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Kurzzusammenfassung 

Diese Dissertation beschäftigt sich mit der Entwicklung und Charakterisierung biobasierter 

partikulärer Wirkstoffformulierungen für die Verabreichung von Wirkstoffen in der Riechrinne, lat. 

Regio olfactoria. Die Regio olfactoria ist über den Riechnerv und den Trigeminusnerv direkt mit 

dem Gehirn und dem zentralen Nervensystem verbunden. Die intranasale Wirkstoffapplikation ist 

eine innovative Route insbesondere für Makromoleküle und Proteine, die durch Transport entlang 

dieser Nerven die Umgehung der Blut-Hirn-Schranke ermöglicht. Dieser sogenannte Nose-to-Brain 
Transport ist deshalb aktuell vor allem für die Therapie neurologischer Erkrankungen, wie Multiple 

Sklerose, beispielsweise mit therapeutischen monoklonalen Antikörpern von Interesse.  

Um derartige partikuläre Wirkstoffformulierungen zu erforschen, wurden zunächst Polylactid-co-

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

Chitosan-Nano-in-Mikro-Partikeln (NiMP) verkapselt. Solche sprühgetrockneten NiMPs wurden 

noch nie zuvor in der Literatur beschrieben, da bisher ausschließlich emulsionsbasierte Verfahren 

zur Beschichtung von PLGA-Nanopartikeln mit Chitosan genutzt wurden. Die in dieser Dissertation 

hergestellten NiMPs wiesen eine sphärische Form und Partikelgrößen von 5,75-6,61 µm auf. In ex 
vivo olfaktorischer Mukosa vom Schwein zeigten unverkapselte mit Emulsionspolymerisation 

hergestellte PLGA-Nanopartikel (80 nm, 175 nm, 520 nm) eine größen- und zeitabhängige 

Aufnahme. Es wurde ermittelt, dass 520 nm große PLGA-Partikel innerhalb von 15 min mit 

Zellkernen und Neurofilamenten assoziierten. Im Vergleich dazu steigerte Chitosan die Aufnahme 

der sprühgetrockneten NiMPs, was auf die Eigenschaft von Chitosan zurückgeführt wurde, Tight 
Junctions im olfaktorischen Epithel öffnen zu können und so einen parazellulären Transport zu 

ermöglichen. Die Öffnung von Tight Junctions durch die Wechselwirkung mit Chitosan wurde 

zum ersten Mal in olfaktorischem Gewebe mittels immunhistologischer Färbung des Proteins 
Zonula Occludens 1 (ZO-1) gezeigt. 

Anschließend wurde der Einfluss unterschiedlicher Chitosanderivate mit Deacetylierungsgraden 

(DD) von 80-90 % und Molekulargewichten (MW) von 20-500 kDa auf die Partikelmorphologie, 

die Partikelgrößenverteilung und die Partikelausbeute des Sprühtrocknungsprozesses untersucht. 

Das MW der Chitosan-Partikel, weniger hingegen deren DD beeinflusste die Morphologie und die 

Größenverteilung der aus der Sprühtrocknung resultierenden Partikel sowie die Ausbeute des 

Sprühtrocknungsprozesses. Bei 100 °C Einlasstemperatur konnten Partikel mit glatter Oberfläche, 

monomodaler Partikelgrößenverteilung (Polydispersitätsindex 0,02±0,01) und 69±9 nm 

Durchmesser produziert werden. Die in dieser Dissertation optimierten Prozessparameter 

ermöglichten zudem hohe Partikelausbeuten von über 60 % und eine kontinuierliche Produktion 

über einen Zeitraum von bis zu 40 min.  

Darüber hinaus wurden die Wirkstoffe Biotin und Ocrelizumab in dieser Dissertation zum ersten 

Mal in Chitosan verkapselt; dabei konnte eine hohe Verkapselungseffizienz von über 80 % für 

Beladungen zwischen 5 gew.% (Biotin, Ocrelizumab) und 15 gew.% (Ocrelizumab) mittels 

Sprühtrocknung erzielt werden. Mittels spektroskopischer Methoden wurde kein Unterschied zum 

nativen Molekül festgestellt, was eine intakte primäre und sekundäre Proteinstruktur impliziert. 

Lediglich ein bis zu 18%iger Verlust der Bindungskapazität nach erneuter Freisetzung aus den 

sprühgetrockneten Chitosan-Partikeln lies den Rückschluss auf Defekte der Tertiär- oder 

Quartärstruktur des Proteins zu. Die Glasübergangstemperatur der entwickelten Partikel betrug 

Tg Ђ 36 °C und bestätigte deren Lagerstabilität über fünf Wochen bei Raumtemperatur. Die 

Dissolutionstests in vitro zeigten keinen Burst-Release. Der Diffusionskoeffizient von Biotin wurde 

durch die Verkapselung in die Chitosan-Partikelmatrix auf DBiotin-Partikel = 4,11 10-5 cm² s-1 

reduziert. Für Ocrelizumab resultierte ein signifikant niedrigerer Diffusionskoeffizient mit 

DOcrelizumab-Partikel = 1,79 10-6 cm² s-1 aus den Partikeln. Nach 360 h wurden 84,43±4,85 % 

Ocrelizumab freigesetzt. Die erhobenen Daten ließen die Anwendung des Korsmeyer-Peppas 
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Modells zu, welches eine vollständige Freisetzung des Wirkstoffs innerhalb von 395 h voraussagte 

und eine Wirkstofffreisetzung über anormalen Transport anzeigte. 

Um die entwickelte Partikelformulierung an der Regio olfactoria fixieren zu können wurden native 

und Tyramin-modifizierte Hyaluronsäure-Lösungen (HA, HA-Tyr) als mögliche Beschichtung auf 

Mukosa untersucht. Dazu wurde das Spreitungsverhalten der HA-Lösungen unter 

Laborbedingungen und in einer Klimakammer - die physiologischen Bedingungen der Nase 

nachbildend ² analysiert. Hierzu wurde ein Muzin-Agarose-basiertes artifizielles Mukosa-Analog 

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

Lösung reduzierte sich der Kontaktwinkel, das Seitenverhältnis des Tropfens stieg an und die 

Spreitung auf der Mukosa wurde beschleunigt. Die physiologischen Bedingungen der Nase 

begünstigten ebenfalls die Spreitung. 

Insgesamt konnte in dieser Dissertation erfolgreich eine Chitosan-basierte partikuläre 

Wirkstoffformulierung mittels Sprühtrocknung entwickelt werden, welche die strukturell intakte 

Verkapselung niedrigmolekularer Wirkstoffe und monoklonaler Antikörper ermöglicht. Für den 

therapeutischen Antikörper Ocrelizumab konnte eine kontrollierte Freisetzung über 15 Tage 

erzielt werden und das Matrixmaterial Chitosan bewirkte die Öffnung von Tight Junctions in der 

olfaktorischen Mukosa vom Schwein. Dadurch konnte eine verstärkte Aufnahme im 

olfaktorischen Epithel erzielt werden, was der Überwindung dieser biologischen Barriere 

entspricht und die Eignung der entwickelten Partikel für die intranasale Applikation deutlich 

macht. Das Spreitungsverhalten UV-vernetzbarer HA-Tyr-Lösungen ist für die Applikation auf 

Mukosa, und damit als befestigende Komponente des in dieser Dissertation entwickelten Drug 
Delivery Systems in der Nase geeignet. 
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Abstract 

This doctoral thesis deals with the development and characterization of bio-based particulate drug 

formulations for drug delivery in the olfactory cleft, lat. Regio olfactoria. The olfactory mucosa is 

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 macromolecules and proteins, 

which allows bypassing the blood-brain barrier by transport along these nerves. The so-called 

nose-to-brain transport is therefore currently of particular interest for the therapy of neurological 

diseases, such as multiple sclerosis, with, for example, monoclonal antibodies.  

In this dissertation, polylactide-co-glycolide (PLGA) nanoparticles were first encapsulated in 

chitosan as matrix material by spray drying. The resulting PLGA-chitosan-nano-in-micro particles 

(NiMP) exhibited a spherical shape and particle sizes of 5.75-6.61 µm. Such NiMPs have never 

been reported before in the literature, because the current standard is coating via emulsification.  

In ex vivo porcine olfactory mucosa, unencapsulated PLGA nanoparticles (80 nm, 175 nm, 

520 nm) prepared by emulsion polymerization showed size- and time-dependent uptake. It was 

determined that 520 nm PLGA particles associated with cell nuclei and neurofilaments within 

15 min. In comparison, chitosan increased the uptake of spray-dried 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 1 (ZO-1). 

Subsequently, the influence of different chitosan derivatives with deacetylation degrees (DD) of 

80-90 % and molecular weights (MW) of 20-500 kDa was investigated in terms of particle 

morphology, particle size distribution and particle yield of the spray-drying 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 the 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 optimized in this dissertation also enabled high particle yields over 60 % 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 high encapsulation efficiency of over 80 % was achieved for 

loadings between 5 wt% (biotin, ocrelizumab) and 15 wt% (ocrelizumab) using spray drying. 

Ocrelizumab remained structurally largely intact after encapsulation, with only up to 18 % of 

binding capacity lost, which was attributed to changes in tertiary or quaternary structure.  

The glass transition temperature of the developed particles was Tg Ђ 36 °C, confirming their 

storage stability over five weeks at room temperature. Dissolution tests in vitro showed no burst 

release. The diffusion coefficient of biotin was reduced by encapsulation in the chitosan particle 

matrix to DBiotin particles = 4.11 10-5 cm² s-1. For ocrelizumab, a significantly lower diffusion 

coefficient of DOcrelizumab particles = 1.79 10-6 cm²s-1 resulted from the chitosan particles. After 360 h, 

84.43±4.85 % ocrelizumab was released. The data collected allowed the application of the 

Korsmeyer-Peppas model, which predicted a complete release of the drug within 395 h and 

explained a drug release via abnormal transport. 

To be able to fix the developed particle formulation to the olfactory cleft, native and tyramine-

modified hyaluronic acid solutions (HA, HA-Tyr) were investigated as a possible coating on 

mucosa. For this purpose, the spreading behavior of the HA solutions was analyzed under 

laboratory conditions and in a climatic chamber - simulating the physiological conditions of the 

nasal cavity. A mucin-agarose-based artificial mucosa analog was compared with ex vivo mucosa 
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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. thesis a chitosan-based particulate drug formulation using spray drying was 

successfully developed, which enables structurally intact encapsulation of low molecular weight 

drugs and monoclonal antibodies. Controlled release over 15 days was achieved 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 biological barrier and highlights the suitability 

of the developed particles for intranasal delivery. The spreading behavior of UV-crosslinkable HA-

Tyr solutions is suitable for application to mucosa, and thus as an attachment component of the 

intranasal drug delivery system developed in this dissertation. 
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1. Einleitung 

1.1 Neurologische Erkrankungen 

Mehr als eine Milliarde Menschen leiden nach Schätzungen der Weltgesundheitsorganisation 

(engl. World Health Organization, WHO) weltweit an Erkrankungen des zentralen Nervensystems 

(WHO, 2006). Neurologische Erkrankungen stellen damit eine gesellschaftliche Herausforderung 

für die öffentliche Gesundheit dar. Neben Hirn- und Rückenmarksverletzungen, entzündlichen 

und neurodegenerativen Erkrankungen sind das vor allem neurologische und psychiatrische 

Erkrankungen wie Demenzen, Schlaganfälle, Epilepsien, Depressionen und Psychosen, aber auch 

Tumorerkrankungen. 

Ein Großteil dieser Erkrankungen ist bislang nicht heilbar, die Therapie erfolgt deshalb meist 

ausschließlich symptomatisch. Neben dem unvorstellbar großen individuellen Leid, welches diese 

Erkrankungen verursachen, sind sie auch mit enormen Kosten für die Gesundheits- und 

Sozialsysteme verbunden. Effiziente und bezahlbare Behandlungsstrategien liegen hier bisher nur 

bedingt vor und eine alternde Gesellschaft im demographischen Wandel stellt die 

Gesundheitssysteme der Industrienationen vor enorme Herausforderungen. Es ist daher aus 

ethischen und sozialen, aber auch aus ökonomischen Gründen dringend erforderlich, die 

medizinische Versorgung in diesem Bereich zu verbessern. 

Zu den zehn am häufigsten diagnostizierten neurologischen Erkrankungen zählen unter anderem 

Parkinson, Multiple Sklerose, Hirnhautentzündungen, Epilepsien und Alzheimer (Destatis, 2017). 

Aufgrund des demografischen Wandels treten vor allem Parkinson und Alzheimer in den 

vergangenen Jahren vermehrt auf. Die Behandlung dieser weit verbreiteten Erkrankungen war 

bislang allerdings ausschließlich symptomatisch möglich (DGN, 2016). Eine neue Studie erweckt 

seit vergangenem Jahr erstmals Hoffnung für einen vielversprechenden Therapieansatz in der 

Behandlung von Alzheimer-Demenzen mittels monoklonalen Antikörpern gegen ϕ-Amyloid-

Plaques (DGN, 2021a; Mintun et al., 2021). Das Risiko für Epilepsieerkrankungen nimmt mit 

steigendem Alter ebenfalls zu, wobei bereits ein Drittel aller Epilepsieausbrüche im Kindesalter 

auftritt (Elger & Berkenfeld, 2017). Im Gegensatz sind von Hirnhautentzündungen und Multipler 

Sklerose Menschen allen Alters betroffen. Die Multiple Sklerose betrifft etwa 120 000 Menschen 

in Deutschland, wobei diese die häufigste chronische Erkrankung des zentralen Nervensystems 

(ZNS) in jungen Menschen ist und sogar die neurologische Erkrankung ist, die bereits im frühen 

Erwachsenenalter am häufigsten zu bleibender Behinderung führt (Hemmer, 2021). Besonders 

vielversprechend in der Therapie von Multipler Sklerose sind ebenfalls monoklonale Antikörper, 

welche in der neuesten Generation auf eine Anti-CD20-Therapie abzielen (A. L. Greenfield & 

Hauser, 2018). 

 

1.1.1 Multiple Sklerose 

Multiple Sklerose (MS) ist mit 2,5 Millionen Erkrankten weltweit aktuell die häufigste 

immunvermittelte chronisch-entzündliche Erkrankung des ZNS (Graf, Albrecht, Goebels, Aktas, & 

Hartung, 2020; WHO, 2006), wobei die Auslöser dieser Autoimmunität weitgehend ungeklärt 

sind. Ziel der Autoimmunreaktion sind Axone und das diese umgebende Myelin, welches im ZNS 

von Oligodendrozyten gebildet wird (Bunge, Bunge, & Ris, 1961). Folge dieser 

Autoimmunreaktion sind damit demyelinisierte Axone und Axonschäden, welche Gliose und 

Sklerose zur Folge haben (Hemmer, 2021; WHO, 2006). Aufgrund dieser Schädigungen ist eine 
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Reizweiterleitung nur noch eingeschränkt oder gar nicht mehr möglich, weshalb die Betroffenen 

meist Lähmungen oder verminderte Sensibilität, aber auch kognitive Einschränkungen als 

Symptome wahrnehmen. Da die zellulären Schädigungen allerdings überall im Gehirn oder 

Rückenmark auftreten können sind die Folgen und Einschränkungen dieser Erkrankung sehr breit 

gefächert. 85 % der Patienten werden mit schubförmiger wiederkehrender MS diagnostiziert 

(engl. Relapsing Remitting MS, RRMS). Dabei wechseln sich Schübe neurologischer Dysfunktion 

und Erholungsphasen ab. 80 % der Erkrankten entwickeln später entzündliche Läsionen, die zu 

Gewebeabbau führen. Diese Form der Erkrankung wird als sekundäre progressive MS (engl. 

Secondary Progressive MS, SPMS) bezeichnet. Die primäre progressive Form der MS (engl. Primary 
Progressive MS, PPMS) wird zwar bei nur etwa 10 % der Patienten diagnostiziert, geht allerdings 

von Beginn an mit Gewebeverlust der Hirnsubstanz einher und Erholungsphasen bleiben aus. 

(Dendrou, Fugger, & Friese, 2015) 

Am pathologischen Autoimmunprozess der MS sind vor allem autoreaktive Lymphozyten beteiligt. 

Es konnten bereits die beiden CD4-positiven T-Helferzellen TH1 und TH17 als Auslöser identifiziert 

werden. In aktuelleren Studien ist vor allem die Beteiligung von B-Lymphozyten an der 

Autoimmunreaktion in den Vordergrund der Forschung gerückt, die bei MS Patienten mit 

Fortgang der Erkrankung vermehrt in das ZNS migrieren (Comi et al., 2021; Goldmann et al., 

2016). B-Lymphozyten sind dabei zum einen durch die direkte Sekretion proinflammatorischer 

Zytokine an der Autoimmunreaktion beteiligt, zum anderen induzieren oder modulieren sie 

wiederum T-Zell-Reaktionen. Darüber hinaus wird das Immunsystem des ZNS hauptsächlich von 

Mikroglia-Zellen überwacht, welche die neuronale Aktivität prüfen, neuronale Vorläuferzellen und 

Synapsen während der Entwicklung zum Schutz umhüllen und auf Gewebeschäden reagieren 

(Goldmann et al., 2016; Norris & Kipnis, 2019). Nichtsdestotrotz werden B-Zellen hauptsächlich 

in der Peripherie des Körpers transportiert und migrieren aufgrund der Blut-Hirn-Schranke (BHS) 

bei gesunden Menschen und damit auch bei Beginn der MS Erkrankung nur in geringen Zahlen 

in das ZNS (R. Li, Patterson, & Bar-Or, 2018). 

 

Abbildung 1: Aufbau und Bestandteile der Blut-Hirn-Schranke (Kübelbeck, 2020). 

Die BHS stellt einen natürlichen Schutzmechanismus des Körpers dar, um Pathogene vom ZNS 

fernzuhalten und ist in Abbildung 1 schematisch dargestellt. Die wichtigsten vier Bestandteile sind 

das Kapillarendothel, die Tight Junctions, die Perizyten und die Asterozyten. Dabei besteht das 

Endothel der Kapillaren, die das ZNS vaskularisieren aus den Endothelzellen und Zell-Zell-

Kontakten, den Tight Junctions. Die aus Occludin- und Claudin-Transmembran-Proteinen 

bestehenden Tight Junctions reduzieren den parazellulären Transport von vor allem polaren 

Substanzen, wie Peptiden und Proteinen signifikant (Begley, 2004; Patel & Patel, 2017). Die 

Perizyten der BHS bestehen vor allem aus dem Strukturprotein Aktin, unterstützen die 

Aufrechterhaltung der BHS und regulieren den Blutfluss (Herman & D'Amore, 1985; Rucker, 
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Wynder, & Thomas, 2000). Zudem ist das Vorkommen der Perizyten mit der Dichte an Tight 
Junctions korreliert. Eine Besonderheit der Perizyten ist außerdem deren makrozytische 

Eigenschaft, welche es ihnen ermöglicht - ähnlich wie Makrophagen - Phagozytose und Antigen-

Präsentation zu betreiben (Balabanov, Washington, Wagnerova, & Dore-Duffy, 1996; Hickey & 

Kimura, 1988). Dies ermöglicht im Umkehrschluss die unmittelbare Entfernung von Schadstoffen 

an der BHS. Die Asterozyten zählen zu den Makroglia-Zellen und sind hauptsächlich für die 

Versorgung von Nervenzellen mit Nährstoffen verantwortlich. Darüber hinaus sind sie über ihre 

Ausläufer direkt mit dem Kapillarendothel in Verbindung, bedecken 99 % dessen Fläche und 

tauschen Botenstoffe mit diesem aus, um die Zell-Differenzierung und die Barrierefunktion der 

BHS aufrechtzuerhalten. (Johanson, 1980; Pardridge, 2005) 

 

1.1.2 Die Behandlung von Multipler Sklerose 

Obwohl MS zu den bislang noch nicht heilbaren Erkrankungen zählt hat die Forschung der letzten 

Jahre enorm verbesserte Therapiemöglichkeiten hervorgebracht (Graf et al., 2020). Der aktuell 

vielversprechendste Ansatz für die erfolgreiche Behandlung von RRMS und PPMS sind Anti-CD20-

Therapien mit monoklonalen Antikörpern. Da, wie bereits beschrieben, B-Lymphozyten 

nachweislich selbst an der Auslösung einer zellulären Autoimmunreaktion oder an der Aktivierung 

proinflammatorischer T-Zellen beteiligt sind hat es sich als sinnvoll herausgestellt diese zu 

inhibieren. Die zelluläre Autoimmunreaktion sowie die Depletion der proinflammatorischen 

CD20+-B-Zellen sind in Abbildung 2 schematisch dargestellt. Die Inhibition von CD20+-B-Zellen 

und deren dadurch ausgelöste Apoptose kann die im Blut vorherrschende Zahl naiver und 

proinflammatorischer B-Zellen effektiv reduzieren, was das Auftreten neuer Schübe nachweislich 

unterdrückt (A. L. Greenfield & Hauser, 2018). Von der daraufhin ausgelösten etwa sechs bis neun 

Monate andauernden B-Zell-Depletion sind Pro-B-Zellen und ausdifferenzierte Plasmazellen nicht 

betroffen. CD20+-B-Zellen in Lymphknoten werden davon ebenfalls weniger erreicht und eine 

Depletion von B-Zellen innerhalb des ZNS fehlte bislang, was wiederum mit der abschirmenden 

Funktion der BHS zusammenhängt, die insbesondere auch den Wirkstofftransport vom 

lymphatischen System und dem Blutkreislauf in das ZNS signifikant reduziert (Begley, 2004; Patel 

& Patel, 2017; Hartwig Wolburg et al., 1994). Für die Permeation von Proteinen wurde bereits 

eine CSF-Serum-Diffusionsrate beschrieben, die mit dem isoelektrischen Punkt (IEP) des Proteins 

korreliert (Trojano et al., 1986). Insbesondere für Immunoglobuline G (IgG) wurde im Vergleich zu 

kleineren Proteinen ein reduzierter Permeabilitätskoeffizient (CSF/Serum) von 0.36 bis 0.54 

beschrieben (Livera et al., 1984). 

Aktuell werden die drei monoklonalen IgG Antikörper Rituximab, Ocrelizumab und Ofatumumab 

als Anti-CD20-Wirkstoffe in der klinischen Forschung untersucht. Seit 2018 ist der humanisierte 

Antikörper Ocrelizumab für die Behandlung von RRMS und PPMS zugelassen und wird zweimal 

jährlich als Infusion mit jeweils 600 mg Wirkstoff verabreicht. Ocrelizumab bewirkt eine effektive 

B-Zell-Depletion, allerdings wird dadurch nicht nur die Autoimmunreaktion reduziert, sondern es 

kann auch zu einer Immunsuppression im übrigen Blutkreislauf kommen. Beschriebene 

Nebenwirkungen sind moderate Reaktionen im Zusammenhang mit der Infusion, Schwindel, 

Übelkeit und das erhöhte Risiko für Erkrankungen der Atemwege sowie Herpes (DGN, 2018). 

Aktuelle klinische Studien mit Ocrelizumab wiesen eine Serumkonzentration von ca. 

100 µg mLserum
-1 15 Tage nach der Infusion mit 600 mg Ocrelizumab nach, diese nahm nach 30 

Tagen auf ca. 50 µg mLserum
-1 und nach 58 Tagen auf ca. 20 µg mLserum

-1 ab (Gibiansky et al., 2021). 

Die therapeutisch wirksame Konzentration von Ocrelizumab in der Cerebrospinalflüssigkeit (CSF) 
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von Patienten ist hingegen bislang nicht bekannt. Seit 2021 ist nun auch der humane Antikörper 

Ofatumumab für die Behandlung von RRMS auf dem deutschen Markt verfügbar. Dabei werden 

20 mg des Wirkstoffs einmal monatlich subkutan vom Patienten selbst verabreicht. Die 

beschriebenen Nebenwirkungen sind ebenfalls Atemwegserkrankungen, systemische 

injektionsbedingte Reaktionen und Harnwegsinfektionen (DGN, 2021b). 

 

Abbildung 2: Wirkmechanismus der Anti-CD20-Therapie für die Behandlung von Multipler Sklerose. 
Währen der Demyelinisierung von Axonen bei Multipler Sklerose werden Myelinreste als Autoantigene von 
B-Zellen erkannt. Die dadurch aktivierten B-Zellen rekrutieren T-Helferzellen. Über die Bindung des 
Haupthistokompatibilitätskomplexes (engl. Major Histocompatibility Complex, MHC) an den T-Zell-Rezeptor 
(engl. T-cell Receptor, TCR), sowie eines der glykosylierten Phosphoproteine CD80 und CD86 an CD28 auf 
der T-Helferzelle wird diese zur Produktion von proinflammatorischen Zytokinen und Autoantikörpern 
gegen die Autoantigene der Myelinfragmente stimuliert. Durch die Therapie mit Rituximab, Ocrelizumab 
oder Ofatumumab wird CD20 auf CD20+ B-Zellen gebunden, welche dadurch Selbstzerstörung durch 
Apoptose auslösen und so keine weitere Autoimmunreaktion modulieren können (verändert nach 
(Maucher, 2021)). 

Zudem werden auch niedrigmolekulare Wirkstoffe wie Glatirameracetat, Dimethylfumarat oder 

Cladribin in der Behandlung von MS eingesetzt, allerdings meist für RRMS im späten Stadium 

(Hemmer, 2021). Zudem wurde das Vitamin Biotin bereits in klinischen Studien als Wirkstoff oder 

für die Unterstützung der Therapie von PPMS untersucht (Sedel et al., 2015; Tourbah, Lebrun-

Frenay, & Edan, 2016). Dabei wurde festgestellt, dass eine tägliche orale Dosis von 100 mg Biotin 

zur Verbesserung der PPMS-Symptome beitrug, was auf die erhöhte Energieproduktion in 

demyelinisierten Axonen zurückgeführt wurde und damit die Myelinsynthese in den 

Oligodendrozyten fördern könnte (Peyro Saint Paul, Debruyne, Bernard, Mock, & Defer, 2016). 

Trotz der relativ guten Therapieerfolge der beschriebenen Anti-CD20-Therapien sind die aktuell 

verwendeten Behandlungen limitiert. Die therapeutisch wirksame Dosis wurde erst in den letzten 

Jahren zunächst für Ocrelizumab, dann auch für Ofatumumab aufgeklärt. Dabei sind allerdings 
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vergleichsweise hohe Mengen der teuren Biopharmazeutika notwendig und deren Wirkung im 

ZNS, am Ort der Erkrankung, ist eingeschränkt, da nur wenige inhibierte B-Zellen im ZNS 

nachgewiesen werden konnten (A. L. Greenfield & Hauser, 2018). Durch die vergleichsweise hohe 

notwenige Dosis entstehenden nicht nur dem Gesundheitssystem hohen Kosten, sondern die 

deutlich einschränkenden Nebenwirkungen reduzieren auch den Patientenkomfort, sowie die 

Akzeptanz der Patienten. Dies macht den Bedarf weiterer Optimierungen dieser Therapien 

deutlich. Allen gängigen enteralen und parenteralen Applikationsformen ist die abschirmende 

BHS als Herausforderung gemein. Sobald insbesondere proteinogene Wirkstoffe wie monoklonale 

Antikörper oral, intravenös oder subkutan verabreicht werden, kann nur ein Bruchteil der 

verabreichten Dosis das Gehirn und das Rückenmark erreichen, wobei die Datenlage hierbei bisher 

dürftig ist. Um eine hohe Dosierung im ZNS zu erreichen wird für schwerwiegende Erkrankungen 

deshalb sogar die intrathekale Applikation - direkt in das Rückenmark - verwendet, um die BHS 

zu umgehen. Diese Verabreichungsform ist jedoch für die Patienten sehr unangenehm. 

Insbesondere bei MS und den vor allem jungen Patientinnen und Patienten ist die Bereitschaft 

unangenehme Therapien zur Prävention zu durchlaufen ausgesprochen gering (Kobelt, 

Thompson, Berg, Gannedahl, & Eriksson, 2017), da das individuelle Leid zu Beginn der Erkrankung 

meist gering ist und Betroffene zunächst oft nur einen einzelnen Krankheitsschub erleben. Um 

die Bereitschaft für Therapien im frühen Stadium dennoch zu fördern und dabei die zu diesem 

Zeitpunkt noch weitgehend intakte BHS zu umgehen stellt die intranasale Applikation einen 

innovativen Ansatz dar, der nicht nur einfach und schnell umsetzbar sein könnte, sondern seit den 

letzten Jahren bereits zunehmend in der Forschung etabliert ist. Die Umgehung der BHS über 

intranasale Applikation folgt dem Prinzip des Nose-to-Brain Transports, bei dem applizierte 

Wirkstoffe nicht in das Blut aufgenommen werden, sondern über oder entlang von Nervenzellen 

transportiert werden. 

 

1.2 Nose-to-Brain Transport 

Die direkte Verbindung zwischen Nase und Gehirn wurde 1990 zum ersten Mal beschrieben 

(Morrison & Costanzo, 1990, 1992). Die Ausläufer des Riechnervs (Nervus olfactorius) und der 

maxillaren Verzweigung des Hirnnervs (Nervus trigeminus) durchqueren den Schädelknochen und 

münden in die Riechrinne, lat. Regio olfactoria. Dieser schmale Bereich hat beim Mensch eine 

Fläche von 4 bis 5 cm2, das entspricht etwa 3 % der Gesamtfläche der Nasenhöhle und ist nur 

durch das knöcherne, gelochte Siebbein vom Gehirn und von der CSF getrennt (Michael 

Ikechukwu Ugwoke, Verbeke, & Kinget, 2010). Unter dem Prinzip des Nose-to-Brain Transports 

wird die intranasale Applikation von Wirkstoffen verstanden, die dort nicht in das Blut, sondern 

unmittelbar in Nervenzellen aufgenommen werden und so die Blut-Hirn-Schranke umgehen 

können. Dieser Mechanismus wurde in der Forschung bereits für niedrigmolekulare Wirkstoffe 

sowie für makromolekulare Proteinwirkstoffe nachgewiesen, wobei der Transport von Wirkstoffen 

über die zwei beschriebenen Nerven erfolgen kann. Dementsprechend wird der Nose-to-Brain 
Transport in den Transport über den olfaktorischen Nerv und den Transport über den 

Trigeminusnerv unterschieden (J. M. Anderson, Rodriguez, & Chang, 2008; Ganger & 

Schindowski, 2018; Stützle, Flamm, Carle, & Schindowski, 2015b). Beide Haupttransportwege 

werden nochmals in intrazelluläre und extrazelluläre Aufnahme unterteilt. Diese Unterscheidung 

wird in Kapitel 1.2.2 genauer erläutert. 
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Die Forschung der intranasalen Applikation von Wirkstoffen beschäftigt sich bislang zum Großteil 

mit flüssigen Darreichungsformen. Dabei sind die physikochemischen Eigenschaften des 

Wirkstoffs entscheidend für den Erfolg der Aufnahme in das Epithel und schließlich in das Gehirn. 

Die passive Diffusion und damit einhergehend die Größe des Wirkstoffs spielt 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 Verabreichung dadurch bis zu 13-fach 

höhere Konzentrationen in der CSF im Vergleich zur intravenösen Verabreichung (F. Wang, 2003). 

Zudem kann Mukoadhäsion die Kontaktzeit einer Wirkstofflösung an der Regio olfactoria des 

Menschen von einer auf 14 Minuten verlängern (Charlton, Davis, & Illum, 2007). Die relative 

Bioverfügbarkeit der Wirkstoffe war dadurch ebenfalls höher als bei der Verabreichung einer 

Lösung und gleich einer subkutanen Applikation (Teshima et al., 2002; Michael Ikechukwu 

Ugwoke, Exaud, Van Den Mooter, Verbeke, & Kinget, 1999). Die Mukoadhäsion stellt somit eine 

vielversprechende Möglichkeit dar, um die Verweilzeit von Wirkstoffformulierungen zu verlängern 

oder eine kontrollierte Freisetzung zu ermöglichen (M. I. Ugwoke, Agu, Verbeke, & Kinget, 2005). 

Insbesondere durch die Verkapselung der Wirkstoffe in Nano- und Mikropartikel konnte die 

Wirkstoffaufnahme noch weiter gesteigert werden (Warnken et al., 2016). Begründet werden 

kann diese weitere Verbesserung ebenfalls mit der verbesserten Adsorption, beispielsweise durch 

Mukoadhäsion und der erhöhten Stabilität der Wirkstoffe durch den Schutz der Verkapselung. 

Beim Vergleich zwischen Nanopartikeln aus Polyethylenglykol-co-Milchsäure (engl. Polylactic acid) 

(PEG-PLA) und der direkten intranasalen Wirkstoffverabreichung als Lösung konnten für die PEG-

PLA-Partikel bis zu 8-fach höhere Wirkstoffkonzentrationen im Gehirn nachgewiesen werden 

(Gao et al., 2007). Folglich scheint die intranasale Applikation von Polymerpartikeln besonders 

vorteilhaft zu sein. Bislang ist hingegen noch nicht geklärt, ob Nanopartikel bei der intranasalen 

Applikation intakt in das Gehirn gelangen können, da dazu widersprüchliche Ergebnisse publiziert 

wurden (Fazil et al., 2012; Gao et al., 2007; A. Mistry, Stolnik, & Illum, 2015). 

Bei den derzeit auf dem Markt erhältlichen Systemen handelt es sich vor allem um Nasensprays 

oder Nasentropfen (Kublik & Vidgren, 1998). Für partikuläre Formulierungen wurden Applikatoren 

entwickelt, welche Pulver elektrisch zerstäuben, komprimierte Luft als Druckgeber nutzen, oder 

auf die respiratorische Kraft des Patienten setzen (Djupesland & Skretting, 2012). Diese 

Applikationsformen bedecken im Gegensatz zu handelsüblichen Nasensprays auch den Bereich 

der Regio olfactoria (Abbildung 3) (Warnken et al., 2016). 

 

Abbildung 3: a-c: Verteilung von Wirkstoffformulierungen durch auf dem Markt vorhandene Applikatoren. 
a: Impel Neuropharma Precision Olfactory Delivery. b: Optinose Bi-Directional Applikator. c: Ein 
handelsübliches Nasenspray. (Charlton et al., 2007) 

 

1.2.1 Die Anatomie der Nasenhöhle 

Die Hauptfunktionen der menschlichen Nasenhöhle bestehen im Geruchssinn und in der 

Regulierung von Feuchtigkeit und Temperatur der eingeatmeten Luft sowie im Entfernen von 
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Schmutz und Mikroorganismen aus der Atemluft (Menache et al., 1997). Das Nasenseptum teilt 

den vorderen Teil der Nasenhöhle in zwei Kammern. Jede Nasenkammer kann wie in Abbildung 

4 dargestellt in sieben Teile unterteilt werden, den Nasenvorhof (A), das Atrium (B), den 

respiratorischen Bereich bestehend aus unterer (C1), mittlerer (C2) und oberer (C3) Nasenmuschel; 

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

Ikechukwu Ugwoke et al., 2010). Die Regio olfactoria überlappt teilweise mit dem Septum und 

der oberen Nasenmuschel. Sie wird vom Luftstrom der Atmung normalerweise nicht erreicht, 

Duftstoffe werden stattdessen über Diffusion zu dieser sensiblen Region transportiert. In der 

Nasenhöhle reicht die Temperatur von 23 °C im Nasenvorhof bis 35 °C im Nasopharynx, wobei 

die Temperatur im Nasopharynx zwischen 34 °C und 35 °C schwankt (Ingelstedt & Ivstam, 1951; 

Keck, Leiacker, Riechelmann, & Rettinger, 2000). Die Luftfeuchtigkeit in der Nasenhöhle liegt 

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

gemessen wurde. Insgesamt hat die Nasenhöhle eine mit Mukosa ausgekleidete Fläche von 150-

200 cm² (Bourganis, Kammona, Alexopoulos, & Kiparissides, 2018a; Gänger & Schindowski, 

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

konstanten physiologischen pH-Wert zwischen pH 5,5 und pH 6,5 aufweist (R. J. England, J. J. 

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

 

Abbildung 4: Schematischer Schädelquerschnitt mit Nasenvorhof (A), Atrium (B) und respiratorischer 
Region: unterer (C1), mittlerer (C2) und oberer (C3) Nasenmuschel, sowie Riechepithel (D) und Nasopharynx 
(E) (verändert nach (Lynch, 2006)). 

Das respiratorische Epithel bedeckt etwa 97 % der Nasenhöhle und besteht aus vier verschiedenen 

Zelltypen; Drüsenzellen mit und ohne Cilien, Basalzellen und Becherzellen. Die Becherzellen 

transportieren Wasser, Ionen und Mukus. Die Cilien der Drüsenzellen schlagen mit 1000 Schlägen 

pro Minute und transportieren Schmutz mit einer Geschwindigkeit von 5 mm pro Minute in die 

Richtung des Nasopharynx. Die Basalzellen sind multipotent und können sich in die übrigen Zellen 

differenzieren. (Michael Ikechukwu Ugwoke et al., 2010) 

Das olfaktorische Epithel besteht aus olfaktorischen sensorischen Neuronen (OSN), daran 

anschließenden unmyelinierten olfaktorischen Axonen, Stützzellen und Basalzellen (Bourganis et 

al., 2018a; Gänger & Schindowski, 2018). Die OSN sind bis zu 200 µm lang. Ihre Dendriten reichen 

bis in die darüber liegende Mukusschicht hinein, sind unbeweglich und funktionieren als 

Detektoren. Sie lösen bei einem Reiz die Depolarisierung des zugehörigen Axons aus. Die 

Zellkörper der OSN liegen zwischen den Stützzellen, welche der Stabilisierung und der 

Nährstoffversorgung dienen. Die olfaktorischen Axone sind von olfaktorischen Hüllzellen und 
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Fibroblasten ummantelt und bilden den Riechnerv. Die Reizweiterleitung erfolgt von dort aus 

zunächst zum Riechkolben und danach weiter in das ZNS. Die Mukussekretion findet im 

olfaktorischen Epithel über Bowmandrüsen statt, welche bis in die darunterliegende 

Bindegewebeschicht hineinreichen. Die Epithelien des olfaktorischen und des respiratorischen 

Bereichs liegen dieser Bindegewebeschicht, der Lamina propria auf, die hauptsächlich aus 

Fibroblasten besteht. In die Lamina propria der olfaktorischen Mukosa sind zudem Blutgefäße, 

Lymphgefäße, Lymphoidfollikel und autonome Nervenfasern als Ausläufer des Trigeminusnervs 

eingebunden. Im Gegensatz zur respiratorischen Mukosa ist die olfaktorische Mukosa von deutlich 

weniger Blutgefäßen durchzogen, was sich in einer fast weißen Färbung zeigt (Alpesh Mistry, 

Glud, et al., 2009; Stützle et al., 2015b) und beide Bereiche auch optisch einfach unterscheidbar 

macht. Beide Bereiche werden zudem von einer 5-15 µm hohen Mukusschicht abgeschlossen (M. 

I. Ugwoke et al., 2005). Mukus besteht zu ca. 95 gew.% aus Wasser, 0,5-1 gew.% aus Salzen, 

1-2 gew.% aus Lipiden, 0,2-5 gew.% aus Muzinen, anderen Proteinen und 

Desoxyribonukleinsäure (DNA) (Leal, Smyth, & Ghosh, 2017). Hauptbestandteil des Mukus neben 

Wasser sind damit die Muzine. Diese Glykoproteine haben ein Molekulargewicht von 10-40 MDa, 

besitzen lange Polysaccharide als Seitenketten und bewirken die Mukoadhäsion (Sheehan, Oates, 

& Carlstedt, 1986). Die Muzine der olfaktorischen Mukosa sind im Gegensatz zu anderen Muzinen 

im Körper sekretorisch, da sie abgesondert werden. In den Atemwegen kommen die 

sekretorischen Muzine MUC2, MUC5AC und MUC5B vor (Davies, Svitacheva, Lannefors, Kornfa, 

& Carlstedt, 1999). 

 

1.2.2 Extrazelluläre und intrazelluläre Mechanismen der Regio olfactoria 

Die dem Nose-to-Brain Transport zu Grunde liegenden Wege über den olfaktorischen Nerv oder 

den Trigeminusnerv können weiter in extrazellulären und intrazellulären Transport unterteilt 

werden. Für den extrazellulären Transport entscheidend sind beispielsweise, die auch im 

olfaktorischen Epithel vorkommenden Tight Junctions. Sie wirken wie an anderen biologischen 

Barrieren, zum Beispiel der bereits beschriebenen BHS, als selektive Barriere, die die 

Zellzwischenräume blockiert. Dadurch können zwar vor allem niedrigmolekulare Stoffe noch 

hindurchtreten, größere Moleküle wie Proteine können hingegen bei geschlossenen Tight 
Junctions weniger gut aufgenommen werden (Crowe, Greenlee, Kanthasamy, & Hsu, 2018). Die 

Tight Junctions besitzen im geöffneten Zustand einen Durchmesser von ca. 15 nm (Alpesh Mistry, 

Glud, et al., 2009; Miyamoto et al., 2001). Eine weitere Möglichkeit für extrazellulären Nose-to-
Brain Transport stellt der Erneuerungszyklus der OSN dar. Durch die Erneuerung der OSN nach 

30-60 Tagen entsteht zwischen den Stützzellen temporär extrazellulärer Raum. Da die Ausbildung 

von Tight Junctions oder neuen OSN zeitverzögert stattfindet ist es wahrscheinlich, dass über diese 

extrazellulären Zwischenräume vermehrt Wirkstoffe aufgenommen werden können (Crowe et al., 

2018; Y. Li, Field, & Raisman, 2005). Darüber hinaus kann der Transport von Wirkstoffen entlang 

der olfaktorischen Axone, zwischen diesen und den sie umgebenden Hüllzellen erfolgen. Dieser 

extrazelluläre Raum zwischen den olfaktorischen Axonen und ihren Hüllzellen ist unmittelbar mit 

dem Liquor verbunden, weshalb Wirkstoffe über diese Route das Gehirn und das Rückenmark 

direkt erreichen können. Da auch die Ausläufer des Trigeminusnervs bis in die olfaktorische 

Mukosa reichen, ist dieser als vergleichbarerer extrazellulärer Transportpfad ebenso denkbar 

(Thorne, Pronk, Padmanabhan, & Frey, 2004). 
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Abbildung 5: Schematische Darstellung der möglichen Nose-to-Brain Transportwege für intranasal 
applizierte Wirkstoffe in den Riechkolben und die Cerebrospinalflüssigkeit (CSF) (©Zimmermann, verändert 
nach Stützle et al. 2018). 

Den intrazellulären Transportwegen des Nose-to-Brain Transports liegen Pinozytose und 

rezeptorvermittelte Endozytose zu Grunde, welche sowohl für OSN als auch für den 

Trigeminusnerv beschrieben sind (Thorne 2004, Li & Field 2005, Crowe et al. 2018). Während für 

niedrigmolekulare Moleküle wie beispielsweise Aluminiumlaktat (294 Da) vor allem Pinozytose 

stattfindet, werden Makromoleküle wie das Agglutinin-Meerrettichperoxidase-Konjugat (80 kDa) 

oder IgG Antikörper (150 kDa) eher über Rezeptor-vermittelte Endozytose aufgenommen (Crowe 

et al., 2018; Ladel et al., 2018; Ladel et al., 2020). Aktuell wird vermutet, dass die initiale 

Aufnahme von IgGs am olfaktorischen Epithel über den neonatalen Fc Rezeptor (FcRn) und den 

Fc-gamma Rezeptor vermittelt wird (Ladel et al., 2020; Maigler et al., 2021), dabei konnte eine 

Fc-Rezeptor abhängige verzögerte Eliminierung von IgG innerhalb von 20 h statt innerhalb von 

45 min in der Regio olfactoria von Mäusen festgestellt werden (Maigler et al. 2021). Die intranasal 

applizierten IgG konnten zudem im Riechkolben nach 45 min und nach 20 Stunden im 

Hippocampus nachgewiesen werden. Theoretisch wird von der olfaktorischen Mukosa ausgehend 

ein weiterer Vesikel-Transport über den Golgi-Apparat und danach entlang von Axonen zum 

Riechkolben angenommen (Crowe et al. 2018). Da dieser Transport allerdings für Zeitspannen 

zwischen 45 min und sechs Stunden nach intranasaler Applikation in Mäusen beschrieben ist 

(Crowe et al. 2018, Maigler et al. 2021), scheinen die Mechanismen des Nose-to-Brain Transports 

aktuell noch nicht vollständig verstanden zu sein und sollten folglich weiter intensiv untersucht 

werden. 

 

1.2.3 In vitro Testsysteme für die intranasale Applikation 

Nachdem bereits vielfach gezeigt werden konnte, dass intranasale Applikation und der zu Grunde 

liegende Nose-to-Brain Transport die Therapie des Gehirns und des ZNS verbessern bzw. 

erleichtern können, ist es essentiell die einzelnen Ebenen der bereits erläuterten Transportwege 

genauer zu untersuchen. Neben klassischen in vivo Studien mit Nagern werden in den 

vergangenen Jahren vermehrt in vitro und ex vivo Modell-Systeme eingesetzt, um dem bereits seit 

1 



 

10 

 

1959 postulierten 3R-Konzept (engl. Replace, Reduce, Refine) gerecht zu werden (Russell & Burch, 

1960). Um Tierversuche zu vermeiden, zu verringern und zu verbessern wird in der aktuellen 

Forschung des Nose-to-Brain Transports die Applikation von Wirkstoffen zunächst mit in vitro oder 

ex vivo Modellen getestet (Ladel et al., 2018; Ladel et al., 2020; Ladel et al., 2019; Alpesh Mistry, 

Glud, et al., 2009; Alpesh Mistry, Stolnik, & Illum, 2009). Auch um beispielsweise die zellulären 

Mechanismen direkt in der olfaktorischen Mukosa oder ausschließlich im Epithel vollumfänglich 

zu verstehen sind ex vivo und in vitro Modelle sehr gut geeignet.  

Die beiden aktuell am häufigsten verwendeten Modelle in der Zellkultur sind die nasale humane 

Plattenepithelkarzinom-Zelllinie RPMI 2650, oder primäre olfaktorische Epithelzellen, die 

beispielsweise aus Biopsien des olfaktorischen Epithels von Schweinen extrahiert werden können 

(Ladel et al., 2018). Beide Zellformen können, um die Bedingungen der Nasenhöhle besser 

nachzubilden zudem in Air-Liquid-Interface-Kulturen kultiviert werden. Dabei werden sie auf 

Transwell-Inserts ausgesät und erhalten Nährstoffe nur vom unteren mit Zellkulturmedium 

gefüllten Kompartiment, während sie oben der Umgebungsluft ausgesetzt sind. Vom Schwein 

können bis zu 10 cm² der olfaktorischen Mukosa präpariert werden, hierzu werden Biopsien aus 

dem dorsalen Teil der oberen Nasenmuschel extrahiert (Getty, 1975; Alpesh Mistry, Stolnik, et al., 

2009), welche dann auch als komplexeres Modell ex vivo verwendet werden, um die 

Mechanismen der olfaktorischen Mukosa zu untersuchen (Ladel et al., 2018; Alpesh Mistry, 2009). 

Um auch in diesem Modellsystem die Bedingungen der Nasenhöhle möglichst gut nachzubilden, 

werden ca. 2 cm² große Stücke der herauspräparierten Mukosa in Side-by-Side-Zellen 

beziehungsweise zwischen zwei Eppendorf-Gefäße ohne Deckel eingespannt. Das basolaterale 

Kompartiment wi rd zur Nährstoffversorgung des Gewebes mit phosphatgepufferter Salzlösung 

(PBS) oder Zellkulturmedium befüllt, das apikale Kompartiment bleibt leer, sodass die Epithelzellen 

weiterhin der Umgebungsluft ausgesetzt sind. Die Side-by-Side-Zellen werden während der 

Untersuchung in einem Zellkulturinkubator inkubiert, um die Bedingungen in der Nasenhöhle zu 

simulieren. 

 

1.3 Biobasierte Polymere 

Biobasierte Polymere oder Biopolymere sind Makromoleküle natürlichen Ursprungs (IUPAC, 1992). 

Dabei kann es sich um Proteine, Nukleinsäuren und Polysaccharide handeln. Biopolymere können 

zudem in bioabbaubare und nicht bioabbaubare Biopolymere unterteilt werden. Weit verbreitete 

nicht bioabbaubare Biopolymere sind zum Beispiel Polypropylen und Polyethylen, die aufgrund 

ihrer Herstellung aus Bioethanol trotzdem als Biopolymere bezeichnet werden. Dennoch sind die 

meisten Biopolymere auf Stärke, Zellulose, Polyhydroxybutyrat (PHB) und Polymilchsäure (engl. 

Polylactic acid, PLA) basierend und damit auch biologisch abbaubar. Insgesamt gibt es 

bioabbaubare Biopolymere pflanzlichen, bakteriellen und tierischen Ursprungs. Während Stärke 

und Zellulose ursprünglich von Pflanzen stammen, sind Milcheiweiß, Kollagen und Hyaluronsäure 

ursprünglich tierischen Ursprungs. Die moderne Biotechnologie ermöglicht zudem die bakterielle 

Produktion von PHB, PLA, und Hyaluronsäure (HA) im großtechnischen Maßstab. Eine andere 

Möglichkeit ist die chemische Modifikation des ursprünglichen Rohstoffs, wie beispielsweise 

Chitin zu Chitosan, um dessen Nutzbarkeit zu verbessern. 

Ein wichtiger Vorteil von Biopolymeren gegenüber anderen Polymeren ist deren Biokompatibilität, 

was bedeutet, dass sie keine Immunreaktion in Kontakt mit Zellen oder dem Körper auslösen. Die 

bioabbaubaren Biopolymere, allen voran PLA werden deshalb in der Medizintechnik beispielsweise 
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als resorbierbares Nahtmaterial eingesetzt, welches sich nach einigen Wochen bis Monaten im 

Körper zersetzt und deshalb nicht mehr chirurgisch entfernt werden muss. Stärke und Zellulose-

Derivate werden flächendeckend in der Nahrungsergänzungsmittel- und Pharmaindustrie als 

Füllstoffe für Kapseln und Tabletten eingesetzt, da sie die enthaltenen Wirkstoffe vor 

Umwelteinflüssen schützen, eine einfache Dosierung ermöglichen und vom Körper entweder 

einfach (z. B. Stärke) abgebaut werden können, oder als Ballaststoff (z. B. Zellulose) im Darm von 

Bakterien zersetzt und wieder ausgeschieden werden. 

 

1.3.1 Das Biopolymer Polylactid-co-Glycolid 

Das bioabbaubare Biopolymer Polylactid-co-Glycolid (PLGA), ein Polyester aus D,L-Milchsäure und 

Glykolsäure, wird ebenfalls bereits in der Medizintechnik als chirurgisches Nahtmaterial und in der 

Pharmaindustrie für Depotmedikamente verwendet, da es von der Europäischen 

Arzneimittelagentur (engl. European Medical Agency, EMA) und von der amerikanischen Food 
and Drug Administration (FDA) zugelassen ist (Danhier et al., 2012). Lactid kann entweder durch 

säurekatalytische Kondensation aus Milchsäure gewonnen werden, oder biotechnologisch aus 

Glucose oder Melasse. Glycolid entsteht beim Erhitzen von Glykolsäure. Durch eine ringöffnende 

Polymerisation wird aus Glycolid anschließend Poly-Glycolid, das biologisch abbaubar ist. Die 

Esterbindung von PLGA kann im Körper bei 37 °C und einem pH-Wert von 7,4 hydrolytisch 

gespalten werden, wobei die dabei entstehenden Oligofragmente in Lösung gehen und 

abtransportiert werden können. Durch das Massenverhältnis von PLA und Polyglykolsäure (engl. 

Polyglycolic acid, PGA) ist die Wirkstofffreisetzung flexibel einstellbar, wobei ein höherer PLA 

Gehalt eine langsamere Zersetzung und ein höherer PGA Gehalt eine schnellere Zersetzung 

bewirkt. Der Wirkstoff wird dabei entsprechend der Zersetzung ebenfalls langsamer oder schneller 

freigesetzt. Eine Ausnahme stellt das ausgeglichene Verhältnis von 50:50 (PLA:PGA) dar, dieses 

setzt besonders schnell verkapselte Wirkstoffe frei. (Brannon-Peppas & Vert, 2000) 

 

1.3.2 Das Biopolymer Chitosan 

Das Biopolymer Chitosan wird aus dem natürlich vorkommenden Chitin gewonnen und ist damit 

ein nachwachsender Rohstoff. Pilze und die Schale von Krustentieren bestehen aus Chitin, wobei 

die großtechnische Gewinnung von Chitosan vor allem über Chitin von Garnelenschalen erfolgt 

(Shahidi & Synowiecki, 1991). Die Umwandlung von Chitin in Chitosan erfolgt entweder über 

enzymatische Deacetylierung oder in Natronlauge. Das Polysaccharid setzt sich aus -̡1,4-

glykosidisch verknüpften D-Glukosaminen zusammen. Je nach Deacetylierungsgrad (engl. Degree 
of Deacetylation, DD) ist ein kleinerer oder größerer Anteil an N-Acetylglucosaminresten 

enthalten, da der DD den Anteil an deacetylierten Glucosaminen angibt. Gängige DDs, die für 

Forschungszwecke erhältlich sind, liegen zwischen 70 % und 95 %. Der DD bestimmt die 

physikochemischen Eigenschaften des Chitosans, wobei stark deacetylierte Derivate, also 

beispielsweise mit einem DD von 95 %, eine höhere Kristallinität und geringe Quellbarkeit 

aufweisen. Diese besitzen zudem eine höhere Reißfestigkeit und Dehnbarkeit, sowie eine höhere 

Viskosität als niedrig deacetylierte Derivate. Darüber hinaus ist Chitosan mukoadhäsiv, wobei 

mehr deacetylierte Gruppen dies verstärken und die Löslichkeit in Wasser erhöhen (George & 

Abraham, 2006; Wenling et al., 2005). Die Wechselwirkung zwischen den positiven 

Aminogruppen von Chitosan und mehreren negativen Gruppen in der Schleimhaut ermöglicht die 
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Mukoadhäsion, die wiederum vom Molekulargewicht des Chitosan abhängt (Henriksen, Green, 

Smart, Smista, & Karlsen, 1996). Die Länge der Chitosan Polymerketten und ihr durchschnittliches 

Molekulargewicht lassen sich durch enzymatische Zersetzung oder saure Hydrolyse steuern (Illum, 

1998). 

Chitosan findet vielfältig Anwendungen in der Kosmetik und Nahrungsmittelindustrie. Diese 

reichen von Zahnpasta über Fungizide, die Versiegelung von Nahrungsmitteln, bis hin zu 

Ballaststoffen als Nahrungsergänzungsmittel. Allerdings ist allein die Einfuhr von Chitosan-

haltigen Lebens- und Nahrungsergänzungsmitteln erst seit 2017 in Deutschland erlaubt (LFGB, 

2017) und die Zulassung der EMA für die Verwendung in Medikamenten für den europäischen 

Wirtschaftsraum fehlt bislang. Trotzdem wächst die Zahl an Forschungsstudien stetig. Aktuell 

befinden sich etwa zehn medizinische Produkte und Chitosan als Wirkstoff in klinischen Studien 

für die Behandlung von chronischen Wunden, Zahnmarknekrose, Parodontose, Atopische 

Dermatitis und sogar Prostatakrebs (Heppe, 2020). Chitosan als partikuläre Wirkstoffformulierung 

wurde bislang nur in der Forschung untersucht (Rabiee et al., 2020). 

 

1.3.3 Das Biopolymer Hyaluronsäure 

Hyaluronsäure (HA) ist ein in der extrazellulären Matrix von Wirbeltieren vorkommendes 

Glukosaminoglykan, also ein Mukopolysaccharid. Es besteht aus Disaccharid-Einheiten, die ̡ -1,4-

glykosidisch verknüpft sind. Ein Disaccharid setzt sich dabei aus einer D-Glucuronsäure und einem 

N-Acetylglukosamin zusammen. Die physiologische Synthese von HA im Körper von Wirbeltieren 

erfolgt über HA-Synthasen (Schulz, Schumacher, & Prehm, 2007). Die bakterielle Synthese von HA 

in Streptococcus zooepidemicus wurde bereits 1969 von Stoolmiller und Dorfman erforscht 

(Stoolmiller & Dorfman, 1969) und deckt heute einen Großteil der industriellen Produktion (Liu, 

Liu, Li, Du, & Chen, 2011). Die Eigenschaften von HA sind sehr gut auf deren Vorkommen im 

Körper von Wirbeltieren zurückzuführen. Besonders enorm ist ihre Kapazität Wasser zu speichern. 

HA bildet beispielsweise das Hydrogel im Glaskörper des Auges. Zudem besitzen HA-Hydrogele 

eine hohe Druckbeständigkeit, wie beispielsweise in den Bandscheiben. Außerdem ist HA 

Hauptbestandteil der Gelenkflüssigkeit und kann als natürliches Schmiermittel eingesetzt werden. 

Dort ist auch die scherverdünnende Eigenschaft von HA von Vorteil, welche dafür sorgt, dass die 

Viskosität von HA bei höheren Scherkräften sinkt. Im medizinischen Bereich findet das Natriumsalz 

der HA vielfach Verwendung, vor allem in der Therapie von Arthrose. Dabei werden HA-Lösungen 

in Gelenke gespritzt. Die sogenannte Viskosupplementation wirkt gleichzeitig als Stoßdämpfer 

und Schmiermittel, zum Beispiel im Kniegelenk (Rodriguez-Merchan, 2013; Trigkilidas & Anand, 

2013). Besonders bekannt ist der Einsatz von HA in der Kosmetikindustrie, wobei hochmolekulare 

Derivate subkutan appliziert werden und niedrigmolekulare Derivate für die äußerliche 

Anwendung eingesetzt werden, um Falten zu mildern (Pavicic et al., 2011). Zudem ist der 

pharmazeutische Einsatz in der Augenheilkunde weit verbreitet, handelsübliche Augentropfen 

enthalten HA um gereizte Augen vor dem Austrocknen zu schützen und den Tränenfilm zu 

stabilisieren. Ebenso fördert HA die Wundheilung, wird als Kombi-Präparat bei Sodbrennen 

eingesetzt und wird für  Nasensprays verwendet, welche die Schleimhaut langanhaltend 

befeuchten. (Aya & Stern, 2014; Savarino et al., 2017) 

In den letzten 20 Jahren wurden zudem chemisch modifizierte HA-Derivate erforscht, da deren 

mechanische Eigenschaften über die chemische Struktur und Vernetzungsdichte gezielt einstellbar 

sind (Xu, Jha, Harrington, Farach-Carson, & Jia, 2012; Zhu & Marchant, 2011). Besonders 
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interessant ist hierbei das Tyramin-modifizierte Derivat der HA (HA-Tyr), da dieses enzymatisch 

oder mittels UV-Licht vernetzt werden kann (F. Lee, Chung, & Kurisawa, 2008b; J. H. Lee, 2018). 

Dadurch kann es zunächst als flüssige Lösung injiziert werden und nimmt nach der Vernetzung 

am Wirkort eine gezielt einstellbare Festigkeit als Hydrogel an. HA-Tyr-Hydrogele werden daher 

in der Reparatur von Knorpeldefekten und im Tissue Engineering verwendet (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 Delivery Systeme 

Drug Delivery Systeme sind hochentwickelte Darreichungsformen, die durch ihre Beschaffenheit 

in der Lage sind, die Verfügbarkeit eines Arzneimittels für den Körper durch zeitliche oder 

räumliche Eingrenzung zu kontrollieren (Breuer, Chorghade, Fischer, & Golomb, 2009). Ein Drug 
Delivery System kann ein stationäres Implantat, aber auch ein aktives oder passives 

Transportsystem mit oder ohne spezifische Rezeptorfunktion sein (Vert et al., 2012). Drug Delivery 
Systeme umfassen zum Beispiel Nano- und Mikropartikel, Mizellen und Liposomen, aber auch 

Hydrogele, die eine effektive Wirkstoffkonzentration am Wirkort zum Ziel haben. Darüber hinaus 

sind der Verabreichungsweg, Nebenwirkungen, die Halbwertzeit des Wirkstoffs, die Freisetzung 

des Wirkstoffs, sowie die Pharmakokinetik, der Patientenkomfort und die Akzeptanz der Patienten 

bei der Entwicklung von Drug Delivery Systemen zu beachten. Im Gegensatz zu konventionellen 

Darreichungsformen, die den enthaltenen Wirkstoff in wässrigem Milieu unmittelbar freigeben, 

erzielen Drug Delivery Systeme eine kontinuierliche und kontrollierte Wirkstofffreisetzung über 

einen längeren Zeitraum (Breuer et al., 2009). Der Vergleich zwischen konventioneller 

Verabreichung und der Freisetzung eines Drug Delivery Systems in Bezug auf den therapeutischen 

Bereich des Medikaments ist schematisch in Abbildung 6 dargestellt. 

 

Abbildung 6: Auftragung einer Wirkstoffkonzentration über die Zeit für den schematischen Vergleich 
einer konventionellen Dosierung und eines Drug Delivery Systems (verändert nach (Janssen, Mihov, 
Welting, Thies, & Emans, 2014). 

Dabei kann die Einzeldosis eines oral verabreichten Medikaments mit verzögerter 

Wirkstofffreisetzung die Dauer der therapeutischen Wirkung, im Vergleich zu einer 

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

und sorgt so für eine konstante Wirkstoffkonzentration im Blut oder Gewebe. Zunächst wurden 

die Begriffe £verlÿngerte Freisetzung¯ (engl. Prolonged Release), £modifizierte Freisetzung¯ (engl. 
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Modified Release) und £langsame Freisetzung¯ (engl. Slow Release) synonym mit der 

kontrollierten Wirkstofffreisetzung (engl. Controlled Release) verwendet. Später wurde zwischen 

anhaltender Freisetzung (engl. Sustained Release) und der kontrollierten Wirkstofffreisetzung 

differenziert; demnach soll die kontrollierte Freisetzung auch pharmakokinetische Anforderungen 

erfüllen (Vert et al., 2012). 

Historisch können Drug Delivery Systeme in drei Generationen eingeteilt werden (Yun, Lee, & Park, 

2015). Die erste Generation umfasst dabei vor allem Wirkstoffformulierungen, die oral und 

transdermal verabreicht werden. Die zweite Generation zielt im Gegensatz dazu auf eine 

kontrollierte Wirkstofffreisetzung ab, bei welcher der Wirkstoff innerhalb einer Matrix aus 

Hilfsstoffen immobilisiert wird und eine konstante Konzentration im Blut erreichen soll. Die dritte 

Generation schließlich zielt auf Wirkorte ab, die nicht klassisch enteral (über den Verdauungstrakt), 

oder parenteral (den Verdauungstrakt umgehend) erreichbar sind. Die Drug Delivery Systeme der 

dritten Generation sollen deshalb einen effektiven Wirkstofftransport über biologische Barrieren 

ermöglichen. 

Als Wirkstoffträger (engl. Drug Carrier) sind Makromoleküle oder Polymere definiert, die für den 

Transport von Wirkstoffen verwendet werden und später durch abiotische oder biotische Prozesse 

den Wirkstoff freisetzen (Vert et al., 2012). Wirkstoffträgersysteme, die eine Wechselwirkung mit 

einem spezifischen Gewebe oder Rezeptor, beispielsweise eine Antikörper-Erkennung 

ermöglichen, oder die selektive Permeation durch Membranen oder Kapillaren bewirken, werden 

als Targeted Drug Delivery Systeme bezeichnet.  

 

1.4.1 Wirkstofffreisetzung aus Drug Delivery Systemen 

Bei der Wirkstofffreisetzung aus Drug Delivery Systemen werden grundsätzlich fünf verschiedene 

Mechanismen der Freisetzung unterschieden (Fredenberg, Wahlgren, Reslow, & Axelsson, 2011; 

Lengyel, Kállai-Szabó, Antal, Laki, & Antal, 2019). Diese sind schematisch in Abbildung 7 

dargestellt.  

 

Abbildung 7: Molekulare Mechanismen der Wirkstofffreisetzung aus Drug Delivery Systemen. A: Diffusion 
aus wassergefüllten Poren, B: Diffusion durch das Trägermaterial (z. B. Polymermatrix), C: Quellung des 
Trägermaterials und dadurch vergrößerte sowie neue Poren, D: Oberflächenerosion, E: Zersetzung des 
Trägermaterials (verändert nach (Fredenberg et al., 2011; Lengyel et al., 2019)). 

Handelt es sich bei dem untersuchten Drug Delivery System um ein poröses 

Wirkstoffträgermaterial, bieten die dort bereits vorhandenen Poren Zwischenräume, aus denen 

die Wirkstofffreisetzung stattfinden kann (Abbildung 7A). Dabei sind die Wirkstoffe in der porösen 

Matrix nicht immobilisiert, sie werden in Kontakt mit Wasser oder einem anderen 

Freisetzungsmedium aus den Poren herausgelöst. Die erste Form der Wirkstofffreisetzung ist 
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folglich ausschließlich von der Löslichkeit des Wirkstoffs im Freisetzungsmedium abhängig und 

dadurch wenig kontrolliert. Die zweite Form der Wirkstofffreisetzung ist diffusionsbasiert 

(Abbildung 7B). In diesem Fall handelt es sich bei der Wirkstoffträgermatrix um eine unlösliche, 

nicht-quellbare, poröse Polymermatrix. Die Wirkstofffreisetzung ist nicht nur von der Löslichkeit 

des Wirkstoffs selbst, sondern auch von der Porengröße des Trägermaterials abhängig. Je besser 

löslich der Wirkstoff im umgebenden Medium ist und je größer die Poren der Polymermatrix sind, 

desto schneller erfolgt die Wirkstofffreisetzung. Bei der dritten Form der Wirkstofffreisetzung 

handelt es sich um ein Drug Delivery System, welches ein unlösliches, quellbares Polymermaterial 

als Trägermatrix besitzt (Abbildung 7C). Sobald das Drug Delivery System in Kontakt mit dem 

Freisetzungsmedium kommt, nimmt dieses Wasser auf und die Polymer-basierte Trägermatrix 

quillt. Der Wirkstoff wird in diesem Fall durch die Vergrößerung der Poren erst im gequollenen 

Zustand, also verzögert, freigegeben. Bei dieser Form der Wirkstofffreisetzung ist zunächst die 

Quellbarkeit des Trägerpolymers für die Wirkstofffreisetzung entscheidend, damit einher geht die 

über die Zeit zunehmende Porengröße, welche die Wirkstofffreisetzung ebenfalls reguliert. Auch 

bei dieser Form ist zudem Voraussetzung, dass der Wirkstoff aufgrund seiner Löslichkeit im 

umgebenden Freisetzungsmedium herausdiffundiert. Die Quellung der Polymermatrix kann bei 

einigen Polymeren gezielt auf einen Reiz erfolgen, thermoresponsive Polymere können 

beispielsweise in Abhängigkeit der Temperatur gezielt quellen oder schrumpfen. Die vierte Form 

der Wirkstofffreisetzung findet durch Oberflächenerosion der Trägermatrix statt (Abbildung 7D). 

Dabei zersetzt sich das Trägermaterial durch den Kontakt mit dem Freisetzungsmedium oder 

durch einen spezifischen Reiz, wie beispielsweise den pH-Wert oder die Temperatur des Mediums. 

Dabei werden von außen beginnend Wirkstoffmoleküle freigesetzt, da das Matrixmaterial sich 

auflöst. Diese Form der Wirkstofffreisetzung ist folglich vor allem von den Eigenschaften des 

Matrixpolymers abhängig. Einen geringeren Anteil macht wiederum die Löslichkeit des Wirkstoffs 

im Freisetzungsmedium aus. Die fünfte Form der Wirkstofffreisetzung erfolgt schließlich durch 

Zersetzung des vollständigen Drug Delivery Systems, bzw. der polymeren Trägermatrix (Abbildung 

7E). Die Wirkstofffreisetzung kann hierbei ebenfalls durch einen äußeren Reiz, wie beispielsweise 

einer pH-Wert- oder Temperatur-Änderung, ausgelöst werden. Die Wirkstofffreisetzung ist damit 

wiederum von den Eigenschaften des Matrixmaterials abhängig, während die Löslichkeit des 

Wirkstoffs keinen Einfluss hat. Die gezeigten Freisetzungsvarianten drei bis vier (Abbildung 7B-

Abbildung 7D) haben außerdem gemeinsam, dass für diese entweder eine homogene Verteilung 

des Wirkstoffs in der Matrix, oder ein Depot im Zentrum vorliegen kann. Ein Wirkstoffdepot kann 

die Freisetzung über einen längeren Zeitraum zusätzlich begünstigen, während bei der ersten und 

fünften Variante (Abbildung 7A, Abbildung 7E) der komplette Wirkstoff auf einmal freigesetzt 

wird. 

 

1.4.2 Partikuläre Wirkstofffreisetzung 

Für die Wirkstofffreisetzung aus partikulären Drug Delivery Systemen wurden bereits verschiedene 

Freisetzungsprofile beschrieben. Die gewünschte kontinuierliche Freisetzung eines Wirkstoffs am 

Wirkort entspricht in einem geschlossenen System in vitro einer konstanten 

Wirkstoffakkumulation. Folglich sollte die Freisetzungskinetik einer linearen Wirkstoffzunahme 

über die Zeit entsprechen und wird als Freisetzungskinetik erster Ordnung definiert (Bruschi, 

2015). Die Kinetik erster Ordnung wird von der verbleibenden Konzentration an Wirkstoff im 

Partikel und der Zeit bestimmt. Herausdiffundierende und noch verkapselte Menge an Wirkstoff 

sind zueinander proportional, da die enthaltene Wirkstoffmenge begrenzt ist. Stattdessen 
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beschreibt die Freisetzungskinetik nullter Ordnung die Freisetzung an einer Grenzfläche mit 

konstant bleibendem Wirkstoffreservoir, was aufgrund der dafür notwendigen Geometrie folglich 

ausschließlich für Pflaster oder Implantate möglich ist, die ein deutlich größeres Depot 

ermöglichen als Partikel, die ein begrenztes Volumen und eine maximale Beladungskapazität 

besitzen. Die unterschiedlichen für partikuläre Drug Delivery Systeme möglichen 

Freisetzungsverläufe sind beispielhaft in Abbildung 8 dargestellt. 

Die meisten bisher beschriebenen Freisetzungskinetiken für Partikel sind in drei Phasen der 

Wirkstofffreisetzung unterteilbar. Zu Beginn der Wirkstofffreisetzung wird meist ein Burst-Release 
beschrieben, der sich durch eine stärkere Wirkstofffreisetzung mit höherer Steigung zeigt 

(Abbildung 8, alle außer schwarze Striche). Grund dafür sind nicht verkapselte Wirkstoffmoleküle, 

die auf der Partikeloberfläche adhäriert sind und bei Kontakt mit dem Freisetzungsmedium schnell 

abgelöst werden können (Poulain et al., 2003; J. Wang, Wang, & Schwendeman, 2002). Risse 

oder teilweise zerstörte Partikel, die Wirkstoffe schneller freigeben, können ebenfalls einen Burst-
Release auslösen (Huang & Brazel, 2001). Die zweite Phase ist von langsamer Wirkstofffreisetzung 

charakterisiert, in der die Steigung der Freisetzungskinetik folglich abflacht (Abbildung 8, leere 

Quadrate und gefüllte Rauten). In dieser Phase findet die Diffusion der Wirkstoffe aus der 

Polymermatrix statt (Fredenberg et al., 2011; Poulain et al., 2003). Je kleiner die Poren der 

Trägermatrix und je weniger porös das Trägerpolymer, desto langsamer die Freisetzung. Ebenfalls 

in dieser Phase findet in Abhängigkeit des gewählten Matrixmaterials und dessen Eigenschaften 

zusätzlich die Quellung der Polymerketten statt und kann somit ebenfalls einen Teil der 

Wirkstofffreisetzung ausmachen.  

 

Abbildung 8: Freisetzungsprofile, bestehend aus verschiedenen Phasen. Leere Quadrate : Burst-Release 
und eine schnelle Phase II. Gefüllte Kreise : Dreiphasige Freisetzung mit einer kurzen Phase II. Kreuze : 
Burst-Release und Freisetzung nullter Ordnung. Gefüllte Rauten : Dreiphasige sigmoidale Freisetzung. 
Schwarze Striche : Zweiphasige Freisetzung, ähnlich der dreiphasigen Freisetzung, aber ohne den Burst-
Release (Fredenberg et al., 2011). 

Die dritte und letzte Phase ist schließlich meist nochmal von einer starken Wirkstofffreisetzung 

charakterisiert, die in einem erneuten Steigungsanstieg der Freisetzungskinetik resultieren kann 

(Abbildung 8, gefüllte Rauten und schwarze Striche). Dadurch kann sich ein dreiphasiges, 

sigmoidales Freisetzungsprofil ergeben (Abbildung 8, gefüllte Rauten). In dieser letzten Phase 

kommt es zur Zersetzung der Trägermatrix, weshalb alle noch enthaltenen Wirkstoffe schnell 

freigegeben werden. Je nachdem, welche Phase der Freisetzung am stärksten ausgeprägt ist 

verschiebt sich die Funktion der Freisetzungskinetik nach links oder rechts. Wenn zum Beispiel ein 
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initialer Burst-Release ausbleibt (Pan, Tang, Weng, Wang, & Huang, 2006), ist es sehr 

wahrscheinlich, dass später mehr Wirkstoffe freigesetzt werden. Ist die Wirkstofffreisetzung 

ausschließlich zersetzungsbasiert findet hingegen ausschließlich die dritte, schnelle, aber späte 

Freisetzung der Wirkstoffe statt (Abbildung 8, schwarze Striche). 

Da für viele Drug Delivery Systeme zwar eine grobe Einteilung in die beschriebenen drei Phasen 

möglich ist, die molekularen Effekte sich aber meist überlagern, wurden Modelle entwickelt, um 

die experimentell bestimmten Freisetzungskinetiken besser einordnen und verstehen zu können. 

Des Weiteren können über Modell-Annahmen Rückschlüsse auf die Geometrie des Drug Delivery 

Systems gezogen werden. Für eine rein diffusionsbasierte Freisetzung, die über die gesamte 

Partikeloberfläche konstant stattfindet kann diese mit dem Higuchi-Modell beschrieben werden 

(Higuchi, 1963). Das Ritger-Peppas bzw. Korsmeyer-Peppas Modell ist ebenfalls für rein 

diffusionsbasierte Prozesse geeignet (Korsmeyer, Gurny, Doelker, Buri, & Peppas, 1983; Ritger & 

Peppas, 1987). Darüber hinaus können mit diesem Modell auch Freisetzungskinetiken beschrieben 

werden, die sich aus Diffusion und Polymerketten-Quellung zusammensetzen. Da dieses Modell 

für unterschiedliche Freisetzungsmechanismen anwendbar ist, ist 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 Korsmeyer-Peppas Modell beschreibt mit Mt 

die Menge an freigesetztem Wirkstoff zum Zeitpunkt t, MЊ ist die insgesamt verkapselte, also zur 

Freisetzung verfügbare Menge an Wirkstoff, K ist eine Konstante, die den Wirkstoffeinschluss 

beschreibt und n ist der Freisetzungsexponent. 

ὓ

ὓ
ὑὸ 

Formel 1: Formel des Korsmeyer-Peppas Modells für die mathematische Beschreibung von Wirkstoff-
freisetzungen aus Drug Delivery Systemen (Bruschi, 2015). 

Anhand des Freisetzungsexponenten n kann die Freisetzung in rein diffusionsbasiert (Ficksche 

Diffusion), hauptsächliche Diffusion mit einem geringen Anteil an Polymerquellung (Case I 
Transport), gleichförmige Diffusion und Quellung der Polymerketten (Anomaler Transport) und 

hauptsächliche bzw. ausschließliche Quellung der Polymerketten (Super Case II Transport), 

unterschieden werden (Bruschi, 2015). Die Zuordnung der einzelnen Werte des 

Freisetzungsexponenten n ist in Tabelle 1 dargestellt. Außerdem ist mit dem Korsmeyer-Peppas 

Modell jeweils die Unterscheidung in planare, zylindrische und sphärische Drug Delivery Systeme 

möglich. Darüber hinaus kann die Freisetzung aus zersetzbaren Polymeren mit dem Hopfenberg-

Modell beschrieben werden (Katzhendler, Hoffman, Goldberger, & Friedman, 1997). 
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Tabelle 1: Zuordnung des Freisetzungsexponenten n des Korsmeyer-Peppas Modells für die Beschreibung 
von Wirkstofffreisetzungen aus Drug Delivery Systemen. Die Einteilung erfolgt entsprechend der Geometrie 
des untersuchten Drug Delivery Systems und dem stattfindenden molekularen Mechanismus der 
Wirkstofffreisetzung (verändert nach (Bruschi, 2015)). 

Freisetzungsmechanismus  Geometrie des  
Drug Deli very Systems 

Freisetzungsexponent n 

Ficksche Diffusion  

Planar, dünner Film 0,50 

Zylindrisch 0,45 

Sphärisch 0,43 

Anomaler Transport 
(gleichförmige Diffusion 
und Polymerquellung)  

Planar, dünner Film 0,50 < n < 1,0 

Zylindrisch 0,45 < n < 0,89 

Sphärisch 0,43 < n < 0,85 

Case I Transport 
(hauptsächlich Diffusion, 
wenig Polymerquellung)  

Planar, dünner Film 1,0 

Zylindrisch 0,89 

Sphärisch 0,85 

Super Case II Transport 
(wenig Diffusion, 
hauptsächlich 
Polymerquellung)  

Planar, dünner Film > 1 

Zylindrisch > 0,89 

Sphärisch > 0,85 

 

1.4.3 Der Sprühtrocknungsprozess 

Partikuläre Wirkstoffformulierungen können entweder über fällungsbasierte Prozesse, 

Polymerisation oder Trocknung hergestellt werden. Während fällungs- und 

polymerisationsbasierte Prozesse meist große Mengen an Lösungsmitteln benötigen und die 

Partikel in einem zweiten Schritt über Filtration, Lösungsmittelverdampfung, oder 

Gefriertrocknung gewonnen werden müssen, ist die Sprühtrocknung ein effizienter einstufiger 

Prozess zur Partikelherstellung. Zudem ist die Sprühtrocknung in der Pharmaindustrie bereits 

etabliert (G. Lee, 2002; Stahl, 1980). Weitere Vorteile der Sprühtrocknung sind die einfache 

Skalierbarkeit und der kontinuierliche Prozess, welcher für die kosteneffiziente Produktion in der 

Industrie entscheidend ist und aktuell in Bezug auf Laborautomatisierung weiter an Bedeutung 

gewinnt. Nachteile sind hingegen die zunächst hohen Anschaffungskosten und der hohe 

Platzbedarf, welcher durch die bis zu meterhohen Trocknungstürme zustande kommt. Vorteilhaft 

für das Produkt, also die Partikel, sind die schonende Trocknung aufgrund der Trocknungszeit von 

wenigen Sekunden, sowie die gute Reproduzierbarkeit, welche eine gleichbleibende 

Produktqualität ermöglicht. Die erzeugten Partikel haben dabei eine Größe im Nano- und 

Mikrometerbereich, wodurch ein sehr feines Pulver entsteht. Es können sowohl Polymerlösungen, 

Wirkstoff-Polymer-Gemische, als auch feine Suspensionen, beispielsweise mit Nanopartikeln 

getrocknet werden. Für die Trocknung von wässrigen Lösungen oder Suspensionen wird Druckluft 

als Trocknungsgas verwendet. Für organische Lösungsmittel ist aufgrund der Explosionsgefahr 

durch das Erhitzen während des Prozesses die Verwendung des Inertgases Stickstoff als 

Trocknungsgas notwendig. Der Sprühtrocknungsprozess lässt sich in vier Phasen unterteilen: 
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Erstens, die Zerstäubung des Sprühtrocknungsfluids; zweitens, die Mischung des 

Sprühtrocknungsfluids mit dem Trocknungsgas; drittens, die Verdampfung des Lösungsmittels aus 

den Sprühtrocknungsfluid-Tröpfchen; und viertens, die Abscheidung des trockenen Produkts. Der 

Sprühtrocknungsprozess mit Düsenzerstäubung ist in Abbildung 9 schematisch dargestellt. 

 

Abbildung 9: Schematische Darstellung eines Gleichstrom-Sprühtrockners mit Düsenzerstäubung, bei der 
entweder eine Polymer-Wirkstoff-Lösung oder zwei getrennte Lösungen für Polymer und Wirkstoff in die 
Düse gefördert werden können (©Fraunhofer-Institut für Grenzflächen- und Bioverfahrenstechnik IGB). 

Das Sprühtrocknungsfluid, meist bestehend aus einer homogenen Polymer-Wirkstoff-Mischung 

wird mit einer Pumpe in die Düse des Sprühtrockners gefördert. Bei schlecht mischbaren 

Lösungsmitteln ist auch die Förderung von zwei getrennten Lösungen in eine Düse möglich. Die 

Düse führt im inneren Kanal das zu verstäubende Sprühtrocknungsfluid. Im äußeren Kanal der 

Düse wird das Trocknungsgas gefördert. An der Düsenspitze treffen Sprühtrocknungsfluid und 

Trocknungsgas aufeinander und der Tropfenaufriss und die Zerstäubung finden durch die Energie 

des Trocknungsgases statt. Daran ist nicht nur thermische Energie, sondern auch der im 

Sprühtrockner herrschende Unterdruck, Zentrifugalenergie und kinetische Energie beteiligt. Je 

größer dabei der Energieeintrag, desto kleiner die Tröpfchen. Durch die Zerstäubung in feine 

Mikrotröpfchen entsteht eine sehr große Oberfläche, welche die schnelle Verdampfung des 

Lösungsmittels ermöglicht. Die Trocknungszeit nimmt dabei proportional zur Tröpfchengröße ab. 

Beispielsweise kann ein Liter Flüssigkeit, bei einem Tröpfchenradius von einem Mikrometer 

innerhalb von nur 0,01 s getrocknet werden. Die Oberfläche der Tröpfchen entspricht dabei 

600 m² (Stahl, 1980). Bei der Verdampfung wässriger Lösungen kommt es zur Bildung einer 

Wasserdampfhülle, die dafür sorgt, dass die zu trocknenden Stoffe nicht der heißen 

Umgebungstemperatur ausgesetzt sind (G. Lee, 2002). Die Verdampfung findet unmittelbar nach 

der Zerstäubung im Trocknungszylinder statt. Durch eine gleichmäßige Absaugung des 

Trocknungsgases mittels Aspirator am Ende des Sprühtrockners werden die durch die 

Verdampfung entstandenen Partikel zunächst nach unten abgesaugt und dann beispielsweise 

über einen Zyklon durch Strömungsabscheidung abgeschieden. Die trockenen Partikel werden 

schließlich als feines Pulver im Auffanggefäß gesammelt. Da die Strömungsabscheidung innerhalb 

eines bestimmten Größen- und Massebereichs der Partikel am besten funktioniert, wird ein kleiner 
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Teil nicht abgeschiedener Partikel in einem Filter am Ende des Sprühtrockners aufgefangen. Das 

gefilterte Trocknungsgas wird dann entweder nach außen abgeführt oder über den Aspirator in 

einem geschlossenen Kreislauf wieder zum Einlass des Sprühtrockners zurückgeführt. Bei dem in 

Abbildung 9 dargestellten Sprühtrockner handelt es sich um einen Gleichstrom-Sprühtrockner. 

Bei diesem verlaufen die Sprühtrocknungsfluid-Zerstäubung und der Trocknungsgasstrom 

gleichgerichtet. Diese Bauform ist für sensible Materialien wie Wirkstoffe besonders gut geeignet, 

da das Trocknungsgas im dem Bereich der Zerstäubung am wärmsten ist. Dadurch kommt das 

getrocknete, möglicherweise sensible Produkt nicht mit dem heißen Trocknungsgas in Kontakt, 

sondern nur mit der nach der Verdampfung deutlich reduzierten Austrittstemperatur. 

Um die Produkteigenschaften der Partikel gezielt zu modifizieren sind die Eintrittstemperatur, die 

Pumprate des Sprühtrocknungsfluids, der Trocknungsgasstrom und die Konzentration des 

Sprühtrocknungsfluids einstellbare Parameter. Von diesen Parametern werden indirekt die 

Austrittstemperatur, die Partikelausbeute, sowie die Restfeuchtigkeit der Partikel und die 

Partikelgröße bestimmt. Alle Parameterbezüge, sowie die Intensität des Einflusses sind in Tabelle 

2 dargestellt. 

Während sich die Eintrittstemperatur vor allem auf die Austrittstemperatur und die 

Restfeuchtigkeit des Produkts auswirkt, hat der Trocknungsgasstrom einen minimalen Einfluss auf 

die Austrittstemperatur und einen starken Einfluss auf die Partikelgröße. Die Pumprate des 

Sprühtrocknungsfluids wirkt sich vor allem auf die Austrittstemperatur und auf die 

Restfeuchtigkeit des Produkts aus. Eine Erhöhung der Konzentration des Sprühtrocknungsfluids 

wirkt sich sowohl auf die Austrittstemperatur als auch deutlich auf die Partikelgröße aus. 

Tabelle 2: Nicht direkt einstellbare Parameter des Sprühtrocknungsprozesses (Austrittstemperatur, 
Partikelgröße, Restfeuchtigkeit des Produkts, Partikelausbeute) in Abhängigkeit der einstellbaren Parameter 
(Eintrittstemperatur, Trocknungsgasstrom, Pumprate des Sprühtrocknungsfluids, Konzentration des 
Sprühtrocknungsfluids). Dargestellt ist der Einfluss für maximal hohe einstellbare Parameter, wobei (-) kein 
Einfluss, ( ) geringe Zunahme, ( ) mittlere Zunahme und ( ) große Zunahme der nicht 
einstellbaren Parameter bedeutet (verändert nach (Büchi, 1997). 

Abhängigkeit  
der Parameter  

Eintritts -
temperatur  

 

Trocknungs -
gasstrom  

 

Pumprate 
Sprühtrocknungs -

fluid   

Konzentration 
Sprühtrocknungsfluid  

 

Austritts -
temperatur  

Direkt 

proportional 

 

Mehr kaltes 

Gas muss 

erwärmt 

werden  

Mehr Lösungsmittel 

muss verdampft 

werden  

Weniger Lösungsmittel 

muss verdampft werden 

 

Partikelgröße  - 

Mehr Energie 

für 

Zerstäubung 

des Fluids 

 

Mehr Fluid muss 

zerstäubt werden 

 

Größere Masse der 

Partikel 

 

Restfeuchtigkeit 
der Partikel  

Geringere 

relative 

Luftfeuchtigkeit 

 

- 

Mehr verdampftes 

Lösungsmittel 

bewirkt höheren 

Partialdruck 

 

Weniger verdampftes 

Lösungsmittel bewirkt 

geringeren Partialdruck 

 

Partikelausbeute  

Trockeneres 

Produkt 

verhindert 

Agglomeration 

 

- 
Abhängig vom 

einzelnen Versuch 

Größere Partikel werden 

besser abgeschieden 
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1.4.4 Wirkstoffverkapselung mittels Sprühtrocknung 

Wie bereits beschrieben ist für die kontrollierte Freisetzung von Wirkstoffen aus Drug Delivery 
Systemen entweder eine homogene Wirkstoffverteilung in der Partikelmatrix notwendig, oder die 

Wirkstoffe müssen durch die Trägermatrix vollständig eingeschlossen sein, um einen Burst-Release 
möglichst gering zu halten. Bei der Sprühtrocknung einer Wirkstoff-Polymer-Lösung haben die 

bereits beschriebenen Sprühtrocknungsparameter Eintritts- bzw. Austrittstemperatur, Pumprate 

des Sprühtrocknungsfluids und Konzentration des Sprühtrocknungsfluids, sowie die 

Trocknungszeit einen signifikanten Einfluss aus die Dichte der Partikel und die Polymer-Wirkstoff-

Anordnung in den Partikeln. Der Einfluss homogener Lösungen oder inhomogener Dispersionen 

als Sprühtrocknungsfluid, sowie der Unterschied zwischen schneller Verdampfung und langsamer 

Verdampfung auf die gebildeten Partikel sind in Abbildung 10 schematisch dargestellt. 

 

Abbildung 10: Einfluss von langsamer (A) und schneller Verdampfung (B) auf die Partikelmorphologie und 
die Wirkstoff-Polymer-Anordnung für die Herstellung von Wirkstoffformulierungen mittels Sprühtrocknung 
(verändert nach (Paudel, Worku, Meeus, Guns, & Van den Mooter, 2013)). 

Bei langsamer Verdampfung (Abbildung 10A) entstehen dichte Partikel mit kompakter Polymer-

Wirkstoff-Packung. Der dabei stattfindende Effekt wird als Tetris-Effekt bezeichnet (Paudel et al., 

2013). Bei der langsamen Verdampfung homogener Lösungen entstehen starke 

Wechselwirkungen zwischen Wirkstoffen und Polymer, die Wirkstoffe liegen in der Partikelmatrix 

homogen verteilt vor. Bei der Sprühtrocknung inhomogener, phasenseparierter Dispersionen 

entstehen hingegen schwache Wechselwirkungen zwischen den Wirkstoff- und den 

Polymermolekülen. Außerdem wirken sich eine höhere Sprühtrocknungsfluid-Konzentration, eine 

höhere Pumprate des Sprühtrocknungsfluids, geringere Eintritts- und Austrittstemperaturen, 

sowie eine kürzere Trocknungszeit positiv auf die Bildung kompakter Partikel mit homogener 

Matrix aus. Bei schneller Verdampfung entstehen hingegen leichte Partikel durch den 

sogenannten Rush-Hour-Effekt (Abbildung 10B). Dabei können aus einer homogenen Wirkstoff-

Polymer-Lösung durch die Bildung von Gasblasen entweder hohle Partikel mit undurchlässiger 

Hülle entstehen, oder homogene poröse Partikel mit gasdurchlässiger Matrix. Bei den hohlen 

Partikeln sind die Wirkstoffe nur in der Partikelhülle enthalten, während in den porösen Partikeln 

die Polymer- und Wirkstoffmoleküle homogen verteilt sind. Die Bildung leichter Partikel wird 

zudem durch eine geringere Sprühtrocknungsfluid-Konzentration, eine geringere Pumprate des 
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Sprühtrocknungsfluids, höhere Eintritts- und Austrittstemperaturen und eine längere 

Trocknungszeit begünstigt. 

Bisher untersuchte Ansätze zur Wirkstoffformulierung mit Sprühtrocknung haben gezeigt, dass 

die Verkapselung flüssiger Wirkstoffe gut möglich ist, wohingegen feste Stoffe schwierig zu 

verkapseln sind (Gouin, 2004). Zudem ist die Verkapselung lipophiler Moleküle einfacher als die 

Formulierung amphiphiler und hydrophiler Substanzen. Mit der Sprühtrocknung sind außerdem 

einfach thermoresponsive Wirkstoffformulierungen erzeugbar, wohingegen die Herstellung von 

Drug Delivery Systemen, die zeitverzögert oder durch die Verdauung im Körper induziert den 

Wirkstoff freisetzen als schwierig eingestuft wurde. Darüber hinaus ist bislang nicht eindeutig 

geklärt, ob es eine Größeneinschränkung für zu verkapselnde Wirkstoffe oder Nanopartikel gibt. 

(Estevinho et al., 2016) 

 

1.4.5 Sprühtrocknung von Immunoglobulinen 

Wie bereits beschrieben ist die Sprühtrocknung in der Pharmaindustrie bereits etabliert, sie kommt 

bei der Trocknung von Hilfsstoffen, Vitaminen, Enzymen, oder anderen Proteinen zum Einsatz (G. 

Lee, 2002; Stahl, 1980). Da das Erfolgspotential monoklonaler Antikörper groß ist, werden diese 

in großen Mengen produziert (Backer, Metzger, Slaber, Nevitt, & Boder, 1988). Nach der 

Produktion dieser sensiblen Makromoleküle ist vor allem deren Lagerung eine aktuelle 

Herausforderung (Bowen, Turok, & Maa, 2013). Da Medikamente, wie beispielsweise Kesimpta® 

und Ocrevus® als hochkonzentrierte Lösungen verabreicht werden, ist die Lagerung großer 

Produktionsansätze mit aufwändigen Kühlketten notwendig (Bowen et al., 2013). Dies verursacht 

hohe Kosten und großen Platzbedarf.  

Aus diesem Grund wurde die Sprühtrocknung von monoklonalen IgG Antikörpern bereits in der 

Forschung untersucht. Da sich in der flüssigen Formulierung von IgG Antikörpern Zuckerderivate 

als Hilfsstoffe für deren Stabilität in Lösung bewährt haben, wurde zudem der Einfluss von 

Zuckerderivaten auf die Sprühtrocknung von IgGs untersucht (Henry R Costantino, Andya, Shire, 

& Hsu, 1997; Maury, Murphy, Kumar, Mauerer, & Lee, 2005; Stefanie Schüle, Wolfgang Friess, 

Karoline Bechtold-Peters, & Patrick Garidel, 2007; Flávia Sousa, Cruz, Pinto, & Sarmento, 2018). 

Die Analyse möglicher Agglomerate und Degradation in Folge von Denaturierung erfolgte mittels 

Größenausschluss-Hochleistungsflüssigkeitschromatografie (engl. High Pressure Liquid 
Chromatography ² Size Exclusion Chromatography, HPLC-SEC) und dynamischer Lichtstreuung 

(engl. Dynamic Light Scattering, DLS). Die Integrität der Proteinstruktur wurde zudem mittels 

Intrinsischer Fluoreszenz, Zirkulardichroismus und Fourier-Transformations-Infrarotspektroskopie 

(FT-IR) untersucht. Eine Forschungsgruppe analysierte außerdem die Bindungsaktivität der 

sprühgetrockneten IgGs mittels Enzyme-Linked Immunosorbent Assay (ELISA) (F. Sousa, 

Sarmento, & Neves-Petersen, 2017). 2007). Darüber hinaus untersuchte ebenfalls eine 

Forschungsgruppe die thermische Stabilität der sprühgetrockneten IgGs mittels dynamischer 

Differenzkalorimetrie (DSC) (Maury, Murphy, Kumar, Mauerer, et al., 2005). Die Lagerstabilität 

der mit Zuckerderivaten gesprühtrockneten IgGs lag zwischen sechs Monaten und einem Jahr, 

wobei zwischen der Lagerung bei 2-8 °C und 25 °C kein signifikanter Unterschied festgestellt 

wurde. Dabei stellte sich heraus, dass der Zusatz von 20-30 gew.% Sorbitol, Mannitol oder 

Trehalose vorteilhaft für den strukturellen Erhalt und die Lagerstabilität sprühgetrockneter IgGs 

war. Dies konnte sowohl im trockenen Zustand als auch nach der Rekonstitution des Pulvers in 

wässrigen Lösungen gezeigt werden. Dabei gingen die getrockneten IgG Moleküle innerhalb von 
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nur 120 s wieder vollständig in Lösung. Sprühtrocknung ist folglich für die Trocknung und 

Rückgewinnung von IgGs als Bulk-Material geeignet. 

 

1.4.6 Sprühtrocknung von Chitosan 

Wie für alle Sprühtrocknungsprozesse sind auch für die erfolgreiche Sprühtrocknung von Chitosan 

die zuvor beschriebenen Parameter Trocknungsgasstrom, Pumprate des Sprühtrocknungsfluids, 

Eintritts- und Austrittstemperatur, sowie die Konzentration des Sprühtrocknungsfluids 

entscheidend (Estevinho et al., 2016). Mit  der Konzentration des Sprühtrocknungsfluids geht 

zudem die Viskosität der Lösung einher, welche für Chitosan-Lösungen besonders hoch sein kann 

und deshalb in der Prozessoptimierung beachtet werden sollte (Estevinho et al., 2016; Lorenzo-

Lamosa, Remunan-Lopez, Vila-Jato, & Alonso, 1998). Außerdem hat der DD des verwendeten 

Chitosans einen Einfluss auf die Kristallinität der Partikel, sowie auf intermolekulare 

Wechselwirkungen und damit auch auf die Freisetzung von Wirkstoffen (Begley, 2004; Estevinho 

et al., 2016). Neben Cyclodextrin, Natrium-Diclophenac und anderen niedrigmolekularen 

Verbindungen wurden auch verdauungsfördernde Enzyme, wie alpha-Amylase und Lactose 

zusammen mit Chitosan gesprühtrocknet. Die Einlasstemperaturen reichten dabei von 105 °C bis 

220 °C, wobei vor allem wässrige Systeme verwendet wurden. Die Pumprate des 

Sprühtrocknungsfluids lag zwischen 0,0693 L h-1 und 3 L h-1, wobei die Laborsprühtrockner B-190 

und B-290 der Firma Büchi (Büchi Labortechnik AG, Flawil, Schweiz) am häufigsten eingesetzt 

wurden. Außerdem wird Tripolyphosphat (TPP) für die ionische Vernetzung von Chitosan bei der 

Sprühtrocknung eingesetzt, da es sich dabei um das stärkste, nicht toxische Vernetzungsreagenz 

handelt (Estevinho et al., 2016). Durch die Vernetzung mit TPP können die Partikeleigenschaften 

und die Wirkstofffreisetzungseigenschaften weiter modifiziert werden, beispielsweise bei der 

Formulierung von Laccase (Ka¶par, Tokürovü, Nyanhongo, Gėbitz, & ©tŠpánek, 2013). Darüber 

hinaus wurden auch bereits Kombinationen aus Silber-Nanopartikeln und Chitosan mit 

Sprühtrocknung untersucht (Tokürovü, Ka¶par, KnejzlĈk, Ulbrich, & ©tŠpánek, 2013). Die 

Verkapselung von Proteinen als pharmazeutische Wirkstoffe oder die Verkapselung von 

monoklonalen Antikörpern in Chitosan wurde bislang noch nicht untersucht. 

 

1.4.7 Partikuläre Drug Delivery Systeme für die nasale Applikation 

Wie bereits beschrieben, wurden in der intranasalen Applikation für die Erforschung des Nose-to-
Brain Transports nicht nur Wirkstofflösungen, sondern auch bereits Partikel untersucht. Diese 

stellten sich im Vergleich zu pur aufgetragenen Lösungen sogar als vorteilhaft heraus. Aus diesem 

Grund wird die intranasale Applikation partikulärer Drug 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 PLGA und Chitosan herausgestellt, wobei PLGA und Chitosan-Partikel bis zu 

einem Durchmesser von 250 µm über den olfaktorischen Nerv ins ZNS transportiert werden 

können (Rabiee et al., 2020). Für PLGA-Partikel mit Olanzapin wurde beispielsweise eine 

vielversprechende intranasale Applikation beschrieben, da die PLGA-Partikel langsam quollen und 

in der Nase ein langsam freisetzendes Depot bildeten, wodurch eine achtfach höhere 

Wirkstoffkonzentration als in gelöster Form erzielt werden konnte (Seju, Kumar, & Sawant, 2011). 

Außerdem wurde der Transport von PLGA-Partikeln kleiner 200 nm entlang von Axonen und 
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Nervenbündeln in der Riechschleimhaut beschrieben (Muntimadugu et al., 2016). Die 

parazelluläre Aufnahme von Partikeln wurde bereits in verschiedenen Studien mittels 

Epithelzellkulturen und Schleimhautgeweben untersucht (Fazil et al., 2012; Rassu et al., 2016; 

Sadeghi et al., 2008; Sonaje et al., 2012). Dabei stellte sich Chitosan als besonders interessantes 

Trägermaterial heraus, da Chitosan-Partikel einfach herzustellen und biokompatibel sind. Darüber 

hinaus wurde für Chitosan-Partikel die Eigenschaft beschrieben Tight Junctions öffnen zu können, 

was die Wirkstoffaufnahme nach intranasaler Gabe erhöhte und eine höhere 

Wirkstoffkonzentration im ZNS bewirkte (Bourganis et al., 2018a; Garcia-Fuentes & Alonso, 2012; 

Rabiee et al., 2020; Rassu et al., 2016). Für die intranasale Applikation von Partikeln ist es wichtig, 

deren Verteilung im Gewebe, deren Biokompatibilität, den biologischen Abbau und die mögliche 

Immunreaktionen zu kennen. Diese Aspekte sind allerdings bisher nur wenig beschrieben (Rabiee 

et al., 2020). Neueste Daten belegen, dass der Zusammenhang zwischen Wirkstoffformulierungen 

und intranasalen Verabreichungswegen noch weitgehend unbekannt ist und damit weitere 

Untersuchungen für die Entwicklung intranasaler Wirkstoffformulierungen notwendig sind. (Keller 

et al., 2021; Rabiee et al., 2020) 

Im von der Europäischen Kommission geförderten Horizon 2020 Research and Innovation 
Forschungsprojekt N2B-patch (engl. Nose-to-Brain-patch, N2B) hat sich ein Konsortium aus elf 

europäischen Partnerorganisationen im Förderzeitraum von Januar 2017 bis Juni 2021 mit der 

Entwicklung einer innovativen intranasalen Applikationsform für die Behandlung von Multipler 

Sklerose beschäftigt. Das sogenannte Nose-to-Brain-Pflaster sollte aus einer partikulären 

Wirkstoffformulierung und einer Hydrogel-Matrix zur Befestigung der Wirkstoffformulierung in 

der Riechrinne bestehen. Darüber hinaus wurde ein spezieller Applikator entwickelt, um die 

beiden Komponenten in der Nasenhöhle exakt dosieren zu können. Diese Dissertation wurde im 

Rahmen dieses Projekts am Fraunhofer-Institut für Grenzflächen- und Bioverfahrenstechnik IGB in 

Stuttgart durchgeführt. In Zusammenarbeit mit weiteren Kooperationspartnern dieses Projekts 

haben sich wissenschaftliche Publikationen ergeben, die im Folgenden dargestellt sind. Die im 

folgenden dargestellte Zielsetzung dieser Dissertation wurde jedoch über die wissenschaftlichen 

Fragestellungen und fachlichen Anforderungen des N2B-patch Projektes hinausgehend formuliert 

und bearbeitet. 
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2. Zielsetzung und Hypothesen der Arbeit 

2.1 Zielsetzung der Arbeit 

Die Zielsetzung dieser Dissertation war die Entwicklung und Charakterisierung einer partikulären 

biobasierten Wirkstoffformulierung für die kontrollierte Freisetzung an der Regio olfactoria. Diese 

Wirkstofffreisetzung ist schematisch in Abbildung 11 dargestellt. Für die Entwicklung der 

partikulären Wirkstoffformulierung als intranasales Drug Delivery System sollte zunächst ein 

langsam freisetzendes, biokompatibles Partikelmaterial ausgewählt werden und der 

Sprühtrocknungsprozess für die Herstellung von Wirkstoffpartikeln hinsichtlich des gewählten 

Biopolymers optimiert werden. Da sich Chitosan gegenüber anderen Biopolymeren als besonders 

geeignet für die intranasale Applikation von Wirkstoffen herausstellte, sollte im Folgenden die 

Applikation auf ex vivo Gewebebiopsien der Regio olfactoria vom Schwein untersucht werden. 

Hierzu wurde die Methode zur Extraktion des porzinen olfaktorischen Epithels sowie dessen 

histologische Analyse etabliert. Als erstes Modellsystem sollte die Aufnahme von PLGA-

Nanopartikeln im Vergleich zu in Chitosan mittels Sprühtrocknung eingebetteten Chitosan-PLGA-

Nano-in-Mikropartikeln untersucht werden. Damit sollte die Eigenschaft von Chitosan 

interzelluläre Tight Junctions öffnen zu können, bewiesen und damit die Eignung als intranasales 
Drug Delivery System gezeigt werden. Als nächstes sollten Partikel mit einem robusten und gut 

analysierbaren Modellwirkstoff aus Chitosan-Derivaten mit unterschiedlichem Deacetylierungs-

grad und Molekulargewicht mittels Sprühtrocknung hergestellt und verglichen werden, um das 

am besten geeignete Chitosan-Derivat hinsichtlich Partikelausbeute, Restfeuchtigkeit, 

Partikelgrößenverteilung, Partikelmorphologie, Verkapselungseffizienz und kontrolliertem 

Freisetzungsverhalten in vitro zu identifizieren. Daraufhin sollte schließlich ein therapeutischer 

monoklonaler Antikörper, welcher für die intranasale Applikation und damit für Nose-to-Brain-
Transport von wissenschaftlichem Interesse ist, in dieses Chitosan-Derivat mit einem möglichst 

hohen Beladungsgrad mittels Sprühtrocknung verkapselt und die resultierenden Partikel 

wiederum hinsichtlich der oben genannten relevanten Partikeleigenschaften charakterisiert 

werden. Da es sich bei monoklonalen Antikörpern um sensitive Makromoleküle handelt, sollten 

insbesondere diese zusätzlich auf deren verbleibende strukturelle Integrität und die Stabilität bei 

Raumtemperatur in den sprühgetrockneten Partikeln und nach der Freisetzung aus der 

Verkapselung untersucht werden. Um die Haftung der entwickelten pulverförmigen Chitosan-

Partikel an der Riechschleimhaut sicherstellen zu können, sollten schließlich 

Hyaluronsäurelösungen als mögliche zusätzliche Komponente eines intranasalen Drug Delivery 
Systems untersucht werden. Hierfür wurde ein Muzin-Agarose-Hydrogel-Substrat als artifizielles 

Mukosa-Analog charakterisiert und das Spreitungsverhalten von Hyaluronsäurelösungen 

unterschiedlicher Konzentration darauf untersucht. Abschließend wurden vergleichende 

Untersuchungen mit einem, durch UV-Licht vernetzbaren, Tyramin-modifizierten 

Hyaluronsäurederivat auf dem Mukosa-Analog und ex vivo Gewebebiopsien vom Schwein 

durchgeführt. Dadurch sollte das Mukosa-Analog abschließend validiert werden, sowie die 

Eignung der, durch UV-Licht vernetzbaren, Tyramin-modifizierten Hydrogelvorläuferlösungen als 

stabilisierende Komponente für intranasal applizierte Partikel getestet werden. 
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Abbildung 11: Schematische Darstellung der Nasenhöhle eines Menschen mit Nasenvorhof (A), Atrium (B) 
und respiratorischer Region: unterer (C1), mittlerer (C2) und oberer (C3) Nasenmuschel, sowie Riechepithel 
(D) und Nasopharynx (E). Nahaufnahme der Freisetzung von Wirkstoffen (F) aus Partikeln (G) an der Regio 
olfactoria (H), sowie der schematische Transport der Wirkstoffmoleküle (I) zum Gehirn (J) (verändert nach 
(M. I. Ugwoke et al., 2005; Michael Ikechukwu Ugwoke et al., 2010)) 

Aus der Zielsetzung dieser Dissertation ergeben sich mehrere wissenschaftliche Fragestellungen. 

Um diese genau untersuchen und diskutieren zu können, habe ich die wissenschaftlichen 

Fragestellungen als Hypothesen formuliert. Diese vier Hypothesen sind in Abbildung 12 

schematisch dargestellt und werden im Folgenden erläutert. Die darauffolgenden Ergebnisse der 

Untersuchungen zu den Hypothesen sind in Kapitel 3, 4 und 5 dargestellt und diskutiert. Alle 

Ergebnisse werden in Kapitel 6 im wissenschaftlichen Gesamtzusammenhang umfassend 

diskutiert. Die Zusammenfassung und die Schlussfolgerungen in Kapitel 7 sowie der Ausblick in 

Kapitel 8 schließen diese Arbeit ab. 

 

Abbildung 12: Schematische Darstellung der vier Hypothesen für die Untersuchung und Diskussion der 
wissenschaftlichen Fragestellungen dieser Dissertation. 
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2.2 Hypothesen der Arbeit 

2.2.1 Hypothese I  

Biopolymerbasierte Partikel wie beispielsweise Polylactid-co-Glycolid-Nanopartikel (PLGA) finden 

vielseitig Anwendung als Drug Delivery System aufgrund der sehr gut einstellbaren 

Freisetzungseigenschaften von Wirkstoffen aus dem Biopolymer PLGA. Unzureichend verstanden 

hingegen sind die Applikation und die Aufnahme von Partikeln beispielsweise in Geweben. 

Generell sind hauptsächlich Ergebnisse publiziert, die die intrazelluläre Aufnahme von 

Nanopartikeln bis zu einer Größe von nur 250 nm bestätigen. Ob auch andere Transportrouten, 

wie beispielsweise die parazelluläre Aufnahme im olfaktorischen Epithel größenlimitieren wirkt, 

ist noch nicht vollständig verstanden. Weiterhin werden PLGA-Partikel teilweise mit Chitosan 

beschichtet, um entweder Mukoadhäsion zu erzielen oder die besondere Eigenschaft von 

Chitosan zu nutzen, dass dieses die Zell-Zell-Kontakte Tight Junctions und Adherens Junctions 
öffnen kann. Dies ist über immunhistologische Färbung des Membranproteins Zonula occludens 
Protein 1 (ZO-1) nachweisbar. Allerdings werden in der Beschichtung von PLGA- oder anderen 

Nanopartikeln mit Chitosan meist lediglich dünne Lagen an Chitosan von wenigen Nanometern 

erzielt. Die Einbettung von PLGA-Nanopartikeln mittels Sprühtrocknung in Chitosan ist bislang 

noch nicht untersucht worden, insbesondere im Hinblick auf intranasale Applikation. Die folgende 

Hypothese wurde aufgestellt: 

Polylactid -co-Glycolid (PLGA) Nanopartikel können unterhalb eines Durchmessers von 
200 nm innerhal b von 15  min intrazellulär in die olfaktorische Mukosa  des Schweins 
aufgenommen werden. Nanopartikel mit einer Größe von  500 nm werden nicht 
aufgenommen. Durch die Verpackung der PLGA-Nanopartikel  in Chitosan mittels 
Sprühtrocknung entstehen sogenannte Nano -in-Mikro -Partikel  mit hoher 
Verkapselungseffizienz und reproduzierbaren Partikeleigenschaften . Die Chitosan -
Beschichtung ermöglicht  auch die Aufnahme von PLGA-Nanopartikel n größer 200  nm, 
da Chitosan Zell -Zell-Kontakte im olfaktorischen Epithel des Schweins öffnet und so 
parazellulären Transport bewirkt . Die Öffnung der Zell -Zell-Kontakte kann mittels 
immunhistologischer Färbung nachgewiesen  werden.  

Die von dem Kooperationspartner MyBiotech GmbH aus Überherrn mittels 

Emulsionspolymerisation hergestellten PLGA-Nanopartikel mit den Durchmessern 81,6 nm, 

174,4 nm und 519,7 nm wurden mittels Rasterelektronenmikroskopie (REM) und konfokaler 

Laser-Scanning Mikroskopie (LSM) charakterisiert und mittels Sprühtrocknung erfolgreich in 

Chitosan verkapselt. Die entstandenen Nano-in-Mikro Partikel wurden wiederum mittels REM und 

LSM untersucht, sowie über statische Lichtstreuung charakterisiert. Die Aufnahme von reinen 

PLGA-Nanopartikeln unterschiedlicher Größe und die Aufnahme von Chitosan bzw. Chitosan-

beschichteten Nanopartikeln wurde ex vivo, auf präparierter olfaktorischer Mukosa vom Schwein, 

untersucht. Diese Studie wurde in der peer-reviewed Fachzeitschrift Frontiers in Pharmacology mit 

dem Titel £Nano-in-Micro-Particles Consisting of PLGA Nanoparticles Embedded in Chitosan 
Microparticles via Spray-Drying Enhances Their Uptake in the Olfactory Mucosā  veröffentlicht 

(Spindler et al., 2021). 
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2.2.2 Hypothese II  

In der pharmazeutischen Produktion wird das Verfahren der Sprühtrocknung bereits 

großtechnisch zur Trocknung von Wirkstoffen und Füllmaterialien eingesetzt. Die Forschung 

beschäftigt sich zudem mit der Verwendung von Sprühtrocknung zur Herstellung von partikulären 

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 

essenzieller Prozessparameter vollständig fehlt. Die folgende Hypothese wurde aufgestellt:  

Die Wahl des Chitosan -Derivates hat bei identisch gewählten Prozessparametern einen 
signifikanten Einfluss a uf die Ausbeute des Sprühtrocknungsprozesses, die Partikel -
größenverteilung und die Partikelmorphologie der gebildeten Partikel. Durch die Wahl 
idealer Prozessparameter können reproduzierbar sphärische Chitosan -Partikel mit 
glatter Oberfläche hergestellt w erden.  Der robust gewählte Sprühtrocknungsprozess 
ermöglicht die kontinuierliche Produktion im Labormaßstab.  

In diesem Kontext wurden sechs verschiedene Chitosan-Derivate mit Deacetylierungsgraden von 

80 % und 95 % und Molekulargewichten zwischen 20 kDa und 500 kDa in der Sprühtrocknung 

zur Partikelherstellung eingesetzt. Der Einfluss der Temperatur und des Materials, sowie die 

Auswirkungen auf die Ausbeute wurden im kontinuierlichen Labormaßstab untersucht. Die 

gebildeten Partikel wurden hinsichtlich ihrer Restfeuchtigkeit gravimetrisch, der Partikelgröße 

mittels statischer Lichtstreuung und der Morphologie mittels Rasterelektronenmikroskopie 

charakterisiert. Die optimalen Sprühtrocknungsparameter, sowie die Diskussion der Parameter, 

wurden zunächst exemplarisch für Chitosan-PLGA-Nano-in-Mikro Partikel in der peer-reviewed 
Fachzeitschrift Frontiers in Pharmacology mit dem Titel £Nano-in-Micro-Particles Consisting of 
PLGA Nanoparticles Embedded in Chitosan Microparticles via Spray-Drying Enhances Their Uptake 
in the Olfactory Mucosa¯ veröffentlicht (Spindler et al., 2021). Die detaillierte Analyse der Partikel 

bestehend aus verschiedenen Chitosan-Derivaten, sowie die Diskussion der Chitosan-Derivat-

Eigenschaften und deren Einfluss auf die Partikeleigenschaften, wurde anschließend in der peer-
reviewed Fachzeitschrift International Journal of Pharmaceutics mit dem Titel £Spray-dried 
Chitosan Particles as Controlled Intranasal Drug Delivery Systems for High Encapsulation Efficiency 
of Small Molecules and Monoclonal Antibodies̄  zur Verđffentlichung eingereicht. 

 

2.2.3 Hypothese III  

Für die kontinuierliche Dosierung von Wirkstoffen sind unter anderem partikuläre 

Wirkstoffformulierungen auf Basis von Chitosan Gegenstand der aktuellen Forschung. Um eine 

gleichförmige Wirkstofffreisetzungskinetik in vitro zu erreichen werden jedoch meist toxische 

Vernetzungsreagenzien wie beispielsweise Glutaraldehyd eingesetzt. Diese Vernetzungs-

reagenzien erzielen zwar ein verlangsamtes Freisetzungsprofil des Wirkstoffs aus den Partikeln, 

sind allerdings aufgrund der Toxizität nicht geeignet für die spätere Zulassung als mögliches 

Medikament. Darüber hinaus gibt es bislang nur wenige Studien in der Literatur, die sensitive 

Biopharmazeutika wie monoklonale Antikörper mit hoher Verkapselungseffizienz und 

gleichzeitiger Integrität als Drug Delivery System verkapseln. Die folgende Hypothese wurde 

formuliert:  
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Die Wahl eines geeigneten Chitosan -Derivates ermöglicht die erfolgreiche und 
strukturell i ntakte Verkapselung von niedrigmolekularen  Molekülen  und Antikörper -
wirkstoffen als Drug Delivery  System mittels Sprühtrocknung. Daraus ergibt sich ein e 
hohe  Verkapselungseffizienz,  Lagerstabilität bei Raumtemperatur und ein  kontrolliertes  
Freisetzungsverh alten über mehrere Tage in vitro . Die robust gewählte n Parameter des 
Sprühtrocknungsprozess es ermöglichen  dabei die Beladung unterschiedlicher 
Wirkstoffk onzentration en, ohne die erzielten Partikeleigenschaften zu beeinflussen . 

Es wurde aus den sechs verschiedenen in 2.2.2 Hypothese II  untersuchten Chitosan-Derivaten 

für die Untersuchung von 2.2.3 Hypothese III  das Chitosan-Derivat mit 80 % deacetylierten 

Gruppen und einem Molekulargewicht von 150-300 kDa in Pharmaqualität ausgewählt, da sich 

dieses gegenüber den übrigen Chitosan-Derivaten hinsichtlich Partikelausbeute, 

Partikelmorphologie und Verkapselungseffizienz als besser herausstellte. Darin erfolgreich 

verkapselt wurde das niedrigmolekulare Vitamin Biotin (Vitamin B7, Vitamin H) und der 

humanisierte monoklonale IgG1 Antikörper Ocrelizumab. Dabei konnten maximale Partikel-

Beladungen von ~5 gew. % Biotin, sowie ~5 gew. % und ~15 gew. % Ocrelizumab erzielt 

werden. Etwa 80 % der eingesetzten Wirkstoffe wurde erfolgreich in die Partikel verkapselt, damit 

konnte eine mittlere Verkapselungseffizienz von ȁ 80 % erzielt werden. Die strukturelle Integrität 

und die Lagerstabilität des Antikörpers Ocrelizumab wurde mittels Intrinsischer Fluoreszenz-

Spektroskopie, Zirkulardichroismus, Fourier-Transformations Infrarotspektroskopie und 

dynamischer Differenzkalorimetrie nach der Verkapselung durch Sprühtrocknung untersucht. 

Weiterhin wurde die für die Bioaktivität essenzielle Bindungskapazität mittels Enzyme-linked 
Immunosorbent Assay ermittelt und mit dem Tripeptidgehalt, bestimmt mittels Mikro 

Bicinchoninsäure Assay, verglichen. Die entwickelten partikulären Drug Delivery Systeme mit 

Biotin und Ocrelizumab wurden zudem mittels Rasterelektronenmikroskopie und statischer 

Lichtstreuung charakterisiert, sowie deren Restfeuchtigkeit gravimetrisch bestimmt. Die 

Wirkstofffreisetzungskinetik der partikulären Wirkstoffformulierungen wurde über einen Zeitraum 

von 15 Tagen in vitro untersucht. Die Ergebnisse dieser Studie wurden in der peer-reviewed 
Fachzeitschrift International Journal of Pharmaceutics mit dem Titel £Spray-dried Chitosan Particles 
as Controlled Intranasal Drug Delivery Systems with High Encapsulation Efficiency for Small 
Molecules and Monoclonal Antibodies̄  zur Verđffentlichung eingereicht. 

 

2.2.4 Hypothese IV  

Hyaluronsäure Hydrogele werden aufgrund ihrer guten Biokompatibilität und großen 

Adhäsionsfähigkeit vielseitig im Tissue Engineering, in der Chirurgie und als Drug Delivery Systeme 

eingesetzt. Obwohl die Eigenschaften der Hydrogele stark von dem Molekulargewicht, der 

Konzentration und den Umgebungsbedingungen beeinflusst werden sind diese grundlegenden 

Parameter in der Literatur nicht hinreichend dokumentiert und werden, in den verschiedenen 

genannten Anwendungen oftmals nicht berücksichtigt. Für die Untersuchung der Applikation auf 

Mukosa werden bislang zum Beispiel Mukosabiopsien tierischen Ursprungs verwendet, welche 

häufig nicht in der notwendigen Qualität verfügbar sind, ausschließlich frisch die benötigten 

Eigenschaften aufweisen und eine hohe Variabilität aufweisen können. Für vor allem 

oberflächenbasierte Fragestellungen, wie z.B. die Mukoadhäsion von pharmazeutischen 

Formulierungen sind in der Literatur bisher nur sehr wenige effiziente Testsysteme beschrieben. 

Der Kooperationspartner Dr. Johannes Flamm untersuchte in seiner Dissertation an der 
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Hochschule Biberach erstmals die Mukoadhäsion eines Hydrogel-Substrats bestehend aus Muzin 

und Agarose, im Vergleich zu Mukosa-Biopsien vom Schwein, als Mukosa-Analog. Die folgende 

Hypothese wurde formuliert: 

Das Hydrogel -Substrat bestehend aus Muzin  und Agar ose ist nicht nur in Bezug auf 
vergleichbare Mukoadhäsion ein gut geeignetes Analog für ex vivo  olfaktorische 
Mukosa, sondern stimmt auch hinsichtl ich der Oberflächenrauigkeit,  der Topografie und 
den Spreitungseigenschaften mit der natürlichen herauspräpar ierten Riechschleimhaut 
des Schweins überein. Aufgrund dieser vergleichbaren Eigenschaften kann das 
Spreitungsverhalten von  Hyaluronsäurelösungen  reproduzierbar auf dem Hydrogel -
Substrat analysiert werden.  Die Polymerkonzentration der  Hyaluronsäure lösungen  
beeinflusst den Kontaktwinkel, das Sei tenverhältnis des Tropfens  und  die 
Spreitungsgeschwindigkeit signifikant. Die  physiologischen Bedingungen der Nase und 
die Tropfendosierung in Sessile Drop Konfiguration begünstigen die Hyaluronsäure -
Spreitung . Die Spreitung der Hyaluronsäurelösung auf Glas ist im Vergleich zu dem 
Muzin -Agarose -basierten Hydrogel -Substrat reduziert, was größere Kontaktwinkel und 
ein niedrigeres Seitenverhältnis des Tropfens impliziert.  

Das auf Objektträger beschichtete Hydrogel-Substrat bestehend aus Muzin und Agarose ist ein 

geeignetes Analog für olfaktorische Mukosa vom Schwein. Seine gleichbleibende Qualität, 

einfache Herstellung und kostengünstige Beschaffung machen es zu einem effizienteren 

Testsystem für pharmazeutische Applikationen auf Mukosa, als die bisher eingesetzten ex vivo 
Gewebebiopsien. In dieser Dissertation wurde die Herstellung des Muzin-Agarose-basierten 

Hydrogels, sowie die Präparation der Riechschleimhaut vom Schwein etabliert und durchgeführt. 

Daran anschließend erfolgte die umfassende, vergleichende Charakterisierung der 

Oberflächenrauigkeit und Topografie der artifiziellen Mukosa und den porzinen Gewebebiopsien 

der Riechschleimhaut. Die artifizielle Mukosa wurde dann als effizientes Testsystem für die 

Untersuchung von Hyaluronsäurelösungen eingesetzt. Für die Bestimmung, der für die 

Anwendung auf Mukosa relevanten Parameter - Kontaktwinkel, Seitenverhältnis des Tropfens, 

Spreitungsgeschwindigkeit und Grenzflächenspannung - wurden Kontaktwinkelmessungen von 

nativen Hyaluronsäurelösungen mit den Polymerkonzentrationen 10 mg mL-1, 20 mg mL-1 und 

30 mg mL-1 auf Glassubstraten und der artifiziellen Mukosa in Sessile und Pendant Drop 

Konfiguration durchgeführt. Abschließend wurden Spreitungsversuche mit, durch UV-Licht 

vernetzbaren, Tyramin-modifizierten Hyaluronsäurelösungen auf dem Hydrogel-Substrat und der 

ex vivo Mukosa vom Schwein durchgeführt. 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 Nase nachbildend - aufgezeichnet. 

Damit konnte die artifizielle Mukosa validiert werden und die Eignung des UV-vernetzbaren 

Hyaluronsäure-Derivates für die intranasale Applikation als mögliche Partikel-stabilisierende 

Komponente getestet werden. Diese Ergebnisse wurden in der peer-reviewed Fachzeitschrift 

Colloids and Surfaces B: Biointerfaces mit dem Titel £Hyaluronate spreading validates mucin-
agarose analogs as test systems to replace porcine nasal mucosa explants: An experimental and 
theoretical investigation̄  veröffentlicht. 
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3. Entwicklung von PLGA-Chitosan-basierten Nano-in-Mikro-Partikeln 

mittels Sprühtrocknung und Untersuchung deren Applikation auf 

porzinem olfaktorischen Epithel 

Die Ergebnisse und die Diskussion zu den Hypothesen 1 und 2.1 sind in diesem Kapitel als 

Manuskript mit dem Titel ¯Nano-in-Micro-Particles Consisting of PLGA Nanoparticles Embedded 
in Chitosan Microparticles via Spray-Drying Enhances Their Uptake in the Olfactory Mucosa° 
dargestellt. Dieses Manuskript wurde in der peer-reviewed Fachzeitschrift Frontiers in 
Pharmacology veröffentlicht. Darüber hinaus wird 2.2.1 Hypothese I  in Kapitel 6.1 und 2.2.2 
Hypothese II  in Kapitel 6.2 zusammenfassend diskutiert. 

Hinweis : Das Layout des Manuskripts wurde an das Layout dieser Dissertationsschrift angepasst. 

Die dadurch entstandenen Überarbeitungen haben den Inhalt der Veröffentlichung nicht 

verändert. 

3.0 Erklärung meiner eigenständigen Leistung 

Ich habe diese Studie zum größten Teil eigenständig konzipiert und ihre wissenschaftliche 

Methodik ausgearbeitet. Außerdem habe ich den Großteil der praktischen Arbeiten durchgeführt 

und angeleitet, dies beinhaltete konkret: 

¶ Die Sprühtrocknungsparameter für einen robusten Prozess für das Biopolymer Chitosan 

wurden von mir etabliert und optimiert. 

¶ Der Sprühtrocknungsversuch für die Nano-in-Mikro-Partikel (NiMPs) wurde von mir 

konzipiert und die Herstellung der NiMPs angeleitet. 

¶ Die Gewebepräparation aus frischen Schweineschnauzen von der Metzgerei wurde von 

mir etabliert. Die Präparation der olfaktorischen Mukosa wurde von mir durchgeführt und 

erfolgte unter meiner Anleitung. 

¶ Die Partikelapplikation der NiMPs sowie der puren PLGA Partikel auf ex vivo Gewebe-

Biopsien vom Schwein wurde von mir durchgeführt und angeleitet. 

¶ Die Methode zur Herstellung von Kryoschnitten der Gewebeproben sowie deren 

immunhistologische Färbung wurde von mir etabliert und erfolgte unter meiner Anleitung. 

¶ Die lichtmikroskopischen Aufnahmen wurden unter meiner Anleitung durchgeführt und 

ich habe die Analyse der Gewebeschnitte übernommen. 

¶ Die konfokale Laser-Scanning-Mikroskopie wurde von mir durchgeführt. 

¶ Die konfokalen Mikroskopie-Aufnahmen wurden von mir ausgewertet. 

¶ Die Partikelgrößenbestimmung der NiMPs mittels statischer Lichtstreuungsmessung 

erfolgte unter meiner Anleitung. 

¶ Die Zeta-Potential Messungen der NiMPs wurden von mir angeleitet. 

Alle erhobenen Daten wurden von mir ausgewertet. Der weitaus größte Teil dieses peer-reviewed 
Fachartikels wurde von mir geschrieben, konkret habe ich den Original-Entwurf des Manuskripts 

konzipiert und geschrieben, sowie federführend die Änderungsvorschläge meiner Co-Autoren 

harmonisiert und eingearbeitet. 
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3.1.1 Abstract 

Intranasal delivery has gained prominence since 1990, when the olfactory mucosa was recognized 

as the window to the brain and the central nervous system (CNS); this has enabled the direct site 

specific targeting of neurological diseases for the first time. Intranasal delivery is a promising route 

because general limitations, such as the blood-brain barrier (BBB) are circumvented. In the 

treatment of multiple sclerosis (MS) or Alzheimer®s disease, for example, future treatment 

prospects include specialized particles as delivery vehicles. Poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles are well known as promising delivery systems, especially in the area of nose-to-brain 

(N2B) delivery. Chitosan is also broadly known 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 size-timedependent uptake mechanism into the lamina propria of porcine 

olfactory mucosa. The intracellular uptake was observed for 80 and 175 nm within only 5 min 

after application to the epithelium. After 15 min, even 520 nm particles were detected, associated 

with nuclei. Especially the presence of only 520 nm particles in neuronal fibers is remarkable, 

implying transcellular and intracellular transport via the olfactory or the trigeminal nerve to the 

brain and the CNS. Additionally, we developed successfully specialized Nano-in-Micro particles 

(NiMPs) for the first time via spray drying, consisting of PLGA nanoparticles embedded into 

chitosan microparticles, characterized by high encapsulation efficiencies up to 51 %, reproducible 

and uniform size distribution, as well as smooth surface. Application of NiMPs accelerated the 

uptake compared to purely applied PLGA nanoparticles. NiMPs were spread over the whole 

transverse section of the olfactory mucosa within 15 min. Faster uptake is attributed to additional 

paracellular transport, which was examined via tightjunction-opening. Furthermore, a separate 

chitosan penetration gradient of Ḑ150 µm caused by dissociation from PLGA nanoparticles was 

observed within 15 min in the lamina propria, which was demonstrated to be proportional to an 

immunoreactivity gradient of CD14. Due to the beneficial properties of the utilized chitosan-

derivative, regarding molecular weight (150²300 kDa), degree of deacetylation (80 %), and 

particle size (0.1²10 m˃) we concluded that M2-macrophages herein initiated an anti-

inflammatory reaction, which seems to already take place within 15min following chitosan particle 

application. In conclusion, we demonstrated the possibility for PLGA nanoparticles, as well as for 

chitosan NiMPs, to take all three prominent intranasal delivery pathways to the brain and the CNS; 

namely transcellular, intracellular via neuronal cells, and paracellular transport. 

 

3.1.2 Introduction 

Intranasal delivery became more prominent in the last decades because modern treatments focus 

on biopharmaceuticals and concurrently reveal opportunities, but also provide challenges. 

Intranasal delivery is a promising route to overcome general limitations such as the blood-brain 

barrier (BBB). In the treatment of neurological disorders, for example multiple sclerosis or 

Alzheimer®s disease. Future prospective treatments may also include not only proteins or 

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 exclusion and surface charge (Stützle, 

Flamm, Carle, & Schindowski, 2015a; Hartwig Wolburg et al., 1994), which is problematic for 

intravenous and oral administration in current therapeutic approaches. More than one billion 

people are currently affected by neurological diseases with a rising tendency (WHO, 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. Covid-19 infections, as one prominent example, occur mainly from the 

initial contact to the nasalmucosa and can harmthe brain (Layden et al., 2020; Yu et al., 2020). 

Therefore, to prevent greater damage, effective treatments should also occur along this route. As 

a consequence, the actual need for innovative intranasal delivery systems is rapidly increasing.  

The nasal mucosa, as the first 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 and is necessary for respiration (M. I. Ugwoke et al., 2005). 

Further, rapid clearance of dust and 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 odorants, 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 epithelium covers 4²5 cm2 in 

humans. Up to approximately 10 cm2 of the olfactory mucosa can be excised from the dorsal part 

of the concha nasalis dorsalis in pigs (Getty, 1975; Ladel et al., 2018; Alpesh Mistry, 2009). The 

olfactory epithelium can be distinguished from the respiratory epithelium due to fewer blood 

capillaries and hence brighter color (Alpesh Mistry, 2009; Stützle et al., 2015a).  

Polymeric nanoparticles embody convincing advantages such as stability, high loading capacity, 

and controlled drug release (Bourganis et al., 2018b; Rabiee et al., 2020). Poly(lactic-coglycolic 

acid) (PLGA) nanoparticles especially are widely known as promising delivery vehicles. PLGA, 

consisting of lactic and glycolic acid, is a biodegradable biopolymer already approved by the Food 

and Drug Administration (FDA) and the European Medicine Agency (EMA) (Danhier et al., 2012). 

Its release properties are tunable due to the mass ratio of lactic and glycolic acid. Exemplarily, a 

mass ratio of 50 % each results in a controlled release over several days. Degradation occurs 

through hydrolysis and the decomposition products are further metabolized. U. Seju et al. 2011 

reported PLGA nanoparticles as promising delivery systems for nose-to-brain delivery because drug 

release of olanzapine occurs over several days due to slow swelling of PLGA and long-term 

residence of the resulting gel at the site of action, further 8-fold drug concentrations, compared 

to the solute form, have been achieved (Seju et al., 2011). Muntimadugu et al. 2016 reported the 

transport of PLGA nanoparticles with diameters below 200 nm along axons within the nasal 

mucosa (Muntimadugu et al., 2016).  

Neuronal bundles within the olfactory mucosa being directly connected to the olfactory or 

trigeminal nerve is identified as one transport route to the brain and the CNS (J. M. Anderson et 

al., 2008; Gänger & Schindowski, 2018; Stützle et al., 2015a). PLGA and chitosan particles up to 

250 µm were recently reported to be mainly transported via the olfactory route (Rabiee et al., 

2020); however, uptake and distribution examinations of PLGA and chitosan particles in nasal 

mucosa samples are still rare. Additional nose-to-brain delivery routes are intracellular uptake and 

further transcytosis, as well as paracellular transport. Other research groups focused on the 

paracellular route in epithelial cell cultures and mucosal tissues (Fazil et al., 2012; Rassu et al., 

2016; Sadeghi et al., 2008; Sonaje et al., 2012). Herein chitosan-based carriers have become one 

of the most promising and intensively-studied mucosal drug delivery systems (Garcia-Fuentes & 

Alonso, 2012). This is attributed to their mild and simple preparation technique as well as their 

capacity to associate biologics 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 deacetylation (Sarmento & Neves, 2012; Wenling 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 solubility, swelling, 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 of the chitosan (Henriksen et al., 1996). The 

length of the chitosan polymer chains and their average molecular weight can be controlled by 

enzyme-mediated decomposition or acid hydrolysis (Illum, 1998). The chitosan utilized in this 

study, for example, has 80 % deacetylated residues and is; therefore, mucoadhesive and well 

soluble in acidic solutions.  

Chitosan can open tight junctions (Fazil et al., 2012; Rassu et al., 2016; Sonaje et al., 2012), which 

are the characteristic intercellular connections present in epithelial cells and endothelial cells. One 

major component Zonula occludens protein 1 (ZO-1) was initially explored, in 1986, by Stevenson 

et al. 1986 in epithelial cells (Stevenson, Siliciano, Mooseker, & Goodenough, 1986), it was later 

also documented in endothelial cells (James Melvin Anderson, Stevenson, Jesaitis, Goodenough, 

& Mooseker, 1988) and fibroblasts (Howarth, Hughes, & Stevenson, 1992; Itoh, Yonemura, 

Nagafuchi, Tsukita, & Tsukita, 1991). The above-mentioned research groups described the ability 

of chitosan to open tight junctions in cell culture, studying the impact of chitosan solutions on 

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 tight junction 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 particles 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 needed (Rabiee et al., 2020). The nasal mucosa, as a biological barrier directly 

exposed to the environment, is a well-known immune active tissue (Bourganis et al., 2018b; Doty, 

2015; Ladel et al., 2018; Morrison & Costanzo, 1990; Stützle et al., 2015a). Nasalassociated 

lymphoid tissue (NALT) includes immune active 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 what specific pathway is mainly unclear up to now.  

Consequently, clarification 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 develop 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 of different diameters up to 520 nm to spray-dried 

nano-in-micro particles (NiMPs) coated with chitosan to identify chitosan-mediated mechanisms 

important for intranasal delivery. Additionally, we utilized the unique benefits of the controlled 

release of PLGA nanoparticles over several days combined 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(lactic-co-glycolic acid) PLGA nanoparticles with 80 and 175 nm diameter were prepared by 

precipitation. 5 mg mlī1 PLGA 50:50 (Evonik, Essen, Germany) and 14 µg mlī1 Lumogen (BTC 

Europe, Monheim, Germany), or 10 mg mlī1 PLGA 50:50 (Evonik, Essen, Germany) and 28 µg mlī1 

Lumogen (BTC Europe, Monheim, Germany) were dissolved in Acetone for 80 and 175 nm 

particles respectively. This solution was mixed in a 1:2 solvent:nonsolvent ratio with distilled water 

containing 2.5 mg mlī1 Pluronic F68 (Sigma-Aldrich, St. Louis, United States) by the use of 

amagnetic stirrer. PLGA nanoparticles with 520 nm diameter were prepared by two-step double 

emulsification to obtain water-oil-water emulsions (w/o/w). The first emulsification step was 

performed with Milli-Q water and 5 mg mlī1 PLGA (Evonik, Essen, Germany) solution in 

Dichloromethane:Ethylacetate (1:3) as solvent. The water to organic phase ratio was 1:10. For 

labeling 28 µg mlī1 Lumogen F Red (BTC Europe, Monheim, Germany) was added to the 

formulation dissolved in the organic phase. As a surfactant polyvinyl alcohol (PVA) with a 

molecular weight of 27 kDa (Sigma-Aldrich, St. Louis, United States) was used in the second 

emulsification. Therefore 1 wt%  PVA was dissolved in water at 80 °C. The obtained primary 

emulsion and PVA containing aqueous phase were emulsified to achieve a w/o/w emulsion at a 

ratio of 1:10. Both emulsification steps were performed at the highest speed (26,000 rpm) for 

1 min by using Silence Crusher M (Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) 

homogenization device. The finally obtained w/o/w emulsion was stirred moderately overnight to 

evaporate the organic phase. 

 

Nano-in-Micro Particle Preparation via Spray Drying  

A Büchi B-290 mini spray dryer (Büchi Labortechnik AG, Flawil, Switzerland) was used to 

encapsulate the previously prepared PLGA nanoparticles 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 dissolved in 0.5 vol% acetic acid at a 

concentration of 1 wt% . The chitosan matrix was labeled with fluorescein sodium salt (Honeywell 

Flunka, New Jersey, United States) at a concentration of 260 µg mlī1 in the spray drying solution. 

The nanoparticle suspension (6.25 mg mlī1 PLGA in Milli-Q 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 1.5 mm. The inlet 

temperature was set to 100 °C at a fluid feed rate of 4.46 ml minī1, gas feed rate of 

12.94 g minī1, and an aspiration rate of 100 % equating with Ḑ700 g minī1. The system was 

equilibrated before use and washed after spray drying with Milli-Q water. 
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Scanning Electron Microscopy  

For Scanning Electron Microscopy (SEM) analysis, PLGA nanoparticle suspension (6.25 mg mlī1 

PLGA in Milli-Q water) was vortexed and 10 µL of the suspension was pipetted onto a clean silicon 

wafer, covered with a petri dish, and dried overnight at room temperature. Nano-in-micro particle 

powders were fixed with conductive electron microscopy tape directly onto a sample holder. A 

thin layer of platinum was sputtered on all samples before measurement. Measurements were 

performed at different magnifications with a Leo Gemini 1530 VP (Carl Zeiss Microscopy 

Deutschland GmbH, Oberkochen, Germany) microscope at 5.00 kV using the InLens detector and 

SE2 for signal B. 

 

Laser Scanning Microscopy  

For Confocal Laser Scanning Microscopy (CLSM) the nanoparticle suspension (6.25 mg mlī1 PLGA 

in Milli-Q water) was vortexed and 10 µL were applied to a cover glass, which was then covered 

with a petri dish and dried at room temperature protected from light. Completely dried samples 

were measured upside down with a 63x water immersion objective. Nano-in-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, Oberkochen, Germany). The 

utilized lasers and the corresponding emission filters for CLSM imaging are displayed in 

Supplementary Table S1. For three-dimensional information, z-stack measurements with a pitch 

of 0.5 µm for 63x recordings and 1 µm for 20x images were recorded and stitched together in a 

maximum intensity projection. For picture analysis and post-processing, ZEN software (Carl Zeiss 

Microscopy Deutschland GmbH, Oberkochen, Germany) was used. 

 

Particle Size Distribution  

PLGA nanoparticles were measured as a suspension in Milli-Q 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 

average decay rate, were reported (ISO, 2017). The average decay rate is defined by diffusion 

coefficient and scattering vector as written in ISO standard 22412:2017. Since the Stokes-Einstein 

hydrodynamic diameter is inversely proportional to the decay rate, the average diameter is equal 

to the average decay rate. Nano-in-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 µP 2000 measurement cell. The spray-dried powder sample was first 

dispersed in 2-propanol via ultrasonic treatment for 3 s in an ultrasonic bath. Additional 

measurements at 1,50  rpm were performed after 1 min ultrasonic treatment in the measurement 

cell. Measuring chitosan particles is reported with the organic solvent ethanol (Ka¶par et al., 2013; 

Tokárová et al., 2013), but we detected swelling of chitosan particles within several minutes in 

ethanol falsifying the particle size measurement as a result. Therefore, we only used 2-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 with ImageJ software (Wayne Rasband, 1997). 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 (PdI) also for nano-in-micro particles (NiMPs) was calculated with Eq. 1 using 

the mean particle diameter dm and the standard deviation of the particle size ʎ  (Clayton, Salameh, 

Wereley, & Kinzer-Ursem, 2016), which is not automatically reported within the Mastersizer 

software (Malvern Instruments, Malvern, United Kingdom). 

ὖὨὍ
„

Ὠ
 (1) 

 

Zeta Potential  

Zeta potential was examined for PLGA nanoparticles and nano-in-micro particles (NiMPs) with a 

Zetasizer Nano ZS (Malvern Instruments, Malvern, United Kingdom) utilizing a folded capillary cell 

DTS 1070 (Malvern Instruments, Malvern, United Kingdom). The instrument was calibrated 

routinely with a -50 mV latex standard. PLGA nanoparticles were suspended in Milli-Q water, as 

well as in 2-propanol as comparison. Due to initially occurring agglomeration and swelling of 

chitosan NiMPs in Milli-Q water, NiMPs were suspended and measured only in 2-propanol via 

ultrasonic treatment of 30 s in an ultrasonic bath. For measurements in aqueous media 

Smoluchowski approximation and Huckel approximation for non-aqueous measurements in 2-

propanol was used. The measurements were repeated five times at neutral pH and 25 °C after 

600 s equilibration time. 

 

Encapsulation Ef fi ciency 

The encapsulation efficiency of nano-in-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 determined using the assumption 

of particles equal in size with the mean diameters extracted from light scattering measurements 

for nanoparticles and microparticles, respectively (n = 5). In the second calculation, the relative 

encapsulation efficiency was observed relating the total crosssection area of PLGA nanoparticles 

(red) to the cross-section area of nanoparticles solely outside of chitosan microparticles (n = 5). 

Consequently, the difference between total cross-section area of nanoparticles and cross-section 

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 

dorsal part of the concha nasalis dorsalis (Getty, 1975; Alpesh Mistry, 2009). The olfactory mucosa 

was gently removed from the underlying cartilage with the help of forceps (Ladel et al., 2018). 

Excised specimens were further dissected into 1²2 cm² samples. Post mortem delay 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 dish. Ḑ12 mg of NiMPs 

were administered to the olfactory mucosa, which due to the chitosan coating is equivalent to 

Ḑ4 mg of PLGA particles for NiMPs with low chitosan ratio and Ḑ2 mg for NiMPs with high 

chitosan content, examined from the actual encapsulation efficiency evaluated via image analysis 

from Confocal Laser Scanning Microscopy images. The mucosa was then placed into a modified 

side-by-side cell consisting of two micro reaction tubes (1.5 ml) between clamping tongs (Figure 

3A), resulting with the inner radius 5 mm in a permeation area of 78.5 mm². The bottom 

microtube was filled with 260 µL of phosphate-buffered saline (PBS) at pH 7.4 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 35 °C and 90 % humidity to 

simulate the natural conditions within the nasal cavity for 5 min to 2 h. As a comparison, 20 µL 

of the PLGA nanoparticle suspension was applied similarly; however, due to the production 

procedure Ḑ0.2 mg particles were applied in this case, which does hence only allow a quantitative 

comparison among similar applied samples. Due to the sensitivity of PLGA nanoparticles they 

could not be dried and applied as a powder; however, the NiMPs could not be suspended in 

aqueous media due to the intense swelling of chitosan. Consequently, PLGA nanoparticles and 

NiMPs were treated differently in the experiments, which is considered in the comparison of the 

results. Control samples were taken respectively at time point 0 min directly after application. 

After the respective incubation times, the mucosa specimens were immediately fixed in 4 wt%  

paraformaldehyde for at least 2 h and stored in 30 wt%  sucrose at 4 °C until sectioning. The 

tissue samples were cut in 20 µm slices at the site of applied particles in a cryostat at -25°C 

(HM560, Thermo Fisher Scientific, Dreieich, Germany) and mounted on Superfrost®Plus Micro 

slides (Thermo Fisher Scientific, Waltham, United States). 

 

Immunohistochemistry and Histological Staining  

The structural integrity of the epithelial layer was confirmed by hematoxylin-eosin (HE) staining. 

HE-stained slides were dehydrated in ethanol and 2-propanol. Finally, they were embedded with 

Eukitt® Quick-hardening mounting medium (Sigma-Aldrich, St. Louis, United States) and covered 

with a coverslip. For observation via confocal laser scanning microscopy either solely cell nuclei 

were stained with DAPI (4®,6- Diamidin-2-phenylindol 2HCl; Serva Electrophoresis GmbH, 

Heidelberg, Germany) or DAPI staining was performed after the immunohistochemistry staining 

procedure. Tissue explants viability was verified with control samples live-stained after incubation 

up to 5 h with Hoechst 33342 (Cell Signaling Technology Inc., Danvers, United States). To visualize 

the initial immune reaction, CD14+ cells were stained via CD14 primary antibody (#NB100-77758, 

Novus Biologicals, Littleton, United States) and goat anti-mouse secondary IgG (H+L) Alexa Fluor® 

647 (#A-21235, Thermo Fisher Scientific, Waltham, United States). Neurofilament heavy protein 

(200 kDa) NFH was marked to visualize co-localization with neuronal bundles and therefore 

stained with NF-H primary antibody (#PA1-10002, Thermo Fisher Scientific, Waltham, United 

States) and goat anti-chicken secondary IgY (H+L) FITC (#A16055, Thermo Fisher Scientific, 

Waltham, United States). Cell-cell junction protein 1 (Zonula occludens protein 1; ZO-1) was 

detected via ZO-1 primary antibody (#NBP1-85047, Novus Biologicals, Littleton, United States) and 

secondary goat anti-rabbit IgG (H+L) Alexa Fluor® 647 (#ab150083, Abcam, Cambridge, United 

Kingdom). The fluorescently stained samples were fixated with Fluoroshieldµ mounting medium 

(Sigma-Aldrich, 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(lactic-co-glycolic acid) PLGA nanoparticles manufactured with 

precipitation was adjusted by the variation of PLGA concentration in the solvent phase. 5 mg mL-

1 PLGA starting concentration resulted in an average particle size of 81.6 nm with a Polydispersity 

index (PI) of 0.071, whereas characterization of the particles manufactured with 10 mg mL-1 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 value of 0.1 (Hughes, Budd, Tiede, & Lewis, 2015). PLGA nanoparticles 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 Poten tial  

The Zeta potential was characteristically negative for all prepared PLGA nanoparticles (Ravi Kumar, 

Bakowsky, & Lehr, 2004; Vila, Sanchez, Tobío, Calvo, & Alonso, 2002). However, 2-propanol is 

less polar than water and has a lower dielectric constant of 18.0 As Vmī1 at 25°C compared to 

78.5 As Vmī1 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 Microscopy (CLSM). As presented in Figure 1A, nanoparticles prepared 

by the double emulsion technique are spherical and show a smooth surface. Further, their 

successful labeling with Lumogen F Red was confirmed with their intense and homogenous color 

(Figure 1B). 
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Figure 1: PLGA nanoparticles prepared by double emulsion technique (A, B) and spray dried nano-in-micro 
particles (NiMPs) prepared by spray drying at two different polymer ratios consisting of PLGA nanoparticles 
(520 nm) and chitosan as matrix material (C²H). (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 z-stack, particles labeled with Lumogen F Red. (C) CLSM image of 
NiMPs 1/3 chitosan:2/3 PLGA, mag. 630 X, MIP; Enlarged cross-section of particles and particle schematic; 
Chitosan (green) and PLGA nanoparticles (red). (D) 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 a z-stack, 
mag. 630 X, external view. (F) Transparent 3D projection of CLSM images (green: chitosan; red: PLGA) 
stiched together from a z-stack, mag. 630 X, internal view. (G) SEM image of NiMPs 1/3 chitosan:2/3 PLGA, 
mag. 10 kX. (H) SEM picture of NiMPs 2/3 chitosan:1/3 PLGA, mag. 10 kX. 3D projections (external, 
transparent) of CLSM images from 2/3 chitosan:1/3 PLGA NiMPs displayed in Supplementary Figure S1. 
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Nano-in-Micro Particle s 

Particle Size Distribution  

Herein prepared nano-in-micro particles (NiMPs) consisting of PLGA nanoparticles (520 nm) 

coated via spray-drying with chitosan varying the chitosan:PLGA polymer ratio. First, NiMPs with 

1/3 chitosan:2/3 PLGA were prepared and analyzed via static light scattering (SLS), while stirring 

at 1,500 rpm in the µP 2000 measurement cell. The resulting Gaussian shaped volume size 

distribution is presented in Figure 2A. Compared to the NiMPs with 2/3 chitosan:1/3 PLGA, the 

particle size increased 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 as the mean particle size and 

thereof the Polydispersity Index (PdI) to characterize the homogeneity of the particle population. 

These values are presented in Table 1. NiMPs with a higher chitosan ratio resulted in a d(0.5) 

particle size of 8.65 µm (Table 1) compared to the slightly smaller particles with less chitosan 

characterized by a d(0.5) diameter of 8.10 µm. Both spray-dried 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 PdI (Table 1). 

Second, the samples were treated with ultrasound for 1 min in the µP 2000 measurement cell 

and afterwards measured again at 1,500 rpm. The second measurement cycle revealed a 

bidisperse size distribution for both sample types displayed in Figure 2B. The volume fraction is 

divided equally in a nanoparticle 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 0.18 µm compared to 0.21 µm 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 nanoparticles, 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 broader (Table 1). In contrast, 

the microparticle fraction of NiMPs with less chitosan is characterized by a mean particle diameter 

of 6.61 µm, whereas NiMPs consisting of more chitosan have a smaller mean diameter of 5.75 µm. 

Additionally, the microparticle fraction of NiMPs with high chitosan ratio is narrower than the 

microparticle fraction of NiMPs with low chitosan ratio (Table 1). These findings 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 efficiencies and understand, 

whether a higher matrix ratio is beneficial to encapsulate nanoparticles via spray drying, which is 

explained below.  

Additionally, we measured the size distribution of NiMPs in representative Scanning Electron 

Microscopy (SEM) images using ImageJ software and plotted their resulting diameters against 

frequency. The following size distributions are presented in Figure 2C together with a non-linear 

Gaussian fit performed in OriginPro software. The majority of 1/3 chitosan:2/3 PLGA-NiMPs has a 

diameter of 0.45 µm. NiMPs with high chitosan ratio (2/3 chitosan:1/3 PLGA) resulted in a slightly 

greater mean diameter of 0.52 µm (Table 1), which confirms that more chitosan available during 

spray-drying 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 result in 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. In 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 the volume of the 

measured particles within the sample is not considered. 

Table 1: Characteristic parameters of nano-in-micro particles (NiMPs) obtained from static light scattering 
measurements. d(0.5) value represents the diameter of 50 % of the particle population. The Polydispersity 
index (PdI) characterizes the homogeneity of the particle population; 1 min ultrasonic treatment (US). 

Method  SLS SLS SLS SEM 

Condition  
Agglomerated 

suspension 

in 2-propanol 

Suspension 

in 2-propanol 

Suspension 

in 2-propanol 
Dry 

Treatment  1,500 rpm 
After US 

(First Peak) 

After US 

(Second Peak) 
None 

d [µm]  
1/3 chitosan:  
2/3 PLGA 

8.10 0.18 6.61 0.45 

d [µm]  
2/3 chitosan:  
1/3 PLGA 

8.65 0.21 5.75 0.56 

PdI 1/3 chitosan: 
2/3 PLGA 

0.99 0.70 1.89 0.6 

PdI 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 characteristically 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 spray-dried 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 6.61 µm microparticle (MP) have been encapsulated (Figure 

1C). Red nanoparticles are distributed inside of green chitosan microparticles (Figure 1F). Solely, a 

few nanoparticles remained on the surface (Figure 1E) and hence most nanoparticles were 

encapsulated successfully. Due to the higher chitosan ratio NiMPs with 2/3 chitosan:1/3 PLGA 

showed an average of only two 519.7 nm PLGA NP in one chitosan 5.75 µm MP (Figure 1D). Both 

samples further resulted in similar encapsulation efficiencies; however, NiMPs with a lower 

chitosan ratio were produced with proportionally less matrix material to cover PLGA nanoparticles. 

NiMPs consisting of 1/3 chitosan:2/3 PLGA resulted in an encapsulation efficiency of 39 ± 19 % 

(Figure 1C). NiMPs with a higher chitosan ratio (2/3 chitosan:1/3 PLGA) yielded in a higher 

encapsulation efficiency of 51 ± 16 % (Figure 1D), however this is not significant. Consequently, 
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PLGA nanoparticles were successfully encapsulated into chitosan via spray drying, but a 1/3 higher 

matrix composition did not significantly improve the encapsulation efficiency. 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 displayed in Figure 1E (1/3 chitosan:2/3 PLGA) and Figure 1F (2/3 

chitosan: 1/3 PLGA). The previously-described 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 micron (Figure 

1G), which is additionally proved with the size distribution in Figure 2C. In contrast, spray-dried 

NiMPs with the opposite polymer ratio (2/3 chitosan:1/3 PLGA) are slightly bigger (Figure 1H, 

Figure 2C). 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 100 °C and a 

resulting outlet temperature of 45 ± 1 °C, which allows continuous evaporation of the water 

phase and results in homogenous particles with dense pores and hence smooth appearing surface 

(Paudel et al., 2013). 

 

Figure 2: (A) Volume size distribution of nano-in-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 measurement cell; 
(n = 5). (C) Particle number distribution (n = 307 particles) extracted from Scanning Electron Microscopy 
(SEM) images and fitted 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 Nanoparticles  

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 specimens and incubated in specialized side-by-side 

cells at physiological conditions of 35 °C and 90 % humidity (Figure 3A) mimicking the nasal 

cavity. Quality control of olfactory mucosa biopsy and further processing steps including cutting, 

particle application, fixation, and cryo-sectioning occurred via hematoxylin-eosin (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 enhance 

particulate uptake. Further, sample thickness of ex vivo specimens was 1,273 ± 356 µm, whereas 

individual samples were not significantly different in thickness (Shaipiro-Wilk normality test, One-

Way-ANOVA with Levene®s variance test and Bonferoni posthoc test; p < 0.05 

respectively).Detailed thickness data and statistical analysis are presented in Supplementary Figure 

S2.  

PLGA nanoparticles, with a diameter of 80 and 175 nm have been taken up immediately into the 

lamina propria of the olfactory mucosa within 5 min after application. Particles are spread over 

the lamina propria. 80 nm nanoparticles, co-localized 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 3C). 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., 2020). Muntimadugu 

et al. 2016 has further already reported the transport of PLGA nanoparticles, with diameters below 

200 nm, along axons within the nasal mucosa (Muntimadugu 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 Caco-2 epithelial cells (Win & Feng, 

2005). In our study, 10 min after application to the olfactory mucosa explants, cells also seemed 

able to take up 520 nm nanoparticles; these were found distributed in the epithelial layer and 

mainly in the outer 150 µm of the lamina propria (Figure 3D). Overall, the uptake of the larger-

size particles occurred in slower motion compared to 80 and 175 nm particles. Further, 520 nm 

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 particles have 

been detected only sparely in glands, not in deeper layers of the lamina propria, nor in the collagen 

tissue, which connects the porcine mucosa with the nasal septum in vivo. An overview of size- 

and time-dependent PLGA nanoparticle uptake and distribution is presented in Table 2: In 

summary, the uptake of PLGA nanoparticles, displayed in Table 2, is fast, within only 5 min after 

application to the apical side of olfactory mucosa, of PLGA nanoparticles up to a diameter of 

520 nm, into the epithelial cell layer. Further size dependent penetration occurs within 10 min to 

the underlying lamina propria. Herein, 80 nm particles penetrate to a high extent, whereas similar 

amounts of 175 nm particles were taken up. 520 nm, in contrast, penetrated to a very low extent 

and, hence, were also slower. Further, many 80 nm particles were detected within 5 min, 

especially intracellularly within lymphoid follicles, which can imply an interaction with immune 

cells. In contrast, 175 nm particles were only rarely found associated with lymphoid follicles and 

520 nm particles were, even within 15 min, not detected co-localized 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, 175 nm particles have been detected 

after 5 min in glands, 520 nm particles only after 15 min, and 80 nm particles were not detected 

at all. This again implies a size dependent differentiation in transport routes, but does 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 have 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 be transported only transcellular across other cell types. Finally, none of the investigated 

pure PLGA nanoparticle samples were detected within the basolateral collagen tissue and, thereof, 

none of these penetrated the whole transverse section of the tissue samples within 15 min 

following application. 

 

Figure 3: (A) Experimental setting of ex vivo particle permeation experiments, porcine olfactory mucosa 
incubated in specialized side-by-side cell at physiological conditions of the nasal cavity (35 °C, 90 % 
humidity). (B²D) Uptake of PLGA nanoparticles (red) 5 min (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 stitched together from a z-stack. Cell nuclei stained with DAPI (blue). PLGA 
nanoparticles colored with 14 µg mL-1 (80 nm), 28 µg mL-1 (175 nm), or 28 µg mL-1 (520 nm) Lumogen. Red 
arrows mark single particles. Area of particle accumulation enlarged. 
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Table 2: Size- and time-dependent uptake, as well as co-localization with sub structures in the olfactory 
mucosa, of PLGA nanoparticles (suspension) and spray dried nano-in-micro particles (NiMPs) (powder) 
consisting of 520 nm PLGA particles 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 (35 °C, 90 % 
humidity). (+) rarely, (++) intermediately, (+++) often particles observed, or (ī) no particles observed. 
Examined samples: PLGA nanoparticles (n = 3), respectively; NiMPs (n6). Quantitative comparison only 
applicable for PLGA nanoparticles among each other and NiMPs separately due to different applied particle 
amounts (suspension versus powder). 
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10 min after application 

15 min after application 

PLGA 80 nm +++ ++ +++ - - - 

PLGA 175 nm +++ ++ + ++ - - 

PLGA 520 nm +++ + - + + - 

NiMP (PLGA+chitosan) +++ + +++ ++ + ++ 

 

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 previously-described variation of polymer ratio PLGA:chitosan 

showed no impact on olfactory uptake. Therefore, the following results are true for all, herein 

produced and described, nano-in-micro particles (NiMPs). Ḑ12 mg NiMPs were applied onto 

porcine olfactory mucosa specimens and incubated similarly to pure nanoparticles, in a side-by-

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 

chitosan-coated PLGA particles is examined, but not the quantitative particle amount. This is 

because more PLGA particles have been applied, respectively, on powder samples. The applied 

particle patch (red) covered the epithelial layer completely (Figure 4). In contrast to the above 

described, the distribution of purely applied 520 nm PLGA particles in the outer Ḑ150 µm of the 

lamina propria, chitosancoated NiMPs have been detected 15 min after application spread deep 

within the lamina propria even distributed over the entire width of the olfactory mucosa sample 

reaching the collagen tissue at the basolateral side (Supplementary Figure S3). All findings of 

NiMP-uptake within the initial 15 min after application to the olfactory mucosa are summarized 

and displayed in 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 the lamina propria; however, the penetration occurred faster than for pure 

520 nm PLGA particles without chitosan coating. Within 10 min, NiMPs were mainly detected 

associated with lymphoid follicles (Supplementary Figure S4). After 15 min, NiMPs were finally 

detected in glands and neuronal bundles to a slightly 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 chitosan-coating herein 

accelerated the uptake of NiMPs, compared to the identical purely-applied PLGA particles, with 

520 nm in 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, caused by the sampling 

procedure.  

30 min following particle application, surface located bowman glands have been detected, where 

the gland-overlaying particle patch was cleared (Figure 4A and Supplementary Figure S6). 

Therefore, epithelial glands seem to be able 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. Aspden, Adler, Davis, Skaugrud, & 

Ilium, 1995; Trudi J. Aspden et al., 1997; Sadé, Eliezer, Silberberg, & Nevo, 1970). For this reason, 

we additionally stained control samples, after 5 h incubation, with Hoechst 33342 dye, which 

solely stains intact cell nuclei to prove cell viability within and after the experiments. This live-stain 

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 the monitored 

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 15 min 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 S5). Furthermore, 520 nm particles were detected in mucus-producing 

glands within the tissue (Figure 4B), and in the outer zone of lymphoid follicles (Figures 4B²E). 

Therefore, NiMPs also seem to be transported to lymphoid follicles, as similar behavior was found 

after 5 min for nanoparticles with 80 nm diameter. Due to the green labeling of chitosan in NiMPs, 

we were able to additionally prove the colocalization of chitosan (Figures 4C, D) with PLGA 

nanoparticles (red) (Figures 4C, E) in the outer zone of lymphoid follicles. Consequently, not only 

the pure PLGA particles were transported there but also chitosan-coated NiMPs. Co-localization 

with glands (Figure 4B) could also be attributed to the mucoadhesive properties 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 nano-in-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 Scanning Electron Microscopy (CLSM) images stitched together from a z-
stack. Cell nuclei stained with DAPI (blue). Images taken after 30 min (A) or 2 h (B²E). (C) Merged image 
shows overlapping signals of nanoparticles (red) and chitosan labeled with fluorescein (green) appearing 
yellow. (D) Corresponding single channel of chitosan (green). (E) Corresponding single channel of 
nanoparticles (red). (Red arrow) PLGA nanoparticles, (green arrow) chitosan, (yellow arrow) co-localized 
PLGA nanoparticles and chitosan. PL, Particle layer; BL, Basal layer. 

 

Infl uence 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 and 

compared purely applied 80, 175, and 520 nm PLGA particles with nano-in-micro particles (NiMPs) 

consisting of 520 nm PLGA nanoparticles embedded in chitosan via spray drying. 
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Co-Localization w ith Initial Immune Cells and  Neuronal Fibers  

When pure PLGA nanoparticles were applied to the porcine olfactory mucosa sample, several 

nanoparticles were taken up into the epithelial layer, these also passed the basal cell layer (BL), 

and permeated into outer layers of the lamina propria (LP) as already described in the previous 

chapter.We additionally labeled CD14+ cells via immunofluorescence staining. As shown in 

Figure 5A (merge) and Figure 5B (single channel), CD14 was mostly detected homogenously 

distributed within the olfactory mucosa, since this biological barrier is an important 

immunologically-active tissue. Further, an increased signal was detected, particularly within blood 

vessels and lymphatic vessels, because CD14+ monocytes roll along with endothelial cells and are 

moving from the immunogenic active tissue 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 here (Figure 5C). 

Significant agglomerates of several nanoparticles have been further observed near nuclei (Figure 

5D), 520 nm particles especially in neuronal bundles (Figure 5E) stained against the marker 

neuronal filament heavy protein (NF-H). Neuronal bundles are axonal fibers 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 15 min several chitosan-coated 

nanoparticles were also detected in the outer area of the sample, including the epithelial layer, 

basal cell layer (BL), and the outer layers of the lamina 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 stated before, we have already proved that not only pure PLGA nanoparticles can 

penetrate the olfactory mucosa, but also chitosan associated with these nanoparticles, and even 

to a faster extent.  

In Figure 5H, we solely displayed the penetration of chitosan labeled with fluorescein, which 

indicates, that chitosan is also able to dissociate from PLGA nanoparticles and independently 

penetrate the outer Ḑ150 µm of the olfactory mucosa within 15min after application to the apical 

side of the sample. Further, an intensity gradient of chitosan is visible decreasing to deeper layers 

within the tissue. In the examination of CD14+ cells after application of chitosan-coated NiMPs, a 

CD14+ signal was detected on the surface of single epithelial cells; however, the epithelial layer 

herein was completely covered by the particle patch (Figure 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 the lamina propria (Figure 5G), where no 

blood or lymphatic vessel is present. Moreover, in Figure 5I, we found a CD14+ signal surrounding 

a lymphoid follicle present in the lamina propria; especially one CD14+ cell directly associated with 

NiMPs on its surface, as well as intracellularly, seems to express CD14 on its cell surface (Figure 

5J). In contrast to this, direct cellular CD14-asscociation with pure 520 nm PLGA particles could 

not be found. Bringing this together with the described chitosan penetration 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 

lipopolysaccharide-receptor, which CD14 is part of, resulting in either 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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Figure 5: Permeation of PLGA nanoparticles (520 nm; red) (A²E) and PLGA-chitosan nano-in-micro particles 
(NiMPs) (F²J). Maximum intensity projection (MIP) of Confocal Laser Scanning Microscopy (CLSM) images 
stitched together from a z-stack, taken 15 min after application to the apical side of porcine olfactory 
mucosa. Cell nuclei stained with DAPI (blue). Red arrows mark nanoparticles (red) within the tissue. CD14 
(green) labelled with anti-mouse Alexa Fluor® 647 secondary antibody (A, B, F, G). NF-H (cyan) labelled 
with anti -chicken FITC secondary antibody (D, E). Chitosan labeled with fluorescein (cyan) (H). Overlapping 
signals of red and green appear yellow (F) due to co-localization of PLGA nanoparticles (red) and chitosan 
(green). PLGA nanoparticles (single red channel) displayed in Supplementary Figure S6B, C. 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 al., 2016; 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 ZO-1 via 

immunohistochemistry. As already described above, within 15 min after application PLGA 

nanoparticles (520 nm) permeated into the olfactory tissue sample (Figures 6A, B). ZO-1 protein 

was detected mainly between epithelial cells forming the wellknown tight junctions (Figures 6A, 

C). When pure PLGA nanoparticles have been applied, higher magnification revealed 

characteristically honeycomb-like staining resulting from intercellular present ZO-1, which was 

earlier described in cell culture (James Melvin Anderson et al., 1988; Stevenson et al., 1986). The 

underlying lamina propria consists, to large extent, of fibroblastic cells, where ZO-1 is mainly 

localized in endothelial cells. The localization in blood vessels was also proven in this study (Figures 

6A, D). Open tight junctions are characterized by another conformation than in the closed stage. 
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The membrane protein ZO-1 is internalized into 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 nanoparticle permeation to the application of chitosan-embedded 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 the lamina propria dissociated from 

nanoparticles, approximately 150 µm, within 15 min after particle application to the olfactory 

epithelium (Figure 5H). Additionally, we investigated the presence of ZO-1 signal in tight junctions. 

Following the application of NiMPs, we again detected a gradient signal (Figure 6F) reverse to the 

above-shown chitosan gradient (Figure 5H); therefore, matching the previously-described chitosan 

penetration of approximately 150 µm into the lamina propria, which caused ZO-1 internalization 

and tight junction opening. Foremost in deeper layers of the lamina propria, ZO-1 signal was still 

apparent proving working cell-cell junctions. Especially in the wall of blood vessels, the ZO-1 

immunoreactivity (Figures 6D, F) indicated still active tight junctions. Epithelial cells, which directly 

underlie the applied NiMPs faded also within 15 min and were therefore found discolored 

(Figures 6D, F) caused by chitosan mediated tight junction opening. 

 

Figure 6: Permeation of PLGA nanoparticles (520 nm; red) (A, B, C) and PLGA-chitosan nano-in-micro 
particles (NiMPs) (D, E, F).Maximum intensity projection (MIP) of Confocal Laser Scanning Microscopy 
(CLSM) images stitched together from a z-stack, taken 15 min after application to the apical side of porcine 
olfactory mucosa. Cell nuclei stained with DAPI (blue). Zonula occludens protein 1 (ZO-1) (amber) labeled 
with anti -rabbit Alexa Fluor® 647 secondary antibody (A, 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(lactic-co-glycolic acid) PLGA nanoparticles of different 

sizes (80, 175, and 520 nm) using the precipitation and double emulsion method. Further, we 

produced specialized nano-in-micro particles (NiMPs) via spray drying, consisting of PLGA 

nanoparticles (520 nm), embedded into the matrix polymer chitosan. NiMPs have in this study 

been produced via spray drying. In contrast to other innovative methods for nano- and 

microparticle production, e.g. electrospraying or supercritical CO2 assisted electrohydrodynamic 

processes (L. 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 pharmaceutical industry (G. Lee, 2002; Stahl, 1980) benefits from high throughput 

production of spray drying, concurrently resource-friendly, as well as from high resulting 

encapsulation efficiencies of up to 100 % (Walz, Hirth, & Weber, 2018). Spray drying of chitosan 

has been already reported in the literature; however, ineffective process parameters or 

inhomogeneous particles have mainly been documented (He, Davis, & Illum, 1999b; Tokárová et 

al., 2013). To achieve a robust production process and reproducible particles, with homogenous 

size distribution and morphology, it is necessary to choose suitable process parameters, such as 

inlet temperature, feed rate, and gas flow (Paudel et al., 2013). The crucial factors in this process 

are droplet atomization followed by feed evaporation. To generate homogenous particles, 

atomization should be uniform, resulting in fine 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 phase, meaning 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 100 °C, either hollow particles are 

formed through the so-called Rush-hour effect (Paudel et al., 2013), or they even burst and empty 

shells remain. Contrary to common knowledge, wrinkled surfaces of spray-dried chitosan particles 

do not occur from the polymeric properties of chitosan itself, but mainly from the process 

parameters of spray-drying. 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 like the 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 because we optimized the spray drying process performed with a 

Büchi B-290 Mini-Spray dryer. An inlet temperature of 100 °C was identified, as a crucial 

parameter, which resulted in an outlet temperature of 45 ± 1 °C. This allowed the polymer 

droplets to continuously 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 images and 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 with a nanoparticle and a microparticle fraction. A higher 

chitosan ratio mainly influenced the nanoparticle fraction, which is attributed 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 519.7 nm 

were found in one chitosan microparticle with a mean diameter of 6.61 µm for low chitosan ratio, 

whereas, high chitosan ratio during spray drying resulted in an encapsulation of about two 
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519.7 nm PLGA-nanoparticles per chitosan microparticle with a mean diameter of 5.75 µm. The 

achieved encapsulation efficiency of NiMPs was either 39 ± 19 % (1/3 chitosan:2/3 PLGA) or 

51 ± 16 % (2/3 chitosan:1/3 PLGA); and therefore, not significantly different. Although, 1/3 more 

chitosan as matrix material was present, the encapsulation efficiency did not significantly 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 efficient method to encapsulate nanoparticles up to a mass 

ratio of 2/3, covering them successfully with the added matrix polymer, even more beneficial when 

using less matrix material.  

The polymer ratio variation had no impact on the following ex vivo experiments. Mucosal uptake 

of PLGA nanoparticles and NiMPs was investigated, with porcine olfactory mucosa specimens, in 

specialized side-by-side cells, mimicking the upside-down 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 diameter, were taken 

up immediately deep into the lamina propria 5 min after application to the epithelium. Fewer 

175 nm particles penetrated the epithelial and the basal layer within 5 min. For 520 nm PLGA 

nanoparticles, slower uptake was observed, reaching the outer Ḑ150 µm 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 near nuclei, 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., 2018b; 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., 2020). However, 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 mechanism (Musumeci et al., 2018). Nanoparticles 

with diameters greater than 500 nm have not yet been reported for nose-to-brain (N2B) targeting 

(Bourganis et al., 2018b; Rabiee et al., 2020), but size-dependent intracellular uptake is possible 

also for 200, 500 and even 1,000 nm particles in epithelial cells (Caco-2) (Win & Feng, 2005). 

Remarkably, we reported herein co-localization 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 nerve pathway to reach the brain 

and the central nervous system (CNS) (Bourganis et al., 2018b; Gänger & Schindowski, 2018; 

Keller et al., 2021; Rabiee et al., 2020). The diameter of axons in 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 nose-to-brain delivery. To further investigate this phenomenon, additional 

experiments visualizing the exact cellular uptake and transport mechanism could be helpful. 

Hence, live imaging or in 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 particles 

embedded into chitosan, NiMPs were taken up faster and deeper in the lamina propria. A 

quantitative analysis was herein not possible because 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 over the whole olfactory mucosa section, reaching the collagen 
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tissue at the basolateral side, where none of the purely applied PLGA nanoparticles were found. 

Furthermore, chitosan has been detected associated with the penetrated PLGA nanoparticles 

within th e 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 T-cells and B-cells are 

present in the porcine olfactory mucosa (Ladel 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 particles were not found associated with lymphoid follicles. Ladel et 

al. (2018) showed CD3+, CD20+, and CD14+ cells in the outer area of the porcine olfactory 

epithelium-associated lymphoid follicles (Ladel et al., 2018). This finding further matches the 

subepithelial dome more prominent in intestinal Peyer®s 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 takes place 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 colocalized 

with CD14+ cells, thus seems not to be recognized by CD14. Therefore, it is assumed that PLGA 

nanoparticles can pass the olfactory epithelium reaching for example, neuronal bundles, and could 

then be further transported to the brain and the CNS. Nevertheless, 80 nm PLGA nanoparticles 

especially have been documented associated with lymphoid follicles, which should be further 

clarified. Although this result is not 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 CD14+ cells to the particles underlying the lamina 
propria within 15 min after particle application to the epithelium. The membrane located 

glycoprotein CD14 forms together with the lipopolysaccharide-binding protein (LPB), the 

lipopolysaccharide-receptor (LPR), which recognizes bacterial endotoxin lipopolysaccharides 

lipopolysaccharide-receptor present on the surface of Gram-negative bacteria (Wright, Ramos, 

Tobias, Ulevitch, & Mathison, 1990). Lipopolysaccharide-induced upregulation of the CD14 

membrane receptor is known as an initial immune reaction in mucosal tissues, such as the intestine 

(Frolova, Drastich, Rossmann, Klimesova, & Tlaskalova-Hogenova, 2008; Funda et al., 2001). 

Otterlei et al. (1994) initially described chitosan-recognition by CD14 on monocytes (Otterlei, 

Vhrum, Ryan, & Espevik, 1994). To the contrary, Qiao et al. (2010) reported the reduction of pro-

inflammatory cytokines through chitosan oligosaccharides (Qiao 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 macrophage-binding mechanism. They reported 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 microparticles are still rather poor. Solely, S. Davis et al. (2018) proved 

chitosan particles with a high degree of deacetylation with sizes of 1²10 m˃ causing less M1-

macrophage activation than similar chitin particles (Davis et al., 2018). Consequently, either the 

pro- or anti-inflammatory ability of chitosan particles is dependent on molecular weight, particle 

size, and degree of deacetylation. Taking this into account, we assume that in our study the 

observed CD14+ signal should be anti-inflammatory inducing a wound healing cascade, because 

the herein utilized chitosan has a molecular weight of 150²300 kDa. This should hence not be 

critical because Chang et al. (2019) reported for chitosans with molecular weights above 72 kDa 

solely anti-inflammatory reactions. Further, a high degree of 80 % deacetylation and lastly a 
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particle size ranging through agglomerates from approximately one micron up to 100 µm 

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 culture experiments, because, for example, a quantitative cell assay with 

altering cytokine concentrations would be needed as a reference (Zarif et al., 2016). This was not 

possible with the ex vivo samples of this study. 

Moreover, the chitosan coating of NiMPs revealed several other interesting findings different from 

the purely applied identical PLGA nanoparticles. Chitosan was found to penetrate the 

olfactorymucosa approximately Ḑ150 µm within 15 min. Further, it accelerated the penetration 

of coated nanoparticles significantly 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 occurring pH value in the nose of healthy individuals ranges around 

pH 6 (R. J. A. England, J. J. Homer, L. C. Knight, & S. R. Ell, 1999). Unmodified chitosan does not 

completely dissolve at physiological pH values in the nose due to its pKa value of Ḑ6.5 but it is 

swelling and single chitosan polymer chains can move into the tissue. One explanation of 

enhanced uptake and accelerated permeation into the olfactory mucosa could be attributed to 

the well-known ability of chitosan to open tight junctions or more general cell-cell junctions 

enabling paracellular transport.  

The membrane protein Zonula occludens protein 1 (ZO-1) is part of tight junctions within the 

epithelial cell layer as well as endothelial cells, and adherens junctions within the lamina propria 
(Steinke, Meier-Stiegen, Drenckhahn, & Asan, 2008; H. Wolburg et al., 2008). When tight 

junctions are opened due to chitosan treatment, the membrane protein ZO-1 immunohistological 

staining fades. V. Dodane et al. previously reported this in 1999 in the cell culture of Caco-2 cells. 

The underlying mechanism caused by the internalization of this specific protein from the 

membrane to the cytoskeleton was later clarified by Smith et al. (2004) (Smith et al., 2004). This 

ability in cell culture has been proved by several research groups in the past decades (Dodane, 

Khan, & Merwin, 1999; Rassu et al., 2016); 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 within 24 h also observed through fading and 

recovery of ZO-1 staining (Dodane et al., 1999), however, they investigated acidic solutions at low 

chitosan concentrations. Smith et al. (2004) further described a concentration-dependent 

internalization of ZO-1 on Caco-2-monolayers within 1 h. M. Fazil et al. (2012) additionally 

showed increased brain uptake caused by chitosan particles but did not show ZO-1 staining as 

reference (Fazil et al., 2012). We, herein, showed for the first time that this is also true in the 

naturally occurring environment of porcine olfactory mucosa as a prominent biological barrier. 

The ZO-1 discoloring is attributed to internalization and opening of cell-cell junctions occuring in 

the ex vivo setting within only 15 min, including swelling of the dry chitosan-coated particles, 

which was never previously reported. To better understand which dosage of chitosan is most 

effective to promote paracellular transport, further experiments with different concentrations, 

particle amounts, as well as shorter timeframes would be interesting.  

Finally, local particle clearance was observed above surfacelocated bowman glands. NiMPs have 

been cleared completely within 30 min, which could be attributed either to accelerated particle 

uptake within glands or ongoing mucus production resulting in continuously pushing away the 

overlaying particle layer. Ongoing mucus production even in ex vivo setting was already early 

described to last at least 4²5 h for frog palate mucosa (T.J. Aspden et al., 1995; Sadé et al., 1970), 

later also for human specimens (Trudi J. Aspden et al., 1997) and ferret trachea with velocities up 
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to 9.5 ± 3.5 mm minī1 (Abanses, Arima, & Rubin, 2009; Jeong, Joo, Hwang, & Wine, 2014). 

Further, chitosan was found to reduce mucociliary transport rate (MTR) proportionally to its 

molecular weight (T.J. Aspden et al., 1995), which was attributed only to its physical interaction 

with mucins not harming the mucosa itself (Trudi J. Aspden et al., 1997). Unfortunately, no further 

tracking of particles was possible in this study because no particles have been detected directly 

associated with the gland ensheathing cells, or the underlying cells of the lamina propria, and 

continuous monitoring was not possible due to the sampling procedure. As Raber et al. (2014) 

also described enhanced uptake of chitosan-coated PLGA nanoparticles in glandular ducts of hair 

follicles (Raber et al., 2014), mucosal glands could also function as uptake enhancing mucosa 

components. For the clarification of the role of surface-associated glands, it would be interesting 

to continuously monitor the site of action. It would be beneficial to monitor organoids, such as 

glands, using a complex model of the olfactory mucosa. For example an organ-on-a-chip model, 

a so-called nose-on-a-chip. 

 

3.1.6 Conclusion 

Within this study, we successfully developed specialized Nano-in-Micro particles (NiMPs) consisting 

of PLGA nanoparticles embedded into chitosan microparticles via spray drying. We evolved a 

robust spray-drying process resulting 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 particles 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 transport along those to the 

olfactory or trigeminal nerve, which finally enables targeting of the brain and the central nervous 

system (CNS). These findings were further proved to be size-time-proportional, resulting in smaller 

particles moving faster (within only 5 min) and to a higher extent into the lamina propria. 
Chitosan-coated NiMPs were identified as even more interesting nanoparticle carriers and are 

auspicious delivery vehicles themselves. Their chitosan coating is subsequently swelling on the 

mucosal barrier; therefore, single chitosan polymer chains penetrate within 15 min approximately 

150 µm into the olfactory mucosa. With this, the chitosan penetration affects the opening of tight 

junctions and, therefore, can additionally enable paracellular transport through the olfactory 

epithelium. Consequently, the accelerated uptake of chitosan-coated nanoparticles was 

examined. PLGA nanoparticles, as well as, NiMPs were found in lymphoid follicles; however, only 

NiMPs were co-localized after 15 min with the immunoreactivity signal of membrane protein 

CD14 present on monocytes and macrophages. Hence, we assume any other interaction for PLGA 

nanoparticles e.g., T- or B-cell mediated binding, which needs to be investigated in future studies. 

NiMPs herein showed the ability to initialize an anti-inflammatory cascade within 15 min after 

particle application, due to the beneficial properties of the herein utilized chitosan (molecular 

weight, degree of deacetylation, and particle size). However, CD14+ macrophages could be either 

pro-inflammatory M1-macrophages or anti-inflammatory M2-macrophages effecting wound 

healing, which could not be fully clarified within this study because therefore cytokine levels are 

needed as a reference, which should be investigated in cell culture. Additionally, particle clearance 

of gland overlaying particles was herein documented, but could not be fully enlightened, because 

the sampling procedure was limited and continuously monitoring was not possible. In conclusion, 

within this study, we demonstrated the possibility for PLGA nanoparticles as well as for chitosan 

NiMPs to take all three prominent pathways to the brain and the CNS, namely transcellular, 
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intracellular via neuronal cells, and paracellular transport. Overall, although polymeric particles are 

broadly reported as promising drug delivery systems, not only for intranasal application the usage 

in the clinic is still lacking. Up to now, no nano-based system has entered advanced clinical trials. 

Consequently, still more research is needed to collect additional data and unravel the complex 

phenomena within the nasal mucosa, to clarify the different transport mechanisms and the role 

of special organoids, like bowman glands. Further, verifying specific influences of particle material, 

other formulation components, and particle sizes. 
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3.1.8 Supplementary Material 

Supplementary Table 1: Lasers and corresponding emission filters utilized for Confocal Laser Scanning 
Microscopy (CLSM) of different fluorophores with a confocal LSM 710 (Carl Zeiss Microscopy Deutschland 
GmbH, Oberkochen, Germany). 

Fluorophore  Laser Emission filter  

DAPI (4ǋ,6-Diamidin -2-phenylindol 2HCl)  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 S1: Spray dried nano-in-micro particles (NiMPs) consisting of 1/3 PLGA nanoparticles 
(520 nm) and 2/3 chitosan by weight. (A) 3D projection of Confocal Laser Scanning Microscopy (CLSM) 
images (green: chitosan; red: PLGA) stiched together from a z-stack, mag. 630 X, external view. (B) 
Transparent 3D projection of CLSM images (green: chitosan; red: PLGA) stiched together from a z-stack, 
mag. 630 X, internal view. 

 

 

Supplementary Figure S2: Thickness of porcine olfactory mucosa explants after permeation experiment fixed 
and stained with Hematoxylin-Eosin (HE) staining. Thickness differs not significantly between individual 
samples (n=3). Statistical analysis was performed with Shaipiro-Wilk normality test, One-Way-ANOVA with 
Levene®s variance test and Bonferoni posthoc test at a significance niveau of p < 0.05 respectively. 
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Supplementary Figure S3: Permeation 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 Scanning Microscopy (CLSM) images stitched together from a z-stack. Cell nuclei stained with DAPI 
(blue). Red arrows mark particles. Chitosan labeled with fluorescein (green). Overlapping signals of red 
(nanoparticles) and green (chitosan) appear yellow. Image taken 15 min after application. EL: Epithelial cell 
layer; PL: Particle layer; BL: Basal cell layer. 

 

Supplementary Figure S4: Permeation of nano-in-micro particles (NiMPs) consisting of PLGA nanoparticles 
(520 nm; red) encapsulated in chitosan. Images taken 15 min after application. (A) Confocal Laser Scanning 
Microscopy (CLSM) image stitched together from a z-stack; Cell nuclei stained with DAPI (blue), red arrows 
mark single particles. (B) Light Microscopy (LM) image; Hematoxylin-Eosin (HE) staining. 
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Supplementary Figure S5: Permeation 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 Scanning Microscopy (CLSM) images stitched together from a z-stack. Cell nuclei stained with DAPI 
(blue). Red arrows mark particles; Chitosan unlabeled; Image taken 2 h after application. EL: Epithelial cell 
layer; PL: Particle layer; BL: Basal cell layer. 

 

Supplementary Figure S6: Permeation 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 Scanning Microscopy (CLSM) images. (A) 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 manuscript. (C) PLGA nanoparticles (red) 15 min after 
application to the apical side belonging to Figure 4A original manuscript. EL: Epithelial cell layer; PL: Particle 
layer; BL: Basal cell layer.  
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4. Entwicklung und Charakterisierung Chitosan-basierter 

Wirkstoffformulierungen für die Verkapselung sensitiver 

niedrigmolekularer Moleküle und monoklonaler Antikörper mittels 

Sprühtrocknung als intranasales Drug Delivery System 

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 mit dem Titel 

S̄pray-dried Chitosan Particles as Controlled Intranasal Drug Delivery Systems with High 
Encapsulation Efficiency for Small Molecules and Monoclonal Antibodies° dargestellt. Dieses 
Manuskript wurde in der peer-reviewed Fachzeitschrift International Journal of Pharmaceutics zur 

Veröffentlichung eingereicht. 2.2.2 Hypothese II  wird in Kapitel 6.2 und 2.2.3 Hypothese III  in 

Kapitel 6.3 zusammenfassend diskutiert.  

Hinweis : Das Layout des Manuskripts wurde an das Layout dieser Dissertationsschrift angepasst. 

Die dadurch entstandenen Überarbeitungen haben den Inhalt nicht verändert. 

 

4.0 Erklärung meiner eigenständigen Leistung 

Ich habe diese Studie zum größten Teil eigenständig konzipiert und ihre wissenschaftliche 

Methodik ausgearbeitet. Außerdem habe ich den Großteil der praktischen Arbeiten angeleitet, 

dies beinhaltete konkret: 

¶ Die Sprühtrocknungsparameter für einen robusten Prozess für die Verkapselung von 

Farbstoffen, Biotin, Bevacizumab und Ocrelizumab wurden von mir etabliert und 

optimiert. 

¶ Die Sprühtrocknungsversuche für die Verkapselung der Wirkstoffe wurden von mir 

angeleitet. 

¶ Die Untersuchung der Restfeuchtigkeit der Partikel sowie die Untersuchung der 

Lagerstabilität erfolgte unter meiner Anleitung. 

¶ Die Bestimmung der Partikelgrößenverteilungen wurde von mir durchgeführt oder 

angeleitet. 

¶ Die Untersuchung der Verkapselungseffizienz und molekularen Integrität von Ocrelizumab 

nach der Verkapselung mittels Sprühtrocknung wurde von mir konzipiert und angeleitet. 

¶ Die Dissolutionstests in vitro sowie die Bestimmungen der Wirkstofffreisetzung wurde von 

mir konzipiert, optimiert und angeleitet. 

¶ Die Berechnungen und theoretischen Abschätzungen der Verkapselungseffizienz in Bezug 

auf die Partikelgröße wurden von mir durchgeführt. 

¶ Die Abschätzung der therapeutischen Relevanz der entwickelten Wirkstoffformulierung 

wurde von mir recherchiert und berechnet. 

Alle erhobenen Daten, außer die Daten der Intrinsischen Fluoreszenz Emission und des 

Zirkulardichroismus, wurden von mir ausgewertet und analysiert. Der weitaus größte Teil dieses 

peer-reviewed Fachartikels wurde von mir geschrieben, konkret habe ich den Original-Entwurf des 

Manuskripts konzipiert und geschrieben, sowie federführend die Änderungsvorschläge 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) diseases. Despite 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 blood-brain barrier (BBB). 

Intranasal delivery can target drugs such as mAbs to the CNS, thereby circumventing the BBB. 

Using an encapsulation approach, we addressed both challenges and achieved robust storage 

stability (ȁ 35 °C, > 5 weeks) of encapsulated mAbs and a sustained and successful controlled 

release in vitro (ȁ 85 % after 15 days) under simulated nasal conditions. We report here for the 

first time a spray-dried chitosan formulation containing mAbs achieving a high spray drying yield 

(ȁ 60 %), with reproducible particle morphology, monomodal size distribution (PdI 0.02) and an 

average diameter of ~69±9 nm. Particle loadings of 4.42±0.03 wt% biotin and 15.64±1.02  wt% 

of the therapeutic mAb ocrelizumab (encapsulation efficiencies ȁ 80 %) were achieved. The 

sensitive mAbs remained structurally intact as shown by Intrinsic Fluorescence-, Circular Dichroism- 

and FT-IR-Spectroscopy, Differential Scanning Calorimetry, and ELISA. The high binding activity of 

ȁ 82 % was maintained during storage. The determined release mechanism is very well described 

by the Korsmeyer-Peppas model resulting in anomalous transport. 

 

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 macromolecules is 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 cell barrier 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 CNS (Begley, 2004; Patel & Patel, 2017). 

Intranasal administration of therapeutic biologics seems to be very promising since Morrison and 

Costanzo 1990 discovered the direct connection of the olfactory mucosa to the brain and the CNS 

(Morrison & Costanzo, 1990, 1992). Olfactory neurons are located directly in the nasal cavity and 

form bundles of neurons that pass through the 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 CNS in vivo after intranasal administration compared to intravenous or 

oral administration (Maigler et al., 2021; Muntimadugu et al., 2016; Seju et al., 2011; Stützle et 

al., 2015a). There is however still a great need for effective methods to present macromolecules 

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 relapsing-remitting 

multiple sclerosis (RMS) as well as primary progressive MS (PPMS) (Hemmer, 2021) are currently 

administered intravenously, and require a high dose (e.g., 600 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 IgG-mediated depletion of B cells (Graf et al., 2020; 
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A. L. Greenfield & Hauser, 2018). Reducing the number of CD20-positive pro-inflammatory B cells 

is highly effective to reduce relapses and the formation 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 particle-based 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 API 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 systems consisting mainly of 

particulate formulations are used (A. Mistry et al., 2015; J. J. Wang et al., 2011; Yun et al., 2015). 

Encapsulation in nano- or microparticles can achieve a controlled release from the matrix material, 

depending on the encapsulation polymer used and the dissolution conditions. 

Chitosan is regarded as a promising drug delivery material for intranasal delivery (Bourganis et al., 

2018b; Garcia-Fuentes & Alonso, 2012; Keller et al., 2021; Rabiee et al., 2020; Spindler et al., 

2021). In addition to its advantages as a renewable 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 demonstrated ability to open tight junctions (Fazil et al., 

2012; Rassu et al., 2016; Sonaje et al., 2012; Spindler et al., 2021). Tight junctions are not only 

the gatekeeper in the shielding BBB but are also present in the 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 occludens one (ZO-1) 

in porcine olfactory mucosa samples (Spindler et al., 2021). 

Another challenge is preserving the bioactive form of mAbs during its storage, whether in solution 

or dried. The current method is frozen storage of highly concentrated liquid formulations (Bowen 

et al., 2013; Maury, Murphy, Kumar, Shi, & Lee, 2005), but this is not only costly but also difficult 

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 2-8 °C.  

Of course, ensuring the bioactivity of these sensitive macromolecules during encapsulation is a 

particular challenge. Various parameters associated with 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 remaining structural 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 Fourier-transform infrared 

spectroscopy (FT-IR), while agglomerates are identified by either size-exclusion high-pressure liquid 

chromatography (HPLC-SEC) or dynamic light scattering (DLS) measurements (Henry 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 Schüle et al., 2007). To date, 

binding-specific analysis in vitro is not well represented, although this property is essential 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, spray-dried formulations supplemented with sugar molecules as excipients have 

proven to be particularly effective for various protein powder formulations, e.g., mannitol-

stabilized monoclonal immunoglobulin E (IgE) (Henry R. Costantino et al., 1998), trypsinogen 

packed in sucrose (Tzannis & Prestrelski, 1999), or 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 studied more 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 sugars, with Maury et al. (2005) considering a sugar 

content of 20-30 wt% to be better, which was later confirmed by Schüle 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 material (Schüle, 

Schulz-Fademrecht, Garidel, Bechtold-Peters, & Frieb, 2008). Consequently, they found a 

promising formulation for improved bulk storage but did not address the formulation aspects of 

a controlled release drug delivery system. 

Savin et al. (2019) recently investigated the controlled release of bevacizumab from chitosan-

polyethylene-glycol-methacrylate (chitosan-PEGMA) particles, reporting a release rate of 51 % 

after 168 h and 100 % bevacizumab released within 600 h. The bevacizumab-loaded chitosan-

PEGMA particles were prepared by a double cross-linking reverse emulsion method and achieved 

a high drug loading of 32.7 wt% with an encapsulation efficiency of 39 wt%. 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 systems 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 simultaneously 

address storage 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 this end, we chose small 

dye molecules that are easily traceable by analytical methods and biotin (vitamin B7, vitamin H). 

The release behavior of ocrelizumab and biotin encapsulated in chitosan should be 

comprehensively investigated. The bioactivity of the released 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 containing 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, USA), and rhodamin B (SERVA Electrophoresis 
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GmbH, Heidelberg, Germany) a stock solution with concentrations up to 50 mg mL-1 was 

prepared in MilliQ water. For biotin the stock solution was heated to 60 °C. For the preparation 

of the chitosan solutions 300-2500 mg (Chitoceuticals, Heppe Medical Chitosan GmbH, Halle, 

Germany) were dissolved at 40 °C while stirring at 600 rpm to achieve a 1 wt% solution in 

0.5 vol% acetic acid in MilliQ (Carl Roth, Karlsruhe, Germany). Only the derivatives with molecular 

weight 200-500 kDa were dissolved at 0.25 wt% 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, Grenzach-Wyhlen, 

Germany), the 1 wt% chitosan solution was prepared in 0.5 vol% acetic acid (MilliQ) as described 

above. For the monoclonal antibodies (mAbs), stock solutions of up to 30 mg mL-1 in phosphate 

buffered saline (PBS) supplemented with 0.05 vol% Tween 20 (Sigma-Aldrich, St. Louis, USA) 

(PBST) were used. Since the original infusion solution contains stabilizing agents in addition to the 

monoclonal antibody ocrelizumab, the auxiliary components were removed immediately before 

spray drying by centrifuging the infusion solution in a desalting column (Zeba Spin, MWCO 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 (K-TRE, Megazyme, Wicklow, Ireland) was performed after buffer 

transfer according to the manufacturer®s instruction. 

Both the chitosan and low molecular weight API solutions were cooled to room temperature (RT) 

under tap water. Immediately prior to the spray-drying experiment, the respective API stock 

solution and the chitosan solution were mixed to achieve a homogenous spray drying solution. 

A Büchi B-290 mini spray dryer (Büchi Labortechnik AG, Flawil, Switzerland) equipped with a two-

fluid nozzle with 1.5 mm nozzle cap diameter was heated to either 100 °C or 160 °C inlet 

temperature using compressed air with a flow rate of 12.94 g min-1 and an aspiration rate of 

100 %, corresponding to ~700 g min-1 in the open system. Once inlet and outlet temperature 

reached stable values, the system was purged with MilliQ water for 1.5 min. The API-chitosan 

feed solution was then pumped at 4.46 mL min-1 while stirring at 300 rpm. After the experiment, 

the system was again quickly rinsed with water. 

The particle yield is referred to as the difference between the sum of the original weight of 

chitosan and the respective API used and the total weight of particles produced. 

ὖὥὶὸὭὧὰὩ ὣὭὩὰὨ Ϸ
ά

ά ά
ρππ (2) 

 

Determination of Residual Moisture Initially and A fter Storage  

Initial residual moisture was determined for three samples of each particulate sample by weighing 

5 mg into an 8 mL glass vial and drying at 60 °C for 24 hours. The weight loss due to evaporation 

is referred to as initial residual moisture. 

ὍὲὭὸὭὥὰ ὙὩίὭὨόὥὰ ὓέὭίὸόὶὩ Ϸ
ά  

ά  
ρππ 

 

(3) 

To characterize the water uptake of spray-dried particles during storage, three samples of 10 mg 

particles each were stored for seven days and five weeks, respectively. The weight gain during 

storage is referred to as water uptake. 
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ὙὩίὭὨόὥὰ ὓέὭίὸόὶὩ ὥὪὸὩὶ ὛὸέὶὥὫὩ Ϸ
ά  

ά  
ρππ (4) 

 

Scanning Electron Microscopy  

The powder samples were fixed directly on a sample holder with conductive scanning electron 

microscopy (SEM) tape. A thin layer of platinum was sprayed on all samples before measurement. 

Measurements were performed at a magnification of 5 kX using either a Leo Gemini 1530 VP 

microscope at 5.00 kV or a Gemini SEM 500 at 3.00 kV (Carl Zeiss Microscopy Deutschland 

GmbH, Oberkochen, Germany) using the InLens detector and SE2 for signal B. 

 

Particle Size Distribution  

Numeric and Volumetric Size Distribution  

Spray-dried particulate samples were measured by static light scattering at a stirring speed of 

1500 rpm using a Mastersizer 2000 (Malvern Instruments, Malvern, United Kingdom) and its ˃P 

2000 measuring cell. The spray-dried powder sample was first dispersed in 2-propanol (VWR 

International, Radnor, USA) by sonicating for 3 s. Samples were 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 Instruments, 

Malvern, United Kingdom), taking into account particles ranging from 20 nm to 2 mm.  

 

Polydispersity Index  

The polydispersity index (PdI), which is not automatically reported by the Mastersizer 2000 

software, was calculated following Equation (4) with the mean particle diameter Ὠ  in µm and 

the standard deviation ̀  (Clayton et al., 2016). Particles are described as monomodal for PdI values 

below 0.1 (Hughes et al., 2015). 

ὖὨὍ
„

Ὠ
 (5) 

 

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 with 5 wt% 

mAb to the particles loaded with 15 wt%, 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 1 Da corresponds to 1.66 10-18 µg. The 

chitosan derivative studied here is characterized by a molecular weight (MW) of 150-300 kDa, so 

we assumed a mean MW of 225 kDa. For a 1000 µg particle sample the number of molecules 

was assumed according to Equations (5) and (6). Additional minor components of the spray-dried 

particles, such as trehalose or acetic acid residues, were not considered in this theoretical 

assumption. 

ὔόάὦὩὶ έὪ άὃὦ άέὰὩὧόὰὩί
υπ АὫ

ρτυυφψ ὈὥzρȢφφ ρπ
ςȢπφ ρπ (6) 
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ὔόάὦὩὶ έὪ ὧὬὭὸέίὥὲ άέὰὩὧόὰὩί
ωυπ АὫ

ςςυπππ ὈὥzρȢφφ ρπ
ςȢυτ ρπ (7) 

 

ὍὲὧὶὩὥίὩ έὪ άὃὦ άέὰὩὧόὰὩί
ὔόάὦὩὶ έὪ άὃὦ ὥὸ ρυϷύὸȢ

ὔόάὦὩὶ έὪ άὃὦ ὥὸ υϷύὸȢ

φȢςρ ρπ

ςȢπφ ρπ
σ (8) 

 

ὈὩὧὶὩὥίὩ έὪ ὧὬὭὸέίὥὲ άέὰὩὧόὰὩί
ὔόάὦὩὶ έὪ ὧὬὭὸέίὥὲ άέὰὩὧόὰὩί υϷύὸȢ

ὔόάὦὩὶ έὪ ὧὬὭὸέίὥὲ άέὰὩὧόὰὩί ρυϷύὸȢ

ςȢυτ ρπ

ςȢςχ ρπ
ρȢρς 

(9) 

 

High Pressure Liquid Chromatography  

To quantify the amount of biotin released either after particle encapsulation or during in vitro 

dissolution assays, we have developed a new isocratic and rapid HPLC method. Biotin can be 

analyzed in the range of 1-200 mg mL-1. For quantification, a C18 silica column Superspher 100 

RP 18.4 µm and 125 mm x 4 mm (Dr. A. Maisch HPLC GmbH, Ammerbuch, Germany) was used, 

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 20 µL per 

sample is injected, the retention time of biotin is ~7 min at a pump flow rate of 1 mL min-1. The 

sample can be detected at 12.5 Hz, 1.2 nm slit width, and 210 nm using a photodiode array 

detector (deuterium lamp, SPD-M20A, Shimadzu, Kyǁto, Japan). A Shimadzu HPLC instrument 

(Kyǁto, Japan) was used for the measurements, and the initial sample analysis was performed 

using LC solution software (Shimadzu, Kyǁto, Japan). 

 

Spectroscopic Analysis  

Intrinsic Fluorescence and Circular Dichroism  

The spray-dried particles and ocrelizumab were diluted in 5 mM acetate buffer, 2 mM 

dithiothreitol (DTT) (Sigma Aldrich, St. Louis, USA) at pH 5.5 and a final concentration of 1 and 

0.1 mg mL-1, respectively. Intrinsic Fluorescence (IF) tryptophan spectra were then recorded at 

25 °C from 300 to 450 nm (excitation at 280 nm) using a 3×3 mm 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, USA). 

FarȤUV circular dichroism spectra were recorded at 205²250 nm and 25 °C using a 1 mm path 

length on a Jasco JȤ810 spectropolarimeter (JASCO Corporation, Tokyo, Japan) equipped with a 

temperatured cell holder connected to a Thermo Haake C25P water bath (Thermo Haake GmbH, 

Karlsruhe, Germany). To obtain a reference spectrum for the denatured ocrelizumab, it was 

incubated at 0.1 mg mL-1 in 6 M guanidine hydrochloride for 30 min. The spectrum of the non-

loaded chitosan particles was subtracted from the spectrum 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 ellipticity, where [̒ ] is the 

mean residue ellipticity in deg cm2 dmol-1,  ̒is the ellipticity in mdeg, optical path length is in cm, 

concentration in g L-1, and molecular weight in g mol-1. We therefore considered the wavelengths 

corresponding to the lowest negative peak. 

ρπϽὔȢ  ὶὩίὭὨόὩίϽέὴὸὭὧὥὰ ὴὥὸὬϽὧέὲὧὩὲὸὶὥὸὭέὲ
άέὰὩὧόὰὥὶ ύὩὭὫὬὸ

 (10) 

 

Fourier Transform Infrared Spectroscopy  

Fourier Transform Infrared Spectroscopy (FT-IR) analysis was performed using a Vertex 70 

instrument equipped with an attenuated total reflection (ATR) crystal (Bruker Corporation, 

Billerica, USA). 5 mg spray-dried powder samples were pressed onto the ATR crystal and measured 

in the range of 400 to 4000 cm-1. Atmospheric compensation, baseline correction, and 

normalization of the obtained spectra were performed in Opus software (Bruker Corporation, 

Billerica, USA). The second derivative of the amide I band in the range 1560 to 1720 cm-1 was 

calculated in Origin software (OriginLab, Northampton, USA), plotted, and smoothed with a fifth-

order polynomial fit. 

 

Differential Scanning Calorimetry  

DSC measurements were performed using a DSC 200 F3 calorimeter (Erich Netzsch GmbH & Co. 

Holding KG, Selb, Germany). 12 mg of the particulate powder sample was placed in an aluminum 

crucible and sealed. The heating cycle was performed at a heating rate of 10 K per minute 

between 20 °C and 200 °C. The heat flux was recorded, and Tg was extracted as the maximum 

of the endothermic shift from the first derivative of the data. 

 

Micro -BCA Assay and Sandwich ELISA 

Micro -Bicinchoninic Assay  

To quantify the amount of encapsulated and released ocrelizumab a micro-BCA 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, 0.5-200 µg mL-1) was used for the standard curve instead of the bovine serum albumin 

supplied. Either samples from dissolution assays were analyzed directly or, for the determination 

of encapsulation efficiency, 5 mg of spray-dried particles were completely dissolved in 0.5 vol% 

acetic acid (Carl Roth, Karlsruhe, Germany) containing 0.05 vol% Tween 20 (Sigma-Aldrich, St. 

Louis, USA) and analyzed accordingly. If 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 Bio-One GmbH, Frickenhausen, Germany). The coating 

was performed overnight at 4 °C with anti-human kappa light chain coating-antibody from goat 

(K3502, Sigma-Aldrich, St. Louis, USA) diluted at 0.22 µg mL-1 in coating buffer (30 mM sodium 

carbonate, 70 mM sodium hydrogen carbonate; Carl Roth, Karlsruhe, Germany). After washing 

(three times 200 µL per well) with PBST (0.05% Tween 20 PBST, 140 mM NaCl, pH 7.4), 

200 µL/well Pierce Protein Free Blocking Buffer (Thermo Fisher Scientific, Waltham, USA) were 

added and incubated for at least 1 hour at 37 °C. After an additional washing step, 100 µL of 

samples or standards (0.0005-3 µg mL-1) were added per well and incubated for 30 min at 37 °C. 

After another washing step, 100 µL/well of the detection antibody directed against the human Fc 

domain and coupled with horseradish peroxidase (HRP) (A0170, Sigma-Aldrich Chemie GmbH, 

Taufkirchen, Germany; diluted 1:6000 in PBS) were added and incubated for at least 30 min at 

37 °C. After a final washing step, 50 µL of 3'3,5'5-tetramethylbenzidine (TMB) liquid substrate 

solution (Sigma-Aldrich 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 reaction was stopped by pipetting 50 µL of 0.5 M 

sulfuric acid (VWR International GmbH, Darmstadt, Germany) into each well. Readings were taken 

immediately at 450 nm using a BioTek Synergy 2 Microplate Reader (Agilent Technologies, Santa 

Clara, California, USA). All determinations were done at least in triplicate. The analysis was 

performed either for samples from the dissolution assay or for 5 mg spray-dried samples dissolved 

in 0.5 vol% acetic acid containing 0.05 vol% Tween 20 (Sigma-Aldrich, St. Louis, USA). If 

necessary, samples were further diluted in PBST. 

 

Encapsulation Efficiency  

To determine the encapsulation efficiency of spray-dried chitosan particles, at least three replicates 

of 5 mg each were weighed into glass vials and mixed with 5 mL of 0.5 % acetic acid by volume 

(Carl Roth, Karlsruhe, Germany) supplemented with 0.05 vol%. Tween 20 (Sigma-Aldrich, St. 

Louis, USA) and completely dissolved with shaking at 500 rpm and RT. For quantification of biotin 

by HPLC, the dissolved chitosan was precipitated by adding 1 wt%  TPP (Sigma-Aldrich, Chemie 

GmbH, Taufkirchen, Germany). After shaking at 500 rpm and RT for 20 min, the samples were 

centrifuged at RT and 15000 rpm for 10 min. 500 µL of the supernatant were transferred to an 

HPLC vial using a 0.1 µm syringe filter and analyzed. For quantification of ocrelizumab by micro-

BCA assay or ELISA, the sample was diluted in either 0.5 vol% acetic acid with 0.05 vol% Tween 

20 or PBST pH 7.4 (140 mM NaCl) 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 100 mL flasks (Schott AG, Mainz, Germany) near 

physiological conditions at the olfactory mucosa, pH 6.5 and 37 °C. Spray-dried particles 

containing biotin were analyzed in PBS (pH 6.5). For this purpose, 100 mg of particles were 

weighed into a dialysis adapter (USP 4 particle adapter; Erweka GmbH, Langen, Germany) 

equipped with Spectra/Por 3 RC standard dialysis tubing (MWCO 3.5 kDa, 18 mm width) 

(Repligen, Waltham, USA). The adapter was placed in a flask containing 50 mL of PBS and 

incubated at 37 °C and 125 rpm on a thermo shaker. After 0-144 hours, 500 µL samples were 
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taken each time. Chitosan particles containing ocrelizumab were analyzed in PBST (140 mM NaCl, 

pH 6.5). 50 mg of the particles were weighed into a dialysis adapter (USP 4 crème cell adapter; 

Erweka GmbH, Langen, Germany) equipped with a polycarbonate membrane (0.2 µm pore size; 

Osmonics Inc., Hopkins, USA). The adapter was placed in a flask containing 30 mL PBST and 

incubated at 37 °C and 50 rpm on a thermo shaker. 600 µL samples were drawn and replaced 

with 600 µL PBST after 0-360 h each. 

 

Diffusion Coefficient  

Diffusion coefficients D in cm² s-1 for biotin and ocrelizumab were calculated for the utilized 

dissolution setting, taking the time of complete concentration balance equivalent to complete 

release tComplete Release and the area of the adapter membrane AMembrane into account. 

 

Ὀ
ὃ

ὸ  
 (11) 

 

4.1.4 Results and Discussion 

A series of different chitosans were spray-dried with and without the presence of mAbs or low 

molecular weight compounds at two different temperatures (100 °C and 160 °C). Spray drying 

temperatures between 70 °C and 220 °C were previously reported for IgG molecules, whereas 

Bowen et al. 2013 investigated different trehalose ratios at spray drying inlet temperatures of 100-

220 °C. Surprisingly, even spray-dried formulations prepared at inlet temperatures ȁ180 °C caused 

less denaturation and aggregation than similar freeze-dried samples (Bowen et al., 2013), 

demonstrating the generally less harsh conditions of spray drying compared to widespread 

methods such as freeze-drying, and consequently revealing spray drying as a promising method 

for industrial production of antibody formulations. Maury et al. (2005) studied the formulation of 

IgG with sorbitol and trehalose at spray-drying temperatures of 190 °C or 130 °C, with 130 °C 

resulting in beneficial stability monitored by FT-IR, HPLC-SEC, and DSC. Dani et al. (2007) 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 ability. 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 

ȁ 70 °C because of the needed evaporative pressure. 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 different Tg and therefore unfold sequentially. The Tg 

of Fab has been found to be ~61 °C, while the Fc fragment should be stable up to ~71 °C (Kaur, 

2021; Nemergut et al., 2017; Sedlák, Schaefer, Marek, Gimeson, & Plückthun, 2015; Vermeer & 

Norde, 2000). Therefore, we investigated herein the spray drying inlet temperatures 100 °C 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 and the 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 sustained release of ocrelizumab and biotin. Biotin especially was 
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considered as low molecular weight API, since it has 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 oligodendrocytes (Peyro Saint Paul et al., 2016). Since the low 

molecular weight compounds used (biotin, fluorescein sodium salt, fluorescein amine, and 

rhodamine B) are orders of magnitude lighter and smaller compared to the mAbs, they are 

summarized as "small molecules" in the following. Besides the previously described mAb 

ocrelizumab, we herein used bevacizumab. This mAb is currently under investigation for the 

intranasal treatment of hereditary hemorrhagic telangiectasia-associated epistaxis (Cheng, Bao, & 

Rich, 2010; Diaz et al., 2017; Karnezis & Davidson, 2012) and may also hold promise for intranasal 

use in the treatment of glioblastoma, as it was generally approved for glioblastoma in 2009 (Diaz 

et al., 2017). 

 

Figure 7: A: Powder yield for encapsulation of monoclonal antibodies (mAb), small molecules (Small Mol) 
and non-loaded particles (No API), impact of spray drying inlet temperature (100 °C, 160 °C). B: Particle 
yield at 160 °C inlet temperature, effect of chitosan properties (degree of deacetylation (DD) & molecular 
weight (MW)). C: Comparison of initial residual moisture (RM) after production with respect to encapsulated 
active ingredient (mAb, Small Mol, and No API) and temperature (100 °C, 160 °C). D: Initial RM of non-
loaded particles, impact of chitosan properties (DD, MW). E: Influence of temperature (100 °C, 160 °C) on 
initial RM and RM after seven days storage in refrigerator at 4 °C and 26±1 % relative humidity (RH), 
exemplified for particles containing 5 wt% biotin (Small Mol). F: Influence of mAb loading concentration 
on initial RM, RM after seven days of storage at room temperature (RT) and 19±1 % RH, after five weeks 
at RT and 19±1 % RH, and after five weeks at 4 °C and 26±1 % RH. (n Ó 3). 

 

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 scale-up scenarios. Non-loaded chitosan particles and particles loaded 

with small molecules (biotin, fluorescein sodium salt, fluoresceinamine, and rhodamine B) 

achieved similarly high yields of 68.43±4.16 % 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. The encapsulation of mAbs resulted in even 
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higher yields of 79.20±0.42 %, whereas the encapsulation of mAbs at 100 °C inlet temperature 

caused no change compared with non-loaded chitosan particles. At a spray drying inlet 

temperature of 100 °C, similar yields for non-loaded chitosan particles and 5 wt% mAb loaded 

ones (55.12±9.18 %; 57.63±9.32  %) were observed. Consequently, spray drying at constant inlet 

temperature is highly reproducible across different APIs, 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 spray-dried at 100 °C, whereas the yield of non-loaded 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±4.45 % 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 drying temperature was found to be a significant factor 

affecting yield across all samples, regardless of the encapsulated API (unpaired t-test, 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 walls (Büchi, 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 15 wt% mAb loading concentration did not result in 

significantly different yields (59.44±2.63 %). The determined slight increase in particle yield from 

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 

(Büchi, 1997; Paudel et al., 2013; Stahl, 1980).  

The comparison of small lab scale (batch size 300 mg) and continuous larger lab scale (batch size 

2500 mg) up to 40 min revealed similar yields, both at 100 °C (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±0.69 %; 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 continuous production up to 40 min, which is very promising for further scale-up 

and continuous industrial production. 

The spray drying yield was significantly influenced by the MW of the chitosans investigated but 

not by their DD. In order to gain deeper insight into 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 200-500 kDa) and examined their influence 

on the particle yield resulting from the spray drying process. The results are displayed in Figure 7B 

and reveal that the DD did not significantly influence the spray drying yield. In contrast, the 

achieved particle yield was significantly higher for the chitosan derivative with a MW of 20-

100 kDa compared to 150-300 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 1 wt%  

feed solution, which is 8-15 mPa s in a 1 % acetic acid solution at 20 °C (Heppe Medical Chitosan 

GmbH, Halle, Germany) for the low molecular derivative (20-100 kDa) and in contrast 151-

350 mPa s for the medium molecular derivative (150-300 kDa). Despite the high viscosities 

ranging from 351-750 mPa s and 751-1250 mPa s in 1 % acetic acid at 20 °C (Heppe Medical 

Chitosan GmbH, Halle, Germany) of the high molecular chitosans (200-400 kDa, 200-500 kDa), 
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we herein processed these derivatives at a solution concentration of 0.25 wt%, enabling 

successful processivity in spray drying, but nevertheless resulting in lower yields than the 150-

300 kDa derivative. In contrast, 1 wt% solutions of these derivatives were not usable for particle 

production, because the droplet separation 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 of ȁ 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 should be adjusted to values below 

350 mPa s to achieve high and reproducible spray drying yields ȁ 60 %. 

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 150-300 kDa for the 

further drug encapsulation studies. Sun et al. (2009) also reported chitosan derivatives of medium 

molecular weight (480 kDa) as beneficial in terms of spray drying, encapsulation efficiency, and 

controlled release behavior (Sun et al., 2009). However, the low molecular weight 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 quickly in vitro as also previously described by 

Sun et al. (2009), and therefore no controlled release 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 bioactivity of the encapsulated API. At 160 °C 

spray drying inlet temperature, the resulting residual moisture remained constant regardless of 

the encapsulated API (¯no API° 9.69Ì1.07 %, ¯Small Mol° 10.82Ì2.37 %, ¯mAb° 

10.07±1.82 %; Figure 7C). For particles prepared at an inlet temperature of 100 °C, the addition 

of either small molecules or mAbs significantly increased the residual moisture from 7.99±1.09 % 

(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 evaporation 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 moisture of the particles (Figure 7D). The batch scale did slightly reduce 

the initial water content of the spray-dried particles with e.g., 9.91±2.89 wt% (small scale, 

300 mg) and 8.91±1.95 wt% (large scale, 2500 mg) for the encapsulation of mAbs at 100 °C, or 

12.27±2.73 wt% (small scale, 300 mg) and 8.38±1.84 wt% (large scale, 2500 mg) for the 

encapsulation of small molecules at 160 °C. We concluded that a robust spray drying 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 spray-dried particles, 

thus indicating promising potential for further scale-up in industrial production. The 3-fold 

increase in API loading resulted in significantly lower residual moisture content of 6.95±1.01 wt% 

(15 wt% mAb) compared to 11.22±1.51 wt% (5  wt% mAb) (Mann-Whitney U test, p < 0.005). 

This could be explained by an overall lower 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 

nozzle tip, thus favoring drying (Büchi, 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 residual moisture determination after different storage times at RT and 19±1 % 

relative humidity (RH) or in the refrigerator at 4 °C and 26±1 % RH. The initial residual moisture 

of particles containing 5 wt% 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±0.40 wt% 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 160 °C 

increased significantly (unpaired t-test, p < 0.0001) to 12.17±0.15 wt%, while it balanced with  

the nearly constant residual moisture of 12.07±0.40 wt% of the particles prepared at 100 °C. 5 

weeks storage at RT and 19±1 % RH or in the refrigerator at 4 °C and 26±1 % RH resulted in 

higher moisture than 7 days storage at RT (19±1 % RH) (Figure 7F), i.e. 13.54±0.67 wt% (No API), 

11.47±0.75 wt% ( 5 wt% mAb), 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 storage. 

Storage at RT is more beneficial than storage in the refrigerator due to the 7±1 % higher humidity 

in the refrigerator. This was observed despite the use of closed glass vials for 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 non-loaded chitosan particles composed of a DD80 chitosan derivative with a MW of 150-

300 kDa, surface wrinkles appeared at 160 °C inlet temperature and 74±2 °C outlet temperature 

(Figure 8G). Particles loaded with small molecules, such as 5 wt% biotin, revealed the same 

behavior (Figure 8A, B). When the chitosan (DD80, 150-300 kDa) was instead loaded with 5 wt% 

ocrelizumab, a rough surface with broad wrinkles appeared at 160 °C inlet temperature (Figure 

8C), which is attributed to the discontinuous evaporation at outlet temperatures of 74±2 °C due 

to the high evaporation pressure. At the same time, a so-called rush-hour 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 38±2 °C, evaporation occurs continuously and allows the formation of small pores 

in the matrix material. Consequently, the spray drying inlet temperature of 160 °C compared to 

100 °C showed a significant effect on particle morphology. In contrast to the non-loaded particles 

and the particles containing 5wt% biotin, a finer surface roughness with denser wrinkles (Figure 

8D) formed in the particles loaded with the high molecular weight antibody at 100 °C. The outlet 

temperature of 38±2 °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 with 15 wt% ocrelizumab (Figure 8F) at 100 °C. The chitosan 

particles loaded with 15 wt% again showed a rougher surface and wider wrinkles on the surface 

compared to the particles loaded with 5 wt% 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 of the 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 outlet temperature and higher viscosity) can be assumed to be 

similar to that of the lower viscosity 5 wt% mAb solution at 160  °C and therefore leads to a 

comparable surface morphology. Consequently, discontinuous evaporation is caused either by 

higher spray drying 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 apply a low inlet temperature 

in the spray drying process. The optimal inlet temperature for encapsulation of 5 wt% mAb is 

therefore assumed to be just below 100 °C. Due to the previously reported minimum required 

temperature successful in spray drying (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. 

Additionally, different DDs and MWs of chitosan were investigated at 160 °C inlet temperature. 

The comparison of particles prepared with DD80 and a MW of 150-300 kDa (Figure 8I) 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 more pronounced wrinkles, which could 

be explained by the higher elasticity and viscosity of the raw material (Wenling et al., 2005), thus 

causing discontinuous evaporation, i.e., a blow-up effect, as described above. This effect is less 

pronounced for low molecular weight chitosan derivatives. Particles with MW 20-100 kDa and 

DD80 (Figure 8H) resemble DD95 particles (Figure 8J), which could 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 outlet temperature 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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Figure 8: Scanning Electron Microscopy images of dry powder samples at magnification 5000x. A-G: Spray-
dried particles of 80 % deacetylated (DD80) chitosan with a molecular weight (MW) of 150-300 kDa 
prepared at spray drying inlet temperatures of 160 °C 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 15 wt% encapsulated ocrelizumab (F). H-L: Spray-dried chitosan particles prepared at 160 °C 
consisting of DD80 chitosan with a MW of 20-100 kDa (H), or DD95 chitosans with MWs 150-300 kDa (I), 
20-100 kDa (J), 200-400 kDa (K), and 200-500 kDa (L). 
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Finally, chitosan derivatives DD95 with MW 200-400 kDa and 200-500 kDa were investigated. 

These resulted in similar particle and surface morphologies (Figure 8K, L). Therefore, no effect of 

MW increase by ~100 kDa could be detected. In contrast, the resulting morphology was 

comparable to previously described particles with DD80 and MW 150-300 kDa, which could be 

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

drying yield. 

Overall, the MW of the chitosan derivative used proved to be a more significant factor than the 

DD in particle preparation by spray drying, which can be explained by similar viscosities in the 

range of DD70 to DD95 across all MWs). A significant influence of MW on mucoadhesion, 

controlled release behavior, and particle size distribution has been already reported by Sun et al. 

(2009) for spray-dried chitosan particles with DD96 and MWs 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 (Figure 9A) characterized by PdI values of 0.02±0.01. Thus, 

all particles studied here exhibited similar numeric particle size distributions, further emphasizing 

the robustness of the spray drying parameters used here. In order to assess minor differences 

between individual particle samples, i.e., influence of MW, DD, spray drying inlet temperature, 

mAb loading concentration and batch size, the more sensitive volume distribution was used. 

First, particles prepared with chitosan derivatives with MW of 20-100 kDa consist of more 

nanoparticles and smaller microparticles in the 1-20 µm diameter range (Figure 9B), whereas 

particles spray-dried with chitosan derivatives with MW of 150-300 kDa consist of fewer 

nanoparticles and larger microparticles up to 50 µm. 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 particles (Hede, Bach, & Jensen, 2008). This 

proportionality of increasing particle size with increasing MW has also been previously reported 

for emulsion-based preparation of chitosan nanoparticles (Benjamin R Riegger, Bäurer, Mirzayeva, 

Tovar, & Bach, 2018) and for spray drying (He, Davis, & Illum, 1999a; Sun et al., 2009).  

Second, the chitosan particles that consist of DD80 chitosan showed slightly larger particles and 

more microparticles compared to the DD95 particles. This trend may be attributed to the higher 

swelling ability of DD80 chitosan compared to DD95 derivatives (Wenling et al., 2005). Due to the 

higher crystallinity of DD95 chitosan, the particles swell less and therefore fewer nanoparticles 

tend to agglomerate. Overall, the DD showed a smaller effect on the particle 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 microparticles (Figure 

9C). This may be attributed to the lower drying capacity at lower temperature, which may cause 

more droplet coalescence prior to drying. Comparing the non-loaded chitosan particles (100 °C) 

with the particles loaded with 5 wt% biotin (100  °C), the encapsulation of the small molecule 

biotin had no negative effect on the particle 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 5 wt% biotin with the particles prepared at 100 °C, the 

second peak in particular is less broad at 100 °C, which is due to fewer agglomerates and 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 of sticking and agglomeration of the particles.  

 

Figure 9: Numeric (A) and Volumetric (B-D) particle size distributions of particles spray dried at 100 °C or 
160 °C inlet temperature determined via static light scattering. A: Comparison of different active 
pharmaceutical ingredients (API) (No API, Small Molecule, 5 wt% monoclonal antibody (mAb), 15 wt% 
mAb) and different chitosan derivatives. B: Comparison of 80 % deacetylated (DD80) 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 (5 wt% vs. 15 wt%) and batch size 
scaling (300 mg vs. 2500 mg), exemplified for particles produced at 100 °C. 

Particles containing 5 wt% of ocrelizumab consisted of significantly more microparticles and 

agglomerates, and the maximum particle diameter increased up to 50 µm. The increased number 

of microparticles could be attributed to either the higher MW and hydrodynamic 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 9.2 (FDA, 2017). Therefore, 

the antibody is positively charged in the 0.5 vol% acetic acid spray-drying solution. The observed 

higher tendency for agglomeration could be again due to the rough surface of the particles as 

described above. 

Finally, the impact of mAb concentration in the particles and batch size of the spray drying process 

are presented in Figure 9D. When comparing particles loaded with 5 wt% and 15  wt% prepared 

at a small scale of 300 mg 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 µm to ~5 µm, representing a 150 % increase in diameter. The fraction of nanoparticles (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 nanoparticle 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 the sample. 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 droplets. 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 conformation necessary for bioactivity.  

Theoretically, a volume 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 µm, such as the microparticles described here (Figure 9D), 10.92 106 instead of 

3.64 106 mAb molecules could be present in a single spray-dried particle if the mAb loading is 

increased from 5 wt% to 15  wt%. Assuming a hydrodynamic diameter of ~13 nm (Gagnon, Nian, 

Leong, & Hoi, 2015; S. K. Li, Liddell, & Wen, 2011) and a globular shape of the IgG molecules, 

the increased amount of mAb molecules would result in a volume increase of 8.37 µm³ and the 

particle diameter would theoretically increase to 2.88 µm, resulting in a 44 % increase in 

diameter. The same proportionality was observed for particles prepared at a batch size of 

2500 mg, where the diameter of the microparticle majority was shifted from ~2 µm (5 wt%) to 

~4 µm (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 56-106% of the increase 

in particle diameter compared to the experimentally determined results. 

In continuous production (2500 mg, 40 min), the proportion of nanoparticles also decreased 

significantly. Fewer agglomerates with a diameter of up to 80 µm were observed on the large 

scale than 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 additional particles adhere and 

deposition in the sample vessel is not further affected. The ~1 µm smaller majority of 

microparticles observed in continuous production compared to small scale can also be explained 

by the stabilization of the process over time. In 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 APIs biotin (small molecule) and ocrelizumab (mAb) were successfully 

encapsulated in chitosan by spray drying, with biotin yielding a particle loading of 4.42±0.03 wt%  

(Table 1). A comparable loading of 4.30±0.26 wt% was achieved for the high molecular mAb 

ocrelizumab. In addition, a highly successful loading of 15.64±1.02 wt% of ocrelizumab was 

achieved. The corresponding encapsulation efficiencies determined by HPLC for biotin and micro-

BCA assay for ocrelizumab are shown in Table 3. 
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Table 3: Quantitative loading of active pharmaceutical ingredients achieved by spray drying in chitosan with 
80 % deacetylated residues and a molecular weight of 150-300 kDa. Remaining salt content from 
phosphate buffered saline supplemented with Tween 20 and additionally contained trehalose. 

Active pharmaceutical 
ingredient (API)  

API loading 
[wt%]  

Trehalose content 
[wt%]  

Salt content 
[wt%]  

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 150-300 kDa, 88.44±1.16 wt% biotin was 

successfully encapsulated (Figure 10A), while in the DD95 derivative with MW 200-500 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 100 kDa. Consequently, the chitosan derivative used significantly affected the 

encapsulation efficiency (OneWay ANOVA with Bonferroni post hoc test; p < 0.0001). The higher 

encapsulation efficiency of the DD80 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 spray-dried at a 

concentration of 0.25 wt% 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 spray drying to allow the high loading of 15 wt% 

(actual; 20 wt% theoretical) of ocrelizumab in chitosan. Ocrelizumab was transferred into PBST 

for the production of these particles. The remaining trehalose and salt content of spray-dried 

particles containing 4.30±0.26 wt% ocrelizumab - in general referred to as 5 wt% - was found 

to be 6.28±0.47 wt% trehalose and 0.75±0.16 wt% salts, while particles loaded with 

15.64±1.02 wt% ocrelizumab - in general referred to as 15 wt% - contained 4.45±0.23 wt% 

trehalose and 5.16±0.8 wt% salts (Table 3).  

The total amount of ocrelizumab encapsulated and released was quantified by micro-BCA assay 

and revealed an overall high encapsulation efficiency of 83.41±8.24 % for ocrelizumab (Figure 

10B), whereas particles loaded with 5 wt% 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 high loading capacity of mAbs was achieved simultaneously, 

supplemented with ~5 wt% trehalose, which is known as a stabilizing agent in spray-dried IgG 

formulations (Maury, Murphy, Kumar, Mauerer, et al., 2005; Flávia 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 drug levels determined at the tripeptide level (micro-BCA assay). The 

resulting mean binding capacity with 70.18±11.39 wt% ( Figure 10B, structurally intact) is still 

high, suggesting structural integrity of ocrelizumab and thus promising for further testing of the 

developed particles in cell culture or in vivo. 
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Figure 10: A: Influence of the utilized chitosan derivative at 160 °C spray drying inlet temperature on the 
encapsulation of biotin. Comparison of 80°% deactylated (DD80) chitosan with a molecular weight (MW) 
of 150-300 kDa to DD95 derivatives with MWs of 200-400 kDa and 200-500 kDa (n=3). B: Encapsulation 
efficiency of ocrelizumab (monoclonal antibody, mAb) in DD80 chitosan with a MW of 150-300 kDa. 
Comparison of total amount (micro-bicinchoninic acid (BCA) assay) and mean remaining binding capacity 
determined via sandwich ELISA (enzyme linked immunosorbent assay; ¯Structurally Intact°), as well as for 
5 wt% and 20  wt%, respectively (n=3). C: Influence of spray drying temperature on the encapsulation of 
5 wt% biotin and ocrelizumab (mAb; ELISA) (n=3). D: Influence of spray drying process batch size on the 
encapsulation of mAbs (Ò 160 °C, Ò 15 wt%), 170 mg (small), 400 mg (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 ocrelizumab. F: Intrinsic fluorescence spectrum of pure ocrelizumab and 
ocrelizumab-chitosan particles in comparison to denaturated ocrelizumab. G: Circular Dichroism spectrum 
of ocrelizumab in comparison to pure chitosan and ocrelizumab together with chitosan. H: Second 
derivative of Fourier-transform Infrared Spectrum of the amide-I band of ocrelizumab (mAb) encapsulated 
in chitosan (DD80, 150-300 kDa) and non-loaded spray-dried chitosan particles (DD80, 150-300 kDa; no 
API). 
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The spray-drying temperature of 100 °C compared with 160 °C was beneficial for the 

encapsulation of biotin (t-test; p < 0.05) (Figure 10C), but there was no detectable change in 

encapsulation efficiency or binding capacity for ocrelizumab, as the ELISA as a bio-based assay 

implies a higher standard deviation than the HPLC method used for the quantification of released 

biotin. Moreover, neither increasing the drug loading from 5 wt% to 15  wt% ( Figure 10B) nor 

increasing the batch size 13-fold from 170 mg (small) to 2500 mg (large) affected the 

encapsulation efficiency (Figure 10C). These results again demonstrate the robustness of the spray 

drying parameters used, which are promising for further scale up and continuous production at 

industrial scale.  

Furthermore, we investigated the structural integrity of the monoclonal antibody after 

encapsulation and release from the spray-dried chitosan particles using spectroscopic methods. 

Comparing the intrinsic fluorescence emission (Figure 10E and 10G) and circular dichroism of 

native ocrelizumab, denaturated ocrelizumab, and the encapsulated mAb (Figure 10F), it can be 

seen that the 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 encapsulated 

ocrelizumab (Figure 10F) is clearly 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 the 

native state.  

In the CD experiments, chitosan shows a peculiar spectrum 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 coil 

structure, a negative peak would be observed below 200 nm) (N. J. Greenfield, 2006). The 

spectrum of chitosan particles containing ocrelizumab shows a mean minimal peak at 215 nm. 

The spectrum generated after subtracting the spectrum of the non-loaded chitosan particles from 

that of the ocrelizumab-containing particles shows a minimal peak at 220 nm and appears to be 

very similar to that 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 FT-IR spectrum of the spray-dried particles containing ocrelizumab showed the 

characteristic amide-I band of proteins, especially for IgGs, ranging from 1720 to 1560 cm-1 (Fu, 

Deoliveira, Trumble, Sarkar, & Singh, 1994; Maury, Murphy, Kumar, Mauerer, et al., 2005). 

Despite the presence of N-acetylglucosamine subunits and free amino groups in the chitosan 

matrix, no signals were observed in the second derivative of the amide-I band for pure non-loaded 

spray-dried chitosan particles (Figure 10H). Therefore, FT-IR 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 at 1687 cm-1, 1670 cm-1, 

1662 cm-1, 1639 cm-1 and 1614 cm-1, which are similar to the bands of native IgG molecules 

reported by Costantino et al. (1997), Maury et al. (2005), and Schüle et al. (2007) (see Table 4). 

Recently, Sousa et al. (2018) reported similar wavenumbers for bevacizumab encapsulated in 

PLGA nanoparticles (Flávia Sousa et al., 2018) and Mutukuri et al. (2021) presented a comparable 

spectrum for electrostatic spray-dried mAb formulations - however they did not give specific 

values. 
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To determine the storability of the developed formulation containing 15 wt% ocrelizumab, we 

additionally determined the glass transition temperature (Tg) of the spray-dried chitosan particles 

by differential scanning calorimetry. The particles loaded with 15 wt% ocrelizumab had a Tg of 

35.86 °C (Supplementary Figure S7), whereas pure crystalline chitosan is described by Tg values 

between 75 °C and 150 °C (Dong, Ruan, Wang, Zhao, & Bi, 2004). Pure trehalose is characterized 

by a Tg of 115 °C (Miller, de Pablo, & Corti, 1997) and IgGs are characterized by Tg values between 

62 °C and 82 °C (Kaur, 2021; Nemergut et al., 2017; Sedlák et al., 2015; Vermeer & Norde, 2000). 

Nevertheless, Maury et al. 2005 reported a Tg of 42.8 °C for spray-dried IgG/trehalose (80:20) 

mixtures, similar to the results observed here. We additionally analyzed the Tg of non-loaded 

chitosan particles, which was 36.68 °C (Supplementary Figure S7). Consequently, the spray drying 

process itself already seems to cause the reduction of Tg.  

Table 4: Amide-I band corresponding wavenumbers [cm-1] reported for IgG molecules determined via 
Fourier-transform Infrared (FT-IR) spectroscopy. 

Authors  Analyzed 
formulation  

Wavenumber extracted from the 2 nd derivative 
FT-IR signals associated as amide -I band [cm -1] 

-̡sheet turn turn -̡sheet 
-̡sheet or 

side chain 

Fu et al. 
1994 

IgG molecule 1690 1677 1661 1637 1615 

Costantino 
et al. 1997 

Recombinant 
humanized 
immunoglobulin G, 
20-60 wt% lactose 

1691±2 1667±2 1661±2 1641±1 1615±1 

Maury et al. 
2005  

Human IgG, 20 wt%  
trehalose (+ 8 wt% 
residual sorbitol) 

1691 1674 1661 1637 1615 

Schüle et al. 
2007 

Humanized chimeric 
IgG1, 20-80 wt% 
mannitol 

~1690 - ~1665 ~1639 ~1616 

Sousa et al. 
2018 

Avastin ® containing 
bevacizumab, 10 wt% 
trehalose 

1691 - - 1635 1614 

In this study 

15.64±0.03 wt% 
ocrelizumab, 
4.45±0.23 wt% 
trehalose, ~79.91 
wt% chitosan 

1687 1670 1662 1639 1614 

 

In addition, it is known that residual moisture significantly lowers the Tg of a formulation (Ozmen 

& Langrish, 2002). For example, an increase from 1.65 to 4.52 wt% water in spray-dried skim 

milk powder decreased the Tg 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±1.09 %. Due to the residual moisture content 

of 6.95±1.01 wt% observed here for the particles loaded with 15 wt% mAb, it is clear that this 

moisture content contributed mainly to the reported low Tg of this formulation and is comparable 

to the formulation obtained by Maury et al. (2005). After storage for 5 weeks at RT, the Tg  

exhibited an decrease to 35.37 °C (Supplementary Figure S7), 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 

developed spray-dried formulation with 15 wt% mAb is a promising formulation that is assumed 

to be long-term stable even at storage temperatures up to 35 °C, since it was described by Duddu 

et al. 1997 that increased molecular mobility and thus aggregation is only likely at storage 

temperatures above the Tg of the formulation (Duddu & Dal Monte, 1997). The long-term stability 

of this consequently promising formulation will be investigated in a follow-up study. 

 

Controlled Release of Ocrelizumab and Biotin  

The release kinetic of spray-dried particles was investigated in a dissolution setting in vitro at 

pH 6.5 and 37 °C comparable to the physiological conditions at the olfactory mucosa. The 

released API amounts were normalized with the respective encapsulation efficiencies. 

We investigated the release kinetics of 5 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 within the first few hours (Figure 11A), 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 the particles (Paudel 

et al., 2013; Poulain et al., 2003). Furthermore, a complete release of 100 % biotin was achieved 

within 48 hours, followed by a plateau where all released molecules remained in the test 

environment. Furthermore, the different spray drying inlet temperatures investigated (100 °C, 

160 °C) showed no significant effect on the release of biotin (Figure 11A). In comparison, the 

dialysis tubing used with a cutoff of 3.5 kDa and the low solubility of 200 mg L-1 biotin in water 

itself resulted in complete diffusion within 24 h (Figure 11D). Consequently, the spray-dried 

chitosan formulation successfully prolonged the release of biotin for at least an additional 24 h, 

while diffusion itself was not the cause of the continuous release achieved. Considering the 

complete release within 24 h, the diffusion of biotin through the dialysis membrane gave a 

diffusion coefficient DBiotin of 8.21 10-5 cm² s-1 (Figure 11E). For the spray-dried particles (DD80, 

MW 150-300 kDa), a complete release of biotin was reported after 48 h (Figure 11B), thus leading 

to a reduced diffusion coefficient DBiotin -particles of 4.11 10-5 cm² s-1 (Figure 11E). Consequently, the 

diffusion coefficient of biotin was reduced by 4.11 10-5 cm² s-1 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 µm was achieved within 21.72 h (Figure 11D). Subsequently, the diffusion coefficient DOcre for 

ocrelizumab in the dissolution setup was calculated to be 3.25 10-5 cm² s-1 (Figure 11E), which is 

in the same order of magnitude as the diffusion coefficient of biotin in the dissolution setup used. 

The release kinetics of ocrelizumab from spray-dried chitosan particles (DD80, 150-300 kDa, 

100 °C) within the first 48 hours (Figure 11B) was continuous, with only 20 % of the encapsulated 

mAb molecules released in 24 h. The results of the two quantification methods used, micro-BCA 

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 spray-dried particles were significantly lower compared 

to biotin (Figure 11B and 11C). 
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Figure 11: A: Comparison of biotin release kinetics from different chitosan derivatives (80 % deacetylated 
chitosan (DD80) with a molecular weight (MW) of 150-300 kDa, DD95 chitosans with MW of 200-400 kDa 
and 200-500 kDa), and DD80 150-300 kDa chitosan produced at spray drying inlet temperature Tin 160 °C 
or 100 °C. B: Release kinetics of ocrelizumab (mAb) from spray-dried particles consiting of DD80 chitosan 
with a MW of 150 -300 kDa in the initial 48 h, comparison of data quantified via micro-bicinchoninic (BCA) 
assay and enzyme-linked immunosorbent assay (ELISA). C: Release kinetic of ocrelizumab over 360 h. D: 
Diffusion kinetics of pure active pharmaceutical ingredients (APIs) as reference for dissolution setting. E: 
Diffusion coeffients of biotin and ocrelizumab (mAb) calculated for the dissolution test setting (membrane 
adapters) and during release from spray-dried particles, respectively. F: Release kinetic of 15 wt% 
ocrelizumab loaded chitosan particles fitted to the Korsmeyer-Peppas model approach with constants 
K = 2.11 and n = 0.65. 

Furthermore, the release kinetics of particles loaded with 5 wt% 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 15 wt%. No burst release 

was observed implying that no or only minor amount of molecules were adhered to the surface 

(Paudel et al., 2013; Poulain et al., 2003). Consequently, the high molecular ocrelizumab was also 

successfully encapsulated in the chitosan matrix material with the spray drying 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 (Figure 11C). 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 Korsmeyer-Peppas 

model (Equation 12), resulting in a very good fit (Figure 11F), providing insight into the molecular 

release mechanism.  

ὙὩὰὩὥίὩ Ϸ
ὓ

ὓ
ὑὸ (12) 

The fit shown in Figure 11F is characterized by the release rate constants K =  2.11 and n =  0.65. 

Thus, complete release of ocrelizumab in the studied dissolution setup would be achieved within 

395 h. As recommended by Bruschi (2015), we calculated the values for the exponent n of the 

release curve range at which the release is below 60 % to achieve high agreement with the model 
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(Bruschi, 2015). Considering the determined value of n =  0.65, the observed release kinetic seems 

to follow an anomalous transport described 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 time-dependent anomalous 

effects (Bruschi, 2015). This is further consistent with the described parameter n, which ranges 

from 0.43 to 0.85 for spherical drug delivery system geometries. 

Considering the complete release of ocrelizumab from chitosan particles calculated by Korsmeyer-

Peppas fit after 395 h, the diffusion coefficient DOcre-particles is 1.79 10-6 cm² s-1 (Figure 11E), which 

is an order of magnitude lower than the diffusion coefficient of the pure mAb through the 

membrane and compared with the biotin-chitosan particles. Assuming anomalous transport, the 

particle matrix material causes a 3.08 10-5 cm² s-1 decrease in the calculated diffusion coefficient. 

To distinguish between diffusion and polymer swelling in the dissolution experiment, we 

additionally assumed an exclusively diffusion-based release mechanism for ocrelizumab-chitosan 

particles, which would be characterized by n <  0.43. Under this approach, complete release of the 

mAb molecules would be achieved within ~580 h and would consequently result in a lower 

particle diffusion coefficient of 1.22 10-5 cm² s-1 for ocrelizumab. In comparison, anomalous 

transport exhibits a diffusion coefficient increased by a factor of 1.02 and a reduction of the overall 

release kinetics by 185 h through additional polymer swelling (Figure 11E). 

Finally, for the first time, we achieved a high cumulative release of 5.20±0.30 mg/50 mgparticles of 

ocrelizumab, equivalent to a total release of 0.104±0.006 mg/mgparticle. By comparison, Savin et 

al. (2019) recently reported a similarly high release of 0.327 mg/mgnanoparticles of the therapeutic 

antibody bevacizumab from chitosan-PEGMA nanoparticles, but they used a reverse emulsion 

double crosslinking method and therefore achieved only a low encapsulation efficiency of 39 % 

(Savin et al., 2019). They described a release of 51 % within 168  h (PBS, pH 7.4, 37 °C) as slow 

and also did not report burst release. They also used the Korsmeyer-Peppas model to fit their 

release kinetics and classified transport as normal Fickian diffusion, achieving complete release of 

bevacizumab after 600 h. The group of Kirchhof et al. (2015) and Gregoritza et al. (2016) also 

investigated the release of bevacizumab, but developed eight armed polyethylene-glycol-40kC6 

hydrogels as drug carrier material. They initially reported a release of 1.25 mg bevacizumab from 

250 µL hydrogels within 10 days (Kirchhof, Abrami, et al., 2015; Kirchhof, Gregoritza, et al., 2015) 

and later extended the release to 30 days in PBS at pH 7.4 and 37 °C by using a higher degree of 

polymer modification, while 60 % was released after 20 days (Gregoritza, Goepferich, & Brandl, 

2016). In addition, they reported a complete release caused by degradation of the polymer 

between days 20 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 

released amount of 290 µg ocrelizumab reported herein with the results of clinical studies. In 

clinical trials, an average serum concentration of ~100 µg mLserum
-1 ocrelizumab was reported 15 

days after infusion with 600 mg ocrelizumab (Gibiansky et al., 2021). Serum levels are described 

to decrease to ~50 µg mLserum
-1 after 29.5 days and to ~20 µg mLserum

-1 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 proteins 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 diffusion ratio to albumin CSF/serum diffusion ratio (Livera et al., 1984).  
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Therefore we calculated for ocrelizumab with its IEP at 9.2 (FDA, 2017) a CSF/serum diffusion ratio 

of 0.738±0.5. Taking a partial regression coefficient between 0.36 and 0.54 for the CSF/serum 

diffusion ratio into account (Livera et al., 1984), it is thought that the minimum CSF/serum 

diffusion ratio for ocrelizumab could be assumed 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 1.71 µg mLCSF
-1 for the period between days 15 and 57.2 after 

infusion could be assumed. However, 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 290 µg/150 mLCSF
-1 per day, equal to 1.93 µg mLCSF

-1 

after intranasal adminsitration. Therefore, our formulation developed here could result in a 

comparable dosing range of ȁ 1.71 µg mLCSF
-1 and could be a promising new administration 

approach. However, this needs to be investigated in detail in in vivo experiments. Other 

advantages of the intranasal formulation and application studied here 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 particle yields, low residual moisture, and reproducible spherical particles with 

a monomodal size distribution (PdI 0.02±0.01) in the nanometer range (69.9±9 nm) independent 

of the active ingredient and loading concentration. High loading concentrations of clinically 

relevant APIs, i.e., 4.42±0.03 wt% for biotin (referred to as 5 wt%), as well as 4.30±0.26 wt% 

and 15.64±1.02 wt% for ocrelizumab (referred to as 5 wt% and 15  wt%) were achieved. At the 

same time, high encapsulation efficiency (ȁ 80 %) was achieved while maintaining the structural 

integrity and binding activity (ȁ 82 %) of the mAb, as well as storage stability over five weeks at 

RT and 19±1 % RH and sustained release over 15 days in vitro. To our knowledge, successful 

encapsulation of monoclonal antibodies in chitosan by spray drying has never been described 

before. The results of this study show for the first time a sutained release approach of mAbs from 

spray-dried chitosan particles, particularly for the therapeutic antibody ocrelizumab. 

The developed spray-dried chitosan formulations resulted 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 temperatures of 160 °C. Increasing the mAb loading from 5 wt% 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 particle separation (Büchi, 1997; Paudel et al., 2013). For the 

encapsulation of, for example, small molecules at 160 °C inlet temperature, similar yields were 

obtained at small laboratory scale with batch size ~300 mg (67.45±0.69 %) and at larger 

laboratory scale with batch size ȁ 2500 mg (70.62±4.34 %) during continuous production. 

Consequently, the spray drying parameters developed here are not only advantageous at very 

small laboratory scale to study various expensive biomolecules, but they are also usable for 

continuous production up to at least 40 min. This is regarded as very promising for potential future 

scale-up 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 the literature (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 separation (Büchi, 

1997; Hede et al., 2008; Paudel et al., 2013). Therefore, to achieve high yields ȁ 60 %, the spray 

drying solutions should be adjusted to viscosities below 350 mPa s, which was never clarified 

before. 

The initial residual moisture of spray-dried particles was not affected by DD or MW of chitosan, 

nor did the spray drying temperature impact the water content significantly. Nevertheless, at 

100 °C increased residual moisture was observed for encapsulation of APIs compared to non-

loaded particles, which we attributed to the change in evaporation again due to the increase in 

viscosity, and possibly due to the intermolecular forces acting between API molecules and chitosan 

(Büchi, 1997; Paudel et al., 2013). Continuous production was beneficial regarding water content 

of the particles, whereas residual moisture was decreased at 100 °C from 8.91±1.95 wt% to 

8.38±1.84 wt% (mAb). In addition, the threefold loading increase of mAbs led to a decrease of 

the initial residual moisture from 11.2±1.51 wt% to 6.95±1.01  wt%, which we attributed to the 

higher mass ratio known to reduce the humidity in the system, resulting in a dryer product (Büchi, 

1997; Paudel et al., 2013). 

In addition, the herein developed formulations consisting of DD80 chitosan with 150-300 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 five 

weeks and release behavior in vitro. 

The particle morphology 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 spray-drying solution also affects 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 to the faster and thus discontinuous 

evaporation causing a blow-up effect of the particles during drying, leading to surface wrinkles 

upon cooling. For both non-loaded chitosan particles and biotin-loaded particles, smooth particles 

were obtained for 100 °C and a resulting outlet temperature of 38±2 °C. Particles loaded with 

5 wt% mAb resulted in a slightly wrinkled surface at the same outlet temperature, which was 

attributed to the increased viscosity of the spray drying solution caused by the high MW API, again 

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 resultant 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 between 70-100 °C resulting 

in outlet temperatures 38±2 °C are required. 

The spray-dried chitosan particles in this study yielded monomodal size distributions with PdIs of 

0.02±0.01 and mean diameters of 69±9 nm. All particle populations contained small fractions of 

microparticles up to 50 µm. Minor effects of spray drying inlet 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 atomization and increased viscosity. Due to 

process stabilization during continuous production, 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 based on 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 100-150 %. 

Low MW chitosan resulted in significantly higher EE in accordance with Sun et al. (2009), while 

the maximum EE of 88.44±1.16 % was achieved for DD80 150-300 kDa chitosan and biotin, 

which is assumed due to the more homogeneous mixture of polymer and drug in the spray drying 

solution. Chitosan particles loaded with ocrelizumab gave a similar high EE of 86.03±9.17 % 

(5 wt%; micro -BCA assay) and 78.18±6.98 % (15 wt%; micro -BCA assay). The 13-fold increase 

in batch size resulted in similarly high EEs, again demonstrating the robustness of the spray drying 

parameters used, which are consequently promising for industrial scale. 

In addition, the structural integrity of ocrelizumab in spray-dried particles and after release from 

the particles was investigated by IF, CD, and FT-IR. The results of the IF and CD measurements 

were in good agreement, demonstrating that ocrelizumab retained its native structure after the 

encapsulation process. The FT-IR measurements also showed characteristic amide-I-band signals 

at 1687 cm-1, 1670 cm-1, 1662 cm-1, 1639 cm-1, and 1614 cm-1 (Henry R Costantino et al., 1997; 

Maury, Murphy, Kumar, Mauerer, et al., 2005; Mutukuri et al., 2021; S. Schüle, W. Friess, K. 

Bechtold-Peters, & P. Garidel, 2007; F. Sousa et 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 % (ELISA). Consequently, the encapsulated ocrelizumab remained intact at primary 

and secondary protein structure levels. Only a loss of Ò18 % in binding activity (ELISA) was 

observed and hence attributed to defects in the tertiary or quaternary structure. Thus, the spray-

dried particles developed here are a promising formulation for sensitive macromolecules, such as 

IgGs. 

Overall, five weeks of storage at RT and 19±1 % 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% 

(15 wt% mAb) and is more beneficial than refrigerator storage (4 °C, 26±1 % RH). Storage 

stability was also investigated using DSC. The formulation containing 15 wt% ocrelizumab was 

found to have a Tg of 35.86 °C, which in accordance to Maury et al. (2005) due to the Tgs of the 

raw materials and the observed residual moisture of the formulation. Moreover, Tg remained 

constant during the five weeks of storage at RT and 19±1 % 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 sustained release behavior of the API-loaded spray-dried chitosan particles was achieved 

in vitro, mimicking conditions in the nasal cavity. While the spray drying inlet temperature and the 

MW of chitosan had no effect on the release kinetics, a complete release of 5 wt% biotin was 

achieved within 48 hours. No initial burst release was observed, demonstrating that the vitamin 

was successfully encapsulated within the particles as explained by Poulain et al. (2003) (Poulain et 

al., 2003). The particulate formulation was found to reduce the diffusion coefficient of biotin  
DBiotin  8.22 10- 5 cm² s-1 by about 4.11 10-5 cm² s-1 to result in a remaining diffusion coefficient of 

DBiotin -particles 4.11 10-5 cm² s-1. 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 (5 wt%, 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 Korsmeyer-Peppas model was applicable and predicted that complete 

release would have occurred after 395 h, resulting in a decrease of 3.08 10-5 cm² s-1 from 

DOcre 3.25 10-5 cm² s-1 to the resulting diffusion coefficient DOcre-particles of 1.79 10-6 cm² s-1 for the 

IgG released from the chitosan particles. The model®s assumptions further suggested that the 

molecular mechanism of release corresponded to anomalous transport. We consequently 

assumed following Bruschi (2015) that this release mechanism 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 systems (Bruschi, 2015). In comparison, the 

encapsulation into chitosan by spray drying resulted for 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 to its 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 recently published ocrelizumab serum 

levels of MS patients (Gibiansky et al., 2021). In contrast, to our knowledge, specific ocrelizumab 

concentrations in CSF of MS patients have not yet been published. Therefore, future studies are 

needed to compare intravenous administration to the performance of the formulation developed 

herein in vivo and thus to evaluate more reliably its potential clinical relevance. 

 

4.1.5 Conclusion 

To our knowledge, successful encapsulation of 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 spray-dried 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 (PdI 

0.02±0.01) in the nanometer range (69.9±9 nm) independent of the active ingredient and loading 

concentration. 

To achieve high yields ȁ 60%, the spray drying solutions should be adjusted to viscosities below 

350 mPa s, which was reported here for the first time. It was also 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 are very promising for possible future scale-up in industrial 

production. 

High loading concentrations of clinically relevant APIs, i.e., 4.42±0.03 wt% for biotin, as well as 

4.30±0.26 wt% and 15.64±1.02  wt% for ocrelizumab were achieved. Low MW chitosan resulted 

in significantly higher encapsulation efficiency, while the maximum EE of 88.44±1.16 % was 

achieved for DD80 150-300 kDa chitosan and biotin. Chitosan particles loaded with ocrelizumab 

gave a similarly high EE of 86.03±9.17 %. The 13-fold increased batch size resulted also in similarly 

high EEs, again demonstrating the robustness of the spray-drying parameters used and potential 

promise for industrial scale. 

The smoothness of the particle®s surfaces were more pronounced, especially for low MW chitosan 

derivatives, and at lower DDs. The significant impact of the spray drying 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 temperatures (ȁ 100 °C), and thus high 

evaporation pressure, or by highly viscous solutions (> 350 mPa s) that hinder evaporation. Low 

inlet temperatures between 70-100 °C, resulting in even lower outlet temperatures (38±2 °C), are 

required to achieve a smooth particle surface 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 ELISA 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 15 wt% ocrelizumab was found to have a Tg 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 ~35 °C. 

Finally, a controlled release behavior of spray-dried chitosan particles was achieved in vitro, 

mimicking conditions in the nasal cavity. A complete release of 5 wt% biotin was achieved within 

48 hours. No initial burst release was observed demonstrating that both, biotin and ocrelizumab, 

were successfully encapsulated and the formulation 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 360 h. The Korsmeyer-Peppas model was applicable 

and predicted a completed release of the mAb after 395 h. 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 resulting diffusion coefficient of biotin after encapsulation in chitosan was reduced 1.34-fold 

compared to ocrelizumab also encapsulated in chitosan. This finding supports the successful 

inclusion of low-molecular-weight biotin in the particle matrix. 

The study presented here suggests that it is reasonable to assume that 50 mg of the spray-dried 

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 clinical relevance of the formulation presented 

here. 
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4.1.7 Supplementary Material 

 

Supplementary Figure S7: First derivative of the heatflux determined via differential scanning calorimetry 
(DSC) for non-loaded chitosan-particles and ocrelizumab containing particles, as well as ocrelizumab-
particles after 5 weeks of storage at room temperature and 19±1 % relative humidity; the glass transition 
temperature Tg is displayed as maximum, respectively.  
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5. Charakterisierung und Validierung eines artifiziellen Mukosa-Analogs 

hinsichtlich der Vergleichbarkeit mit porziner olfaktorischer Mukosa und 

der daraufhin vergleichbaren Spreitung von Hyaluronsäurelösungen 

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

Hypothese 4 ist als Manuskript mit dem Titel £Hyaluronate spreading validates mucin-agarose 
analogs as test systems to replace porcine nasal mucosa explants: An experimental and theoretical 
investigation̄  wiedergegeben. Dieses Manuskript wurde in der peer-reviewed Fachzeitschrift 

Colloids and Surfaces B: Biointerfaces publiziert. Darüber hinaus wird 2.2.4 Hypothese IV  in Kapitel 

6.4 zusammenfassend diskutiert. 

Hinweis : Das Layout des Manuskripts wurde an das Layout dieser Dissertationsschrift angepasst. 

Die dadurch entstandenen Überarbeitungen haben den Inhalt nicht verändert. 

 

5.0 Erklärung meiner eigenständigen Leistung 

Ich habe diese Studie zu großen Teilen eigenständig konzipiert und ihre wissenschaftliche 

Methodik ausgearbeitet. Außerdem habe ich den Großteil der experimentellen Arbeiten 

angeleitet, dies beinhaltete konkret: 

¶ Die Reproduktion und Optimierung des Muzin-Agarose-basierten Mukosa-Analogs wurde 

von mir durchgeführt.  

¶ Die Berechnung der Oberflächenspannung der Hyaluronsäurelösungen wurde von mir 

durchgeführt. 

¶ Der Großteil der Kontaktwinkelmessungen erfolgte unter meiner Anleitung. 

¶ Die Laser-Scanning Mikoskopie Messungen und deren Auswertung wurden von mir 

durchgeführt und angeleitet. 

¶ Die Gewebepräparation aus frischen Schweineschnauzen von der Metzgerei wurde von 

mir etabliert. Die Präparation der olfaktorischen Mukosa wurde von mir durchgeführt oder 

erfolgte unter meiner Anleitung. 

Bis auf die Kontaktwinkelmessungen der nativen Hyaluronsäurelösungen und die experimentelle 

Bestimmung der Viskosität der Hyaluronsäurelösungen wurden alle experimentellen Daten von 

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

mathematische Modell wurde von der Kooperationspartnerin Stefania Serpetsi am Centre for 
Research and Technology Hellas in Thessaloniki entwickelt. Der größte Teil dieses peer-reviewed 
Fachartikels wurde von mir geschrieben und ich habe federführend die Änderungsvorschläge 

meiner Co-Autoren harmonisiert und eingearbeitet. 
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5.1.1 Abstract 

To rationally design intranasal drug delivery systems, i.e., for the assessment of the administered 

formulation properties, ex vivo porcine nasal mucosa (PNM) explants are one modern but complex 

standard. Therefore, the development of artificial mucosa substrates as straight-forward PNM 

analogs is important. The mucosa analog (MA; 5 wt% mucin and 1 wt% agarose coating on 

glass) was found to be a sufficient substitute of PNM. It exhibited similar mucoadhesive properties 

as determined by detachment force measurements (MA: 0.04±0.01 N mm; PNM: 

0.03±0.01 N mm) and its® topological surface properties (i.e., roughness ratio r, and mean 

arithmetic surface height Sa) were in good agreement with the natural tissue (rMA: 1.12, rPNM: 1.17; 

Sa,MA: 7.80±1.95 µm, Sa,PNM: 7.61±0.72 µm). Using this MA, the present study describes an 

experimental and theoretical spreading approach using hyaluronic acid (HA) in various 

concentrations (10-30 mg mL-1), molecular weights (280-1260 kDa), and tyramine modifications 

(HA-Tyr). The spreading behavior of HA and HA-Tyr was determined in different environments 

(laboratory conditions, climatic chamber) on specific substrates (PNM, artificial mucosa, and glass). 

An exponential relationship between HA concentration and viscosity was determined. Higher 

humidity, use of HA-Tyr, and sessile droplet 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 that this MA combines attractive features 

such as broad availability, good reproducibility, high stability under physiological conditions, ease 

of fabrication and low production cost. 

 

5.1.2 Introduction 

The concept of replacing, reducing, and refining (3 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 welfare (EU, 2010). In the field 

of intranasal delivery, air-liquid interface cell culture systems (Ladel et al., 2018; Ladel et al., 2019) 

and ex vivo models, such as the one used here, based on biopsies obtained from slaughterhouse 

material (Ladel et al., 2018; Alpesh Mistry, 2009; Spindler et al., 2021) to avoid animal testing are 

used. Working with animal derived samples additionally brings along difficulty in purchase, varying 

quality 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 production. The cell viability in porcine nasal mucosa 

lasts for at least 5h under ex vivo conditions (Spindler et al., 2021), whereas mucus transport 

remains stable for up to 5 h 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 can simply be prepared in the laboratory. 

Hyaluronate (sodium hyaluronate, hyaluronan, hyaluronic acid, HA) is a naturally occurring linear 

polysaccharide typically found in vertebrate connective tissues (Dicker et al., 2014). Common 

forms are either hyaluronic acid or sodium hyaluronate, where it exists as hyaluronate in aqueous 

solutions containing hydrogen or sodium ions, 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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dissipate mechanical forces (Aya & Stern, 2014). Therefore, HA is used as a therapeutic agent due 

to its ability as a lubricant, e.g., in ophthalmology, as a coating, or to repair damaged tissue 

(Abatangelo, Vindigni, Avruscio, Pandis, & Brun, 2020; Kuo, 2005). Tyramine-modified HA (HA-

Tyr) is an interesting derivative for drug delivery and tissue engineering applications (M. Kurisawa, 

J. E. Chung, Y. Y. Yang, S. J. Gao, & H. Uyama, 2005) because it is injectable (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; Ren et al., 2015).  

HA-based hydrogels are biocompatible, and their properties can be efficiently tuned by changes 

in crosslinking density and chemical structure (Xu 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 synovial fluid during surgical procedures, e.g., 

ophthalmic surgery, and prevent tissue adhesion during major surgery, e.g., laparotomy, etc. 

(Balazs, 2004). In addition, significant interest has emerged in their use as bioadhesives in 

applications involving pharmaceutical drug delivery 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) diseases (Keller et al., 2021; Stützle et al., 2015a). This route 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 blood-brain barrier (Illum, 2000; 

Spindler et al., 2021; Stützle 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 molecules 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 it from 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 nasal 

route of application for effective and promising treatment of Covid-19 or similar respiratory 

diseases. In addition, there is an ever-growing general need for the delivery of sophisticated 

molecules such as biopharmaceuticals to either prevent severe infections or provide therapeutics 

for the brain and central nervous system (Bourganis et al., 2018b; Keller et al., 2021). 

Like all mucosal surfaces in higher organisms both, the nasal olfactory and respiratory mucosa are 

covered with a protective gel layer called mucus (Hansson, 2012). Mucins are the main 

components responsible for the gel-like and adhesive characteristics of mucus. Bioadhesion 

describes a condition in which two materials, at least one of which is of biological origin, are held 

together by interfacial forces over an extended period of time (DuchŠne, Touchard, & Peppas, 

1988; Jiménez-castellanos, Zia, & Rhodes, 1993). In pharmaceutical 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 optimize local drug delivery by keeping a 

formulation in close contact with the target site, such as the nasal cavity (DuchŠne et al., 1988; 

M. I. Ugwoke et al., 2005). 

A mandatory prerequisite for achieving close contact at the target site by adhesion is wetting. The 

wetting theory is primarily applied to fluid systems and concerns the ability of a fluid to spread 
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spontaneously on a surface (Bianco-Peled & Davidovich-Pinhas, 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 smaller the contact angle (Kabza, Gestwicki, & McGrath, 2000). Contact 

angle measurements can help in predicting the bioadhesive character of different polymer systems 

and emphasize the role of surface and interfacial properties in the adhesion process (Shaikh et al., 

2011). In addition, contact angle analysis can be used to predict mucoadhesive properties, leading 

to an estimate of the affinity of mucoadhesive materials to mucus substrates (Bonn, Eggers, 

Indekeu, Meunier, & Rolley, 2009; Huhtamäki, Tian, Korhonen, & Ras, 2018). Spreading 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 simulations 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 strongly 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 is characterized 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 strategies for 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 to obtain 

more meaningful data and a better understanding of the mechanisms governing these processes 

(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 behavior of 

native microbial HA on partially wettable glass and mucin-agarose coated substrates, i.e., artificial 

mucosa analogs (MA) in sessile configuration is investigated experimentally and by mathematical 

modeling. Sessile and pendant droplet configurations were also studied in comparison on MA. In 

a second set of spreading experiments, the wetting behavior of HA-Tyr on explants of olfactory 

porcine nasal mucosa (PNM) is investigated. These explants were taken freshly post-mortem from 

slaughter pigs as described elsewhere (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 HA-Tyr droplets on the different 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 were extracted as 

described elsewhere (Getty, 1975; Ladel et al., 2018; Alpesh Mistry, 2009). The preparation of 

MAs is shown in Supplementary Figure S8 in section 5.1.7. To prepare MAs in Petri dishes 1 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, 2.5 wt% or 5  wt% mucin (porcine mucin type II; Sigma 

Aldrich, St. Louis, United States) was suspended in the agarose-solution at 40 °C under stirring. 

Approximately 5 mL of the resulting mucin-agarose 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) film in contact 

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 6.3 mL of a HPMC-MilliQ 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 double-sided 

adhesive tape and placed in the direction of the MA swollen in Petri dishes during the 

measurement. The HPMC film and the MA sample were attached to each other for 10 s with a 

force of 0.1 N. Mucoadhesion was then determined by separation with a detachment rate of 

0.1 mm s-1 and calculation 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 (1.9 cm x 6.0 cm, Thermo Fisher Scientific Inc., Waltham, 

United States) on standard glass slides (GS). For the preparation of MAs on GS, 5 wt% was first 

dissolved in MilliQ water for 25 min at 50 °C under stirring. Then, low-melting agarose (Sigma 

Aldrich, St. Louis, United States) was added to obtain a 1 wt% agarose suspension together with 

5 wt% mucin. The resulting mucin-agarose suspension was then heated carefully in a microwave 

for 30 s to dissolve the agarose in the mucin solution. The mucin used here is stable at 70 °C for 

at least 24 h (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 mucin-agarose 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 contact 

angle measurements within 24 h. 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 topography of olfactory PNM biopsies and MAs were examined using 

a Keyence VK X200 laser-scanning microscope (Keyence Corporation, Japan) under laboratory 

conditions (21.5 °C and 50 % humidity). Measurements were performed in quadruplicate, 

whereas PNM biopsies were from four individual pigs. High quality images (10.2 mm x 1 µm) were 

obtained using a 10x magnification, a resolution of 5 µm 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, Japan). The 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 heights Sa were calculated by Equation (13). 
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 (13) 

The function Z(x,y) represents the two dimensional (x, y) topology of the surface and A is the 

cross-sectional 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 cross-sectional area that can be calculated by the 

following equation: 
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 (14) 

 

Determination of HA Solution Viscosity  

A series of solution viscosity measurements were performed for HA (10, 20, and 30 mg mL-1) with 

three replicates each. The HA (1260 kDa) solutions in phosphate-buffered saline (PBS) at pH 7.4 

were provided by Contipro a.s. (Dolní Dobrouő, 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 solutions are adequately viscous to avoid liquid dripping.  

Rheology experiments were performed with a solution volume of 1000 µL at 25 °C and a shear 

rate of 0.1 s-1 (Rheometer Malvern Panalytical Ltd, Malvern, United Kingdom; cone plate 60 mm, 

1°). 

The viscosity of a dilute polymer solution ʂ is described by the well-known Huggins equation 

(Huggins, 1943).  

– – ρ –ὧ Ὧ – ὧ Ễ  (15) 

ʂ0 is the viscosity of the solvent, [ʂ] is the intrinsic viscosity, c is the concentration of the polymer 

in the solution, and kH is the Huggins coefficient. The intrinsic viscosity of a polymer [ʂ] is directly 

related to the size and shape of the polymer chains in solution and therefore to its molecular 

structure and weight, while kH is a function of the pair-wise interactions between the solvent- and 

the polymer molecules (Schué, 2004).  

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

–

–
– ρ

ὧ
– Ὧ – ὧ 

(16) 

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

Thus, from a linear plot of ʂred values versus the HA concentration, the intrinsic viscosity of HA [ʂ] 

and kH can be calculated by the intercept and slope (kH[ʂ]2) of the linear dependence, respectively.  

Subsequently, using the calculated value of [ʂ] of HA and the well-known Mark-Houwink 

equation, 
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– ὑὓὺ
ὥ
 (17) 

the viscosity average molecular weight Mv of HA can be calculated. The numerical values of K and 

ὥ constants in Equation (17) were 0.057 10-3 mL g-1 and 0.76, respectively (Shimada & 

Matsumura, 1975). 

 

Dynami c Droplet Spreading Experiments  

A series of experiments were performed with HA solutions (10, 20, and 30 mg mL-1; 1260 kDa; in 

PBS pH 7.4) and HA-Tyr solutions (10 mg mL-1; 240-360 kDa; degree of substitution of 2-3 %; in 

9 mg mL-1 NaCl). All HA samples were provided by Contipro a.s. (Dolní Dobrouő, Czech Republic). 

The solutions were applied as 14 µL droplets using syringes with an outer diameter of 1.65 mm 

and an automated contact angle measurement device (OCA 40, Data Physics Instruments GmbH, 

Filderstadt, Germany) with an integrated light source, 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 configuration, respectively, in 

quadruplicate. HA-Tyr droplets were applied to MA and PNM explants in sessile configuration in 

triplicate, whereas PNM experiments were repeated with samples from three individual pigs. 

Droplet spreading measurements were performed under laboratory conditions (L; 21.5 °C and 

50 % humidity) and in an automatically controlled climatic chamber (CC; 34 °C 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 (DropSnake plugin, ImageJ software) (Stalder, 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 tri-phase point 

(Williams et al., 2010), see exemplarily Figure 12a). 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 drop-

edge tangent provides an estimate of the CA. The exemplarily measured CAs in Figure 12a 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 radius r and the droplet height h is referred to 

as the aspect ratio z with z =  r/h . z as well as the contact angle ʃ, 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 h was measured using a second image analysis software (Digimizer, MedCalc 

Software Ltd, Ostend, Belgium; see exemplarily Figure 12a). From the measurement of the 

geometric features of the droplet at different time points, z and ʃ at different time points were 

additionally calculated. 
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Figure 12: (a) Representative image of droplet analysis determining the contact angle (CA; ʃ), as well as the 
droplet base radius (r) and droplet height (h) using two image analysis software. (b) Schematic 
representation of pendant drop measurements (r1, r2, and h) 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. 

 

Droplet Volume Calculation  

To confirm the droplet volume values automatically reported by the contact angle software 

(SCA 20, DataPhysics Instruments GmbH, Filderstadt, Germany), the droplet volume V was 

recalculated using the collected droplet snapshots. The droplet is characterized by N individual 

pixels with known integer coordinates (x, y) . 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 y-dependent drop diameter Ὀώ using the 

following integral Equation (18) (Hugli & Gonzalez, 2000). 

ὠ
“

τ
Ὀ ώ Ὠώ   

(18) 

 

Surface Tension Measurements  

The surface tension of the HA and HA-Tyr 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 satisfies the Young²Laplace equation (Hartland, 2004).  

‎  
ρ

ὶ

ρ

ὶ
ῳὖḳῳὖ ῳ”ὫὬ (19) 
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The Young-Laplace Equation relates the pressure difference ЎP at the surface of the droplet to 

the surface tension of the liquid ɾlv and the principal radii of curvature r1 and r2 of the pendant 

droplet (see Figure 12b). ЎP0 is a reference pressure at z =  0. The term Ўʍgh accounts for the 

contribution of the hydrostatic pressure. Ўʍ denotes the density difference between the liquid and 

vapor phases, the droplet height h, and the gravitational acceleration constant g. Thus, from the 

measurements of r1, r2, and h using the image analysis software (Digimizer, MedCalc Software Ltd, 

Ostend, Belgium) and the known value of Ўʍ, the numerical values of the interfacial tension of a 

liquid ɾsl were 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 reviewed. In this process, the surface tension of the liquid ɾlv, the 

surface tension of the substrate ɾsv, and the interfacial tension between the substrate and the 

liquid ɾsl, interact synergistically. At the three-phase point of solid, liquid, and vapor, the 

solid/vapor surface tension ɾsv is opposed by the solid/liquid surface tension ɾsl, and a component 

of the liquid/vapor surface tension ɾlv, so that the three surface tensions are in mechanical 

equilibrium (force equilibrium, see Supplementary Figure S9). ʃeq 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 ʃeq and the combination of the three surface tensions is described by 

the well-known Young's equation (Pierre-Gilles de Gennes & Quere, 2004). 

‎ίὺ ‎ίὰ ‎ὰὺÃÏÓ—Ὡή (20) 

In Supplementary Figure S9b, the different droplet configurations on a substrate are shown. 

The Equilibrium Spreading Coefficient  

When a liquid is applied to a solid 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 liquid molecules themselves. Thus, the work of adhesion Wa is defined as the energy required 

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. 

ὡ  ‎ ‎ ‎  (21) 

From Equations (20) and (21), the work of adhesion Wa can be expressed as follows:  

ὡὥ ‎ὰὺρ ὧέί—Ὡή  (22) 

Alternatively, the work of adhesion Wa can be calculated by the following Equation (23) (Grifalco 

& Good, 1957). 
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ὡ ς ‎ὰὺ‎ίὺ
ρȾς
  (23) 

Where ɮ is an interaction parameter taking values in the range 0.5 < ɮ < 1.15. A high value of 

the interaction parameter ɮ (i.e., close to unity) is indicative of strong interactions between the 

liquid droplet and substrate molecules.  

From Equations (21) and (23), the substrate-liquid interfacial tension ɾsl can be calculated in terms 

of the interaction parameter ɮ. 

‎ίὰ ‎ίὺ ‎ὰὺ ς ‎ίὺ‎ὰὺ
ρȾς
  (24) 

Accordingly, the work of cohesion Wc is the energy required to separate two ¯clods° of the 

spreading liquid and is given by: 

ὡ  ς‎  (25) 

Note that from Equations (20), (21), and (25), the equilibrium contact angle ʃeq can be calculated 

from the ratio of the work of ad hesion and the work of cohesion as follows: 

ÃÏÓ—Ὡή
‎ίὺ ‎ίὰ
‎ὰὺ

ςὡὥȾὡὧ ρ (26) 

From Equation (26), the following limiting values for the equilibrium contact angle can be 

obtained. 

ὡὥ ὡὧ Ƞ  ÃÏÓ—Ὡή ρ  and  —Ὡή  π (27) 

ὡὥ ὡὧȾς Ƞ  ÃÏÓ—Ὡή π and  —Ὡή  ωπ (28) 

7ÁḺὡὧ Ƞ  ÃÏÓ—ὩήO ρ and —ὩήO  ρψπ (29) 

The distinction between the different wetting states of a substrate by a spreading liquid (see 

Supplementary Figure S9b) can alternatively be made using the equilibrium spreading coefficient, 

Seq which is defined by the difference between the work of adhesion and the work of cohesion. 

Ὓ ὡ  ὡ  ‎ ‎ ‎  (30) 

Equations (20) and (30) can be used to derive the following expression for the equilibrium 

spreading coefficient Seq, known as the Young-Dupré Equation (Pierre-Gilles de Gennes & Quere, 

2004). 

Ὓ ‎ ÃÏÓ— ρ (31) 
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If the values of ʃeq and ɾlv are known or measured, the numerical value of Seq 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 value of the spreading 

coefficient (Bonn et al., 2009). When the surface is rough, the number of liquid-solid contacts 

increases and so does the liquid spreading on the substrate. This increase in solid-liquid 

interactions, caused by the increased interface area under the droplet, leads to a decrease in the 

apparent contact angle ʃw, described by the well-known Wenzel wetting equation (Bormashenko, 

2018). 

 ÃÏÓ—ύ ὶ‎ίὺ ‎ίὰ‎ὰὺ ὶ ὧέί—Ὡή (32) 

The apparent equilibrium contact angle ʃ w 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 one (r > 1) enhances the wetting properties of a smooth 

substrate, which is consistent with the contact angle experiments of Bico et al. (2001) and 

Shibuichi et al. (1996) (Bico, Tordeux, & Quéré, 2001; Shibuichi, Onda, Satoh, & Tsujii, 1996). 

 

Development of a Dynamic Droplet Spreading Model  

The dynamic spreading of HA and HA-Tyr droplets deposited on different substrates (i.e., GS, MA, 

PNM), under different environmental conditions (i.e., L and CC) and droplet configurations (i.e., 

pendant or sessile), was modeled by developing a dynamic droplet deformation model following 

the original developments of Härth and Schubert (2012) and Alexopoulos and Kiparissides (2018) 

(Alexopoulos & Kiparissides, 2018; Härth & Schubert, 2012).  

The dynamic evolution of the droplet geometry was approximated by a spherical cap (see Figure 

12c). This approximation applies to liquid droplets where the droplet radius r is smaller than the 

capillary length Lc. 

ὶ ὒὅ ‎ὰὺȾ”Ὣ (33) 

 ́is the density of the liquid and g is the gravitational acceleration constant.  

For a spherical droplet cap with a base radius r, and height h, the droplet volume Vȟ will be given 

by 

ὠὶȟὬ
“

φ
σὶὬ Ὤ ὧέὲίὸ (34) 

The droplet volume V remains constant with time as long as no physical (e.g., evaporation) or 

chemical (e.g., reaction) changes take place in the liquid phase. By differentiating Equation (34) 

the following relationship between dh and dr is obtained. 

ὨὬ
ςὶὬ

ὶ Ὤ
Ὠὶ (35) 
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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 droplet. The total force Ftot 

is therefore represented by Equation (36). 

ὊὸέὸὊὅ ὊὋ Ὂὠ (36) 

The capillary force Fc for a liquid droplet partially wetting the substrate is given by (Härth & 

Schubert, 2012). 

Ὂὧ ς“ὶὛὸ ‎ὰὺ
ςὶς

ὶς Ὤς
 (37) 

Here, S(t) is a time-varying spreading coefficient. In the present work, the time-varying spreading 

coefficient was calculated using the following Equation (38) expressed in terms of the time-varying 

contact angle ʃ for a rough surface and the calculated equilibrium values of Seq and ʃeq. 

 Ὓὸ
Ὓ ὧέί—ρ

ὧέί— ρ
 (38) 

The values of Seq and ʃeq for different HA concentrations and substrates are reported in Table 6. 

The time-varying contact angle ʃ can be calculated by (see Figure 12c): 

 ÃÏÓ—
Ὑ Ὤ

Ὑ

ὶς Ὤς

ὶς Ὤς
  (39) 

Where R is the radius of the spherical cap, equal to 

Ὑ
ὶ Ὤς

ςὬ
 (40) 

The gravitational force FG is given by (Härth & Schubert, 2012): 

ὊὋ
”Ὣ“ὶσὬ

φὙ
 (41) 

Finally, the viscous force FV for a liquid droplet, undergoing simple shear flow, will be proportional 

to the product of the shear stress, ʐ, and the surface area, A, parallel to the flow direction (Fara, 

2000). 

Ὂ †΅ ὲ‎̈́ –
Ὠὶ

Ὠὸ
ς“ὶ (42) 

Where ʂ is the viscosity of the deposited liquid droplet and ‎ is the shear rate (i.e., dr/dt ). 

Assuming that the forces acting on the liquid droplet are in the pseudo-stationary state (i.e., 

Ftot å 0), and substituting Equations (37), (41), and (42) into Equation (36), the following Equation 

is obtained: 

π ς“ὶὛὸ ‎
ςὶ

ὶ Ὤ
”Ὣ
“

φ

ὶὬ

Ὑ
ς“ὶ–

Ὠὶ

Ὠὸ
 (43) 
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From Equation (44), the shear rate dr/dt  can be calculated. 

Ὠὶ

Ὠὸ

Ὓὸ

–

ς‎ὰὺ
–

ὶς

ὶς Ὤς
ρ

ρς

”Ὣ

–

ὶςὬ

Ὑ
 (44) 

Accordingly, the time variation of the droplet height dh/ dt can be calculated from Equation (45). 

ὨὬ

Ὠὸ

ςὶὬ

ὶς Ὤς
Ὠὶ

Ὠὸ
 (45) 

From the numerical solution of the two differential Equations (44) and (45), the time variation of 

the droplet radius r, droplet height h, aspect ratio z =  r/h  and contact angle ʃ can be calculated. 

A MATLAB code was developed for the integration of the governing coupled differential equations 

using a variable time-step Runge-Kutta method. 

 

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 angle ʃ and 

aspect ratio z, the Spearman correlation coefficient rs was calculated according to Equation (46) 

using the rank correlation of experimental values x and predicted values y. 

ὶ
В ὶὼ ὶ ὶώ ὶ

В ὶὼ ὶό В ὶώ ὶό

 
(46) 

 

5.1.5 Results and 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 II, 2.5 wt% and 5  wt%) were prepared in a 1 % low -melting agarose base to mimic 

the physiological mucus. Naturally occurring mucus is consisting of 0.2-5 wt% mucin, 1 -2 wt% 

lipids, 0.5-1 wt% physiological salts and 95 wt% water (Kaliner et al., 1986; Leal et al., 2017). 

The selection criteria for an artificial MA for spreading studies were: (i) detachment force of the 

artificial MA comparable to that of the PNM explants using mucoadhesive 

hydroxypropylmethylcellulose (HPMC) films as a reference; (ii) the formation of a reproducible 

surface stable under physiological conditions of the nasal cavity (i.e., 33 to 34 °C in the 

nasopharynx and 90 to 95 % relative humidity) (Ingelstedt & Ivstam, 1951; Keck et al., 2000); (iii) 

comparable spreading behavior on MA 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; (III) the ease of preparation and low variability of samples due 

to age, sex, breeder, and post-mortem delay of the pigs; (IV) no need for fresh nasal mucosa from 

slaughter pigs. 

Using a texture analyzer and a hydroxypropylmethylcellulose (HPMC) film as complementary 

surface, the measured adhesiveness was similar for the MA composed of 5 wt% mucin 

0.04±0.01 N mm and for the PNM 0.07±0.01 N mm (Figure 13a). In contrast, the artificial mucosa 

with a composition of 2.5 wt% mucin showed an adhesiveness of 0.10±0.02 N mm, which was 

significantly higher than that of the original PNM (t-test, ***p  < 0.001). Therefore, the 
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composition of 5 wt% mucin was chosen as MA for all subsequent experiments and is 

consequently a suitable analog for PNM in terms of mucoadhesion, which was determined by 

measuring the detachment force (see selection criterion (i) above). 

Figure 13b shows the value of the average surface roughness Sa of PNM samples obtained from 

four individual pigs (see Equation (14)). The measured average value was 7.61±0.73 µm. 

Moreover, the average value of Sa of the artificial MA with 5  wt% mucin was comparable to PNM 

with 7.80±1.95 µm. The difference in standard deviations of both materials should be noted. The 

values of the surface roughness ratio r for the artificial mucosa and PNM, measured under 

laboratory conditions, were 1.12 and 1.17, respectively. Consequently, 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). 

Figure 13c and Figure 13d show laser-scanning microscopy images, measured surface height 

profiles, and 3D images of PNM and artificial mucosa. From the comparison of the laser-scanning 

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 images show some 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 laser-scanning images, the measured height profiles of 

both samples were comparable in color. Both samples are generally flat, as shown by the large 

blue, turquoise, and green regions in Figure 13c and Figure 13e, covering about 75 % of the PNM 

samples and about 85 % of the MA substrates. Some random elevations of up to 9 µm (PNM) 

and 10 µm (MA) were detected. Small patches of maximum height are displayed in red, but 

account for only about 1 % of the PNM and MA samples (Figure 13e). The MA samples are flatter, 

possibly confirming the presence of insoluble residues, while the PNM samples have more 

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 study 

fulfilled the desired specifications described above and is a sufficient analog of PNM for various 

experimental setups (see selection criteria (i) and (ii) above).  

In intranasal delivery, model systems based on e.g., air-liquid interface cell culture systems are 

being developed (Ladel et al., 2018; Ladel et al., 2019), where co-culture of epithelial cells and 

supporting cells using trans-well 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 vivo models as the one used here, based on biopsies obtained from slaughterhouse 

material to avoid animal testing, are used to study nose-to-brain approaches (Ladel et al., 2018; 

Alpesh Mistry, 2009; Spindler 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 above-characterized artificial MA that does not 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 and particles. Investigation of mucosal 

uptake of drugs from drug delivery systems as a secondary approach requires the ex vivo models 

or cell culture assays described above. Consequently, the developed MA is limited to surface-based 

and application-oriented mucosa research questions, but at the same time covers initial important 

questions for mucoadhesive applications as well as mucosal drug delivery systems and allows rapid 

screening of different polymer candidates without extensive tissue preparation and cell 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 products (EU, 2010; Russell & 

Burch, 1960). 

 

Figure 13: Comparison of fresh ex vivo porcine nasal mucosa (PNM) and artificial mucin-agarose mucosa 
analogs (MA) under laboratory conditions (21.5 °C and 50 % humidity). (a) Measured adhesiveness of a 
hydroxypropylmethylcellulose (HPMC) film on PNM and MA substrates of different compositions (2.5 wt% 
or 5 wt% mucin). The indicated adhesiveness is the average value of four measurements (n = 4; t-test, 
***p  < 0.001); (b) Average values of surface roughness Sa [µm] of PNM and MA substrates (N = 4); (c) 
10203 µm x 1 µm laser-scanning image, height profile, and reconstructed 3D image of PNM. (d) 10236 µm 
x 1 µm laser-scanning image, height profile, and reconstructed 3D image of MA substrate (5 wt% M, 1  wt% 
A). High quality images of the scanned areas were acquired with a 10x magnification and a resolution of 
5 µm 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  

Table 5 compares the droplet volumes automatically measured by the contact angle software with 

the droplet volumes calculated according to Equation (18) for the three HA concentrations (10, 

20, and 30 mg mL-1), two different substrates (GS and MA (5 wt% 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. Hyaluronate (HA) 
solutions of different concentrations (10 mg mL-1, 20 mg mL-1, and 30 mg mL-1) deposited on standard glass 
slides (GS) and artificial mucosa (MA; 5 wt% mucin and 1 wt% agarose) under different conditions 
(laboratory environment (L) at 21.5 °C and 50 % humidity, climatic chamber (CC) at 34 °C and 90 % 
humidity). The reported results are the average values of three experiments (n = 3). Calculated values of HA 
and hyaluronate tyramine (HA-Tyr) solution viscosities ʂ and surface tensions ɾlv. n.d.: not determined. 

Substrate  Polymer  Concentration 
c [mg mL -1] 

Dosed 
Droplet 
Volume 

V  
[ L˃] 

Calculated 
Droplet 

Volume V 

[ L˃], Eq.(18) 

Calculated 
Solution 

Viscosity ʂ 
[PaÑs] 

Calculated 
Surface 

Tension ɾlv  

[mN m -1] 

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, 

CC 

HA 10 14 14.0 0.5852±0.0192 46.82 

Artificial 

Mucosa, 

CC 

HA 20 12 12.0 2.9617±0.1609 46.82 

Artificial 

Mucosa, 

CC 

HA 30 12-14 13.2 7.4887±0.2714 46.82 

Artificial 

Mucosa, L  
HA 10 14 14.0 0.5852±0.0192 46.82 

Artificial 

Mucosa, L  
HA 20 14 14.1 2.9617±0.1609 46.82 

Artificial 

Mucosa, L  
HA 30 14 14.0 7.4887±0.2714 46.82 

Artificial 

Mucosa, L 
HA-Tyr 10 14 n.d. 0.0650±0.0310 44.86 

 

As shown in Table 5, 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 pendant droplet method. 

This yielded values of 46.82 mɿ m-1 for HA (1260 kDa) and 44.86 mN m-1 for HA-Tyr (240-

360 kDa), respectively. Thus, neither the chemical modification nor the difference in molecular 

weight (MW) had a strong influence on the interfacial tension of the solution. 

The developed equations were solved numerically with the known/measured values of physical 

properties (i.e., density ʍ, viscosity ʂ, surface tension ɾlv) of the tested HA and HA-Tyr solutions 
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(Table 5). The densities of the HA and HA-Tyr solutions were 1.0197 g cm-3 and 1.0191 g cm-3, 

respectively.  

Figure 14a shows the rheologically measured change in viscosity of the HA solution ʂ as a function 

of HA concentration c. It can be seen that with increasing HA concentration, the viscosity of the 

HA solution increases from about 0.6 Pa s at an HA concentration of 10 mg mL-1 to about 7.5 Pa s 

at an HA concentration of 30 mg mL-1. The calculated viscosity (Equation (15)) of the HA solution 

(Figure 14a; dashed line) is in excellent agreement with the experimentally measured viscosity 

values (Figure 14a; discrete dots). 

 

Figure 14: (a) Dependence of solution viscosity ́ on hyaluronate (HA) concentration c. The experimental 
viscosity results are the average values of three experiments (n = 3). (b) Reduced viscosity ʂred in terms of 
HA concentration c. [ʂ]: Intrinsic viscosity of HA; kH : Huggins coefficient. 

The reduced viscosity ʂred is a linear function of the HA polymer concentration c. Therefore, from 

a linear plot of ʂred values as a function of c, the intrinsic viscosity of HA [ʂ] and the Huggins 

coefficient kH can be calculated by the intercept and slope kH [ʂ]² of the linear line, respectively. 

From the results of Figure 14b, the values of [ʂ] and kH are 2.4067 mL g-1 and 0.83, respectively. 

Using these values, the average molecular weight Mv of HA was calculated (Equation (17)) 

confirming that it is 1260 kDa. 

In contrast, the viscosity of HA-Try was determined to be 0.0650±0.0310 Pa s, while the native 

HA with the identical concentration of 10 mg mL -1 yielded 0.5852±0.0192 Pa s, which can be 

attributed to the different MW . The native HA used has a MW of 1260 kDa, whereas the HA-Tyr 

used here is composed of 240-360 kDa units. Due to the approximately 10-fold higher MW of 

the native HA, its viscosity at 25 °C is an order of magnitude higher, so that the solution viscosity 

increases proportionally to the MW of the HA used. 
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Figure 15: Effect of the hyaluronate (HA) concentration (1260 kDa, PBS, pH 7.4) on the dynamic evolution 
of droplet spreading on (a) a standard glass slide (GS) and (b) an artificial mucosa substrate (MA; 5 wt% 
mucin, 1 wt% agarose). (c-f ) Comparison of experimental measurements (discrete dots) with the predictions 
obtained from the developed theoretical model (continuous and dotted lines). The Spearman correlation 
coefficient rs is 1.00 in all cases (c-f ). Dynamic evolution of the aspect ratio z (c) and the contact angle ʃ (d) 
for different HA concentrations (10, 20, and 30 mg mL-1) on MA in laboratory environment (L; at 21.5 °C 
and 50 % humidity). Effect of substrate and environmental conditions on the dynamic evolution of z (e) 
and ʃ (f ) for HA (10 mg mL-1) on GS or MA substrate in L or in climate chamber (CC; ca. 34 °C and 90 % 
humidity) environment. The reported experimental results are the average values of four measurements 
(n = 4). 










































































































