparison only
applicable for PLGA nanoparticles among each other and NiMPs separately due to different applied particle
amounts (suspension vesus powder).

5 min after application —_ - _ c .
28 | £ | so | =® Ee | 9oF
10 min after application £ 8 == 58 s 22 g 20
58 S 2 €3 0] 3 2 528
. L w e - o > % < o~ S
15 min after application - =
PLGA 80 nm +++ ++ +++ - - -
PLGA 175 nm +++ ++ + ++ - - 3
PLGA 520 nm +++ + - + + -
NiMP (PLGA<hitosan) +++ + +++ ++ + ++

Nano-in-Micro Particle Uptake

PLGA nanoparticles, with a 520 nm diameter, were embedded in a second production step via
spray drying in chitosan. The previouslglescribed variaion of polymer ratio PLGA:chitosan
showed no impact on olfactory uptake. Therefore, the following results are true for all, herein
produced and described, nanen-micro particles (NiMPs)D12 mg NiMPs were applied onto
porcine olfactory mucosa specimens ahincubated similarly to pure nanoparticles, in a sidéy-
side cell at 35°C and 90 % humidity, mimicking the nasal cavity Figure 3A). Due to the different
application of PLGA nanoparticle suspensions as powder here, only the occurrence of NiMPs and
chitosancoated PLGA patrticles is examined, but not the quantitative particle amount. This is
because more PLGA patrticles have been applied, respectively, on powder samples. The applied
particle patch (red) covered the epithelial layer completelyrigure 4. In contrast to the above
described the distribution of purely applied 520 nm PLGA particles in the outeD150 pm of the
lamina propria, chitosancoated NiMPs have been detected 1&in after application spread deep
within the lamina propriaeven distributed over the entire width of the olfactory mucosa sample
reaching the collagen tissue at the basolateral sidesgpplementary Figure S8 All findings of
NiMP-uptake within the initial 15 min after application to the olfactory mucosa are summarized
and displayedin Table 2 Due to the complete coverage of the epithelial layer with the applied
particle layer, initially within 5 min, many NiMPs were found associated with the epithelium. Fewer
NiMPs were found in thelamina propria; however, the penetration occurredfaster than for pure
520 nm PLGA particles without chitosan coating. Within 10 min, NiMPs were mainly detected
associated with lymphoid follicles $upplementary Figure S§ After 15 min, NiMPs werefinally
detected in glands and neuronal bundles to a sligtly lower extent. Finally, within 15 min, NiMPs
were detected spread over the whole transverse section of the mucosal tissue sample, even
distributed at the basolateral side in the collagen tissue. Consequently, the chitosapating herein
accelerated theuptake of NiMPs, compared to the identical purehapplied PLGA particles, with
520 nmin the initial 15 min after application. However, to analyze the quantitative amount further
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investigations are needed, due to the different particle amounts applied, csed by the sampling
procedure.

30 min following particle application, surface located bowman glands have been detected, where
the gland-overlaying particle patch was clearedHigure 4A and Supplementary Figure SpB
Therefore, epithelial glands seem to bable to either take up particles within 30 min, resulting in
enhanced uptake compared to the surrounding epithelial layer, or transport overlying particles
away due to the ongoingmucus production mechanism(T.J. Apden, Adler, Davis, Skaugrud, &
llium, 1995; Trudi J. Aspden et al., 1997; Sadé, Eliezer, Silberberg, & Nevo, 19#)r this reason,
we additionally gained control samples, after 5h incubation, with Hoechst 33342 dye, which
solely stains intact cell nalei to prove cell viability within and after the experiments. This livstain
experiment proved that cells of the excised mucosa samples were alive throughout the whole
duration of the experiments (data not shown). As a result, it could be assumed that ¢himonitored
glands were also able to produce mucus during the experiment and, therefore, possibly
transported overlying particles away.

Samples examined 2 h after particle application showed similar results to the above described
results 15min following application. NiMPs were observed over the whole transverse section of
the porcine olfactory mucosa, including collagen tissue layers at the basolateral side of the sample
(Supplementary Figure Sb Furthermore, 520 nm particles were detected in mucuproducing
glands within the tissue Figure 4B, and in the outer zone of lymphoid follicles Figures 4BE).
Therefore, NiMPs also seem to be transported to lymphoid follicles, as similar behavior was found
after 5 min for nanoparticles with 80 nm diameter. Die to the green labeling of chitosan in NiMPs,
we were able to additionally prove the colocalization of chitosanKigures 4C,D) with PLGA
nanopatrticles (red) Figures 4C,E) in the outer zone of lymphoid follicles. Consequently, not only
the pure PLGA paricles were transported there but also chitosartoated NiMPs. Celocalization
with glands (Figure 4B could also be attributed to the mucoadhesive propertie of chitosan
(Henriksen et al., 1996) When passing glands, mucus in these glands seems to hold up chitosan
coated nanoparticles due to mucoadhesion.
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Figure 4: Permeation of nanain-micro particles (NiMPs) consisting of PLGA nanoparticles (520 nm; red)
encapsulated in chitosan applied to the apical side of porcine olfactory mucosa. Maximum intensity
projection (MIP) of Confocal Laser Soaing Electron Microscopy (CLSM) images stitched together from a z
stack. Cell nuclei stained with DAPI (blue). Images taken after 30 mfA) or 2 h (B2E). (C) Merged image
shows overlapping signals of nanoparticles (red) and chitosan labeled witluoreseein (green) appearing
yellow. (D) Corresponding single channel of chitosan (green)(E) Corresponding single channel of
nanoparticles (red).(Red arrow) PLGAnanoparticles, (green arrow)chitosan, {ellow arrow) co-localized
PLGA nanoparticles and chitosarPL, Particle layer; BL, Basal layer.

Influence of Chitosan Coating

In general, the interaction of chitosan and PLGA nanoparticles within mucosal tissues is not yet
well characterized. We, therefore, examined the following immunohistochemistry studies dn
compared purely applied 80, 175, and 520 nm PLGA patrticles with nanim-micro particles (NiMPSs)
consisting of 520 nm PLGAnanoparticles embedded in chitosan via spray drying.
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Co-Localization w ith Initial Immune Cells and Neuronal Fibers

When pure PLGA @anoparticles were applied to the porcineolfactory mucosa sample, several
nanoparticles were taken upinto the epithelial layer, these also passed the basal cell lay@L),
and permeated into outer layers of thelamina propria (LB as already described irthe previous
chapter.We additionally labeledCD14" cells via immundluorescence staining. As shown in
Figure5A (merge) and Figure 5B(single channel), CD14 wagnostly detected homogenously
distributed within the olfactory mucosa, since this biological baier is an important
immunologically-active tissue. Further, an increased signal wastected, particularly within blood
vessels and lymphatic vesselsecause CD14 monocytes roll along with endothelial cells and are
moving from the immunogenic active tssue site into the bloodstream.

Due to the application of pure 80, 175 and 520 nm PLGA nanoparticles without chitosan, no
chitosan signal was detectable in this kind of sample, which serves as a control heFegiure 5Q.
Signficant agglomerates of severbnanoparticles have been further observed near nuclefigure
5D), 520 nm particles especially in neuronal bundlesg-igure 5B stained against the marker
neuronal filament heavy protein (NFH). Neuronal bundles are axondiibers of primary neurons
that merge in the lamina propria and connect the olfactory mucosa via the olfactory or the
trigeminal nerve directly to the brain(Morrison & Costanzo, 1990, 1992) When chitosan-coated
NiMPs have been applied to the porcine olfactory mucosa, within 1&in several chitosarcoated
nanoparticles were also detected in the outer area of the sample, including the epithelial layer,
basal cell layer (BL), and the outer layers ofélamina propria(LP (previous chapter). NiMPs have
also been observed in neuronal bundles (data not shown) and could, therefore, possibly be also
transported along the olfactory and trigeminal nerve to the brain and the central nervous system
(CNS). As smted before, we have already proved that not only pure PLGA nanoparticles can
penetrate the olfactory mucosa, but also chitosan associated with these nanopatrticles, and even
to a faster extent.

In Figure 5H we solely displayed the penetration of chitean labeled with fluorescein, which
indicates, that chitosan is also able to dissociate from PLGA nanoparticles and independently
penetrate the outer D150 um of the olfactory mucosa within 15min after application to the apical
side of the sample. Furtheran intensity gradient of chitosan is visible decreasing to deeper layers
within the tissue. In the examination of CD14 cells after application of chitosarcoated NiMPs, a
CD14' signal was detected on the surface of single epithelial cells; however, the iépelial layer
herein was completely covered by the particle patcH{gure 5F. Further, CD14 monocytes were
again detected at the inner wall of blood vessels. Additionally, an accumulation of CD14
immunoreactivity was monitored in the outer layers of tle lamina propria (Figure 5G, where no
blood or lymphatic vessel is present. Moreover, iRigure 5] we found a CD14" signal surrounding

a lymphoid follicle present in thelamina propria especially one CD14cell directly associated with
NiMPs on its suriice, as well as intracellularly, seems to express CD14 on its cell surfdéigre
5J). In contrast to this, direct cellularCD14-asscociation with pure 520nm PLGA particles could
not be found. Bringing this together with the described chitosan penetratia gradient (Figure 5H,

we conclude that an attraction of immune cells occurred due to the presence of chitosan
recognized by CD14 monocytes or macrophages. This could be assigned to the
lipopolysaccharidereceptor, which CD14 is part of, resulting in eiher a pro-inflammatory event
triggered by M1-macrophages, or a wound healing procedure described by the increased presence
of M2-macrophages(Davis et al., 2018)
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Figure5: Permeation of PLGA nanopatrticles (520 nm; redA2 E) and PLGAchitosan nancin-micro particles
(NIMPs)(P2J). Maximum intensity projection (MIP) of Confocal Laser Scanning Microscopy (CLSM) images
stitched together from a zstack, taken 15 min after application to the gical side of porcine olfactory
mucosa. Cell nuclei stained with DAPI (blue). Red arrows mark nanoparticles (red) within the tissue. CD14
(green) labelled with antimouse Alexa Fluor® 647 secondary antibodyA, B, F, G). NFH (cyan) labelled
with anti-chicken FITC secondary antibod{D, E). Chitosan labeled withfluorescein (cyan)H). Overlapping
signals of red and green appear yellowF) due to co-localization of PLGA nanoparticles (red) and chitosan
(green). PLGA nanoparticles (single red channel) dispdal in Supplementary Figure S6B, .LP, Lamina
propria; BL, Basal cell layer; PL, Particle layer; EL, Epithelial cell layer.

Cell Junction Opening

Chitosan can open tight junctions(Fazil et al., 2012; Rassu et alR016; Sonaje et al., 2012) which
are the characteristic intercellular connections present in epithelial cells and endothelial cells. We,
therefore, stained the prominent component Zonula occludens protein 1 ZO1l via
immunohistochemistry. As already desribed above within 15 min after application PLGA
nanoparticles (520 nm) permeated into the olfactory tissue sampléigures 6A,B). ZO-1 protein
was detected mainly between epithelial cells forming the wellknown tight junctionsKigures 6A,
C). When pure PLGA nanoparticles have been applied, higher maditation revealed
characteristically honeycombike staining resulting from intercellular presentzO-1, which was
earlier described in cell cultur¢dJames Melvin Anderson et al., 1988; Stevenson et al., 198GJhe
underlying lamina propria consists, to large extent, offibroblastic cells, whereZO-1 is mainly
localized in endothelial cells. The localization in blood vessels was also proven in this stirdgyres
6A, D). Open tight junctions are characterized by another conformation than in the closed stage.
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The membrane proteinZO-1 is internalized nto the cytoplasm, resulting in loosening of the
intercellular connection(Smith, Wood, & Dornish, 2004) Consequently, due to the internalization
of the former membrane protein, immunohistochemically targeting of ZO-1 in the open
conformation is hence not possible anymore, which results in discoloring. Comparing the results
of hanoparticle permeation to the application of chitosarembedded NiMPs, we not only detected
the above described uptake of PLGA nanoparticles associated with chitosan polymer molecules,
we additionally displayed the ability of chitosan to penetrate thdamina propriadissociated from
nanoparticles, approximately 15Qum, within 15 min after particle application to the olfactory
epithelium (Figure 5H. Additionally, we investigated the presence oZO-1 signal in tight junctions.
Following the application of NiMPs, we again detected a gradient signaFigure 6F reverse to the
above-shown chitosan gradient(Figure 5H; therefore, matching the previouslydescribed chitosan
penetration of approximately 150um into the lamina propria, which causedZO-1 internalization
and tight junction opening. Foremost in deeper layers of théamina propria ZO-1 signal wasstill
apparent proving working celtcell junctions. Especially in the wall of blood vessels, théO-1
immunoreactivity Figures 6D F indicated still active tight junctions. Epithelial cells, which directly
underlie the applied NiMPs faded also within 15min and were therefore found discolored
(FigureséD, P caused by chitosan mediated tight junction opening.
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Figure 6: Permeation of PLGA nanoparticles (520 nm; redA, B, C) and PLGAchitosan nancin-micro
particles (NIMPs)D, E, F).Maximum intensity projection (MIP) of Confocal Laser Scanning Microscopy
(CLSM) images stitched together from a-gtack, taken 15 min after application to the apical side of porcine
olfactory mucosa. Cell nuclei stained with DAPI (blueXonula ocdudens protein 1 (ZO-1) (amber) labeled
with anti-rabbit Alexa Fluor® 647 secondary antibodyA, C, D, F). EL, Epithelial cell layer; PL, Particle layer;
BL, Basal cell layer.
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3.1.5 Discussion

In this study, we successfully prepared poly(lactao-glycolic acid) PLGA nanoparticles of different
sizes (80, 175, and 520 nm) using the precipitation and double emulsion method. Further, we
produced specialized nanean-micro particles (NiMPs) via spray drying, consisting of PLGA
nanoparticles (520 nm), embeddedrito the matrix polymer chitosan. NiMPs have in this study
been produced via spray drying. In contrast to other innovative methods for naroand
microparticle production, e.g. electrospraying or supercritical CQassisted electrohydrodynamic
processeqL. Baldino, S. Cardea, & E. Reverchon, 2019; Lucia Baldino, Stefano Cardea, & Ernesto
Reverchon, 2019; Jaworek & Sobczyk, 2008)spray drying is an even commercially used
formulation process.

Especially the pharmaagtical industry (G. Lee, 2002; Stahl, 1980penefits from high throughput
production of spray drying, concurrently resourcdriendly, as well as from high resulting
encapsulation eficiencies of up to 100% (Walz, Hirth, & Weber, 2018) Spray drying of chitosan
has been aleady reported in the literature; however, ineffective process parameters or
inhomogeneous particles have mainly been documente(He, Davis, & lllum, 1999b; Tokarova et
al., 2013). To achieve a robust production process and reproducible particles, with homogenou
size distribution and morphologyi,it is necessary to choose suitable process parameters, such as
inlet temperature, feed rate, and gasflow (Paudel et al., 2013) The crucial factors in this process
are droplet atomization followed by feed evaporation. To generate homogenous padies,
atomization should be uniform, resulting infine droplets at the first stage. These droplets then
need to evaporate continuously in the second step, to achieve homogenous particles with smooth
surface. Droplets dry from the outer to the inner phasemeaning that the remaining liquid in the
center of the particle needs to evaporate through the already partly dried matrix. When
evaporation takes place too fast at inlet temperatures above 108C, either hollow particles are
formed through the so-called Rish-hour effect (Paudel et al., 2013) or they even burst and empty
shells remain. Contrary to common knowledge, wrinkled surfaces of spragried chitosan particles
do not occur from the polymeric properties of chitosan itself, but mainly from theprocess
parameters of spraydrying. When particles cool down at the end of the process, they shrink and
characteristic wrinkles occur. Hence, it is possible to prepare reproducible smooth chitosan
particles utilizing suitable spray drying parameters likdné ones reported herein. With moderate
evaporation rates, dense and homogenous particles were achieved. Consequently, we developed
a robust spray drying process. The morphology of all particulate samples in this study was
spherical, with smooth surfaces beause we optimized the spray drying process performed with a
Biichi B290 Mini-Spray dryer. An inlet temperature of 100°C was identfied, as a crucial
parameter, which resultedin an outlet temperature of 45+ 1 °C. This allowed the polymer
droplets to corntinuously evaporate, ultimately resulting in homogenous and smooth particles.

For the chitosan:PLGA polymer ratio of NiMPs, a higher chitosan ratio resulted in increased particle
diameters determined via image analysis of Scanning Electron Microscopy ireagnd static light
scattering; however, NiMPs tend to agglomerate in suspension. They were split up during static
light scattering after an additional ultrasonic treatment within the measurement cell, which then
revealed a bidisperse size distribution wita nanoparticle and a microparticle fraction. A higher
chitosan ratio mainly iffluenced the nanopatrticle fraction, which isattributed to the formation of
additional, and slightly bigger pure chitosan nanoparticles during spray drying. Generally, due to
the higher PLGA content about seven PLGA nanoparticles with a mean diameter of 51%ih
were found in one chitosan micropartide with a mean diameter of 6.61 um for low chitosan ratio,
whereas, high chitosan ratio during spray drying resulted in an enpaulation of about two
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519.7 nm PLGAnanoparticles per chitosan microparticle with a meamliameter of 5.75 um. The
achieved encapsulation dfciency of NiMPs was either 39 19 % (1/3 chitosan:2/3 PLGA) or
51 £+ 16 % (2/3 chitosan:1/3 PLGA); and therefore, nosignificantly different. Although, 1/3 more
chitosan as matrix material was present, the encapsulationfefiency did not signficantly increase.
This is again attributed to the formation of additional pure chitosan nanoparticles, which were
determined via static light scattering measurements after additional ultrasonic treatment.
Consequently, spray drying is a very €ient method to encapsulate nanoparticles up to a mass
ratio of 2/3, covering them successfully with the added matrix polymer, even moregneficial when
using less matrix material.

The polymer ratio variation had no impact on the followingex vivoexperiments. Mucosal uptake
of PLGA nanoparticles and NiMPs was investigated, with porcine olfactory mucosa specimens, in
specialized sideby-side cells, mimicking the upsidedown orientation and physiological conditions
within the nasal cavity at 35°C and 90 % humidity. Overall, a size and timedependent uptake of
PLGA nanoparticles was observed. Smaller PLGA nanoparticles, with 80 nm diametegrevtaken
up immediately deep into the lamina propria 5 min after application to the epithelium. Fewer
175 nm patrticles penetrated the epithelial and the basal layer within 5 min. For 520 nm PLGA
nanoparticles, slower uptake was observed, reaching the outd>150 um of the lamina propria
within 10 min. Additionally, 80 and 175 nm particles were documented to directly associate with
cell nuclei within 5 min, which implies intracellular uptake. In contrast, 520 nm particles have not
initially been observed neamuclei, but after 15 min, and to lower amounts, compared to the
smaller nanoparticles. The occurring decelerated penetration due to increasing particle size is
already reported in the literature (Bourganis et al., ®18b; Alpesh Mistry, Glud, et al., 2009)
Further, reported critical particle size enabling transcellular transport after intranasal
administration is 200 nm(Bourganis et al., 2018b; Rabiee et al., 2020However, Musumeci et al.
(2018) reported that PLGA nanoparticles, up to 300 nm, reach and accumulate in the brain of
rats, but did not clarify the occurring transport mechanisnfMusumeci et al., 2018) Nanoparticles
with diameters greater than 500 nm have not yet been reported for nos¢o-brain (N2B) targeting
(Bourganis et al., 2018b; Rabiee et al., 2020but size-dependent intracellular uptake is possible
also for 200, 500 and even 1,000 nm patrticles in epithelial cells (Caed) (Win & Feng, 2005)
Remarkdly, we reported herein cclocalization of 520 nm PLGA particles with nuclei, especially
accumulated in neuronal bundles, which implies intracellular uptake in neuronal axons and could
enable transcellular transport within the olfactory, or trigeminal nerg pathway to reach the brain
and the central nervous system (CNSBourganis et al., 2018b; Génger & Schindowski, 2018;
Keller et al., 2021; Rabiee et al., 2020)The diameter of axonsn humans ranges from 100 to
700 nm (Alpesh Mistry, 2009; Morrison & Costanzo, 1990, 1992)It is broadly reported that
directed transport along with neuronal cells and posterior neuronal bundles is one of the most
promising routes for noseto-brain delivery. To further investigate this phenomenon, additional
experiments visualizing the exact cellular uptake and transport mechanism could be helpful.
Hence, live imaging orin vivo experiments with particle sizes above 200 nm should again also be
taken into account.

Contrasting the observations of 520 nm pure PLGA particles to the similar 520 nm PLGA patrticles
embedded into chitosan, NiMPs were taken up faster and deeper in the&amina propria. A
quantitative analysis was herein not possible bacse sample sizes differed between PLGA
nanoparticle suspension and NiMP powder samples. The effect of applied polymer amount and
sample condition needs hence to be investigated in future studies. Within 15 min high amounts
of NiMPs were detected spread osr the whole olfactory mucosa section, reaching the collagen
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tissue at the basolateral side, where none of the purely applied PLGA nanopatrticles were found.
Furthermore, chitosan has been detected associated with the penetrated PLGA nanoparticles
within the olfactory mucosa. Especially after 2 h, several 520 nm particles have been found
together with chitosan in the outer zone of lymphoid follicles, where usually -Eells and Bcells are
present in the porcine olfactory mucosgLadel et al., 2018) Small pure PLGA nanoparticles (80
and 175 nm) have also been detected in this area after approximately 5 min. In contrast to this,
purely applied 520 nm PLGA patrticles were not found associated with lymphoid follicles. Lde¢

al. (2018) showed CD3, CD20", and CD14 cells in the outer area of the porcine olfactory
epithelium-associated lymphoid folliclegLadel et al., 2018) This finding further matches the
subepithelial dome moreprominent in intestinal Peye® patch but also found in young adults and
sheep.

Also within this study, we consequently examined the general initial immune reaction, which is
mediated by CD14 immune cells, namely monocytes and macrophages. It takesagk within the
first few hours after contact with a biomaterial(J. M. Anderson et al., 2008)We further monitored
the presence of CD14 around lymphoid follicles. In our study, PLGA was not found colocali263
with CD14" cells, thus seems not to be recognized by CD14. Therefore, it is assumed that PL(
nanoparticles can pass the olfactory epithelium reaching for ergple, neuronal bundles, and could
then be further transported to the brain and the CNS.Nevertheless, 8hm PLGA nanoparticles
especially have been documented associated with lymphoid follicles, which should be further
clarified. Although this result is nd attributable to the recognition by monocytes or macrophages,
an interaction mechanism with other present immune cells could still be possible and should be
explored in future studies. The chitosan penetration gradient within the olfactory mucosa was
found in our study to be proportional to a gradient of the initial immune response. Chitosan,
therefore, seemed to cause a migration of CD14cells to the particles underlying thelamina
propria within 15 min after particle application to the epithelium. The membrane located
glycoprotein CD14 forms together with the lipopolysaccharidébinding protein (LPB), the
lipopolysaccharidereceptor (LPR), which recognizes bacterial endotoxin lipopolysaccharides
lipopolysaccharidereceptor present on the surface of Grarmmegative bacteria(Wright, Ramos,
Tobias, Ulevitch, &Mathison, 1990). Lipopolysaccharidénduced upregulation of the CD14
membrane receptor is known as an initial immune reaction in mucosal tissues, such as the intestine
(Frolova, Drastich, Rossmann, Klimesova, &3kalovaHogenova, 2008; Funda et al., 2001)
Otterlei et al. (1994) initially described chitosamecognition by CD14 on monocytes(Otterlei,
Vhrum, Ryan, & Espevik, 1994)To the contrary, Qiao et al. (2010) reported the reduction of pre
inflammatory cytokines through chitosan oligosaccharideg®iao et al., 2010) Recently, Chang et
al. (2019) differentiated between low molecular (below 7.1 kDa) and high molecular (above 72
kDa) chitosan in the macrophagebinding mechanism. They repded that only low molecular
weight chitosan up to 7.1 kDa would bind CD14 and interpreted it as an activation of a pro
inflammatory cascade(Chang, Lin, Wu, Huang, & Tsai, 2019)Studies describing the immune
reaction of applied chitosan micropartites are still rather poor. Solely, S. Davis et al. (2018) proved
chitosan particles with a high degree of deacetylation with sizes of21l0 >m causing less M1
macrophage activation than similar chitin particlegDavis et al., 2018) Consequently, either the
pro- or anti-inflammatory ability of chitosan particles is dependent on molecular weight, partie
size, and degree of deacetylation. Taking this into account, we assume that in our study the
observed CD14 signal should be antiinflammatory inducing a wound healing cascade, because
the herein utilized chitosan hasa molecular weight of 150300 kDa. This should hence not be
critical because Chang et al. (2019) reported for chitosans with molecular weights above 72 kDa
solely antiinflammatory reactions. Further, a high degree of 806 deacetylation and lastly a
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particle size ranging through agglomerate from approximately one micron up to 100um
supports this reasoning. Nevertheless, the herein investigated CD14 immunohistochemical
staining does not allow us to distinguish between M1 and M2-macrophages, which should be
further evaluated in cell cultureexperiments, because, for example, a quantitative cell assay with
altering cytokine concentrations would be needed as a refereng@arif et al., 2016) This was not
possible with the ex vivosamples of this study.

Moreover, the chitosan coating of NiMPs revealed several other interestifigdings different from
the purely applied identical PLGA nanoparticles. Chitosan was found to penetrate the
olfactorymucosa approximatelyD150 um within 15 min. Further, it acceleated the penetration

of coated nanoparticles sigrficantly and enables transport over the whole transverse tissue section
within 15 min as described above. This is attributed to the swelling of chitosan on the top of the
mucosa because the naturally occuing pH value in the nose of healthy individuals ranges around
pH 6 (R. J. A. England, J. J. Homer, L. C. Knigl&,S. R. Ell, 1999)Unmodified chitosan does not
completely dissolve at physiological pH values in the nose due to its pKa valuel8.5 but it is
swelling and single chitosan polymer chains can move into the tissue. One explanation of
enhanced uptake am accelerated permeation into the olfactory mucosa could be attributed to
the well-known ability of chitosan to open tight junctions or more general celicell junctions
enabling paracellular transport.

The membrane proteinZonula occludensprotein 1 (ZO-1) is part of tight junctions within the
epithelial cell layer as well as endothelial cells, and adherens junctions within themina propria
(Steinke, MeierStiegen, Drenckhahn, & Asan, 2008; H. Wolburg et al., 208). When tight
junctions are opened due to chitosan treatment, the membrane proteiZO-1 immunohistological
staining fades. V. Dodane et al. previously reported this in 1999 in the cell culture of Ca&bcells.
The underlying mechanism caused by the intealization of this spediic protein from the
membrane to the cytoskeleton was later clafied by Smith et al. (2004)(Smith et al., 2004) This
ability in cell culture has been provedy several research groups in the past decad¢Bodane,
Khan, & Merwin, 1999; Rassu et al., 2018)nevertheless, the chitosan application onto tissues is
rarely reported. The opening mechanism in epithelial cells, previously reported by Dodane et al.
(1999) to take place after 1 h and regenerate withi 24 h also observed through fading and
recovery ofZO-1 staining (Dodane et al., 1999) however, they investigated aixlic solutions at low
chitosan concentrations. Smith et al.(2004) further described a concentrationdependent
internalization of ZO-1 on Caco-2-monolayers within 1 h. M. Fazil et al. (2012) additionally
showed increased brain uptake caused by chitosan pieles but did not show ZO-1 staining as
reference (Fazil et al., 2012) We, herein, showed forthe first time that this is also true in the
naturally occurring environment of porcine olfactory mucosa as a prominenbiological barrier.
The ZO-1 discoloring is attributed tointernalization and opening of celtcell junctions occuring in
the ex vivo setting within only 15 min, including swelling of the dry chitosancoated patrticles,
which was never previously reportedTo better understand which dosage of chitosan is most
effective to promote paracellular transport, further experiments with differentconcentrations,
particle amounts, as well as shorter timeframewould be interesting.

Finally, local particle clearancevas observed above surfacelocatedowman glands. NiMPs have
been cleared completelywithin 30 min, which could be attributed either to acceleratedparticle

uptake within glands or ongoing mucus productionresulting in continuously pushing away the
overlayng particle layer. Ongoing mucus production even inex vivo setting was already early
described to last at least 45 h for frog palate mucosa(T.J. Aspden et al., 1995; Sadé et al., 1970)
later also forhuman specimens(Trudi J. Aspden et al., 1997and ferret trachea with velocities up
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to 9.5 + 3.5 mm min'* (Abanses, Arima, & Rubin, 2009; Jeong, Joo, Hwang, & Wine, 2014)
Further, chitosan was found to reduce mucociliary transportate (MTR) proportionally to its
molecular weight (T.J. Aspden et b, 1995), which was attributed only to its physical interaction
with mucins not harming the mucosa itsel{Trudi J. Aspden et al., 1997)Unfortunately, no further
tracking of particles was possible irthis study becaise no particles have been detected directly
associated with the gland ensheathing cells, or the underlyingells of the lamina propria, and
continuous monitoring was not possible due to the sampling procedure. As Raber et al. (2014)
alsodescribed enhanced uptake of chitosan-coated PLGA nanoparticles glandular ducts of hair
follicles (Raber et al., 2014) mucosal glandscould also function as uptake enhancing mucosa
components. Forthe clarffication of the role of surface-associated glands, it would benteresting
to continuously monitor the site of action. It would be bendicial to monitor organoids, such as
glands, using a complex model of the olfactory mucosa. For example an orgam-a-chip model,
a so-called nose-on-a-chip.

3.1.6 Conclusion 3

Within this study, we successfully developed specialized Nairo-Micro particles (NiIMPs) consisting
of PLGA nanoparticles embedded into chitosan microparticles via spray drying. We evolved a
robust spraydrying process esulting in homogenous microparticles with high encapsulation
efficiency, uniform size distribution, smooth surface, and dense pores. We demonstrated, that not
only 80 and 175 nm PLGA nanoparticles purely applied to the olfactory mucosa can be taken up
intracellularly within only 5 min, but also 520 nm PLGA patrticles are associated with nuclei and
neuronal fibers after 15 min, which can imply transcellular transport within the olfactory
epithelium and intracellular uptake into neuronal cells following trangort along those to the
olfactory or trigeminal nerve, whichfinally enables targeting of the brain and the central nervous
system (CNS). Thedendings were further proved to be sizetime-proportional, resulting in smaller
particles moving faster (withinonly 5 min) and to a higher extent into the lamina propria
Chitosan-coated NiMPs were idenfied as even more interesting nanopatrticle carriers and are
auspicious delivery vehicles themselves. Their chitosan coating is subsequently swelling on the
mucosalbarrier; therefore, single chitosan polymer chains penetrate withid5 min approximately
150 pm into the olfactory mucosa. Withthis, the chitosan penetration affects the opening of tight
junctions and, therefore, can additionally enable aracellular transport through the olfactory
epithelium. Consequently, the accelerated uptake of chitosarcoated nanoparticles was
examined.PLGA nanoparticles, as well as, NiMPs were found in lymphdillicles; however, only
NiMPs were celocalized after 15 min with the immunoreactivity signal of membrane protein
CD14 presenton monocytes and macrophages. Hence, we assume any othateraction for PLGA
nanopatrticles e.g., T or B-cell mediatedbinding, which needs to be investigated in future studies.
NiMPsherein showed the ability to initialize an antrinflammatory cascadewithin 15 min after
particle application, due to the bendicial properties of the herein utilized chitosan (molecular
weight, degree of deacetylation, and particle size). However, CD14nacrophages coud be either
pro-inflammatory M1-macrophages or antiinflammatory M2-macrophages effecting wound
healing, which could not be fully clarfied within this study because therefore cytokine levels are
needed as areference, which should be investigated in cetiulture. Additionally, particle clearance
of gland overlaying particles waderein documented, but could not be fully enlightened, because
the sampling procedure was limited and continuously monitoring wasot possible. In conclusion,
within this study, we demonstrated the possibility for PLGA nanopatrticles as well as for chitosan
NiMPs to take all three prominent pathways to the brain andhe CNS, namely transcellular,
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intracellular via neuronal cellsand paracellular transport. Overall, although polymée particlesare
broadly reported as promising drug delivery systems, not onfgr intranasal application the usage
in the clinic is still lacking. Upto now, no nano-based system has entered advanced clinidaials.
Consequently, still more research iseeded to collectadditional data and unravel the complex
phenomena within the nasal mucosa, to clarify the different transporimechanisms and the role
of special organoids, like bowmarglands. Further, verifying spefiic influences of particlematerial,
other formulation components, and particle sizes.
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3.1.8 Supplementary Material

Supplementary Tablel: Lasers and corresponding emission filters utilized for Confocal Laser Scanning
Microscopy (CLSM) of different fluorophores with a confocal LSM 710 (Carl Zeiss Microscopy Bebland
GmbH, Oberkochen, Germany).

Fluorophore Laser Emission filter
DAPI (4Ng-Diamidin -2-phenylindol 2HCI) 405 nm 410-501 nm
Fluorescein-5-isothiocyanat (FITC) 488 nm 493-562 nm
Fluorescein sodium salt 488 nm 493-562 nm
Lumogen 514 nm 566-703 nm
Alexa Fluor® 647 633 nm 638-755 nm
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Supplementary Figure & Spray dried nanein-micro particles (NiIMPs) consisting of 1/BLGA nanoparticles
(520 nm) and 2/3 chitosan by weight. (A) 3D projection of Confocal Laser Scanning Microscopy (CLSM)
images (green: chitosan; red: PLGAstiched together from a zstack, mag. 630X, external view. (B)
Transparent 3D projection of CLSM images (green: chitosan; red: PD&#iched together from a zstack,
mag. 630 X, internal view.
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Supplementary Figure &: Thickress of porcine olfactory mucosa explants after permeation experiment fixed
and stained with HematoxylinEosin (HE) staining. Thickness differs not significantly between individual
samples (n=3). Statistical analysis was performed with Shaipigilk normality test, One-Way-ANOVA with
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Supplementary Figure 8. Permeation of nanain-micro particles (NiMPs) consistingfdLGA nanopatrticles
(520 nm; red) encapsulated in chitosan applied to the apical side of porcine olfactory mucosa. Confocal
Laser Scanning Microscopy (CLSM) images stitched together from-atack. Cell nuclei stained with DAPI
(blue). Red arrows mark paicles. Chitosan labeled with fluorescein (green). Overlapping signals of red
(nanoparticles) and green (chitosan) appear yellow. Image taken b%in after application. EL: Epithelial cell
layer; PL: Particle layer; BL: Basal cell layer.
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Supplementary igure $4: Permeation of nanain-micro particles (NiMPs) consisting of PLGA nanoparticles
(520 nm; red) encapsulated in chitosan. Images taken 1&in after application. (A) Confocal Laser Scanning
Microscopy (CLSM)mage stitched together from a zstack; Cell nuclei stained with DAPI (blue), red arrows
mark single particles(B) Light Microscopy (LM) image; HematoxyliEosin (HE) staining.
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Supplementary Figure & Permeatian of nano-in-micro particles (NiMPs) consisting of PLGA nanopatrticles
(520 nm; red) encapsulated in chitosan applied to the apical side of porcine olfactory mucosa. Confocal
Laser Scanning Microscopy (CLSM) images stitched together from-atack. Cell nudei stained with DAPI
(blue). Red arrows mark particles; Chitosan unlabeled; Image takerhzafter application. EL: Epithelial cell
layer; PL: Particle layer; BL: Basal cell layer.
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Supplementary Figure & Permeaton of nano-in-micro particles (NiMPs) consisting of PLGA nanoparticles
(520 nm; red) encapsulated in chitosan applied to the apical side of porcine olfactory mucosa. Confocal
Laser Scanimg Microscopy (CLSM) imagesA( Cell nuclei stained with DAPI (blue Chitosan unlabeled,
image taken 30 min after application. (B) NiMPs 15 min after application to the apical side, PLGA
nanoparticles (red) belonging to Figure 4F original manuscriptC) PLGA nanoparticles (red) 1#in after
application to the apical siag belonging to Figure 4A original manuscript. EL: Epithelial cell layer; PL: Particle
layer; BL: Basal cell layer.
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4. Entwicklung und CharakterisierungChitosan-basierter
Wirkstoffformulierungen fir die Verkapselung sensitiver
niedrigmolekularer Molekile tnd monoklonaler Antikdrper mittels
Spruhtrocknungals intranasalerug DeliverySystem

Die Ergebnisse und die Diskussion zu den Hypothesen 2.2 und 3 werden in diesem Kapitel
dargestellt. Die Untersuchungen zu diesen beiden Hypothesen sind als Manuskript asiem Titel

~ Spraydried Chitosan Particles as Controlled Intranasal Drug Delivery Systems with High
Encapsulation Efficiency for Small Molecules and Monoclonal Antibodies dar gest el | t .
Manuskript wurde in der peer-reviewed Fachzeitschrifinternational Journal of Pharmaceuticgur
Verdffentlichung eingereicht. 2.2.2 Hypothese Il wird in Kapitel 6.2 und 2.2.3 Hypothese Il in
Kapitel 6.3 zusammenfassend diskutiert.

Hinweis : Das Layout des Manuskrig wurde an das Layout dieser Dissertationsschrift angepasst.
Die dadurchentstandenenUberarbetungen haben den Inhalt nicht veéndert.

4.0 Erklarung meiner eigenstandigerieistung

Ich habe diese Studie zum grofiten Teil eigenstdndig konzipiert und ihrewissenschaftliche
Methodik ausgearbeitet. AuBerdem habe ich den Groliteil der praktischen Arbeiteangeleitet,
dies beinhaltete konkret:

4

1 Die Spruhtrocknungsparameterfur einen robusten Prozesdur die Verkapselung von
Farbstoffen, Biotin, Bevacizumab und Oelizumab wurden von mir etabliert und
optimiert.

1 Die Sprihtrocknungsversuche fur die Verlgselung der Wirkstoffe wurden von mir
angeleitet.

1 Die Untersuchung der Restfeudigkeit der Partikel sowie die Untersuchung der
Lagesstabilitét erfolgte unter meiner Anleitung.

1 Die Bestimmung der PartikelgroBenverteilungen wurde von mir durchgefiihrt oder
angeleitet.

1 Die Untersuchung der Verkapselungseffizienz und molekularen Integritat von Ocrelizumab
nach der Verkapselung mittels Spriihtrocknung wurde von mir konzipieund angeleitet.

9 Die Dissolutionstestén vitro sowie die Bestimmungen der Wirkstofffreisetzung wurde von
mir konzipiert, optimiert und angeleitet.

1 Die Berechnungen und theoretischen Abschatzungen der Verkapselungseffizienz in Bezug
auf die PartikelgroRBewurden von mir durchgefiihrt.

1 Die Abschatzung der therapeutischen Relevanz der entwickelten Wirkstimrmulierung
wurde von mir recherchiert und berechnet.

Alle erhobenen Daten aufRer die Daten der mtrinsischen Fluoreszenz Emission und des
Zirkulardichrosmus, wurden von mir ausgewertet und analysiert Der weitaus grof3te Teil ieses
peer-reviewedFachartikels wurde von mir geschrieben, konkret habe ich den OriginBhtwurf des
Manuskripts konzipiert und geschriebensowie federfiihrend die Anderungsvorschlge meiner
Co-Autoren harmonisiert und eingearbeitet.
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4.1.1 Abstract

Monoclonal antibodies (mAbs) play a key role in modern therapy of chronic diseases and are
promising for the therapy of central nervous system (CNS) diseasBespite their great potential,
there are also challenges, mainly to overcome their poor storage stability with suitable
formulations or their low bioavailability in the CNS caused by the bloctirain barrier (BBB).
Intranasal delivery can target drugs sicas mAbs to the CNS, thereby circumventing the BBB.
Using an encapsulation approach, we addressed both challenges and achieved robust storage
stability @ 35 °C, >5 weeks) of encapsulated mAbs and a sustained and successful controlled

releasein vitro (@ 85 % after 15 days) under simulated nasal conditions. We report here for the
first time a spraydried chitosan formulation containing mAbs achieving a high spray drying yield
(@ 60 %), with reproducible particle morphology, monomodal size distribution (Pd0.02) and an
average diameter of ~69+9nm. Particle loadings of 4.42+0.03wt% biotin and 15.64+1.02 wt%

of the therapeutic mAb ocrelizumab (encapsulation efficiencie& 80 %) were achieved. The
sensitive mAbs remained structurally intact as shown by limsic Flwrescence, Circular Dichroism
and FFIRSpectroscopy, Differential Scanning Calorimetry, and ELISA. The high binding activity of
a 82 % was maintained during storage. The determined release mechanism is very well described
by the KorsmeyefrPeppa model resulting in anomalous transport.

4
4.1.2 Introduction

The effective treatment of diseases of the central nervous system (CNS) is one of the greatest
challenges in modern medicine. On the one hand, a large number of biopharmaceuticals enable
the successful treatment of, for example, multiple sclerosis (MS) or Alzheimer's disease, thus
opening up a completely new and promising therapeutic field. On the other hand, however, there
are also major drawbacks, as the bioavailability of these macromolecslés low due to exclusion

by the blood-brain barrier (BBB{Hartwig Wolburg et al., 1994). This naturally existing protective
system consists of a tight endothelial cebarrier with distinct transport functions for nutrients, but
excludes most proteins. Thereby, the BBB limits the permeation of active pharmaceutical
ingredients (APIs) from blood and lymphatic system to the CNBegley, 2004; Patel & Patel, 2017)

Intranasal administration of therapeutic biologics seems to be very promising sin®rrison and
Costanzo 1990 discovered the direct connection of the olfactory mucosa to the bra@and the CNS
(Morrison & Costanzo, 1990, 1992) Olfactory neurons are located directly in the nasal cavity and
form bundles of neurons that pass throughthe olfactory mucosa and through the ethmoid bone
building the olfactory and trigeminal nerve and are hence connected to the brain. Several research
groups have already demonstrated higher concentrations of active pharmaceutical ingredients
(APIs) in the brain and the CN# vivo after intranasal administréion compared to intravenous or
oral administration (Maigler et al., 2021; Muntimadugu et al., 2016; Seju et al., 2011, Stitzle et
al., 2015a) Thereis however still a great need for effective methods to present mcromolecules
such as mAbs for transport from the nose to the brain.

State-of-the-art therapies with mAbs, such as ocrelizumab for the treatment of relapsingemitting
multiple sclerosis (RMS) as well ggimary progressive MS (PPM$jlemmer, 2021)are currently
administered intravenously, and require a high dose (e.g600 mg ocrelizumab per 6 months) to
reach the therapeutically sufficient dose. The medicinal effect of ocrelizumab is characterized by
binding to CD20 on B lymphocytes, leading IgGnediated depletion of Bcells(Graf et al., 2020;
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A. L. Greenfield & Hauser, 2018)Reducing the number of CD20positive pra-inflammatory B cells
is highly effective to reduce relapses and the forntn of new lesions Based on these results,
ocrelizumab is a good candidate for future formulation approaches to enable different
administration routes.

In the present study, we encapsulated ocrelizumab and bevacizumab into a partiddased drug
delivery system tailored for intranasal administration, with the aim of opening the way for
innovative formulations and potential new applications.

Bioavailability does not depend only on the presence of the APl used at the target site. Rather,
bioavailability is only achieved when the active ingredient used is constantly present at the target
site and at the specific concentration required for a measurable mechanism of action.
Consequently, not only the transport to the brain and the CNS is critical, but also the provision of
a constant drug level. To achieve constant drug levels, drug delivery systeconsisting mainly of
particulate formulations are usedA. Mistry et al., 2015; J. J. Wang et al., 2011; Yun et al., 2015)
Encapsulation in nane or microparticles can achieve a controlled release from the matmaterial,
depending on the encapsulation polymer used and the dissolution conditions.

Chitosan is regarded as a promising drug delivery material for intranasiglivery(Bourganis et al.,
2018b; GarciaFuentes &Alonso, 2012; Keller et al., 2021; Rabiee et al., 2020; Spindler et al.,
2021). In addition to its advantages as a rengable biopolymer (Sarmento & Neves, 2012; Wenling

et al., 2005; Youling Yuan, Chesnutt, Haggard & Bumgardner, 2011a) it is biocompatible and
mucoadhesive; moreover, its solubility in water makes it easy to process in acidic solutions, and
its properties are easily tunable due to its degree of deacetylation (DD) and molecular weight
(MW) (Henriksen et al., 1996)

Another unique feature of chitosan is its denonstrated ability to open tight junctions (Fazil et al.,
2012; Rassu et al., 2016; Sonaje et al., 2012; Spindler et al., 202I)ight junctions are not only
the gatekeeper in the shielding BBB but are also preseintthe olfactory mucosa towards the brain
and CNS, which in addition should allow for significantly increased drug concentrations through
paracellular transport pathways. We previously reported the ability of a chitosan derivative with
DD80 and a MW of 150-300 kDa to open the tight junction protein zonula occludensone (ZG1)

in porcine olfactory mucosa samplegSpindler et al., 2021)

Another challenge is preserving the bioactive form of mAbs during its storageshether in solution
or dried. The current method is frozen storage of highly concentrated liquid formulationBowen
et al., 2013; Maury, Murphy, Kumar, Shi, & Lee, 2005)out this is not only costly but also diffcult
to practice due to the required cold chain. Consequently, there is a strong interest in making mAbs
storable by encapsulation in a suitable formulation, in the best case to allow storage in the dried
state (Bowen et al., 2013) Major advantages of dry formulations are higher stability and easy
storage conditions at room temperature or 28 °C.

Of course, ensuring the bioactivity of these sensitive macromolecules during encapsulation is a
particular challenge. Various parameters associatevith spray drying can damage mAbs during
processing, such as agitation, temperature, light exposure, oxidation, or shear stress, leading to
degradation and agglomeration(Kaur, 2021) Therefore, it is of great importance to accurately
characterize the remainingstructural integrity that determines bioactivity immediately after the
process and after storage. Structural integrity has been studied mainly by spectroscopic methods
such as intrinsic fluorescence (IF), circular dichroism (CD), and Fotirignsform infrared
spectroscopy (FIR), while agglomerates are identified by either sizexclusion highpressure liquid
chromatography (HPLESEC) or dynamic light scattering (DLS) measuremef(itienry R Costantino
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et al., 1997; Dani, Platz, & Tzannis, 2007; Maury, Murphy, Kumar, Mauerer, et al., 2005;
Mutukuri, Maa, Gikanga, Sakhnovsky, & Zhou, 2021; Stefanie Schile et al., 2007)Jo date,
binding-specific analysign vitro is not well represented, although this property is essgial to
answer the question of residual bioactivity. It is therefore of great importance to compare common
spectroscopic and chromatographic methods with bioassays to gain insight into the residual
binding activity required for bioactivity.

Since 1998, spay-dried formulations supplemented with sugar molecules as excipients have
proven to be particularly effective for various protein powder formulations, e.g., mannitel
stabilized monoclonal immunoglobulin E (IgE(Henry R. Costantino et al., 1998)trypsinogen
packed in sucrose(Tzannis & Prestrelski, 1999pr lysozyme sprayed with trehalose and sucrose
(Liao, Brown, Nazir, Quader, & Martin, 2002) These are also beneficial for improved storage
stability of liquid and solid formulations, which has been studieanore intensively in the last 20
years. The current formulation approaches for monoclonal antibodies by spray drying are mainly
aimed at improving storage and ease of handling of biopharmaceuticals. Therefore, the
formulations consist solely of mAbs and sugrs, with Maury et al. (2005) considering a sugar
content of 20-30 wt% to be better, which was later confirmed by Schiile et al.(2008). They
proposed an IgG/sugar ratio of 80/20, which is the most suitable in terms of storage stability and
reconstitution in ultrapure water within 120 seconds to easily recover the bulk materigiSchile,
SchulzFademrecht, Garidel, BechtoldPeters, & Frieb, 2008) Consequently, they found a
promising formulation for improved bulk storage but did not address the formulation aspects of 4
a controlled release drug delivery system.

Savin et al.(2019) recently investigated the controlled release of bevacizumab from chitosan
polyethyleneglycolmethacrylate (chitosarPEGMA) patrticlesreporting a release rate of 51%
after 168 h and 100 % bevacizumab released within 600h. The bevacizumaboaded chitosar
PEGMA particles were prepared by a double crodigking reverse emulsion method and achieved
a high drug loading of 32.7 wt% with an encapsulation efficiency of 39wt%. In contrast,
ocrelizumab has not been previously studied in particular or hydrogel formulations for a controlled
release approach. Consequently, to our knowledge, the approach to formulate mAbs in chitosan
as drug delivery systms for controlled release via spray drying has not yet been addressed.

One aim of the present study, was to investigate a spray drying formulation approach using
chitosan for encapsulation of mAbs, here ocrelizumab and bevacizumab, and sirtarieously
addressstorage stability and controlled release of biopharmaceuticals for the first time. Another
aim of our study was to encapsulate for comparison small molecule compounds with the same
formulation as aimed for encapsulation of the biopharmaceuticals. To thiend, we chose small
dye molecules that are easily traceable by analytical methods and biotin (vitamipn Bitamin H).
The release behavior of ocrelizumab and biotin encapsulated in chitosan should be
comprehensively investigated. The bioactivity of theeleased ocrelizumab should be recorded and
the suitability of this drug delivery approach for intranasal delivery should be evaluated.

4.1.3 Materials and Methods

Particle Formulation via Spray -Drying & Particle Yield

For the production of particles cataining D(+)biotin (Chemodex Ltd., St. Gallen, Switzerland)
hereafter referred to as biotin- fluorescein sodium salt (Honeywell Flunka, New Jersey, USA),

fluoresceinamine(Honeywell Flunka, New Jersey, U$Aand rhodamin B (SERVElectrophoresis
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GmbH, Heidelberg, Germany) a stock solution with concentrations up to 5éng mL*' was
prepared in MilliQ water. For biotin the stock solution was heated to 60C. For the preparation
of the chitosan solutions 3062500 mg (Chitoceuticals, Heppe Medical Citosan GmbH, Halle,
Germany) weredissolved at 40°C while stirring at 600 rpm to achieve a 1wt% solution in
0.5 vol% acetic acid inMilliQ (Carl Roth, Karlsruhe, Germany). Only the derivatives with molecular
weight 200-500 kDa were dssolved at 0.25wt% in 1.5 vol% acetic acid solution.

For the preparation of particles loaded with bevacizumab (manufactured at Biberach University of
Applied Science, Germany) or ocrelizumab (Ocrevus®; Roche Pharma AG, Gren2afnlen,
Germany), the 1wt% chitosan solution was prepared in 0.5 vol% acetic acid (MilliQ) as described
above. For the monoclonal antibodies (mAbs), stock solutions of up to 3dg mL* in phosphate
buffered saline (PBS) supplemented with 0.0%01% Tween 20 (SigmaAldrich, St. Louis, USA)
(PBST) were used.8ie the original infusion solution contains stabilizing agents in addition to the
monoclonal antibody ocrelizumab, the auxiliary components wereemoved immediately before
spraydrying by centrifuging the infusion solution in a desalting column (Zeba SpilMWCO 40K;
Thermo Fisher Scientific Inc., Waltham, USA), thus transferring the ocrelizumab to PBST. To
determine the correct mass ratio of chitosan, ocrelizumab, and remaining trehalose in the spray
dried particles, a trehalose assay {KREMegazyme, Wickow, Ireland) was performed after buffer
transfer according to the manufacturer®s instruc

Both the chitosan and low molecular weight API solutions were cooled to room temperature (RT)
under tap water. Immediately prior to the spraydrying experiment the respective API stock
solution and the chitosan solution were mixed to achieve a homogenous spray drying solution.

A Bichi B290 mini spray dryer (Blichi Labortechnik AG, Flawil, Switzerland) equipped with a two
fluid nozzle with 1.5 mm nozzle cap dianeter was heated to either 100°C or 160 °C inlet
temperature using compressed air with a flow rate of 12.94 min™* and an aspiration rate of
100 %, corresponding to ~700 g min™* in the open system. Once inlet and outlet temperature
reached stable valuesthe system was purged with MilliQ water for 1.5 min. The ARthitosan
feed solution was then pumped at 4.46mL min™ while stirring at 300 rpm. After the experiment,
the system was again quickly rinsed with water.

The particle yield is referred to as the ifference between the sum of the original weight of
chitosan and the respective APl used and the total weight of particles produced.
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Determination of Residual Moisture Initially and A fter Storage

Initial residual moisture was determined for three samples of each particulate sample by gieing
5 mg into an 8 mL glass vial and drying at 60C for 24 hours. The weight loss due to evaporation
is referred to as initial residual moisture.
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To characterize the water uptake of sprayried particles during storage, three samples of 1éng
particles each were stored for seven days and five weeks, respectively. The weight gain during
storage is referred to as water uptak.
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Scanning Electron Microscopy

The powder samples were fixed directly on a sample holder with conductive sugng electron
microscopy (SEM) tape. A thin layer of platinum was sprayed on all samples before measurement.
Measurements were performed at a magnification of %X using either a Leo Gemini 1530 VP
microscope at 5.00kV or a Gemini SEM 500 at 3.0kV (Cat Zeiss Microscopy Deutschland
GmbH, Oberkochen, Germany) using the InLens detector and SE2 for signal B.

Particle Size Distribution
Numeric and Volumetric Size Distribution

Spraydried particulate samples were measured by static light scattering at a rsihng speed of
1500 rpm using a Mastersizer 2000 (Malvern Instruments, Malvern, United Kingdom) and
2000 measuring cell. The spragried powder sample was first dispersed in -propanol (VWR
International, Radnor, USA) by sonicating for 8. Sampleswere measured and automatically
displayed in the sensitive volumetric size distribution. The results were additionally converted to a
numerical size distribution using Malvern Mastersizer 2000 software (Malvern Instrument 4
Malvern, United Kingdom), takinginto account particles ranging from 20nm to 2 mm.

Polydispersity Index

The polydispersity index (Pdl), which is not automatically reported by the Mastersizer 2000
software, was calculated followingEquation (4) with the mean particle diameterQ in um and
the standard deviation™ (Clayton et al., 2016) Particles are described as monomodal for Pdl values
below 0.1 (Hughes et al., 2015)

5y, o, L 5
qu,Q )

Theoretical Assumption of Loading Dependent Increasing Amount of mAb Molecules
and Decrease of Chitosan Molecules

To validate the measured increase in particle size by comparing the particles loaded witlw8%6
mADb to the particles loaded with 15wt%, we calculated the expected increase in mAb molecules
and the decrease in chitosan molecules. The encapsulated mAb ocrelizumab is characterized by a
molecular weight of 145568 Da (FDA, 2017) whereas 1Da corresponds to 1.6610"® ug. The
chitosan derivative studied here is characterized by a molecular weight (MW) of 1800 kDa, so
we assumed a mean MW of 225%Da. For a 1000ug particle sample the number of molecules
was assumed according tdequatiors (5) and (6). Additional minor components of the spraylried
particles, such as trehalose or acetic acid residues, were not considered this theoretical
assumption.
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High Pressure Liquid Chromatography

To quantify the amount of biotin released either after particle encapsulation or duringn vitro
dissolution assays, we have developed a new isocratic and rapid HPLC method. Biotin can be
analyzed in the range of 2200 mg mL". For quantification, a C18 silica column Superspher 100
RP 18.4um and 125 mm x 4 mm (Dr. A. Maisch HPLC GmbH, Ammerbuch, Germany) wased,
equilibrated for 60 min at 40 °C with 18 vol% methanol (VWR International, Radnor, USA) and
82 vol% 0.1 vol% acetic acid (Carl Roth, Karlsruhe, Germany) prior to usage. When RQ per
sample is injected, the retention time of biotin is ~7min at a pump flow rate of 1 mL min™. The
sample can be detected at 12.8Hz, 1.2nm slit width, and 210 nm using a photodiode array
detector (deuterium lamp, SPEM20A, Shimadzu, Kyto, Japan). A Shimadzu HPLC instrument
(Kyllito, Japan) was used for the measurements,na the initial sample analysis was performed
using LC solution software (Shimadzu, Kyo, Japan).

Spectroscopic Analysis

Intrinsic Fluorescence and Circular Dichroism

The spraydried particles and ocrelizumab were diluted in 3nM acetate buffer, 2 mM
dithiothreitol (DTT) (Sigma Aldrich, St. Louis, USA) at @5 and a final concentration of 1 and
0.1 mg mL*, respectively. Intrinsic Fluorescence (IF) tryptophan spectra were then recorded at
25 °C from 300 to 450 nm (excitation at 280 nm) using a 3x3mm black wall quartz on an Agilent
Cary Eclipse spectrofluorimeter (Agilent Technologies, Santa Clara, California, USA) equipped with
a temperatured cuvette holder connected to an PCB 1500 water Peltier system (Agilent
Technologies, Santa Clara, California, U$.

FaidJV circular dichroism spectra were recorded at 26250 nm and 25 °C using a 1mm path
length on a Jasco 810 spectropolarimeter (JASCO Corporation, Tokyo, Japan) equipped with a
temperatured cell holder connected to a Thermo Haake C25P water batffthermo Haake GmbH,
Karlsruhe, Germany). To obtain a reference spectrum for the denatured ocrelizumab, it was
incubated at 0.1 mg mL* in 6 M guanidine hydrochloride for 30 min. The spectrum of the non
loaded chitosan particles was subtracted from the spé&wm of the ocrelizumab-containing
particles, then all spectra were normalized to the maximum value of IF and compared. In CD
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experiments, the spectra cannot be simply normalized to mean residue ellipticityhere [ ] is the
mean residue ellipticity in degcm? dmol™, * is the ellipticity in mdeg, optical path length is in cm,
concentration in g L*, and molecular weight in gmol™. We therefore considered the wavelengths
corresponding to the lowest negative peak.
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Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy () analysis was performed using a Vertex 70
instrument equipped with an attenuated total reflection (ATR) crystal (Bruker Corporation,
Billerica, USA). 5ng spraydried powder samples were pressed onto the ATR crystal and measured
in the range of 400 to 4000 cm®. Atmospheric compensation, baseline coection, and
normalization of the obtained spectra were performed in Opus software (Bruker Corporation,
Billerica, USA). The second derivative of the amide | band in the range 1560 to 172" was
calculated in Origin software (OriginLab, Northampton, USAplotted, and smoothed with a fifth -
order polynomial fit.

4
Differential Scanning Calorimetry
DSC measurements were performed using a DSC 200 F3 calorimeter (Erich Netzsch GmbH & Co.
Holding KG, Selb, Germany). 12ng of the particulate powder sample wasplaced in an aluminum
crucible and sealed. The heating cycle was performed at a heating rate of X0 per minute
between 20 °C and 200 °C. The heat flux was recorded, and7, was extracted as the maximum
of the endothermic shift from the first derivative ofthe data.

Micro -BCA Assay and Sandwich ELISA
Micro -Bicinchoninic Assay

To quantify the amount of encapsulated and released ocrelizumab a mici®CA assay (Micro BCA
Protein Assay Kit 23235, Thermo Fisher Scientific, Waltham, USA) was performed according to
the manufacturer's protocol. Due to the substantial difference in size, ocrelizumab (eight
standards, 0.5200 ug mL") was used for the standard curve instead of the bovine serum albumin
supplied. Either samples from dissolution assays were analyzed dilgor, for the determination

of encapsulation efficiency, 5mg of spray-dried particles werecompletely dissolved in 0.5/01%
acetic acid (Carl Roth, Karlsrudy Germany) containing 0.05v0l% Tween 20 (SigmaAldrich, St.
Louis, USA) and analyzed accordingllf necessary, samples were further diluted.
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Sandwich Enzyme -Linked Immunosorbent Assay

To quantify the structural integrity of mAbs, we performed a sandwich ELISA with Microlon 96
well high binding microtiter plates (Greiner BieOne GmbH, Frickenhausg, Germany). The coating
was performed overnight at 4°C with anti-human kappa light chain coatingantibody from goat
(K3502, SigmaAldrich, St. Louis, USA) diluted at 0.221,g mL* in coating buffer (30 mM sodium
carbonate, 70mM sodium hydrogen carbonate;Carl Roth, Karlsruhe, Germany). After washing
(three times 200pL per well) with PBST (0.05% Tween 20 PBST, 14@M NaCl, pH7.4),
200 pL/well Pierce Protein Free Blocking Buffer (Thermo Fisher Scientific, Waltham, USA) were
added and incubated for at leas 1 hour at 37 °C. After an additional washing step, 100uL of
samples or standards (0.0008 pg mL*) were added per well and incubated for 30min at 37 °C.
After another washing step, 100puL/well of the detection antibody directed against the human Fc
domain and coupled with horseradish peroxidase (HRP) (A0170, Sigikdrich Chemie GmbH,
Taufkirchen, Germany; diluted 1:6000 in PBS) were added and incubated for at least 80n at

37 °C. After a final washing step, 50pL of 3'3,5'5-tetramethylbenzidine (TMB liquid substrate
solution (SigmaAldrich Chemie GmbH, Taufkirchen, Germany) were added to each well and
incubated at room temperature (RT) in the dark until a sufficient color development was
observable (> 30 minutes). The enzymatic reactiowas stopped by pipetting 50 uL of 0.5 M
sulfuric acid (VWR International GmbH, Darmstadt, Germany) into each well. Readings were taken
immediately at 450nm using a BioTek Synergy 2 Microplate Reader (Agilent Technologies, Santa
Clara, California, USA). All determinabns were done at least in triplicate The analysis was
performed either for samples from the dissolution assay or for Big spray-dried samples dissolved

in 0.5vol% acetic acid containing 0.05vol% Tween 20 (SigmaAldrich, St. Louis, USA). If
necessary, amples were further diluted in PBST.

Encapsulation Efficiency

To determine the encapsulation efficiency of spragried chitosan particles, at least three replicates
of 5 mg each were weighed into glass vials and mixed with &L of 0.5 % acetic acid by voume
(Carl Roth, Karlsruhe, Germany) supplemented with 0.0801%. Tween 20 (SigmaAldrich, St.
Louis, USA) and completely dissolved with shaking at 50pm and RT. For quantification of biotin
by HPLC, the dissolved chitosan was precipitated by addingnt% TPP (Sigmaldrich, Chemie
GmbH, Taufkirchen, Germany). After shaking at 500pm and RT for 20min, the samples were
centrifuged at RT and 15000rpm for 10 min. 500 uL of the supernatant weretransferred to an
HPLC vial using a 0.Jum syringe filter and analyzed. For quantification of ocrelizumab by micro
BCA assay or ELISA, the sghe was diluted in either 0.5vol% acetic acid with 0.05vol% Tween
20 or PBST pH .4 (140 mM NacCl) to achieve the detection range of the standard curve.

In Vitro Dissolution Testing and Diffusion Coefficient
In Vitro Dissolution Testing

In vitro dissolution tests were performed in 100mL flasks (Schott AG, Mainz, Germany) near
physiological conditions at the olfactory mucosa, pl.5 and 37 °C. Spraydried particles
containing biotin were analyzed in PBS (pl8.5). For this purpose, 100mg of particles were
weighed into a dialysis adapter (USPB particle adapter; Erweka GmbH, Langen, Germany)
equipped with Spectra/Por 3 RC standard dialysis tubing (MWCO 3kba, 18 mm width)
(Repligen, Waltham, USA). The adapter was placed in a flask containing %0L of PBS and
incubated at 37 °C and 125 rpm on a thermo shaker. After 3144 hours, 500 uL samples were
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taken each time. Chitosan particles containing ocrelizumab were analyzed in PE$40 mM NacCl,
pH 6.5). 50 mg of the particles were weighed into a dialysis adapter (USPcreme cell adapter;
Erweka GmbH, Langen, Germany) equipped with a polycarbonate membrane (Quen pore size;
Osmonics Inc., Hopkins, USA). The adapter was placed inflask containing 30mL PBST and
incubated at 37 °C and 50 rpm on a thermo shaker. 600uL samples were drawn and replaced
with 600 uL PBST after 60 h each.

Diffusion Coefficient

Diffusion coefficients D in cm2s® for biotin and ocrelizumab were calclated for the utilized
dissolution setting, taking the time of complete concentration balance equivalent to complete
releasetcompiete release@Nd the area of the adapter membraneAyemprane iNto account.

0 11

4.1.4 Results and Discussion

A series ofdifferent chitosans were spraydried with and without the presence of mAbs or low ¢4
molecular weight compounds at two different temperatures (100 °C and 160 °C). Spray dryinc
temperatures between 70°C and 220 °C were previously reported for IgG moleculesyhereas
Bowen et al. 2013 investigated different trehalose ratios at spray drying inlet temperatures of 100
220 °C. Surprisingly, even spragried formulations prepared at inlettemperaturesal80 °C caused
less denaturation and aggregation than similar freezeried samples(Bowen et al., 2013)
demonstrating the generally less harsh conditions of spraydrying compared to widespread
methods such as freezalrying, and consequentlyrevealing spraydrying as a promising method
for industrial production of antibody formulations. Maury et al.(2005) studied the formulation of
IgG with sorbitol and trehalose at spraydrying temperatures of 190°C or 130 °C, with 130 °C
resulting in beneicial stability monitored by FAIR, HPLESEC, and DSC. Dani et af2007) studied
spray drying of IgG at an inlet temperature of 70°C. They investigated the integrity of IgG by FT
IR, CD, and ELISA to demonstrate protein structure integrity and binding #ity. Mutukuri et al.
(2021) on the contrary recently reported that spray drying of mAbs at an inlet temperature of
70 °C was unsuccessful. Consequently, the spray drying process is rather limited to temperatures
a 70 °C because of the needed evaporativpressure. The upper limit of spray drying temperatures,
on the other hand, is not well defined yet. In addition, it is known from DSC measurements that
Fab and Fc subunits of IgG molecules have differeriy, and therefore unfold sequentially. The7,

of Fabhas been found to be~61 °C, while the Fc fragment should be stable up to-71 °C (Kaur,
2021; Nemergut et al., 2017; Sedlak, Schaefer, Marek, Gimeson, & Plickthun, 2015; Vermeer &
Norde, 2000). Therefore, we invesigated herein the spray drying inlet temperatures 100C and
160 °C, because 100°C should result in outlet temperatures below IgG subunit melting
temperatures, whereas 160°C should result in temperatures above those.

Further, the spray drying process andhe obtained product were extensively studied and
characterized, i.e., in terms of yield, residual moisture in the product, particle morphology, and
particle size distribution. The encapsulation efficiency and structural integrity of encapsulated APIs
was investigated as well as the sustainedelease of ocrelizumab and biotin. Biotin especially was
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considered as low molecular weight API, since ltas already been investigated in pilot studies in
patients to combat PPMS(Sedel et al., 2015; Tourbah et al., 2016)Biotin was found to benefit
the improvement of PPMS symptoms by increasing energy production in demyelinated axons and
enhancing myelin synthesis in oligodendrocyte@eyro Saint Paul et al., 2016)Since the low
molecular weight compounds used (biotin, fluorescein sodium salt, fluorescein aminend
rhodamine B) are orders of magnitude lighter and smaller compared to the mAbs, they are
summarized as "small molecds" in the following. Besides the previously described mAb
ocrelizumab, we herein usedbevacizumab. This mAb is currently under investigation for the
intranasal treatment of hereditary hemorrhagic telangiectastassociated epistaxi§€Cheng, Bao, &
Rich, 2010; Diaz et al., 2017; Karnezis & Davidson, 2013hd may also hold promise for intranasal
use in the treatment of glioblastoma, as it was generally gmoved for glioblastoma in 2009(Diaz

et al., 2017).
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Figure7: A: Powder yield for encapsulation of monoclonal antibodies (mAb), small molecules (Small Mol)
and non-loaded particles (No ABJ impact of spray drying inlet temperature (100°C, 160 °C). B: Particle
yield at 160 °C inlet temperature effect of chitosan properties (degree of deacetylatio(DD) & molecular
weight (MW)). C: Comparison of initial residual moisture (RM) after production with respect to encapsulated
active ingredient (mAb, SmdlMol, and No API) and temperature (100C, 160 °C). D: Initial RM of non-
loaded particles, impactof chitosan properties (DD, MW) E: Influence of temperature (100°C, 160 °C) on
initial RM and RM after seven days storage in refrigerator at 4C and 26+1 % relative humidity (RH),
exemplified for particles containing 5wt% biotin (Small Mol). F: Influence of mAb loading concentration
on initial RM, RM after seven days of storage at room temperature (RT) and 19%4 RH, after five weeks
at RT and 19+1% RH, and after five weeks at 4°C and 26+1 % RH.(n O3).

Yield at Spray Drying T emperatures 100 °C and 160 °C

For a new spray drying process, the total particle yield is one of the most important parameters
for future production and scaleup scenarios. NoAoaded chitosan particles and particles loaded
with small molecules (biotin, fluorescein sodium salt, fluoresceinamine, and rhodamine B)
achieved similarly high yields of 68.43+46 % and 68.51+3.36 % (Figure 7A) at spray drying
inlet temperature of 160 °C. Thus, we concluded that despite the differences in the chemical
nature of the low molecular weight compounds used in this study, their molecular composition
had no significant effect on the spray drying process. Ehencapsulation of mAbs resulted in even

74



higher yields of 79.20+£0.42 %, whereas the encapsulation of mAbs at 100°C inlet temperature
caused no change compared with nordoaded chitosan particles. At a spray drying inlet
temperature of 100 °C, similar yield for non-loaded chitosan particles and 5vt% mAb loaded
ones (55.12+9.18%; 57.63+9.32 %) were observed. Consequently, spragirying at constant inlet
temperature is highly reproducible across different APIls, demonstrating the robustness of the
process.

In contrast, particles prepared at 160°C spray drying inlet temperature resulted in significantly
higher yield than similar ones sprayried at 100 °C, whereas the yield of nonloaded particles
increased significantly from 55.12+9.18% to 68.43+4.16 % (Mann-Whitney U-test, p < 0.05),
the yield for the encapsulation of small molecules from 48.99+4.4%4 to 68.51+3.36 % (Mann-
Whitney U-test, p < 0.05), and for mAbs from 57.63£9.32 % to 79.20+0.42 % (unpaired t-test,
p < 0.05). As a consequence, the spray dryintemperature was found to be a significant factor
affecting yield across all samples, regardless of the encapsulated API (unpair¢est, p < 0.0001).
This effect is described by a known parameter proportionality between yield and spray drying
temperatures, where higher inlet temperatures result in higher outlet temperatures, thus
preventing sticking of particles to the spray dryer wall¢Biichi, 1997; Ozmen & Langrish, 2002;
Paudel et al., 2013; Stahl, 1980) Consequently, particles with a lower water content result in a
more separable dry product, which increases particle yield.

In addition, the threefold increase to a 15wt% mAb loading concentration did not result in
significantly different yields (59.44+2.63%). The determined slight increase in particle yield from4
5wt% to 15wt% mAb loading can be explained by the increase in particle size due to the higher
drug concentration. Therefore, sequentially more particle material passes per time point through
the spray drying nozzle, resulting in a higher particle mass, thus benefiting particle separation
(Buchi, 1997; Paudel et al., 2013; Stahl, 1980)

The comparison of small lab scale (batch size 300g) and continuous large lab scale (batch size
2500 mg) up to 40 min revealed similar yields, both at 106C (e.g., "mAb"; small scale
60.17+6.59 %; large scale 54.36+9.81%) and at 160 °C inlet temperature (e.g., "Small Mol";
small scale 67.45+0.6%%; large scale 70.62+4.34%). Consequently, batch scale is not a
significant factor impacting yield and the spray drying parameters developed here are not only
advantageous at very small laboratory scale to study various expensive biomolecules, but they are
also suitable for continuots production up to 40 min, which is very promising for further scaleup

and continuous industrial production.

The spray drying yield was significantly influenced e MW of the chitosans investigatedbut
not by their DD. In order to gain deeper insightrito which chitosan properties affected the particle
yield, we used different native chitosan derivatives varying in their DD (DD80, DD95) and their
MW (20-100 kDa, 150-300 kDa, 200-400 kDa, and 200500 kDa) and examined their influence
on the patrticle yietl resulting from the spray drying process. Theesults are displayed irFigure7B
and reveal that the DD did not significantly influence the spray drying yield. In contrast, the
achieved particle yield was signifigatly higher for the chitosan derivative with a MW of 20
100 kDa compared to 150300 kDa, 200-400 kDa, and 200-500 kDa high molecular derivatives
(ANOVA, p< 0.0005). This is attributable to the significantly lower viscosity of the utilized Wt%
feed solution, which is 815 mPas in a 1% acetic acid solution at 20°C (Heppe Medical Chitosan
GmbH, Halle, Germany) for the low molecular derivative (2000 kDa) and in contrast 151
350 mPas for the medium molecular derivative (156800 kDa). Despite the high \gcosities
ranging from 351-750 mPas and 751-1250 mPas in 1% acetic acid at 20°C (Heppe Medical
Chitosan GmbH, Halle, Germany) of the high molecular chitosans (28M0 kDa, 200-500 kDa),
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we herein processed these derivatives at a solution concentratioof 0.25 wt%, enabling
successful processivity in spray drying, but nevertheless resulting in lower yields than the 150
300 kDa derivative. In contrast, Wt% solutions of these derivatives were not usable for particle
production, because the droplet separgon was very limited, forming films instead of particles.
For high molecular weight particles, deposition at the walls of the drying chamber was observed,
which could have caused the reported yield loss dd 20 %. However, no significant difference
between the high molecular derivatives was observed, and there is a trend of proportional increase
in yield with lower MW, which could be attributed to the polymer length influencing droplet
atomization at the nozzle tip. Therefore, solution viscosities shouldebadjusted to values below
350 mPas to achieve high and reproducible spray drying yields60 %.

From the studies on the influence of DD and MW, we concluded that it would be advisable to
select the chitosan derivative with 80% deacetylated residues and a MW of 156300 kDa for the
further drug encapsulation studiesSun et al.(2009) also reported chitosan derivatives of medium
molecular weight (480kDa) as beneficial in terms of spray drying, encapsulation efficiency, and
controlled release behaviofSun et al., 2009) However, the low molecular weigh derivative (20
100 kDa) used here was more beneficial in terms of yield but could not be used for drug
encapsulation studies because it would dissolve too quickily vitro as also previously describelly
Sun et al.(2009), and therefore no controlled rekase of APIs could have been achieved.

Residual Moisture and Storage
Initial Residual Moisture

The residual moisture of the produced particles was investigated as it is a critical parameter for
the manufacturability, storage stability and thus bioactity of the encapsulated API. At 160°C
spray drying inlet temperature, the resulting residual moisture remained constant regardless of
t he encapsul ated APl %,( nd@&malPll ° M®I. %9 I1D.nBBDF 2. 3°
10.07+1.82 %; Figure7C). For particles prepared at an inlet temperature of 100C, the addition

of either small molecules or mAbs significantly increased the residual moisture from 7.99+1.08
(no API) to 12.07+0.40% (Small Mol) and 11.22+151 % (mAb) (Mann-Whitney U test, p< 0.05).
The addition of the drug could have slightly increased the viscosity of the spray drying solution,
e.g. through the possible intermolecular forces acting between the API and chitosan molecule,
and thus slightly decreased the evapation of the droplets, which could lead to the observed
increased residual moisture content compared to empty chitosan particles. In contrast, the degree
of deacetylation and the molecular weight of the chitosan derivative used, did not significantly
affect the initial residual mosture of the particles Figure 7D). The batch scale did slightly reduce
the initial water content of the spraydried particles with e.g., 9.91+2.89wt% (small scale,
300 mg) and 8.91+1.95 wt% (large scale, 2500 mg) for the encapsulation of mAbs at 100C, or
12.27+2.73 wt% (small scale, 300mg) and 8.38+1.84 wt% (large scale, 2500 mg) for the
encapsulation of small molecules at 160C. We concluded that a robust spraydrying setup with
well-defined parameters can be efficiently used for various chitosan derivatives, and continuous
production is even slightly beneficial for reducing the residual moisture of sprajried particles,
thus indicating promising potential for further scaleup in industrial production. The 3fold
increase in APl loading resulted in significantly lower residual moisture content of 6.95+1.0t%

(15 wt% mADb) compared to 11.22+1.51 wt% (5 wt% mAb) (Mann-Whitney U test, p< 0.005).
This could be explained by an overall loar moisture content in the system due to the higher mass
concentration of the feed solution. Consequently, more particle material is fed through the spray
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drying nozzle per time point, resulting concurrently in less water present per time point at the
nozze tip, thus favoring drying (Buchi, 1997; Paudel et al., 2013)

Residual Moisture after Storage

In addition, the storage stability of the clinically relevant APIs biotin and ocrelizumab was
investigated by residal moisture determination after different storage times at RT and 19+%
relative humidity (RH) or in the refrigerator at £C and 26+1 % RH. The initial residual moisture
of particles containing 5wt% biotin prepared at a spray drying inlet temperature of 160 °C
resulting in an outlet temperature of 72+2 °C was 6.87+0.31 wt%. The observed initial residual
moisture at 160°C was lower than 12.07+0.40wt% of particles produced at 100 °C inlet
temperature and a resulting outlet temperature of 38+2 °C (Figure 7E). After seven days of
storage at 4°C and 26+1 % RH, the residual moisture of the drier particles prepared at 1660C
increased significantly (unpaired-test, p < 0.0001) to 12.17+0.15 wt%, while it balanced with
the nearly constant residual moisture of 12.07+0.40nmt% of the particles prepared at 100 °C. 5
weeks storage at RT and 19+26 RH or in the refrigerator at 4°C and 261 % RH resulted in
higher moisture than 7 days stoage at RT (19+1% RH) Figure7F), i.e. 13.54+0.67wt% (No API),
11.47+0.75 wt% (5 wt% mADb), and 11.95+0.70 wt% (20 wt% mAb) after 5 weeks storage at
RT (19+1% RH). Overall, storage was found as a significant factor influencing residual moisture
(Two-Way ANOVA, p< 0.0001), as evidenced by increased residual moisture after storagr
Storage at RT is more beneficial than storage in the refrigerator due to the 7% higher humidity

in the refrigerator. This was observed despite the use of closed glasslsiéor particle storage. In
contrast, loading did not show any significant effect on residual moisture after storage, which
consequently leads to beneficial storage at RT regardless of the amount of drug encapsulated.

Particle Morphology

For nonloaded chitosan particles composed of a DD80 chitosan derivative with a MW of 150
300 kDa, surface wrinkles appeared at 160C inlet temperature and 74+2 °C outlet temperature
(Figure 8G). Particles loaded with small molades, such as 5wt% biotin, revealed the same
behavior Figure8A, B). When the chitosan (DD80, 156800 kDa) was instead loaded with 5wvt%
ocrelizumab, a rough surface with broad wrinkles appeared at 1&°C inlet temperature (Figure
8C), which is attributed to the discontinuous evaporation at outlet temperatures of 74+2C due

to the high evaporation pressure. At the same time, a scalled ruskhour effect (Paudel et al,
2013) takes place, which causes a larger inflated shell to break into surface wrinkles upon cooling.
We previously published 100°C as the optimal inlet temperature for the preparation of chitosan
particles with smooth surfaces Figure 8E) (Spindler et al., 2021) because at a resulting outlet
temperature of 3812 °C, evaporation occurs continuously and allowthe formation of small pores

in the matrix material. Consequenty, the spray drying inlet temperature of 160°C compared to
100 °C showed a significant effect on particle morphology. In contrast to the nofloaded particles
and the particles containing 5wt% biotin, a finer surface roughness wh denser wrinkles Figure
8D) formed in the particles loaded with the high molecular weight antibody at 100°C. The outlet
temperature of 3812 °C again leads to a lower evaporation pressure, but the viscosity increases
due to the high molecular weight mAb, which in turn causes discontinuous evaporation and thus
a rougher surface. Due to the partially lower evaporation pressure, the surface wrinkles are finer
than at 160 °C.
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Furthermore, we investigated loading vith 15 wt% ocrelizumab (Figure8F) at 100 °C. The chitosan
particles loaded with 15wt% again showed a rougher surface and wider wrinkles on the surface
compared to the particles loaded with 5wt% ocrelizumab at 100 °C, but similar to the particles
loaded with 5 wt% ocrelizumab at 160 °C. Firstly, this could be due to the slightly higher outlet
temperature of 43+2 °C, which in turn results in a higher evaporation pressure leading to a
stronger blow-up effect. Secondly, the increased viscosity dhe 15 wt% solution compared to
the 5 wt% feed solution is due to the three times higher mAb loading higher, which additionally
causes discontinuous evaporation. The total evaporation enthalpy as a combination of the two
influencing parameters (higher oulet temperature and higher viscosity) can be assumed to be
similar to that of the lower viscosity 5wt% mAb solution at 160 °C and therefore leads to a
comparable surface morphology. Consequently, discontinuous evaporation is caused either by
higher spraydrying temperatures and thus high evaporation pressure or by highly viscous solutions
hindering evaporation. Therefore, to achieve continuous evaporation for highly viscous solutions,
e.g., by loading with high molecular weight APIs, it is necessary to appa low inlet temperature

in the spray drying process. The optimal inlet temperature for encapsulation of \Bt% mAb is
therefore assumed to be just below 100°C. Due to the previously reported minimum required
temperature successful in spragrying (Dani et al., 2007; Mutukuri et al., 2021) we suggest for
15 wt% loaded mAb even lower inlet temperatures between 70°C and 100 °C, which could
further benefit the bioactivity of the encapsulated sensitive biomolecules.

4 Additionally, different DDs and MWs of chitosan were investigated at 160C inlet temperature.
The comparison of particles prepared with DD80rad a MW of 150-300 kDa Figure8l) with DD95
and identical MW (Figure 8G) revealed only a slight difference in the morphology, while no
difference was found in the outlet temperature (75+1°C). The particles with more deacetylated
groups seem to form a rougher surface structure with mag pronounced wrinkles, which could
be explained by the higher elasticity and viscosity of the ramaterial (Wenling et al., 2005) thus
causing discontinuous evaporation, i.e., a blowp effect, as described aboveThis effect is less
pronounced for low molecular weight chitosan derivatives. Particles with MVR20-100 kDa and
DD80 (Figure 8H) resemble DD95 particlesHigure 8J), which caild be explained by the lower
viscosity of the low molecular weight solutions, resulting in more pronounced continuous
evaporation, leading to smoother particle surfaces as described above. This effect was supported
by the observed lower outlettemperature of 72.5+1.5 °C for low molecular weight derivatives.
Consequently, the smoother surface morphology is again more pronounced at a lower DD and
MW and at lower exit temperatures due to continuous evaporation during spray drying.
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Figure8: Scanning Electron Microscopy images of dry powder samples at magnification 5000%-G: Spray
dried particles of 80% deacetylated (DD80) chitosan with a molecular weight (MW) of 1500 kDa
prepared at spray drying inlet temperatures of 160C or 100 °C without an active pharmaceutical ingredient
(API) E, G), with 5 wt% encapsulated biotin (A, B), 5 wt% encapsulated monoclonal antibody ocrelizumab
(C, D), or 15wt% encapsulated ocrelizumab ). H-L: Spraydried chitosan particles prepared at 16 °C
consisting of DD80 chitosan with a MW of 23100 kDa H), or DD95 chitosans with MWs 150300 kDa (),
20-100 kDa (J), 200-400 kDa (K), and 200-500 kDa ().
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Finally, chitosan derivatives DD95 with MW 20@00 kDa and 200-500 kDa were investigated.

Thes resulted in similar particle ad surface morphologies Figure8K, L). Therefore, no effect of
MW increase by ~100kDa could be detected. In contrast, the resulting morphology was
comparable to previously describegbarticles with DD80 and MW 1506-300 kDa, which could be

due to similar solution viscosity. The same proportionality was previously found for thepray

drying yield

Overall, the MW of the chitosan derivative used proved to be a more significant factor thathe
DD in particle preparation by spray drying, which can be explained by similar viscosities in the
range of DD70 to DD95 across all MWSs). A significant influence of MW on mucoadhesion,
controlled release behavior, and particle size distribution has beeaiready reportedby Sun et al.
(2009) for spray-dried chitosan particles with DD96 andMWs between 40 kDa and 850 kDa

Particle Size Distribution

The particles prepared by spray drying exhibit a similar monodisperse numerical size distribution
with a maximum at 69+9 nm diameter (Figure9A) characterized by Pdl values of 0.02+0.01. Thus,
all particles studied here exhibited similar numeric particle size distributions, further emphasizing
the robustness of the sprg drying parameters used here. In order to assess minor differences
between individual particle samples, i.e., influence of MW, DD, spray drying inlet temperature,
mADb loading concentration and batch size, the more sensitive volume distribution was used.

Frst, particles prepared with chitosan derivatives with MW of 2@l00 kDa consist of more
nanoparticles and smaller microparticles in thd-20 um diameter range figure 9B), whereas
particles spraydried with chitosan derivatives with MW of 150-300 kDa consist of fewer
nanoparticles and larger microparticles up to 5um. This can be attributed to the higher viscosity
of the spray-drying solution of higher molecular chitosan derivatives and thus larger droplets at
the nozzle tip that subsequently dry into larger particlegHede, Bach, & Jensen, 2008)This
proportionality of increasing particle size with increasing MW has also been previously reported
for emulsion-based preparation of chitosan nanoparticlegBenjaminR Riegger, Baurer, Mirzayeva,
Tovar, & Bach, 2018pnd for spraydrying (He, Davis, & lllum, 1999a; Sun et al., 2009)

Second, the chitosan particles that consist of DD80 chitosan showed slightly larger partlkend
more microparticles compared to the DD95 particles. This trend may be attributed to the higher
swelling ability of DD80 chitosan compared to DD9%lerivatives(Wenling et al., 2005) Due to the
higher crystalinity of DD95 chitosan, the particles swell less and therefore fewer nanoparticles
tend to agglomerate. Overall, the DD showed a smaller effect on the patrticle size distribution than
the MW of the chitosan derivative.

Third, the non-loaded particles (DD80,150-300 kDa) prepared at 100°C compared to 160°C
inlet temperature show a broader size distribution characterized by more microparticleBigure
9C). This may be attributed to the lower drying capacity at lowerdmperature, which may cause
more droplet coalescence prior to drying. Comparing the nottoaded chitosan particles (100C)
with the particles loaded with 5wt% biotin (100 °C), the encapsulation of the small molecule
biotin had no negative effect on the paticle size. In contrast, the distribution has more
nanoparticles and the microparticle fraction is narrower. The same result was observed for
particles prepared at 160°C. Thus, the encapsulation of biotin seems to stabilize the droplets
during particle formation, which in turn leads to a more homogeneous product. Comparing the
particles prepared at 160°C containing 5wt% biotin with the particles prepared at 100 °C, the

second peak in particular is less broad at 100C, which is due to fewer agglomeratesand could
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be explained, for example, by the surface roughness of the particles. The particles prepared at
160 °C have a rougher surface with wrinkles, as described above (Section 3.3), which could favor
the intermolecular forces manifested in the form ofsticking and agglomeration of the particles.
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Figure9: Numeric @A) and Volumetric B-D) particle size distributions of particles spray dried at 108C or
160 °C inlet temperature determined via static light scattering.A: Compatison of different active
pharmaceutical ingredients (API) (No API, Small Moleculews monoclonal antibody (mAb), 15wt%

mAb) and different chitosan derivativesB: Comparison of 80 % deacetylated (DB0) and DD95 derivatives
with molecular weights of 20-100 kDa and 150-300 kDa. C: Effect of temperature (100°C vs. 160°C) on
particle size distribution.D: Comparison of mAb loading concentration (5m% vs. 15 wt%) and batch size
scaling (300mg vs. 2500 mg), exemplified for particles produced at 100C.

Paticles containing 5wt% of ocrelizumab consisted of significantly more microparticles and
agglomerates, and the maximum particle diameter increased up to 50m. The increased number
of microparticles could be attributed to either the higher MW and hydrodyamic volume of the
API, or the positive charge of the mAb and the chitosan polymer, which repel each other. The
encapsulated ocrelizumab is characterized by its isoelectric point at (DA, 2017) Therefore,
the antibody is pasitively charged in the 0.5v0l% acetic acid spraydrying solution. The observed
higher tendency for agglomeration could be again dugo the rough surface of the particlesas
described above

Finally, the impact of mAb concentration in the partites and batch size of the spragrying process
are presented inFigure9D. When comparing particles laded with 5 wt% and 15 wt% prepared

at a small scale of 300mg per batch, the 3-fold increase in encapsulated mAb resulted in a shift
to larger particles. The most prominent microparticle diameter (second peak) increased from
~2 pm to ~5 um, representing al50 % increase in diameter. The fraction of nanopatrticles (first
peak) decreased significantly, which can be attributed to the larger volume required to
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encapsulate a larger amount of mAb molecules due to their MW and hydrodynamic volume. In
addition, it is assumed that part of the nanopatrticle fraction is empty due to the steric hindrances
in the encapsulation of high molecular weight drugs. Thus, fewer nanoparticles are likely to be
generated during spray drying due to the higher mAb concentration in thesample. Additionally,
the densest sphere packing limits the number of encapsulated mAb in a single particle. The
increase in particle size can be attributed to the increased amount of IgG molecules present,
changing the ideal conformation to larger dropleés. We have assumed here the hydrodynamic
diameter of mAb molecules, since we assume that even in solid powder formulations the proteins
should be in the amorphous state to ensure their natural conformabn necessary for bioactivity.

Theoretically, a volme increase of 21% is expected, since three times the amount of mAb
molecules should be present in a single particle (calculated in Section 2.4). For a particle with a
diameter of 2 um, such as the micropaticles described here Kigure 9D), 10.92 10° instead of
3.64 10° mAb molecules could be present in a single spragried particle if the mAb loading is
increased from 5wt% to 15 wt%. Assuming a hydrodynamic diameter of ~13nm (Gagnon, Nian,
Leong, & Hoi, 2015; S. K. Li, Liddell, & Wen, 2011and a globular shape of the IgG molecules,
the increased amount of mAb molecules would result in a volume increase of 8.37 um3 and the
particle diameter would theoretically increase t02.88 um, resulting in a 44% increase in
diameter. The same proportionality was observed for particlesrgpared at a batch size of
2500 mg, where the diameter of the microparticle majority was shifted from ~2um (5 wt%) to

~4 um (15 wt%), corresponding to a 100 % increase in particle diameter. This calculation did not
take into account possible steric hindrances due to the molecular charge and space requirements
of the chitosan molecules, which are assumed to cause the remaining 886% of the increase

in particle diameter compared to the experimentally determined results.

In continuous production (2500 mg, 40min), the proportion of nanoparticles also decreased
significantly. Fewer agglomerates with a diameter of up to 8Qum were observed on the large
scalethan on the small scale described previously. It is assumed that the agglomerate formation
at the beginning of the process is likely due to particles adhering to and falling from the glass
parts of the spray dryer. Once the system is in operation, no aditinal particles adhere and
deposition in the sample vessel is not further affected. The ~im smaller majority of
microparticles observed in continuous production compared to small scale can also be explained
by the stabilization of the process over timeln addition, the surface tension of initial droplets
could be affected by the initial dry and hot nozzle channel and tip, which slightly changes the
atomization profile. Consequently, these larger particles and agglomerates are also present in the
larger sample, but do not affect the overall particle size distribution because they represent a
smaller fraction of the total sample than in the small scale.

Encapsulation Efficiency and Structural Integrity of E  ncapsulated API

The therapeutically relevant AR biotin (small molecule) and ocrelizumab (mAb) were successfully
encapsulated in chitosan by spray drying, with biotin yielding agsticle loading of 4.42+0.03 wt%
(Table 1). A comparable loading of 4.30+0.26m% was achieved for the high molecular mAb
ocrelizumab. In addition, a highly successful loading of 15.64+1.0%1t% of ocrelizumab was
achieved. The corresponding encapsulation efficiencies determined by HPLC for biotin and micro
BCA assay foiocrelizumab are shown inTable3.
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Table3: Quantitative loading of active pharmaceutichingredients achieved by spragrying in chitosan with
80 % deacetylated residues and a molecular weight of 15300 kDa. Remaining salt content from
phosphate huffered saline supplemented with Tween 20 and additionally contained trehalose.

Active pharmaceutical API loading Trehalose content Salt content
ingredient (API) [wt%] [wit%o] [wit%o]
Ocrelizumab 15.64+1.02 4.45+0.23 5.16+0.80
Ocrelizumab 4.30+0.26 6.28+0.47 0.75%0.16
Biotin 4.42+0.03 - -

In the chitosan derivative with DD80 and a MW of 156300 kDa, 88.44+1.16 wt% biotin was
suacessfully encapsulatedHigure 10A), while in the DD95 derivative with MW 200500 kDa only
71.34+4.32 wt% and in the DD95 derivative with MW 200-400 kDa only 68.80+3.82 wt% were
present, although the latter two derivatives did not differ significantly as their molecular weight
varied only by 100kDa. Consequently, the chitosan derivative usesignificantly affected the
encapsulation efficiency (OneWay ANOVA with Bonferroni post hoc test;90.0001). The higher
encapsulation efficiency of the DIB0 150-300 kDa derivative can be attributed to the better
mixing of biotin and chitosan due to the shorter polymer length(Paudel et al., 2013) In addition,
for processability reasons, the high molecular weight derivatives were sprdyied at a
concentration of 0.25wt% instead of 1 wt%, with consequently less chitosan present to
incorporate biotin molecules, which further explains the lower encapsulation efficiency of high
molecular weight chitosans.

Since we used the infusion solution containing ocrelizumab as raw material, the original solution
was purified over desalting columns prior to smy drying to allow the high loading of 15wt%
(actual; 20wt% theoretical) of ocrelizumab in chitosan. Ocrelizumab was transferred into PBST
for the production of these particles. The remaining trehalose and salt content of sprajried
particles containing4.30+0.26 wt% ocrelizumab - in general referred to as 5wt% - was found

to be 6.28+0.47 wt% trehalose and 0.75%+0.16 wi% salts, while particles loaded with
15.64+1.02 wt% ocrelizumab - in general referred to as 15wt% - contained 4.45+0.23 wt%
trehalose ard 5.16+0.8 wt% salts (Table3).

The total amount of ocrelizumab encapsulated and released was quantified by mieRCA assay
and revealed an overall high encapsulation efficiency of 83.4Bt24 % for ocrelizumab (Figure
10B), whereas particles loaded with 5vt% yielded an encapsulation efficiency of 86.03+9.17%
and particles theoretically loaded with 20 wt% yielded an encapsulation efficiency of
78.18+6.98 %. Consequently, a Hgh loading capacity of mAbs was achieved simultaneously,
supplemented with ~5wt% trehalose, which is known as a stabilizing agent in spragried IgG
formulations (Maury, Murphy, Kumar, Mauerer, et al., 2005; Flaa Sousa et al., 2018) Since the
bioactivity of encapsulated and released proteins is often critical, we additionally analyzed the
remaining binding capacity of released ocrelizumab by sandwich ELISA. No significant difference
was detected compared to drg levels determined at the tripeptide level (micrdCA assay). The
resulting mean binding capaciy with 70.18+11.39 wt% (Figure 10B, structurally intact) is still
high, suggesting structural integrity of ocrelizumakand thus promising for further testing of the
developed patrticles in cell culture om vivo.
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Figure10: A: Influence of the utilized chitosan derivative at 160C spray drying inlet temperature on the
encapsulation of biotin. G@mparison of 80°% deactylated (DD80) chitosan with a molecular weight (MW)
of 150-300 kDa to DD95 derivatives with MWs of 200400 kDa and 200-500 kDa (n=3).B: Encapsulation
efficiency of ocrelizumab (monoclonal antibody, mAb) in DD80 chitosan with a MW 0fl50-300 kDa.
Comparison of total amount (micro-bicinchoninic acid (BCA) assay) and mean remaining bindinggacity
nked i mmunosorbent

5 wt% and 20 wt%, respectively (n=3. C: Influence of spray drying temperature on the encapsulation of

determined via sandwichE L |

SA (enzyme |

assay;

5 wt% biotin and ocrelizumab (mAb; ELISA) (n=3)D: Influence of spray drying process batch size on the

encapsulation of mAbs 0160 °C, 015 wt%), 170 mg (small), 400mg (medium) to 2500 mg (big) lab scale

(n=3). E: Intrinsic fluorescence spectrum of ocrelizumab released from chitosan particles in comparison to

pure chitosan and denaturated ocrelizumabF: Intrinsic fluorescencespectrum of pure ocrelizumab and
ocrelizumabchitosan particles in comparison to denaturated ocrelizumalis: Circular Dichroism spectrum
of ocrelizumab in comparison to pure chitosan and ocrelizumab together with chitosanH: Second
derivative of Fouriertransform Infrared Spectrum of the amidel band of ocrelizumab (mAb) encapsulated
in chitosan (DD80, 150300 kDa) and nonloaded spraydried chitosan particles (DD80, 156800 kDa; no

API).
84



The spraydrying temperature of 100°C compared with 160°C was beneficial for the
encapsulation of biotin (ttest; p < 0.05) (Figure 10C), but there was no detectable change in
encapsulation efficiency or binding capacity for ocrelizumab, as the ELISA as a-based assay
impliesa higher standard deviation than the HPLC method used for the quantification of released
biotin. Moreover, neither increasing the drug loadig from 5 wt% to 15 wt% (Figure 10B) nor
increasing the batch size 1dold from 170 mg (small) to 2500mg (large) affected the
encapsulation efficiency Figure10C). These results again demonstrate the robustness of the spray
drying parameters used, which are promising for further scalepuand continuous production at
industrial scale.

Furthermore, we investigated the structural integrity of the monoclonal antibody after
encapsulation and release from the spragried chitosan particles using spectroscopic methods.
Comparing the intrinsic fluorescence emissionRigure 10E and 10G) and circular dichroism of
native ocrelizumab, denatuated ocrelizumab, ar the encapsulated mAb Figure 10F), it can be
seen thatthe IF and CD spectra did not change significantly after encapsulation compared with
the native condition. The perfect overlap of the spectra of native ocrelizumab and eapsulated
ocrelizumab Figure10F) is cledy seen, especially when compared to the denatured spectrum of
ocrelizumab. The emission spectrum can be used as a structural signature because the peak of
the spectrum shifts depending on the state of exposure of the fluorescent amino acids to water
(Royer, 2006) For example, in a denatured protein, tryptophan residues that are in native state
buried in the protein core are exposed to water and the spectrum hence differs from that of theg4
native state.

In the CD experiments, chitosan shows a peculi@pectrum with minimal ellipticity values around
210 nm (Equation(5)). In contrast, the minimum measured for ocrelizumab is around 220 nm,
indicating a mixture of alpha and beta structure (for a denatured protein with random caoil
structure, a negative pe& would be observed below 200 nm)(N. J. Greenfield, 2006) The
spectrum of chitosan particles containing o®lizumab shows a mean minimal peak at 21%m.
The spectrum generated after subtracting the spectrum of the nofoaded chitosan particles from
that of the ocrelizumab-containing particles shows a minimal peak at 22Gm and appears to be
very similar to tha of ocrelizumab alone. Consequently, the results of the IF and the CD
experiments agree well, indicating that ocrelizumab retained its native structure after the
encapsulation process.

In addition, the FFIR spectrum of the spraydried particles containirg ocrelizumab showed the
characteristic amidel band of proteins, especially for IgGs, ranging from 1720 to 156@m-1 (Fu,
Deoliveira, Trumble, Sarkar, & Singh, 1994; Maury, Murphy, Kumar, Mauerer, et al., 2005)
Despite the presence of Nacetylglucosamine subunits and free amino groups in the chitosan
matrix, no signals were observed in the second derivative of the amiddand for pure non-loaded
spraydried chitosan particlesFigure10H). Therefore, FAIR analysis of proteins and IgG molecules
encapsulated in chitosan is reliable. When analyzing the spectrum of ocrelizumab encapsulated in
chitosan, characteristic bands were observed in the second derivative &8 cm™, 1670 cm™,
1662 cm™, 1639 cm™ and 1614 cm™, which are similar to the bands of native IgG molecules
reported by Costantino et al.(1997), Maury et al. (2005), and Schiile et al.(2007) (see Table 4
Recently, Sousa et al(2018) reported similar wavenumbes for bevacizumab encapsulated in
PLGA nanopatrticlegFlavia Sousa et al., 2018nd Mutukuri et al. (2021) presented a comparable
spectrum for electrostatic spraydried mAb formulations - however they did not give specific
values.
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To determine the storability of the developed formulation containing 15m% ocrelizumab, we
additionally determined the glass transition temperature {y) of the spraydried chitosan particles
by differential scanning calorimetry. The particles loaded with 1®t% ocrelizumab had a 7, of
35.86 °C (Supplementary Figures?), whereas pure crystalline chitosan is described by, values
between 75 °C and 150 °C (Dong, Ruan, Wang, Zhao, & Bi, 2004 Pure trehalose is characterized
by a 7,0f 115 °C (Miller, de Pablo, & Corti, 1997)and IgGs are characterized by, values between
62 °C and 82 °C (Kaur, 2021; Nemergut et al., 2017; Sedlak et al., 2015; Vermeer & Norde, 2000)
Nevertheless, Maury et al. 2005 reported a7, of 42.8 °C for spray-dried IgG/trehalose (80:20)
mixtures, similar to the results observed here. We additionally analyzed thg, of non-loaded
chitosan partickes, which was 36.68°C (Supplementary Figures?). Consequently, the spray drying
process itself already seems to cause the reduction @}.

Table 4: Amide-1 band corresponding wavenumbers [cm] reported for IgG molecules determined via
Fouriertransform Infrared (FTIR) spectroscopy.

Wavenumber extracted from the 2 " derivative

Analyzed FT-IR signals associated as amide -l band [cm ]
Authors formulation i -sheet or
I -sheet turn turn i -sheet | . :
side chain
Eggit al. IgG molecule 1690 1677 1661 1637 1615

Recombinant
Costantino | humanized

et al. 1997 | immunoglobulin G,
20-60 wt% lactose

Human IgG, 20wt%

1691+2 | 1667+2 | 1661+2 | 1641+1 1615+1

Maury etal-| rehalose (+ Bw% 1691 | 1674 | 1661 | 1637 1615
residual sorbitol)
Schiile et al Humanized chimeric
2007 | 1gG1, 20-80 wt% ~1690 - ~1665 ~1639 ~1616
mannitol
Avastin ® containing
sousaetal. | oo cizumab, 10w% | 1691 i i 1635 1614
2018
trehalose
15.64+0.03 wt%
ocrelizumab,
In this study | 4.45+0.23 wt% 1687 1670 1662 1639 1614

trehalose, ~79.91
wt% chitosan

In addition, it is known that residual moisture significantly lowers the7, of a formulation (Ozmen
& Langrish, 2002) For example, an increase from 1.65 to 4.52t% water in spray-dried skim
milk powder decreased the 7, from 87.7 °C to 46.7 °C. Maury et al. (2005) reported a residual
moisture content of 5.3 % for their IgG formulation with 20 wt% trehalose. Non-loaded chitosan
particles resulted here in a residual moisture of 7.99+1.0%. Due to the residual moisture content
of 6.95+1.01 wt% observed here for the particles loaded with 15wt% mAD, it is clear that this
moisture content contributed mainly to the reported low 7, of this formulation and is comparable
to the formulation obtained by Maury et al. (2005). After storage for 5 weeks at RT, the7,
exhibited andecrease to 35.37°C (Supplementary Figures?), which however was not significant.

In addition, the binding capacity by ELISA, suggesting bioactivity, remained constant with
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14.62+0.67 wt% demonstrating storage stability and the remaining integrity of the drug. The
developedspraydried formulation with 15 wt% mAb is a promising formulation that is assumed
to be long-term stable even at storage temperatures up to 38C, since it was described bjpuddu

et al. 1997 that increased molecular mobility and thus aggregation is onlyikely at storage
temperatures above the7,of the formulation (Duddu & Dal Monte, 1997) The longterm stability

of this consequently promising formulation will be investigated in a followup study.

Controlled Release of Ocrelizumab and Biotin

The release kinetic of sprayried particles was investigated in a dissolution settingn vitro at
pH 6.5 and 37 °C comparable to the physiological conditions at the olfactory mucosa. The
released APl amounts were normalized with the resptee encapsulation efficiencies

We investigated the release kinetics of Wt% of the small molecule biotin encapsulated in
different chitosan derivatives with varying degrees of deacetylation (DD80, DD95) and MW (150
300 kDa, 200-400 kDa, and 200-500 kDa). All chitosan derivatives tested did not result in a
significant initial burst release witlin the first few hours (Figure11A), which was due to the fact
that the vitamin molecules were successfully encapsulated into the chitosan matrix material and
there were no or only small amounts of molecules adhered to the surface of thearticles(Paudel

et al., 2013; Poulain et al., 2003) Furthermore, a complete release of 1006 biotin was achieved
within 48 hours, followed by a plateau where all released molecules remained in the tes4
environment. Furthermore, thedifferent spray drying inlet temperatures investigated (100C,
160 °C) showed no significant effect onthe release of biotin Figure 11A). In comparison, the
dialysis tubing used with a cutoff of 3.5kDa and the bw solubility of 200 mg L* biotin in water
itself resulted in complee diffusion within 24 h (Figure 11D). Consequently, the spraydried
chitosan formulation successfully prolonged the release of biotin for at leaan additional 24 h,
while diffusion itself was not the cause of the continuous release achieved. Considering the
complete release within 24h, the diffusion of biotin through the dialysis membrane gave a
diffusion coefficient Dgirin Of 8.21 10° cm2 s* (Figure 11E). For the spraydried particles (DD8O,
MW 150-300 kDa), a complete release of biotin vas reported after 48h (Figure11B), thus leading

to a reduced diffusion ccefficient Dgiorin-particies Of 4.11 10° cm2 s* (Figure11E). Consequently, the
diffusion coefficient of biotin was reduced by 4.1110° cm?2 s* by formulating it in chitosan using

spray drying.

In addition, the release of the therapeutic monoclonal antibody ocrelizumab was investigated.
Concentration equilibration through the polycarbonate membrane used with a pore size of
0.2 um was achieved within 21.72 h (Figure11D). Sibsequently, the diffusion coefficientDoc fOr
ocrelizumab in the dissolution setup was calculated to be 3.2%0° cm2 s* (Figure 11E), which is
in the same order of magnitude as the diffusion coefficient of bioin in the dissolution setup used.
The release kinetics of ocrelizumab from spragried chitosan particles (DD80, 156300 kDa,
100 °C) within the first 48 hours (Figure11B) was continuous, with only 20% of the encapsulated
mAb molecules released in 24. The results of the two quantification methods used, micreBCA
assay for quantification at the tripeptide level and ELISA for structurally intact and still binding
molecules, did not differ Figure 11C), proving high integrity of the released mAbs. Overall, the
release kinetics of ocrelizumab from the spragried particles were significantly laver compared
to biotin (Figure11B and 11C).
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Figurel1l: A: Comparison of biotin release kinetics from different chitosan derivatives (8® deacetylated
chitosan (DD80) with a molecular weight (MW) of 156300 kDa, DD95 chitosans with MW of 200400 kDa
and 200-500 kDa), andDD80 150-300 kDa chitosan produced at spray drying inlet temperature;;I160 °C
or 100 °C. B: Release kinetics of ocrelizumab (mAb) from sprajried particles consiting of DD80 chitosan
with a MW of 150-300 kDa in the initial 48 h, comparison of data quantfied via micro-bicinchoninic (BCA)
assay and enzymdinked immunosorbent assay (ELISAL: Release kinetic of ocrelizumab over 368. D:
Diffusion kinetics of pure active pharmaceutical ingredients (APIs) as reference for dissolution settikg.
Diffusion coeffients of biotin and ocrelizumab (mAb) calculated for the dissolution test setting (membrane
adapters) and during release from spragried particles, respectively.F. Release kinetic of 15wt%
ocrelizumab loaded chitosan particles fitted to the Korsmeer-Peppas model approach with constants
K=2.11 and n= 0.65.

Furthermore, the release kinetics of particles loaded with &t% and 15 wt% ocrelizumab did not
differ significantly (Figure 11C), proving that the threefold increase in the amount of mAbs had
no effect on the release kinetics and thus proving that the slow and continuous release is due to
the APIs being entrapped reproducibly for particle loadings up to at least Wt%. No burst release
was observed mplying that no or only minor amount of molecules were adhered to thesurface
(Paudel et al., 2013; Poulain et al., 2003)Consequently the high molecular ocrelizumab was also
successfully encapsulated in the clisan matrix material with the spray dryig parameters used
here. In detail a maximum of 84.43+4.85 % ocrelizumab was successfully released from the
15 wt% loaded particles after 360 hours Figure11C). At this time point, the release was already
slowing down but had not yet reached a plateau, suggesting incomplete release of the
encapsulated mAb. Furthermore, the observed release kinetic was fitted to the KsmeyerPeppas
model (Equation12), resuling in a very god fit (Figure11F), providing insight into the molecular
release mechanism.

5
YQa Qi 'QO— 00 (12)

The fit shown in Figure11F is characterizedy the release rate constant'= 2.7Z7and n = 0.65
Thus, complete release of ocrelizumab in the studied dissolution setup would be achieved within
395 h. As recommendedby Bruschi(2015), we calculated the values for the exponentr of the
release curveange at which the releasds below 60 % to achieve high agreement with the model

88



(Bruschi, 2015) Considering the determined value of? = 0.65, the observed release kinetic seems
to follow an anomalous transport descibed for 0.5< n< 1, characterizing a drug release
mechanism governed by uniform diffusion and swelling. The slow rearrangement of polymeric
chains and the diffusion process should simultaneously cause the tindependent anomalous
effects (Bruschi, 2015) Thisis further consistent with the described parameter;, which ranges
from 0.43 to 0.85 for spherical drug delivery system geometries.

Considering the complete release of ocrelizumab from chitosan particles calated by Korsmeyer
Peppas fit after 395h, the diffusion coefficient Docreparicies is 1.79 10°® cm2 s* (Figure 11E), which
is an order of magnitude lower than the diffusion coefficient of the pure mAb through the
membrane and compared with the biotinchitosan particles. Assuming anomalous transport, the
particle matrix material causes a 3.080° cm2 s* decrease in the calculated diffusion coefficient.
To distinguish between diffusion and polymer swelling in thedissolution experiment, we
additionally assumed an exclusively diffusiebased release mechanism for ocrelizumathitosan
particles, which would be characterized by? < 0.43 Under this approach, complete release of the
mAb molecules would be achieved witin ~580 h and would consequently result in a lower
particle diffusion coefficient of 1.2210° cm2s® for ocrelizumab. In comparison, anomalous
transport exhibits a diffusion coefficient increased by a factor of 1.02 and a reduction of the overall
releasekinetics by 185h through additional polymer swelling Figure11E).

Finally, for the first time, we achieved a high cumulative release of 5.20+0.3M9/50 MQJparicies Of
ocrelizumab, equivalent to a total releasef 0.104+0.006 mg/mgp.rice. By COmMparison Savin et
al. (2019) recently reported a similarly high release of 0.32Mg/Mynancparices Of the therapeutic
antibody bevacizumab from chitosalPEGMA nanoparticles, but they used a reverse emulsion
double crosdinking method and therefore achieved only a low encapsulation efficiency of 3%
(Savin et al., 2019) They described a release of 5% within 168 h (PBS, pH .4, 37 °C) as slow
and also did not report burst releme. They also used the Korsmeyéteppas model to fit their
release kinetics and classified transport as normal Fickian diffusion, achieving complete release of
bevacizumab after 600h. The group of Kirchhof et al. (2015) and Gregoritza et al.(2016) also
investigated the release of bevaciznab, but developed eight armed polyethyler-glycol-40kCg
hydrogels as drug carrier material. They initially reported a release of 1.2%y bevacizumab from
250 pL hydrogels within 10 daygKirchhof, Abrami, et al., 2015; Kirchhof, Gregoritza, et al., 2015)
and later extended the release to 30 days in PBS at pt4 and 37 °C by using a higher degree of
polymer modification, while 60 % was released after 20days(Gregoritza, Goepferich, & Brandl,
2016). In addition, they reported a complete release caused by degradation of the polymer
between days20 and 25. These results are comparable to the cumulative amount of ocrelizumab
released here.

To classify the results obtained here in terms of clinical relevance, we compared the average daily
releasal amount of 290 ug ocrelizumab reported herén with the results of clinical studies. In
clinical trials, an average serum concentration of ~10Qg MLy ocrelizumab was reported 15
days after infusion with 600 mg ocrelizumab (Gibiansky et al., 2021) Serum levels are described
to decrease to ~50g Mleen” after 29.5 days and to ~20 ug Ml after 57.6 days Trojano et

al. (1986) described an isoelectric point (IEP) dependent CSF/serum diffusion ratio of albumin,
whereas higher IEPs reduce protein transport to the CSF and a minimum relative permeability
coefficient (CSF/serum) of ~0.5 was found for protes with IEP 8.65(Trojano et al., 1986) In
addition, Livera et al.(1984) already defined a partial regression coefficient of 0.36 to 0.54 for
IgG CSF/serum diffusiomatio to albumin CSF/serum diffusion ratiqLivera et al., 1984)
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Therefore we calculated for ocrelizumab with its IEP at 9 &DA, 2017)a CSF/serundliffusion ratio
of 0.738+0.5. Taking a partial regression coefficient between 0.36 and 0.54 for the SF/serum
diffusion ratio into account (Livera et al., 1984) it is thought that the minimum CSF/serum
diffusion ratio for ocrelizumab could be asumed between 8.6% and 12.9 %. Bringing this
together with the known serum levels of ocrelizumab after infusion, CSF ocrelizumab
concentrations between 12.85 and 1.71ug mLcss* for the period between days 15 and 57.2 after
infusion could be assumed. Howeer, no ocrelizumab concentrations have yet been reported for
the CSF of MS patients, and consequently, to our knowledge, the therapeutic range of
ocrelizumab in CSF is unknown. Nevertheless, for our formulation here, we assume ideally a high
direct uptake into the CNS via transport from the nose to the brain. Consequently, we would
ideally assume a maximum concentration of 29Qug/150 mLcs* per day, equal to 1.93ug mlese
after intranasal adminsitration. Therefore, our formulation developed here couldesult in a
comparable dosing range ofa 1.71 ug mLcsi* and could be a promising new administration
approach. However, this needs to be investigated in detail inn vivo experiments. Other
advantages of the intranasal formulation and application studied hre could include higher patient
compliance and fewer side effects than intravenous use.

Overall, the spray drying process for the production of chitosan particles in this study was robust
and achieved high patrticle yields, low residual moisture, and repaducible spherical particles with
a monomodal size distribution (Pdl 0.02+0.01) in the nanometer range (69.9+8m) independent
of the active ingredient and loading concentration. High loading concentrations of clinically
relevant APls, i.e., 4.42+0.03vt% for biotin (referred to as 5wt%), as well as 4.30+0.26 wt%
and 15.64+1.02 wt% for ocrelizumab (referred to as 5wt% and 15 wt%) were achieved. At the
same time, high encapsulation efficiencya80 %) was achieved while maintaining the structural
integrity and binding activity @ 82 %) of the mAb, as well as storage stability over five weeks at
RT and 19+1% RH and sustainedrelease over 15 daysn vitro. To our knowledge, successful
encapsulation of monoclonal antibodies in chitosan by spray drying has resvbeen described
before. The results of this study shovfor the first time a sutainedrelease approach of mAbs from
spraydried chitosan patrticles, particularly for the therapeutic antibody ocrelizumab.

The developed spraydried chitosan formulations resited in high particle yields for small molecules
(68.51+3.36 %; biotin, fluorescein sodium salt, fluoresceinamine, and rhodamine )B while
encapsulation of mAbs (ocrelizumab, bevacizumab) further increased the yield to 79.20+0.42

at spray drying inlet tanperatures of 160 °C. Increasing the mAb loading from 5wt% to 15 wt%
(100 °C) also increased the particle yield slightly but was not significant. Consequently, the
molecular weight (MW) of the encapsulated drug may increase the particle yield due to the
increased mass, which facilitates particleeparation (Blichi, 1997; Paudel et al., 2013)For the
encapsulation of, for example, small molecules at 160C inlet temperature, similar yields were
obtained at small laloratory scale with batch size ~300ng (67.45+0.69 %) and at larger
laboratory scale with batch sizea 2500 mg (70.62+4.34 %) during continuous production.
Consequently, the spray drying parameters developed here are not only advantageous at very
small labaatory scale to study various expensive biomolecules, but they are also usable for
continuous production up to at least 40min. This is regarded as very promising for potential future
scaleup in industrial production.

It was found that the MW of the chitosans used significantly affects the yield. However, the DD
of the chitosans had no influence on the yield. Lower MW significantly increases the yield, which
is in accordance to theliterature (Sun et al., 2009) We attributed this finding to the fact that the
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viscosity of the spray drying solution depends on the length of the polymer chain, which affects
droplet separation at the nozzle tip and thus successful particle formation and separatigBuchi,
1997; Hede et al., 2008; Paudel et al., 2013)Therefore to achieve high yieldsa 60 %, the spray
drying solutions should be adjusted to viscosities below 35@Pas, which was never clarified
before.

The initial residual moisture of spraylried particles was not affected by DD or MWof chitosan,
nor did the spray drying temperature inpact the water content significantly. Nevertheless, at
100 °C increased residual moisture was observed for encapsulation of APls compared to non
loaded particles, which we attributed to the change in evaporation again due to the increase in
viscosity, andpossibly due to the intermolecular forces acting between API molecules and chitosan
(Buichi, 1997; Paudel et al., 2013)Continuous production was beneficial regarding water content
of the particles, whereas residubmoisture was decreased at 100C from 8.91+1.95 wt% to
8.38+1.84 wt% (mADb). In addition, the threefold loading increase of mAbs led to a decrease of
the initial residual moisture from 11.2+1.51wt% to 6.95+1.01 wt%, which we attributed to the
higher massratio known to reduce the humidity in the system, resulting in a dryeproduct (Bichi,
1997; Paudel et al., 2013)

In addition, the herein developed formulationsconsisting of DD80 chitosan with 156300 kDa

containing the clinically relevant APIs biotin and ocrelizumab, were investigated in terms of particle
morphology, particle size distribution, encapsulation efficiency (EE), storage stability over fir
weeks and release behavioin vitro. 4

The particle morpholay was mainly influenced by the spray drying inlet temperature as well as
the MW of both the chitosan as well as that of the API, and the API concentration. The significant
effect of the MW of the chitosan on the viscosity of the spraydrying solution alsoaffects the
evaporation during the particle formation. Smooth particle surfaces are more pronounced
especially for low MW chitosan derivatives and at lower DDs. The inlet temperature of 160 °C
caused wrinkled particle surface morphology, which is due tohe faster and thus discontinuous
evaporation causing a blowup effect of the particles during drying, leading to surface wrinkles
upon cooling. For both nonloaded chitosan particles and biotiFloaded patrticles, smooth particles
were obtained for 100 °C and a resulting outlet temperature of 38+2 °C. Particles loaded with
5 wt% mADb resulted in a slightly wrinkled surface at the same outlettemperature, which was
attributed to the increased viscosity of the spray drying solution caused by the high MW API, aga
leading to discontinuous evaporation. This effect was even more pronounced for the particles
loaded with 15 wt% ocrelizumab. Discontinuous evaporation was consequently found in this
study to be either caused by higher spray drying temperatures and retat high evaporation
pressure or by highly viscous solutions that hinder evaporation. To achieve a smooth surface
during encapsulation of high molecular APIs, low inlet temperatures beten 70-100 °C resulting

in outlet temperatures 38+2 °C are required.

The spraydried chitosan particles in this study yielded monomodal size distributions with Pdls of
0.02+0.01 and mean diameters of 69+9nm. All particle populations contained small fractions of
microparticles up to 50pum. Minor effects of spray drying inlé temperature, DD, MW and loading
concentration were evident in the volumetric size distribution. Again, the DD showed a smaller
effect than the MW, while the MW (chitosan, API) increased the particle size in agreement with
the literature (He et al., 1999a; Hede et al., 2008; B. R. Riegger, Baurer, Mirzayeva, Tovar, & Bach,
2018; Sun et al., 2009) due to the reduced droplet atomizationand increased viscosity. Due to
process stabilization during continuous productin, a narrower particle size distribution could be
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achieved at the large laboratory scale. Once the process is in equilibrium, particles with high
reproducibility are produced. A threefold increase in mAb concentration in the particles was
calculated basedn the experimentally measured particle diameters and the hydrodynamic radius
of the IgG molecules to result in a tripling of the mAb molecule amount and thereby explained
the experimentally determined increase in particle diameter of 10050 %.

Low MW chitosan resulted in significantly higher EE in accordanagith Sun et al. (2009), while
the maximum EE of 88.44+1.16% was achieved for DD80 150300 kDa chitosan and biotin,
which is assumed due to the more homogeneous mixture of polymer and drug in the say drying
solution. Chitosan particles loaded with ocrelizumab gave a similar high EE of 86.03+9.%4
(5 wt%; micro-BCA assay) and 78.18+6.98% (15 wt%; micro -BCA assay). The 18old increase
in batch size resulted in similarly high EEs, again demonsira the robustness of the spraydrying
parameters used, which are consequently promising for industrial scale.

In addition, the structural integrity of ocrelizumab in spraydried particles and after release from
the particles was investigated by IF, CD, anBTFIR. The results of the IF and CD measurements
were in good agreement, demonstrating that ocrelizumab retained its native structure after the
encapsulation process. The FIR measurements also showed characteristic amidddand signals

at 1687 cm™, 1670 cm, 1662 cm™, 1639 cm™, and 1614 cm™ (Henry R Costantino et al., 1997,
Maury, Murphy, Kumar, Mauerer, et al., 2005; Mutukuri et al., 2021; S. Schule, W. Friess, K.
Bechtold-Peters, & P. Garidel, 2007; F. Sousa al., 2017) characterizing secondary structure
elements of the IgG, thus proving its native conformation, even in the dried state. Moreover, the
residual binding capacity of encapsulated ocrelizumab after release gave high values of
70.18+11.39 % (ELI®\). Consequently, the encapsulated ocrelizumab remained intact at primary
and secondary protein structure levels. Only a loss @8 % in binding activity (ELISA) was
observed and hence attributed to defects in the tertiary or quaternary structure. Thushe spray
dried particles developed here are a promising formulation for sensitive macromolecules, such as
19Gs.

Overall, five weeks of storage at RT and 19+% relative humidity resulted in maximum water
contents of 13.54+0.67 wt% (no API), 11.47+0.75 wt% (5 wt% mAb), and 11.95+0.70 wt%
(15wt% mAb) and is more beneficial than refrigerator storage (£C, 261 % RH). Storage
stability was also investigated using DSC. The formulation containing 1% ocrelizumab was
found to have a 7, of 35.86 °C, which in accordanceto Maury et al. (2005) due to the 7, of the
raw materials and the observed residual moisture of the formulation. Moreover7, remained
constant during the five weeks of storage at RT and 19+% RH. Consequently, the highly loaded
chitosan formulation presented here is a promising dosage form that is assumed to be long term
stable at storage temperatures up to ~35°C according to Duddu et al.(1997).

Finally, a sustainedelease behavior of the ARloaded spraydried chitosan particles was achieed

in vitro, mimicking conditions in the nasal cavity. While the spragrying inlet temperature and the
MW of chitosan had no effect on the release kinetics, a complete release of \Bt% biotin was
achieved within 48 hours. No initial burst release was olesved, demonstrating that the vitamin
was successfully encapsulated within the particles as explained by Poulain e(2003) (Poulain et
al., 2003). The particulate formulation was found to reduce the diffusion coeficient of biotin
Dsiorin 8.22 10°° cm2 s* by about 4.11 10° cm2 s* to result in a remaining diffusion coefficient of
Désiotin-particies 4.11 10®° cm2 s*. For ocrelizumab, an even longer release was achieved, with only
20 % released within the first 24 hours, again demonstrating successful encapsulation of the drug
regardless of loading concentration (3t%, 15 wt%). Over 360 h, a maximum of 84.43+4.85 %

ocrelizumab was successfully released. No plateau was reached during this period, indicating
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incomplete release. The KorsmeydPeppas model was applicable and predicted that complete
release would have occurred after 39%, resulting in a decrease of 3.08.0° cm2s® from
Docre3.25 10° cm? s* to the resulting diffusion coefficient Dogreparices 0f 1.79 10° cm2 s* for the

l gG released from the chitosan particles. The
molecular mechanism of release corresponded to anomalous transport. We consequently
assumedfollowing Bruschi(2015) that this release mehanism was determined in equal parts by
diffusion and swelling of the chitosan polymer chains, additionally in accordance to the
classification of spherically shaped drug delivery systeniBruschi, 2015) In comparson, the
encapsulation into chitosan by spray drying resultetbr biotin in a 1.34-fold stronger reduction

of the diffusion than for ocrelizumab, because for ocrelizumab the release is already partly reduced
by naturally occurring slower diffusion due tots high MW.

Moreover, the achieved daily release of ocrelizumab applied intranasally could be comparable to
the therapeutic concentration in CSF that was assumed to be achieved with intravenous
application following theoretical assumptions based on the ramtly published ocrelizumab serum
levels of MS patientgGibiansky et al., 2021) In contrast, to our knowledge, specific ocrelizumab
concentrations in CSF of MS patients have not yet been published. Therefore, du¢ studies are
needed to compare intravenous administration to the performance of the formulation developed
hereinin vivo and thus to evaluate more reliably its potential clinical relevance.

4
4.1.5 Conclusion

To our knowledge, successful encapsulatioof monoclonal antibodies in chitosan by spray drying
has never been described before. Consequently, the results of this study showed for the first time
a controlled release approach of mAbs from spragried chitosan particles, particularly for the
therapeutically relevant APIs biotin and ocrelizumab.

The developed spray drying process in this study was robust and achieved high particle yields, low
residual moisture, and reproducible spherical particles with a monomodal size distribution (Pdl
0.02+0.01) in the nanometer range (69.9+9nm) independent of the active ingredient and loading
concentration.

To achieve high yieldss 60%, the spray drying solutions should be adjusted to viscosities below
350 mPa s, which was reported here for the first time. It was lao found that the MW of the
chitosans used, but not their DD, significantly affected the yield, while a lower MW significantly
increased the yield. Consequently, due to the high yield independent of batch size, the spray
drying parameters developed here @ very promising for possible future scal@p in industrial
production.

High loading concentrations of clinically relevant APIs, i.e., 4.42+0.08t% for biotin, as well as
4.30+0.26 wt% and 15.64+1.02 wt% for ocrelizumab were achieved. Low MW chitosan reglted
in significantly higher encapsulation efficiency, while the maximum EE of 88.44+1.1% was
achieved for DD80 150300 kDa chitosan and biotin. Chitosan particles loaded with ocrelizumab
gave a similarly high EE of 86.03+9.1%0. The 13-fold increased katch size resulted also in similarly
high EEs, again demonstrating the robustness of the spraidrying parameters used and potential
promise for industrial scale.

The smoothness of the particle®s surfaces were
derivatives, and at lower DDs. Thsignificant impact of the spraydrying inlet temperature causing

wrinkled particle surfaces at 160 °C was clarified in this study. Discontinuous evaporation was
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found to be either caused by higher spray drying temperat@s @ 100 °C), and thus high
evaporation pressure, or by highly viscous solutions 350 mPas) that hinder evaporation. Low
inlet temperatures between 76100 °C, resulting in even lower outlettemperatures(38+2 °C), are
required to achieve a smooth particlesurface for the encapsulation of high molecular APIs.

Detailed characterization of ocrelizumab encapsulated by spray drying and released from the
particles clearly showed that their primary and secondary protein structure remained intact.
However, the ELIS assay showed a slight loss of binding activity. We concluded that the spray

dried particles developed here represent a promising formulation for sensitive macromolecules
such as IgG.

The formulation containing 15wt% ocrelizumab was found to have a 7, of 35.86 °C.
Consequently, the highly loaded chitosan formulation presented here, is a promising dosage form
that is assumed to be long term stable at storage temperatures up to ~3%C.

Finally, a controlled release behavior of spragried chitosan particleswas achievedin vitro,
mimicking conditions in the nasal cavity. A complete release of Wt% biotin was achieved within
48 hours. No initial burst release was observed demonstrating that both, biotin and ocrelizumab,
were successfully encapsulated and thdormulation significantly reduced their diffusion
coefficients. Within the first 24 hours, only 20% of ocrelizumab was released followed by a
release of 84.43+4.85% ocrelizumab over 360h. The KorsmeyeiPeppas model was applicable
and predicted a compleed release of the mAb after 395h. The determined release constants
confirmed that the morphology of the developed drug delivery system is spherical. Also, the model
predicted that the occurring release mechanism followed anomalous transport.

The resultng diffusion coefficient of biotin after encapsuhtion in chitosan was reducedl.34-fold
compared to ocrelizumab also encapsulated in chitosan. This finding supports the successful
inclusion of low-molecularweight biotin in the particle matrix.

The studypresented here suggests that it is reasonable to assume that 50 mg of the sprdyied
chitosan particles explored here can provide a daily release of ocrelizumab at a relevant CSF
concentration following intranasal administration. However, to our knowledge specific
ocrelizumab concentrations in the CSF of MS patients have not yet been published. Therefore,
future studies are needed to compare ocrelizumab concentrations in CSF after intravenous and
intranasal administration to clarify the potential clinicakelevance of the formulation presented
here.
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4.1.7 Suppdementary Material
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Supplementary Figure . First derivative of the heatflux determined via diffeential scanning calorimetry
(DSC) for nonloaded chitosanparticles and ocrelizumab containing particles, as well as ocrelizumab
particles after 5 weeksof storage at room temperatue and 1911 % relative humidity; the glas transition
temperature 7y is displayed as maximum, respectively.
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5. Charakterisierungund Validierung eines artifiziellen MukosaAnalogs
hinsichtlich der Vergleichbarkeit mit porziner olfaktorischer Mukosa und
der daraufhin vergleichbaren Spreitung von Hyaluronsaurelésungen

Die Ergebnisse und Diskussion der Hypothese 4 werden in diesem Kapitel erlautBie Studie zu

Hypot hese 4 i st al s Myahnorsatke spreading aliidates mdca-agardse t e | £
analogsastest systemsto replace porcine nasal mucosa explant&n experimental and theoretical
investigation ~ wi e celeen. ®iesps Manuskript wurdein der peer-reviewed Fachzeitschrift

Colloids and Surfaces B: Biointerfacgaibliziert. Darliber hinaus wird2.2.4 Hypothese IV in Kapitel

6.4 zusammenfassend diskutiert.

Hinweis : Das Layout des Manuskripts wurde an das Layout dieser Dissertationsschrift angepasst.
Die dadurchentstandenenUberarbetungen haben den Inhalt nicht veéndert.

5.0 Erklarung meiner eigenstandigen Leistung

Ich habe diese Studie zu gmen Teien eigenstandig konzipiert und ihre wissenschaftliche
Methodik ausgearbeitet. AuRBerdem habe ich den Grof3teil derexperimentellen Arbeiten
angeleitet, dies beinhaltete konkret

9 Die Reproduktion und Optimierung des MuzirAgarose-basierten MukosaAnalogswurde
von mir durchgefihrt.

91 Die Berechnung der Oberflachenspannung der Hyaluronsaureldsungen wurde von mir
durchgeflhrt.

1 Der Grof3teil der Kontaktwinkelmessungen erfolgte unter reiner Anleitung. 5

9 Die LaserScanning Mikoskopie Messungen und deren Auswertungwurden von mir
durchgefliihrt und angeleitet.

1 Die Gewebepraparation aus frischen Schweineschnauzen von der Metzgerei wurde von
mir etabliert. Die Praparation der olfaktorischen Muéisa wurde von mir durchgefiihrtoder
erfolgte unter meiner Anleitung.

Bis auf die Kontaktwinkelmessungen der nativen Hyaluronsaurelésungend die experimentelle
Bestimmung der Viskositat der Hyaluronsdureldsungemurden alle experimentellenDaten von

mir oder unter meiner Anleitung ausgewertet Das aus den erhobenen Daten entstandene

mathematische Modell wurde von der Kooperationspartnerin Stefania Serpetsim Centre for

Research and Technology Hellas Thessalonikientwickelt. Der grofdte Teil deses peer-reviewed

Fachartkels wurde von mir geschrieben und ich habdederfiihrend die Anderungsvorschlage
meiner Co-Autoren harmonisiert und eingearbeitet.
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5.1.1 Abstract

To rationallydesign intranasal drug delivengystemsi.e., for the assessmenbf the administered
formulation properties, ex vivoporcine nasal mucosa (PNM) explants are one modern but complex
standard. Therefore, the developnent of artificial mucosa substrates as straigkhfiorward PNM
analogs is important. The mucosa analog (MA; 5wt% mucin and 1 wt% agarose coating on
glass)was found to be a sufficient substitute of PNM. It exhibited similar mucoadhesiyeroperties

as determned by detachment force measurements (MA: 0.04+0.01 Nmm; PNM:
0.03+0.01 Nmm) and i ts® topol odike.craughnessuratib/a and mgam oper t i
arithmetic surface heightS) were in good agreement with the natural tissug(/va: 1.12, renv: 1.17;
Sma: 7.80£1.95 um, Spnve 7.61+0.72 um). Using this MA, the present study describes an
experimental and theoretical spreading approach using hyaluronic acid (HA) in various
concentrations (1630 mg mL™"), molecular weights (2801260 kDa), and tyramine malifications
(HA-Tyr). The spreading behavior of HA and HATyr was determined in different environments
(laboratoryconditions, climatic chamber)on specific substrates (PNM, artificial mucosand glass).

An exponential relationship between HA concentratin and viscosity was determined. Higher
humidity, use of HATyr, and sessiledroplet orientation improved spreading. The dynamic
spreading model was then developed mathematically and validated experimentally. Parameters
such as molecular weight, droplet volume, and surface tension are also covered by this
mathematical model. The present study demonstrates thahis MA combines attractive features
such asbroad availability, good reproducibility high stability under physiological conditionsease

of fabrication and low production cost

5.1.2 Introduction 5

The concept of replacing, reducing, and refining (R) animal testing for the evaluation of medical
and pharmaceutical products was proposed in 1959 as one of the foundations of scientific work
(Russell & Burch, 1960)Today, it is more relevant than ever. Since 2010, this concept has been
officially filed on the European legal basis 2010/63/EU of animal welfarg&U, 2010) In the field

of intranasal delivery, aiiquid interface cell culture systemglLadel et al., 2018; Ladel et al., 2019)
and ex vivomodels, such as the one used here, based on biopsies obtained frastaughterhouse
material (Ladel et al., 2018; Alpesh Mistry, 2009; Spindler et al., 2021p avoid animal testing are
used. Working with animal derived samples additionally brings along difficulty in purchase, vargi
guality and is time critical, e.g., biopsies can only be used a few hours until they lose essential
properties such as cell viability and mucus productianThe cell viability in porcine nasal mucosa
lasts for at least 5h underex vivo conditions (Spindler et al., 2021) whereas mucus transport
remains stable for up to 5h in frog palate mucosa(T.J. Aspden et al., 1995; Sadé et al., 1970)
and human samples(Trudi J. Aspden et al., 1997)In the present study,the current models are
further replaced by an artificial mucosa substrate that does not even require fresh tissue from
slaughtered animals, is of constantly good quality and casimply be prepared in the laboratory.

Hyaluronate (sodium hyaluronate, hyaluronan, hyaluronic acid, HA) is a naturally occurring linear
polysaccharide typically found in vertebrate connective tissué€Bicker et al., 2014) Common
forms are either hyaluronic acid or sodium hyaluronate, where it exists as hyaluronate in amqus
solutions containing hydrogenor sodiumions, respectively. The functionality of hyaluronate as a
medical formulation is attributed to its unique biophysical properties. The protective and
reinforcing effect of HA on tissues is based on its ability to absorb a large amount of water and
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dissipatemechanical forceqdAya & Stern, 2014) Therefore, HA is used as a therapeutic agente
to its ability as a lubricant, e.g., in ophthalmology, as a coating, 1oto repair damaged tissue
(Abatangelo, Vindigni, Avruscio, Pandis, & Brun, 2020; Kuo, 2005Jyraminemodified HA (HA-
Tyr) is an interesting derivative for drug éivery and tissue engineering application@. Kurisawa,
J. E.Chung, Y. Y. Yang, S. J. Gao, & H. Uyama, 200 cause it is injectabl€F. Lee et al., 2008b)
and has tunable mechanical properties through UV light crosslinking, making it interesting, e.g.,
for cartilage repair(Donnelly et al., 2017; Ra et al., 2015).

HA-based hydrogels are biocompatible, and their properties can be efficiently tuned by changes
in crosslinking density and chemical structuréXu et al., 2012; Zhu & Marchant, 2011) Therefore,
they are considered versatile materials and are used in various clinical applications as materials to
supplement viscosity or protect delicate tissues from synovialiil during surgical procedures, e.g.,
ophthalmic surgery and prevent tissueadhesion duing major surgery, e.g., laparotomy, etc.
(Balazs, 2004) In addition, significant interest has emerged in their use as bioadhesives in
applications involving pharmaceutical drug diévery systems at mucosal barriers, e.g., in the nasal
cavity (Bourganis et al., 2018a; Chaturvedi, Kumar, & Pathak, 2011; Shaikh, Raj Singh, Garland,
Woolfson, & Donnelly, 2011) In particular, the adhesion of these hydrogels to the nasal mucosa
is of great interest for drug delivery from the nose to the brain, e.g., in the treatment of central
nervous system (CNS) diseas@seller et al., 2021; Stiitzle et al., 2015a)Thisroute is promising
for the delivery of nanoparticles or high molecular weight active pharmaceutical ingredients such
as proteins and antibodies that are normally inhibited by the bloodbrain barrier (lllum, 2000;
Sindler et al., 2021; Stiitzle et al., 2015b; Hartwig Wolburg et al., 1994) Drug delivery via the
nasal olfactory mucosa, which is located in the roof of the nasal cavity, was recently demonstrated
to achieve a reasonable CNS bioavailability for small negules but also for immunoglobulins
(Flamm et al., 2022; Maigler et al., 2021) The olfactory region is directly connected to the CNS
via the trigeminal and olfactory nerves and only the ethmoid bone separates itdm the brain
(Morrison & Costanzo, 1990, 1992)

Moreover, the importance of intranasal treatments currently continues to increase, especially since
the Covid-19 pandemic (WHO, 2020; Wu et al., 2020) Due to the high viral concentrations in
nasal swabs(Yu et al., 2020; Zou et al., 2020) it is important to specifically consider the naal
route of application for effective and promising treatment of Covid19 or similar respiratory
diseases. In addition, there is an evagrowing general need for the delivery of sophisticated
molecules such as biopharmaceuticals to either prevent severdections or provide therapeutics
for the brain and central nervous systeniBourganis et al., 2018b; Keller et al., 2021)

Like all mucosal surfaces in higher organisms both, the nasal olfactory and respiratory rosa are
covered with a protective gel layer called mucugHansson, 2012) Mucins are the main
components responsible for the gelike and adhesive characteristics of mucus. Bioadhesion
describes a condition in which two materialsat least one of which is of biological origin, are held
together by interfacial forces over an extended period of timgDuch&he, Touchard, & Peppas,
1988; Jiménezcastellanos, Zia, & Rhodes, 1993)n pharmaceuti@l sciences, the phenomenon is
referred to as mucoadhesion when adhesive attachment occurs to mucus or a mucous membrane
(Ways, Mohammed, Lau, & Khutoryanskiy, 2018)in the last two decades, mucoadhesion has
attracted considerable interest due to its potential to optimizdocal drug delivery by keeping a
formulation in close contact with the target site, such as the nasal cavitfDuchSne et al., 1988;
M. I. Ugwoke et al., 2005).

A mandatory prerequisite for achieving close contact at the target site by adhesion is wettinghe

wetting theory is primarily applied to fluid systems and concerns the ability of a fluid tepread
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spontaneously on a surface(BiancePeled & DavidovickPinhas, 2015) The affinity of a liquid for

a surface can be studied using techniques such as contact angle goniometry to measure the
contact angle of the liquid on the surface, with the general rule that the greater the affinity of the
liquid for the solid, the smallerthe contact angle (Kabza, Gestwicki, & McGrath, 200Q) Contact
angle measurements can help in predicting the bioadhesive character of different polymer systems
and emphasize the role of surface and interfacial properties in thedhesion procesgShaikh et al.,
2011). In addition, contact angle analysis can be used to predict mucoadhesive profies, leading

to an estimate of the affinity of mucoadhesive materials to mucus substrateBonn, Eggers,
Indekeu, Meunier, & Rolley, 2009; Huhtamé&ki, Tian, Korhonen, & Ras, 2018¥preading and
wetting phenomena on biological substrates have been scarcely studied due to their complexity
and the numerous factors that need to be considered(Alexopoulos & Kiparissides, 2018;
Nonomura et al., 2010; Uppal, Craster, & Matar, 2017) For example, during spreading, the
hydrogel may change chemically or physically, leading to a dynamic change in the rheological
properties of the formulation, which is a complicating factor in simulations.

Other aspects to be considered in the simulatits are the roughness of the biological substrate
and the mechanisms for the dynamics of contact line motion. The spreading behavior of a liquid
on a biological surface is determined by viscous, capillary and gravitational forces. This
phenomenon is strongy influenced by the wettability of the substrate(Bonn et al., 2009; Chen &
Bonaccurso, 2014) The detailed computational description of the dispersion and adhesion
behavior of droplets on biological substrates isharacterized by weak defects. This is inherently
an extremely challenging problem as it involves complex flow fields, moving boundaries, and
deformations of the droplet interface, thus changing the computational domain. Until now,
computational strategiesfor solving this type of problem have been developed using a problem
based approach for each individual case. There is a need to provide a straightforward approach
to describe the spreading behavior of complex fluids on biological substrates in order tdb@in 5
more meaningful data and a better understanding of the mechanisms governing these process:
(Alexopoulos & Kiparissides, 2018)

The aim of the present study is to develop an experimental and theoretical approach to describe
the shear propagation of HA and to provide an artificial mucosa analog. The wetting betvior of
native microbial HA on partially wettable glass and muckagarose coated substrates, i.e., artificial
mucosa analogs (MA) in sessile configuration is investigated experimentally and by mathematical
modeling. Sessile and pendant droplet configurabins were also studied in comparison on MA. In

a second set of spreading experiments, the wetting behavior of HAyr on explants of olfactory
porcine nasal mucosa (PNM) is investigated. These explants were taken freghist-mortem from
slaughter pigs as described elsewhereg(Getty, 1975; Ladel et al., 2018; Alpesh Mistry, 2009)A
dynamic droplet deformation model was developed to simulate the spreading behavior of
deposited native HA or HATyr droplets on the diffeent substrates.

5.1.3 Materials and Methods

Preparation of Artificial Mucosa Substrates

A surrogate nasal mucosa substrate was developed by studying and comparing the wetting and
adhesion properties of HA solutions applied to olfactory PNM, biopsies werextracted as
described elsewhergGetty, 1975; Ladel et al., 2018; Alpesh Mistry, 2009)The preparation of
MAs is stown in Supplementary Figure &in section 5.1.7. To prepare MAs in Petri dishes Wt%
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low-melting agarose (Sigma Aldrich, St. Louis, United States) was dissolved in ultrapure water
(MilliQ) at 60 °C under stirring. Then, 2.5wt% or 5 wt% mucin (porcine mucin type II; Sigma
Aldrich, St. Louis, United Statesjvas suspended in the agarosaolution at 40 °C under stirring.
Approximately 5mL of the resulting mucinagarose solution were then poured into Petri dishes,
allowed to cool and gel. The resulting MA plates were used for detachment force measurements
within 24 h. The adhesion was determined using a Texture Analyzer (TA.XT plus, Stable Micro
Systems, Godalming, United Kingdom) by measuring the detachment force of a mucoadhesive
hydroxypropylmethylcellulose (HPMC; Caesar & Loretz GmbH, Hilden, Germany) fintontact
with PNM or MA according to Singh et al. 2017) and Ramana et al(2007) (Ramana, Nagda, &
Himaja, 2007; Singh, Sharma, & Garg, 2017)Each measurement was repeated four times. The
utilized HPMC films were prepared by drying 6.3nL of a HPMGMIlliQ 6 wt% solution in a Petri
dish with 90 mm diameter in a drying oven at 45°C for 24 h. An appropriate round piece of
HPMC film was attached to the measuring cylinder of the Texture Analyzer with doublsided
adhesive tape and placed in thedirection of the MA swollen in Petri dishes during the
measurement. The HPMC film and the MA sample were attached to each other for 19with a
force of 0.1 N. Mucoadhesion was then determined by separation with a detachment rate of
0.1 mm s* and calculdion of the resulting integral using Exponent Plus software (Stable Micro
Systems, Godalming, United Kingdom).

MAs were prepared in reproducible geometry for further analysis, i.e., surface roughness and
contact angle, by use of Gene Frames (1.8m x 6.0 cm, Thermo Fisher Scientific Inc., Waltham,
United States) on standard glass slides (GS). For the preparation of MAs on G8it% was first
dissolved in MilliQ water for 25min at 50 °C under stirring. Then, lowmelting agarose (Sigma
Aldrich, St. Louis, Wited States) was added to obtain a Wt% agarose suspension together with

5 wt% mucin. The resulting mucinagarose suspension was then heated carefully in a microwave
for 30 s to dissolve the agarose in the mucin solution. The mucin used here is stable7& °C for

at least 24h (Product Information Sheet, Sigma Aldrich, St. Louis, United States), although
exposure to intense heat should be kept to a minimum to avoid denaturation. GS were heated to
50 °C and then, 700>L of the resulting mucinagarose solution were pipetted into the gene
frames. The MAs were covered with damp paper towel in Petri dishes and stored overnight at
4 °C to gel the solution. The resulting MA substrates were used for surface roughness and cant
angle measurements within 24h. Pure GS were cleaned with ethyl acetate and isopropyl alcohol
before the measurements.

Measurement s of Surface Roughness Parameters and Topography by Laser -scanning
Microscopy

The surface roughness and topographwgf olfactory PNM biopsies and MA were examined using

a Keyence VK X200 lasescanning microscope (Keyence Corporation, Japan) under laboratory
conditions (21.5 °C and 50% humidity). Measurements were performed in quadruplicate,
whereas PNM biopsies were fronfour individual pigs. High quality images (10.2mm x 1 um) were
obtained using a 10x magnification, a resolution of 5um in the z-axis, and short measurement
times of 3-4 min to prevent the samples from drying out. Image analysis was performed using the
MultiFileAnalyzer software (Keyence Corporation, Osaka, Japafihe observed elevation surfaces
were quantified by their respective color using ImageJ software.

To characterize and compare the substrate surfaces of PNM and the MA, the arithmetic average
of the measured surface heightsS, were calculated byEquation (13).
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Y P ®dh0oe0e (13)
The function Z(x,y) represents the two dimensional(x, y) topology of the surface and A is the
crosssectional area of the scanned sample.

Another parameter that is commonly used to characterize the roughness of a surface is the ratio
r of the sample textured area to the sample crossectional area that can be calculated by the
following equation:

P QAW (14)
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Determination of HA Solution Viscosity

A series of solution viscosy measurements were performedor HA (10, 20, and 30 mg mL™) with
three replicates eachThe HA (1260kDa) solutions in phosphatebuffered saline (PBS) at pH.4
were provided by Contipro a.s. (Dolni Dobrod Czech Republic) meeting the required
specifications; (i) the HA solutions can be deposited via a syringe to the site of action (nasal mucosa
in the olfactory region); (ii) the HA solutims are adequately viscous to avoid liquid dripping.

Rheology experiments were performed witha solution volume of 1000 L at 25 °C and a shear
rate of 0.1 s* (Rheometer Malvern Panalytical Ltd, Malvern, Uritl Kingdom; cone plate 60mm,
1°).

The viscosl of a dilute polymer solution s is described by the welknown Huggins equation 5
(Huggins, 1943)

- -p -® Q-0 E (15)

Sois the viscosity of the solvent, §] is the intrinsic viscositycis the concentration of the polymer
in the solution, and Axis the Huggins coefficient. The intrinsic viscosity of a polymes][is directly
related to the size and shape of the polymer chains in solution and therefore to its molecular
structure and weight, while kxis a function of the pair-wise interactions between the solventand
the polymer molecules(Schué,2004).

From Equation (15), the reduced viscositys,.s of a polymer solution can be obtained.

— P - -

-~ -6 (16)
W

Equation (16) shows that the reduced viscositwill be a linear function of polymer concentration.

Thus, from a linear plot of s values versus thédA concentration, the intrinsic viscosity of HA4]

and kxcan be calculated by the intercept and slope] s]2) of the linear dependence respectively.

Subsequently, using the calculated value ofs] of HA and the well-known Mark-Houwink
equation,
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the viscosity average molecular weight/, of HA can be calculated. The numerical values @fand
@ constants in Equation (17) were 0.05710°mLg® and 0.76, respectively (Shimada &
Matsumura, 1975)

Dynami c Droplet Spreading Experiments

A series of experiments were performed with HA solutions (10, 20, and 3tg mL*; 1260 kDa; in
PBS pH 7.4) and HATyr solutions (10mg mL*; 240-360 kDa; degree of substitution of 23 %; in

9 mg mL* NaCl). All HA samples wee provided by Contipro a.s. (Dolni Dobrod Czech Republic).
The solutions were applied as 14uL droplets using syringes with an outer diameter of 1.6%nm
and an automated contact angle measurement device (OCA 40, Data Physics Instruments GmbH,
Filderstadt, Germany) with an integrated light soure, monitoring the droplet with a high-speed
video camera (UpHSV 1220, DataPhysics Instruments GmbH, Filderstadt, Germany) approximately
2 minutes until the droplet shape reached an equilibrium state. The camera signal was transmitted
to a digital processor (Videopix, DataPhysics Instruments GmbH, Filderstadt, Germany). HA
solutions were deposited on GS and MAs in sessile and pendant configuratiorespectively, in
guadruplicate. HA-Tyr dropletswere applied to MA and PNM explantsin sessile configuration in
triplicate, whereas PNM experiments were repeated with samples from three individual pigs

Droplet spreading measurements were performed undelaboratory conditions (L; 21.5°C and
50 % humidity) and in an automatically controlled climatic chamber (CC; 34C and 90 % relative
humidity) (Thermostat 5510, Thermometrics Corporation, Northridge, United States). The
environmental conditions in the CC experiments corresponded to the physiological conditions in
the nasal cavity.

An image analysis program (DropSha plugin, ImageJ software)(Stalde, Kulik, Sage, Barbieri, &
Hoffmann, 2006) was used to measure the droplet contact angle (CA) at different times. Initially,
seven nodes are placed along the contour of the droplet, starting at the lower left tphase point
(Williams et al., 2010) see exemplarilyFigure12a). A line is then drawn across the baseline of the
droplet connecting the left and right tri-phase points. The angle of the baseline and the draop
edge tangent provides an estimate of the CA. The exeplarily measured CAs irFigure12a were
29.879¢ (left CA) and 28.123° (right CA). All reported values of the CA are calculated as average
values of the left and right angle measurements.

The ratio between the radius of the droplet base radiug and the droplet height A is referred to

as the apect ratio zwith z= r/h . zas well as the contact anglg/, are commonly used as measures
of the deformation and spreading ability of a liquid droplet deposited on a substrate. The dynamic
evolution of r and /#was measured using a second image analysis software (Digimizer, MedCalc
Software Ltd, Ostend, Belgium;see exemplarilyFigure 12a). From the measurement of the
geometric features of the droplet at different time points, zand / at different time points were
additionally calculated.
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Figure12: (a) Representative image of droplet analysis determining the contact angle (CA), as well ashe
droplet base radius (r) and droplet height (h) using two image analysis softwargb) Schematic
representation of pendant drop measurements/(, 7z, and £) for the determination of the surface tension
of HA and HA-Tyr solutions.(c)Schematic dynamic droplet deformation and spreading of a liquid droplet
deposited on a partially wettable substrate.

5

Droplet Volume Calculation

To confirm the droplet volume \alues automatically reported by the contact angle software
(SCA20, DataPhysics Instruments GmbH, Filderstadt, Germany), the droplet volun¥éwas
recalculated using the collected droplet snapshots. The droplet is characterized Bjindividual
pixels with known integer coordinates (x, ). Assuming that the drop shape can be described by
a general rotationally symmetric model of a known contour function with respect to its vertical
axis, the drop volume was calculated in terms of the-gependent drop diameterO w using the
following integral Equation (18) (Hugli & Gonzalez, 2000)

Surface Tension Measurements

The surface tension of the HA and HATyr solutions was experimentally determined by the
pendant droplet method for a droplet formed at the edge of a tube containing the liquid (Figure
12b). At equilibrium, the liquid pendant drop assumes a shape under the influence of gravity,
which satisfiesthe Young? Laplaceequation (Hartland, 2004)

[ = — ko 0 (19)
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The YoungLaplaceEquation relates the pressure difference¥Pat the surface of the droplet to

the surface tension of the liquidr, and the principal radii of curvaturer; and r- of the pendant

droplet (seeFigure 12b). Y& is a reference pressure az = 0. The term Yagh accounts for the

contribution of the hydrostatic pressure Ymdenotes the density difference between the liquid and
vapor phases, the doplet height A, and the gravitational acceleration constang. Thus, from the

measurements ofr;, 72, and /#using the image analysis softwarel§igimizer, MedCalc Software Ltd,
Ostend, Belgium and the known value of Ym the numerical values of the interfaial tension of a
liquid rswere determined.

5.1.4 Development of Theoretical Models
Surface Wetting and Contact Angle

In this section, the basic principles of liquid droplet spreading on a partially wettable substrate
(i.e., GS, MA, and PNM) are revieed. In this process, the surface tension of the liquid, the
surface tension of the substraters, and the interfacial tension between the substrate and the
liquid rg, interact synergistically. At the threephase point of solid, liquid, and vapor, the
solid/vapor surface tensiorrs,is opposed by the solid/liquid surface tensions, and a component
of the liquid/vapor surface tensionry, so that the three surface tensions are in mechanical
equilibrium (force equilibrium, seeSupplementary Figure®). / ¢, is the angle between the tangent
to the liquid at the contact line of the liquid to the solid surface. The relationship between the
equilibrium contact angle /s, and the combination of the three surface tensios is described by
the well-known Young's equation (PierreGilles de Gennes & Quere, 2004)

Mo Tialad -9y (20)
In Supplementary Figure®b, the different droplet configurations on a substrate are shown.
The Equilibrium Spreading Coefficient

When a liquid is applied to a soli surface, it spreads out as a film if the adhesion forces between
the liquid molecules and the substrate molecules are greater than the cohesion forces between
the liguid molecules themselves. Thus, the work of adhesiol/is defined as the energy requird

to break the attractive forces between the dissimilar liquid and substrate molecules. It is the sum
of the energies (surface tensions) of the two new surfaces that are formed, minus the substrate
liquid energy of the interface that is lost.

w [ T 1)

From Equatiors (20) and (23, the work of adhesion W, can be expressed as follows:

Alternatively, thework of adhesion W can be calculated by the followingEquation (23) (Grifalco
& Good, 1957).
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Where f is an interaction parameter taking values in the rang€.5 < 5 < 1.15. A high value of
the interaction parameter 5 (i.e., close to unity) is indicative of strong interactions between the

liquid droplet and substrate molecules.

FromEquations (21) and (23, the substrateliquid interfacial tensionrscan be calculated in terms
of the interaction parameter .

Mialio lao G riordOPTC (24)

Accordingly, the work of cohesion W.i s t he energy required to
spreading liquid and is given by:

) q (25)

Note that from Equatiors (20), (21), and (25, the equilibrium contact angle/ ., can be calculated
from the ratio of the work of ad hesion and the work of cohesion as follows:

S (O P ) .
AT-y ——% coglog p (26)
&
From Equation (26), the following limiting values for the equilibrium contact angle can be
obtained.

5
Wy WENAT-Q4 pand my 7)
Wy WFCNAT-Q, mand my wT (28)
74l 0gNAT-9L pand—o® pum (29)

The distinction between the different wetting states of a substrate by aspreading liquid 6ee
Supplementary Figure®b) can alternatively be made using the equilibrium spreading coefficient,
Sy which is defined by the difference between the work of adhesion and the work of cohesion.

Yoo w7 [ [ (30)

Equatiors (20) and (30 can be used to derive the following expression for the equilibrium
spreading coefficientS, known as the Young-Dupré Equation (PierreGilles de Gennes & Quere,
2004).

Y 1 A »p (31)
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If the valuesof /¢, and r, are known or measured, the numerical value ofg, can be calculated
for a smooth surface. However, various substrate defects, including surface roughness, chemical
heterogeneity, and the presence of granulation, can affect the local valuefahe spreading
coefficient (Bonn et al., 2009) When the surface is rough, the number of liquidsolid contacts
increases and so does the liquid spreading on the batrate. This increase in solitiquid
interactions, caused by the increased interface area under the droplet, leads to a decrease in the
apparent contact angle/ v, described by the wellknown Wenzel wetting equation (Bormashenko,
2018).

AT-© 10, lialas | @éhy (32)

The apparent equilibrium contact angle/ ,, accounts for the increased interface area under the
droplet in contact with the rough substrate. r denotes the surface roughness and is given by the
ratio of the real (actual area of the rough surface) to the projected area covered by the liquid
droplet. A roughness value greater than ondr > 1) enhances the wetting properties of a smooth
substrae, which is consistent with the contact angle experiments of Bico et al. (2001) and
Shibuichi et al. (1996)(Bico, Tordeux, & Quét, 2001; Shibuichi, Onda, Satoh, & Tsuijii, 1996)

Development of a Dynamic Droplet Spreading Model

The dynamic spreading of HA and HATyr droplets deposited on different substrates (i.e., GS, MA,
PNM), under different environmental conditions (i.e., land CC) and droplet configurations (i.e.,
pendant or sessile), was modeled by developing a dynamic droplet deformation model following
the original developments of Harth and Schubert (2012) and Alexopoulos and Kiparissides (2018)
(Alexopoulos & Kiparissides, 2018; Harth & Schubert, 2012)

The dynamic evolution of the droplet geometry was approximate by a spherical cap (se€igure
12c¢). This approximation applies to liquid droplets where the droplet radiusis smaller than the
capillary length L.

" is the density of the liquid andgis the gravitational acceleration constant.

For a spherical droplet cap with a base radius and height £, the droplet volume Vawill be given
by

» 1 FQ (—pc‘l Q Q WEi O (34)
The droplet volume Vremains constant with time as long as no physical (e.g., evaporation) or
chemical (e.g., reaction) changes take place in the liquid phase. By differentiatif@uation (34)
the following relationship between dh and dr is obtained.

GiQ

1~ N (35)
(010) : ) Qi
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In general, the dynamic spreading of a liquid droplet on a substrate is determined by the
equilibrium of capillary, viscous, and gravitational forces acting on the dropleThe total force Fo
is therefore repesented byEquation (36).

Qeo @ @ Q (36)

The capillary forceF: for a liquid droplet partially wetting the substrate is given by(Harth &
Schubert, 2012)

“Q) C“ ‘l !‘Yo |., c‘l c (37)
R )
Here, S(t)is a time-varying spreading coefficient. In the present work, the timevarying spreading
coefficient was calculated using the followingequation(38) expressed in terms of the timevarying
contact angle / for a rough surface and the calculated equilibrium values ofs; and / ¢4

Y 0éi p

— (38)
WE+ p

YO

The values 0fSy and /¢, for different HA concentrations and sibstrates are reported inTable6.
Thetime-varying contact angle/ can be calculated by (se&igurel2c):

~o Y Q ic
Al-© — (39)
Y ooic g
Where Ris the radius of the spherical cap, equab
¢ (40)
¢ Q

The gravitational forcefsis given by(Harth & Schubert, 2012)

LA T 0 1
QoY
Finally, the viscous forcé for a liquid droplet, undergoing simple shear flow, will be proportional
to the product of the shear stress,z, and the surface area,A, parallel to the flow direction (Fara,
2000).

Where s is the viscosity of the deposited liquid droplet and is the shear rate (i.e.dr/dlt).

Assuming that the forces acting on the liquid droplet are in the pseudetationary state (i.e.,
Fo @ 0), and substituting Equatiors (37), (41), and (42 into Equation(36), the following Equation
is obtained:

Ci “1Q Qi
: - T Qe =, 43
i Q QoY ¢ Qo 3)

m ¢ 1Yo 7T
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From Equation (44), the shear ratedr/dt can be calculated.
QYO (4, 1S p” TFQ
Qo - -—jo g PG Y

Accordingly, the time variation of the droplé height d// dt can be calculated fromEquation (45).

(44)

QQ ci'Q Qi

Qo0 ¢ gQo
From the numerical solution of the two differential Equatiors (44) and (49, the time variation of
the droplet radius r, droplet height A, aspect ratioz= r/h and contact angle/ can be calculated.
A MATLAB code was developed for the integration of the governing coupled differenti@quations
using a variable timestep RungeKutta method.

(45)

Comparison of Experimental Data and Model Predictions

To compare experimentally acquired data with the predictions obtained from the developed
theoretical model for droplet spreading results, i.e., the evolution of the contact anglg’ and
aspect ratio z, the Spearman correlation coefficients was calalated according o Equation (49
using the rank correlation of experimental valuex and predicted valuesy.

B 1w 1 iw i

(46)

5.1.5 Results ad Discussion
Comparison of Porcine Nasal Mucosa and Artificial Analogs

To develop a suitable analog of the nasal mucosa, two different mucin concentrations (porcine
mucin type Il, 2.5wt% and 5 wt%) were prepared in a 1% low -melting agarose base to mimic
the physiological mucus.Naturally occurring mucus is consisting of 0-5 wt% mucin, 1-2 wt%
lipids, 0.5 1 wt% physiological salts and 95wt% water (Kaliner et al., 1986; Leal et al., 2017)
The selection criteridfor an artificial MA for spreading studies were: (i) detachment force of the
artificial MA comparable to that of the PNM explants using mucoadhesive
hydroxypropylmethylicellulose (HPMC) films as a reference; (ii) the formation of a reproducible
surface stdle under physiological conditions of the nasal cavity (i.e., 330t34 °C in the
nasopharynx and 90 to 95% relative humidity) (Ingelstedt & Ivstam, 1951; Keck et al., 2000Yiii)
comparable spreading behavior orMA and PNM. The obvious advantages of artificial mucosa
compared to mucosa explants (obtained from slaughter) are: (I) the general availability of artificial
mucosa; (II) low production costs; (lll) the ease of preparation and low variability of samplesdu
to age, sex, breeder, and posmortem delay of the pigs; (IV) no need for fresh nasal mucosa from
slaughter pigs.

Using a texture analyzer anda hydroxypropylmethylcellulose(HPMC)film as complementary
surface, the measured adhesiveness was similar féhe MA composed of 5wit% mucin

0.04+0.01 N mm and for the PNM 0.07£0.01 N mm (Hgure 13a). In contrast, the artificial mucosa
with a composition of 2.5 wt% mucin showed an adhesiveness of 0.10£0.02N mm, which was
significantly higher than that of the original PNM (ttest, ***p < 0.001). Therefore, the
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composition of 5wt% mucin was chosen as MA for all subsequent experimentsaand is
consequently a suitable analog for PNM in terms of mucoadhesion, which was determindxy
measuring the detachment force (see selection criterion (i) above)

FHgure 13b shows the value of the average surface roughnesS; of PNM samples obtained from
four individual pigs (see Equation (1. The meaured average value was 7.61+0.73um.
Moreover, the average value ofS; of the artificial MA with 5 wt% mucin was comparable to PNM
with 7.80+1.95 um. The difference in standard deviations of both materials should be noted. The
values of the surface roughess ratior for the artificial mucosa and PNM, measured under
laboratory conditions, were 1.12 and 1.17, respectivelyConsequently, MA exhibited reproducible
surface properties similar to those of PNM and is therefore evaluated as a reproducible surface
and PNM analog (see selection criterion (ii) above).

FHgure 13c and Hgure 13d show laserscanning microscopy images, measured surface height
profiles, and 3D images of PNM ad artificial mucosa. From the comparison of théaserscanning
and 3D images of PNM and MA substrates, it is evident that the PNM surface is flatter compared
to the MA substrate, whereas the latter image showsome granulation. The observed granulation
of the MA substrate could be due to insufficient dissolution of mucin and agarose during the
preparation of the glass coating solution, resulting in the presence of some insoluble residues.
Despite the observed differences in the lasescanning images, the masured height pofiles of
both samples were comparablen color. Both samples are generally flat, as shown by the large
blue, turquoise, and geen regions inFgure 13c and Fgure 13e, covering about 75% of the PNM
samples and about 85% of the MA substrates. Sane random elevations of up to 9um (PNM)
and 10 um (MA) were detected. Small patches of maximum height are displayed in red, but
account for onlyabout 1 % of the PNMand MA samples Egure 13e). The MA samples are flatter,
possibly confirming the presence of insoluble residues, while the PNM samples have mc:~
transitions indicated by approximately 23% yellow and orange areas figure 13e) resulting from
the curvature of the extracted natural tissue. Thus, the artificial mucosa developed in this stuc
fulfilled the desired specifications described above and is a sufficient analog of PNM faarious
experimental setups (see selection criteria (i) and (ii) above).

In intranasal delivery, model systems based on e.g., diguid interface cell culture systems ar
being developed(Ladel et al., 2018; Ldel et al., 2019), where co-culture of epithelial cells and
supporting cells using transwell inserts in cell culture plates is realized to mimic physiological
conditions and investigate cellular mechanisms, such as protein and IgG antibody uptake. In
addition, ex vivomodels as the one used here, based on biopsies obtained from slaughterhouse
material to avoid animal testing, are used to study noséo-brain approaches(Ladel et al., 2018;
Alpesh Mistry, 2009; Spinder et al., 2021) as close as possible to physiological conditions by
investigating the complete intact olfactory mucosa tissue. As demonstrated here, these models
can be further replaced and simplified by the aboveharacterized artificial MA that does ot even
require fresh tissue from slaughtered animals but can simply be prepared in the laboratory, e.g.,
in mucoadhesion research and for studying mucoadhesive formulations, such as intranasal drug
delivery formulations or swelling studies of hydrogels ah particles. Investigation of mucosal
uptake of drugs from drug delivery systems as a secondary approach requires #revivomodels

or cell culture assays described above. Consequently, the developed MA is limited to surthesed
and application-oriented mucosa research questions, but at the same time covers initial important
guestions for mucoadhesive applications as well as mucosal drug delivery systems and allows rapid
screening of different polymer candidates without extensive tissue preparation ancelt culture
infrastructure. All these approaches follow the concept of replacing, reducing, and refining (3R)
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animal testing for the evaluation of medical and pharmaceutical productéEU, 2010; Russell &
Burch, 1960)
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FHgure 13: Comparison of fresh ex vivo porcine nasal mucosa (PNM) and artificial mueigarose mucosa
analogs (MA) under laboratory conditiong21.5 °C and 50% humidity). (a) Measured adhesiveness of a
hydroxypropylmethylcellulosd HPMC)film on PNM and MA substrates of different compositions (2.5vt%
or 5 wt% mucin). The indicated adhesiveness is the average value of four measurements=(4; t-test,
***n < (0.001); (b) Average values of surface roughnes& [um] of PNM and MA substates (N= 4); (c)
10203 pm x 1 um laserscanning image, height profile, and reconstructed 3D image of PNMd} 10236 pm
x 1 um laserscanning image, height profile, and reconstructed 3D image of MA substrate (&t% M, 1 wt%
A). High quality images ofthe scanned areas were acquiregvith a 10x magnification and a resolution of
5 um in the z-axis.(e) Quantified color areas in percent of height profiles of PNM and MA substrate (n 3).

Droplet Volumes, Solution Viscosity and Surface Tension

Table5 comparesthe droplet volumes automatically measured by the contact angle software with
the droplet volumes calculated according taEquation (18) for the three HA concentrations (10,
20, and 30 mg mL"), two different substrates (GS and MA (5wt% mucin, 1 wt% agarose)), and
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two different conditions (L at 21.5 °C and 50% humidity, CC at 34 °C and 90 % humidity
mimicking the environment in the nasal cavity).

Table 5: Comparison of the experimentally measured and calculated droplet volumes. Hywnate (HA)
solutions of different concentrations (10mg mL?, 20 mg mL?, and 30 mg mL?) deposited on standard glass
slides (GS) and artificial mucosa (MA; Wt% mucin and 1 wt% agarose) under different conditions
(laboratory environment (L) at 21.5°C and 50 % humidity, climatic chamber (CC) at 34C and 90%
humidity). The reported results are the average values of three experiments<18). Calculated values of HA
and hyaluronate tyramine (HATyr) solution viscosities and surface tensions . n.d.: not determined.

Substrate | Polymer = Concentration Dosed Calculated Calculated Calculated
c[mg mL™] Droplet Droplet Solution Surface
Volume Volume V Viscosity s Tension ry
v [>L], Eq.(18) [ PaNs] [mNmY
[>L]
GS, L HA 10 14 13.9 0.5852+0.0192 46.82
GS, L HA 20 14 14.0 2.9617+0.1609 46.82
GS, L HA 30 14 14.1 7.4887+0.2714 46.82
Artificial
Mucosa, HA 10 14 14.0 0.5852+0.0192 46.82
CC
Artificial
Mucosa, HA 20 12 12.0 2.9617+0.1609 46.82
CC
Artificial
Mucosa, HA 30 12-14 13.2 7.4887+0.2714 46.82
CC
Artificial HA 10 14 14.0 0.5852+0.0192 46.82
Mucosa, L
Artificial HA 20 14 14.1 2.9617+0.1609 46.82
Mucosa, L
Artificial HA 30 14 14.0 7.4887+0.2714 46.82
Mucosa, L
Artificial HA-Tyr 10 14 n.d. 0.0650+0.0310 44.86
Mucosa, L

As shown in Tableb, the calculated droplet volumes are in excellent agreement with the values
determined by the contact angle software for the dosed droplets.

The interfacial tension of aqueous HA solutions was determined by the peadt droplet method.
This yielded values of 482 m) m™ for HA (1260 kDa) and 44.86mN m™ for HA-Tyr (240
360 kDa), respectivelyThus, neither the chemical modification nor the difference in molecular
weight (MW) had a strong influence on the interfacial tension of the solution.

The developedequations were solved numerically with the known/measured values of physical
properties (i.e., densitysm viscositys, surface tensionr,) of the tested HA and HATyr solutions
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(Table5). The densities of the HA and HATyr solutions were 1.0197g cm® and 1.0191 g cm®®,
respectively.

Figurel4a shows the rheologically measured change in viscosity of the HA solutigras a function
of HA concentration ¢ It can be seen that with increasing HA concentration, the viscosity ohe
HA solution increases from about 0.6Pas at an HA concentration of10 mg mL™ to about 7.5 Pas
at an HA concentration of30 mg mL*. The calculated viscosityHguation (15)) of the HA solution
(Figure 14a; dasted line) is in excellent agreement with the experimentallmeasured viscosity
values Figurel4a; discrete dots).
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Figure 14: (a) Dependence of solution viscosity on hyaluronate (HA) concentrationc. The experimental
viscosity results are the average values of three experiments<18). (b) Reduced viscositysresin terms of
HA concentration ¢. [s]: Intrinsic viscosity of HAk#: Huggins coefficient.

The reducel viscositysrqis a linear function of the HA polymer concentrationc. Therefore, from
a linear plot of s values as a function of¢ the intrinsic viscosity of HA §] and the Huggins
coefficient k» can be calculated by the intercept and slop&w[s]? of the linear line, respectivéy.
From the results ofFigure 14b, the values of [s] and kx are 2.4067 mL g™ and 0.83, respectively.
Using these values, the average molecular weight/, of HA was calculated Equation(17))
confirming that it is 1260 kDa.

In contrast, the viscosity of HATry was determined to be0.0650+£0.0310 Pas, while the native
HA with the identical concentration of 10 mg mL * yielded 0.5852+0.0192 Pas, which can be
attributed to the different MW . The native HA used has a MW of 126(kDa, whereas the HATyr
used here is composed oR40-360 kDa units. Due to the approximately 16fold higher MW of
the native HA, its viscosity at 25C is an order of magnitude higher, so that the solution viscosity
increases proportionally to the MW of the HA used.
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Figure15: Effect of the hyaluronate (HA) concentration (126(kDa, PBS, pH.4) on the dynamic evolution
of droplet spreading on @) a standard glass slide (GS) and) an artificial mucosa substrate (MA; 5vt%
mucin, 1 wt% agarose). €-f) Comparison of experimental measwaments (discrete dots) with thepredictions
obtained from the developed theoretical model(continuous and dotted lines). The Spearman correlation
coefficient rsis 1.00 in all caseqc-f). Dynamic evolution of the aspect ratiaz (c) and the contact angle/ (d)
for different HA concentrations (10, 20, and 30mg mL*) on MA in laboratory environment (L; at 21.5°C
and 50 % humidity). Effect of substrate and environmetal conditions on the dynamic evolution of z (e)
and / (f) for HA (10 mg mL?*) on GS or MA substrate in L or in climate chamber (CC; ca. 3€ and 90%
humidity) environment. The reported experimental results are the average values of four measurements
(n=14).
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