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General Introduction

2 General mtroduction

2.1 Non-Spherical Brticlesfor Drug livery

In the advent of nanotechnology the shape of generatmmlloidal particles As been
predominantly sphericadimply because they are in many cases easier to Ifitfe Spheres

form automatically, given appropriate conditions. Spheres exhibit the optimal ratio between
volume and surface and thus minimize the surface tension. Advances in visualization
techniques(4.2.1.2 and the development of techniques for the tailoring of geomedyi.2

have advanced tsac research, revealing numerous and fundamental implications of shape for
interactions with biological systen{2.1.3. The potential is being discovered and shape can
be regarded as an essential design parameter for progressive drug delivery syseha
Studies performed by many diffemt groups show that it influences the biodistribution and
targeting (2.1.3.3, the immune response and toxici{2.1.3.4, as well as the longevity of
circulation or the control of the residence timg.1.3.3.2. One of the most studied subjects

are internalization processef.1.3.]); substantialdifferenees have been di®vered for
adhesion(2.1.3.2, the speed an@xtend of internalization with variations as a function of the
cell line, even the phenotype mattef&]. Differing orientation of norspherical particles can
entail uptake through differeh uptake mechanismsgven dictating the fate of the particle
intracellularly[1], or intracellular trafficking2.1.3.1.3.

Effects of shape have been discovered for systemic as well as for local administration, such as
inhalation. More basic research is being conductedthis lively field, contributing to a
thorough understanding of the interactions of therapeutics with biological systems, thereby
helping to decipher the dominant parameters. Shape as an essential design parameter may

allow to advance the field of drug tieery, by offering even more effective therapeutics
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2.1.1 Non-Spherical Particles for Pulmonary Administration

In the course of the harmonization of toxicological studies about the potential hazards of fibre
exposition, the term fibre was defined by the World Health Organisation (WE&)7].
Accordingly, dibre is an object, exceeding a length of 5 um and a width smaller than 3 um;
the aspect ratio is larger than 3. The aspect ratio is defined as the length to width ratio. Objects
within these limitations fulfil the requirements to proceed to the deep lwmpn inhalation,

one important argument for the definition of the dimensions.

Elongated particles exhibit properties that can be utilized in order to improve pulmonary drug
delivery. The nosspherical shape changes the aerodynamic properties upon inbaldibres

and cylinders show a higher probability to deposit in the peripheral lung in comparison to
spheres of identical volume. The aerodynamic behaviour is mainly governed by the diameter
of the object, the length only has a minor influence due tgratient of the fibres with the
airstream[18]. This alignment was also observed for other fluids, the circulation time was
drastically increased for flexible fibres. Hydrodynamic considerations indicate that shorter
particles interact less with the flow and more with surfaces or ¢&Bk Therefore the mass

per particle that can be delivered to the target region is increased. Furthermore, fibres show
less deposition in the nasal and oral region in comparison to spheres with the same
aerodynamic diameter(see 2.3.2, increasing the target efilency for pulmonary
application[20]. The threshold regarding the size of particles being able to protedte
peripheral lung, the fine particledction (FPF), is 5 um for conventional spherical particles;
larger particles predomirtaly deposit in the upper airwayg.3.2.

In addition, fibres are expected to be less prone to form aggregates because the contact area
is decreased for an erratic or random distribution in comparison to spheres. Nevertheless, this

does not hold true for more ordered contacts between fibres. Sompa parallel orientation
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of fibres, the contact area is increased in comparison to spherical particles. The large surface
area of small particles can result in cohesion between single particles which can cause severe
aggregation[21]. The aggregates Ieave differently in the airstream, thus depositing in
different regions of the inhalation tract. Besides prevention of aggregation, monodispersity is
a vital factor for controlled deposition in the target region since the site of deposition is bound
to the geometrical (size and shape) properties of the particle during the inhalation process.
Alveolar macrophages clear the respiratory region from foreign objects, including pathogens
and senescent cells. Phagocytosis, essential for homeostasis of healtleydiss clearance,

was found to be strongly influenced by the shape and orientation of the oljjgst22].
Modifications of the geometry chagetime and mechanism required for uptakg, 23]. As a
consequence, certain nespherical particles have the potential to control clearance
processes, a core prerequisite for a sustained release system for therapgl8j&3]. The

shape of a long cylinder, or a fibre can reduce phagocytosis drasfR2il{pnly at one of the

two ends macrophages are able to initiate internalization of the particle. This predominantly
prolongs the time required for uptake, but can also reduce the extend of uptake. Toxicological
studies about the mineral fibre asbestos, which is not biodegradablefirconthat
phagocytosis of fibres and as a consequence the clearance from the lungs is inefflgdjent
Longer asbestos fibres have been observed to be more haf&8ult has been reported that

in particular asbestos fibres longer than 16 microns exhibit retarded cleari@}e The
reduction of uptake opens up the opportunity to extend the residence time, whionesof

the main objectives sustained release systeshould fulfil
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2.1.2 Preparation Strategies for NeBpheical Rarticles

The formation of micronand nanesized objects in different shapes has already been
mastered for a longer time. At the beginning of the last decade, several methods were
available, ranging from lithographic to chemical synthesis approg@re&8]. The potential

for drug delivery has not been realized for long time, but more and more studies and
techniques are being publishgd?2, 14]. The toolbox of techniques has been extended to
techniques specifically designed for drug delivetyposes[13, 15]. These new techniques
have paved the way for the elucidation of the implicat of shape on interactions with
biological systemg?2.1.3. The efforts for shape specific formation encompass many
fundamentally different approaches, each being suitable for certain materials and sizes.
Depending on the approach the freedom ofléaing and the minimal particle size that can be
reached differs fundamentally. Looking at the literature, inorganic and elemental carbon
based particles were found to be generated in smaller dimensions than tailored, complex
polymeric objects. However, éhlatter exhibit a higher freedom of design with respect to
adapting the form. As a consequence the potential utility for drug delivery and hence medical
applications is increased.

As the formation of norspherical particles is a crucial aspect for agion, relevant
procedures will be summarized in the chapters below. For more detailed information, the
following review articles are recommended for the inclined regd&y 27-30]. Afocus is laid

on several approaches that might be suited for drug delivery, but there are more nmethod

availablewhich arenot discussed in this work.
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Figurel ¢ Selection of norspherical particles formed with variogtrategies.

(a) TEM micrographs of rdike [31] gold nanoparticles (AuNP). The inset shows an ufchin
shaped AuNP32]. (b), (c)SEM micrographs of nespherical polystyrene (PS) particles created
by a stretching technique in the form of (b) UFOs anceli@tical discq22]. (d), (e)SEM
images of (d) quasiemispherical and (e) discoidal silicbased microparticlef33]. (f) AFM
image of hydrophilic singlealled carbon nanotubes (SWCN®B® a silicon substratfr5].
(g)Schematic of molecutastructure of (top SWCNTand (bottom) multi-walled CNT
(MWCNT). (h)TEM image of worrtike nanostructure of iron oxide particles coated with
dextran. The inset shows an AFM image of elongated iron oxide paf8tl€g Fluorescence
microscopy shows an isolated filamentous block copolymer associate (filomifEde)

() Schematic of the filomicelle structure: yellow/green indicates hydrophobic polymer,
orange/blue is hydrophili¢19]. (k) SEM micrograph of coppeoated seHassembly tubules
from chiral lipids. The tubules are hollow and the helical wrappings evident in some tubules
are all righthanded[34]. (I) (left) Schematic of structure of relike DNA block copolymer
micelles consisting of two parallel double helices and (righbrresponding AFM picture of

the resulting nanoobjectE3]. Images reproduced with permissi¢d, 8, 19, 22, 31-34, 75.
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2.1.2.1 Formation of NorSpherical Particles by Chemical Synthesis

2.1.2.1.1 Gold Nanoparticle6AUNPS)

A straightforward and classical botteap approach is the synthesis of particles. Gold
nanoparticles (AuNP) have attracted considerable attention and are suitabledrtay
delivery[35, 36]. They can also be prepared in nspherical form by selection of appropriate
reaction conditions. Rods with variable lengtiwidth ratios béow 10 can be created smaller
than 100 nm5,31,37,$ @Sy O2YLX SE F2N¥4& f{[3RBPFigurNPKA Y & ¢
Drug loading of these systems can be performed e.g., by the-laykyer technique (LbL)
incorporating the active agent in the coatindvantages of gold nanoparticles encompass
ease of synthesis of monodisperse nanopatrticles with different sized@D nm), surface
functionalization, and detection based on the optical properti@6]. Nevertheless, these
biocompatible particles cannot be degraded in the body and the long term toxicsillis

widely unknown.

2.1.2.1.2 Silion Derivatives

Silica nanoparticles can be prepared by two general synthetic routes: the J&#jeand
microemulsion procespl0]. These methods allow a controlled generation of spherical silica
particles with uniform sizeganging from 50nm to 2 im in diameter. Mesporous silica
particles (MSNhave awell-defined and controllale morphology, as well gsorosity andcan

be synthesized as described by Di Rest al.[41]. A modified Stobesynthesis allow$or the
preparation of differently shaped MSN (e.g., naneoms, nanocylinders) by altering the molar

ratios of different chenicals during synthes[42, 43].
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Another techniqueyielding anisometric silicon objects based on the conversion of spherical
beads into oblate ellipsoids by means of ion beam irradiation. This technique has been
successfully applied on spheres with a diameter in the interval 126 hmm[44].

Silicon derivatives can be fabricated in various shapes using different techniques. For
cylindrical particles one fabrication method utilizes membranes. Monodisperse olbyébts
potentially very high aspect ratios and a diameter smaller than 50 nm can be gen@&ted

46]. Decuzziet al. used a microfabrication approach, encompassuiiferent etching
techniquesfor the generation of quagiemisphericalFigurel d), discoidal(Figurel e), or

cylindrical silicon particles with a size belowpif [33].

2.1.2.2 NonSpheical ParticlesFormed by SelAssembly Methods

2.1.2.2.1 Micellar §stems

Classical selissembly of surfactants allows adjustment of the form (lamellae, cylinders, or
vesicles) of the assembled objects limited within these thermodynamically stable
mes@hases. The chemical composition as well as the ratio and dimension of the polar and
the nonpolar segment result in different macrostructurg34, 47]. Moreover, the technique

is not limited to amphiphilic fatty acid derivativdsut also allows for the use of amphiphilic
polymers. Block copolymers can belimed and fundamental parameters such as stability,
release properties and size can be tailofdd]. These filamentous micelles maftem block
copolymers can be produced with diameters belowri2d and a length of more than 3fm
(Figureli, ))[19]; evenJanugylinderarchitectures are feasibfg9]. However, the mechanical
stiffness of norcrosslinked objects is low and the structure of the noavalent associates
depends on external factors (surrounding media, temperature, etc.) in addition to the

structural parameters of the monomeng7], restricting a straightforward design of the
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desired geometryf34]. In this context, amphiphilic DNA block copolymers, shstjended
oligonucleotides covalently bowl to a hydrophobic core segment of biocompatible polymer,
were found to form rodike micelles throuly hybridization with longer DNg#equences. The

rods consist of two parallel aligned double helices and have the dimensir 30 nn{Figure
11)[3]. These micelles have been reported to exhibit various shapesding ellipsoida]50],

rod- or threadlike micelleg51], ribbons[47], and hollow cylinder¢Figurel k) [34], among
others.

Micellar systems have already been loaded with active substances and can serve as carriers
for hydrophilic and hydrophobic molecules due to their amphiphilic natumading of
amphiphilic compoundand lipids can be performed follomg different protocols, depending

on the characteristics of the active pharmaceutical ingredient (API). Hydrophilic drugs can
interact with the hydrophit moiety of the amphiphilic compoundlydrophobic drugs on the

contrary can be enclosed in micellastgracting with the lipophilic moieties

2.1.2.2.2 OtherSeltAssembly Methods for Nefpherical Particles

The productionstrategy for iron oxide nanoworms below 100 nm in len(ilgurel h) [8] is

based on the linear assembly of magnetic nanopatrticles, including iron oxide, along strands of
high moleculaiweight dextrans[52]. These segmented nanoge chains can also be formed
from different biotemplated53], however, cannot be generatad perfect accuracy in terms

of homogeneity with this method.
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2.1.2.3 TemplateAssisted Formation of Particles

The most prominent approach resulting in the largest variety of particles, includirg f
formation, is the templateasssted approach. For the template method two general
approaches are used: the coating of a core matgB4], or the coating of inner surfaces of
moulds in a multitude o$etups, which are removed after the casting process.

Biocompatible particles mimicking kegpects of red blood cells, including the shape, could
be formed with a layeby-layer approach, by coating of a core mateiigigure?2 j) [55].
Spherical and discoidal polymeric objects were used as a template for the sequential
deposition of protein and polyelectrolyteg\fter the builtup of the coating, the core was
dissolved and the characteristic shape of erythrocytes formed upon collapse of the shell.
Additionally, active agents can be incorporated in the layers, or can be used as layer material
itself.

Templateasssted methods are mainly based on polymeric materials. Filling of membranes
serving as a moulds also allows the formation of cylindrical objects, such as rods and fibres,
with high fidelity(Figure2 a-e). It is the most versatile approach, allowing to produce a vast
variety of shapeslepending on lhe geometry of the templatgFigure2). Generally, size is
accompanied by a more elaborate shape and therefore ranges primarily in micron dimension.
The morphology is highly tailorable, except for the open side not facing thédmiougeneral,

one should be aware that the presence of polymerization initiators and limitations in the
scaling up may restiche applicability of templateassisted approaches in the biomedical

field.
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Figure2 ¢ Membranes used for the formatiowf cylindrical particles and nespherical
particles formed with templateassistedechniques.

(a) SEM micrograph of a craessction of an alumina membrane (internal diameter = 210 nm)
with an extremely high aspect ratic>1,000) of uniform nanoporefs6]. (b) SEM image
showing the (top) surface of the alumina membrane with a perfect hexagonal arrangement of
the nanoporeg56]. (c) SEM image of a traekched polycarbonate membrane (PC) with a
pore diameter of 1 uni57]. (d), (e) TEM micrograpfof silica nanotubes with (d) @@m
diameter and (e) length of 12.4 pj#5]. (f) Fluorescence imagé BLGA particles created with

a hydrogel template, representingymbols of a computekeyboard[58]. (g), (h)Polymeric
particles fabricated using the PRINT process. SEM images of (g) 3 urshama PEG
particles and of (h) 200m trapezoidaishaped particles beinigolated (right), oaggregated
through an interlinkindayer (left)[59]. (i) SEM image of a polymeric particle that was made
in a microfluidic device polymerized by light. The inset shows the transparency mask feature
that was used to make the corresponding padif$Q]. () SEM micrograph of artificial red
blood cells which were formedsing the layeby-layer technique[55]. Images reproduced

with permission45, 55-60].
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2.1.2.3.1 Membrane Aided Formation

The wellestablishedemplate-assisted metod was pioneered by Martii®1]. In theapproach

a membrane with uniform pores is utilized, enabling the formation of cylindrical objects within
the confined space. After filling of this confined space, the template is dissoledsing the
desired cylindrical particles. Porous alumina membraffégure2 a, b) and tracletched
membranes Eigure2 c)are the two most commotemplates for this approacfs8]. They can

be regarded as complementary regarding their physibemical properties, inorganic oxide
on the one hand and organic polymer on the other hand. For this reason, is it possible to
choose an appropriate solvent ndissolving the deposited substance for most scend68k

The internal geometry and structure of the membrane teatpl dictates the resulting
geometry (tracketched membranes ~ 20 nm aml alumina membranes ~5nm[57]), while

both can be produed in a thickness of a few microns. Both types have parallel, straight,
uniform pores[63], allowing the formation of fibres with very high aspect ratios with high
precision and abundand&igure2 e) [56]. The variety of feasible materials for this approach
is enormous, ranging from inorganic nanostructures, such as gold nan@4jdsr nanotubes
(Figure2 d) [65], silicatubes [45, 46] and objects mde from semiconductor§sl, 62] to
organic compounds, including hydrophobic, hydrophilic, biocompatible l@adegradable
polymers[62, 66]. Active agents can either be loaded in the material forming the cylinder, or

bound to the surface

2.1.2.3.2 Particles ReplicatiomiNonWetting Templates (PRTY
Inspired by soft lithography67], which is regarded as a promising technique for technical
applications, efforts have been undertaken to translate this technology to the biomedical

field. Classical soft lithography techniques have the potential to form complex structures in

11
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the submicron dimensin. The bottleneck of this method for drug delivery purposes used to
be the interlinking layer that prevented the formation of separate parti¢flegure?2 h, left
image. The PRINT technique (particles replication in-a@tting templates) is a promising
and prominent approach that uses a PFPE (perfluoropolyetherld which is nofwetting

to both organic and inorganic compounds8, 59, 68]. The liquid precursors in each cavity are
less likely to form any connecting layer to their neighbours over the surfate ahould[59]
which is a widespread problem. The PRINT technique iscappgi for several materials,
including proteingalbumin[69]) and biocompatible and biodegradable polym&fgure2 g)
(e.g.,poly(ethylene glycolPEG)[59, 70]; poly(Blactic acidPLA)[59]), that can be solidified

by polymerization. With this approach a resolution as low as 20 nm can be achieved wit
composite mould71]. The PRINT technigque was extended and refined for the formation of
high aspect ratio objects (> 50) due to a stretching step, implemented during sequential

production of the flexible soft lithographic moul@d2].

2.1.2.3.3 Step and Flash Imprint Lithograp{&FIL)

Continuing with lithographic techniques, Glangcetal. [73] demonstrated the potential of
Step and Flash ImptinLithography (SIL). This nanomoulding process is applicable to
biocompatible polymersfér instance PEG of different chainlenpitind can form complex
shapes in sub 100 nm dimension. As a proof of concept, the potential for drug delivery of
susceptiblepayloads was assessed by loading the particles with profdireptavidin [73],
avidin[59]). For both molecules the complex with biotin could be formed and was interpreted
as an indicator for a gentle loading process, maintaining the biological functionality of the

proteins

12
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2.1.2.3.4 Hydrogel Template Method

In this context, the use oftber mould materials has also beerestribed in literature.
Acharyeet al. [58] report about a hydrogel (gelatin) template fdnd fabrication of complex
particles down to size of 200 nm. The template is prepared by pouring an aqueous solution of
gelatin onto a master, which has protruding geometries. After solidification and removal, the
gelatin mould is filled with an hydrophobpolymer, e.g., poly(lactico-glycolic acid) (PLGA)

(Figure2 f) forming the particles

2.1.2.3.5 Continuous Flow Lithography

Dendukuriet al. described a photolithographigased microfluidic technique, allowing the
production of complex shapegFigure 2 i) [60]. An oligomer stream (PE@acrylate),
containing a photosensitive initiator, flows through a microfluidic device and is cured by
pulsatile light irradiationHereby, particle geometry is cownited by the mask and the cress
section of the channel in the microfluidic device. This technique allows for the formation of
2 0 2S Ol &Figme2iy Sinc this is a continuous technique, with low polymerization times
of below 0.1 s, the yield is high and should therefore be well suited for large scale production.
Nevertheless, the presence of polymerization atirs and limitations in scaling up might

restrict the applicability of the presented approaches in the biomedical.field

2.1.2.4 Various Approaches to Form N@pherical Particles

2.1.2.4.1 Carbon NanotubefCNTSs)

Carbon nanotubes (CNT|gM] are considered as promising materials even for biomedical
applicationg75, 76]. CNTs can exhibit diameters as low as a few nan@setnd a length of

up to centimetres[77]. These potentially extremely high aspect ratio fibres form upon

13
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addition of energy, either in the form of light (laser ablation), electricity (arc discharge), or
heat (chemical vapour deposition) to a carbon seurthese tubes can be divided into two
classeqFigurel g)[24], singlewalled CNTs (SWC§TFigurel f) [75, 78] and multiwalled
CNTs (MWCNTSs), concentric singldled tubes stacked inteeachother. Theyhave been
intensively studied ever since their discovery 1994]. In general, these particles are
hydrophobic but can be rendered water soluble by surface modifications. In addition, allowing
for drug loading 78] and reducing the pronounced tendency to agglomerate. Even though
being a promising approach, safety issues stiéchto be investigated thoroughly. This is of

special interest regarding the structural analogy to asbestos in particular for longer[2#)es

2.1.2.4.2 Stretching of Spheres

Mitragotri and ceworkershaveutilized a mechanical stretching method based on the work
of Hoet al.[79] to form polymer particles consisting pblystyrene P [22, 80], or PLGAZ2,

81]. The spherical objectsised as precursors are immobilized in a polymeric. filnereafter
they are liquefied either by dissolutiom a solvent for the precursor, or heating above the
glass transition temperature arglbsequentlystretched. Modifications of this protocol yield
shapes in great variety80], including complex shapes in great diversity with diameters well
below 1 um(Figurel a, b)whereas size depends on the primary particles. Furthermore, the

particles can be loaded with active compounds

2.1.2.4.3 Electrospinning
Electrospinning is a technique used widely in tissueirezeging [82-85]. It allows for the
generation of fibres from a multitude of polymers, ranging from synthetic to natural, including

biodegradable polymers and blends, in the micron and nanometer size rangs. at
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continuous processhich is ideal for the generation of meshes having a random distribution
of fibres.

The standard electrospinning setup consists of a round nozzle, being one electrode and a plain
collecting plate, representinthe other electrode An electrical potential is applied between

the drop at the nozzle and the collector. A jet is emitted from the drop and approaches the
oppositely charged collecting plate. Repulsive forces between the charges, accumulated
within the jet, cause a continuousongation of the jet over time. The jet does not elongate

in a straight line until the solvent is utterly evaporated and the polymer has solidified. The jet
changes its direct trajectory toward the opposite electrode in the range of milliseconds and
approaches in spiralling loops. Depending on the experimental setup this phenenoamdbe
observed several time§he morphology of the fibres result from both, the evaporation of the
solvent and the elongation of the thread during the format[88]. This mechanism holds true

for solutions, classically being applied for electiosjng.

In General, electrospinning yields smooth wires with a homogenous diameter over the entire
length. Variants of fibres, including tubes and eehell fibres have been described. Objects
such as particles can be incorporated into the fibres. Thbrtiggie is not limited to solid and
resistant inorganic particles. Literature gives examples for successful incorporation of small
molecules, macromoleculesuch as DNA, proteins, enzymasd even sound cells.

The bottleneck of this technique is the aligent and ordering of the filaments, which is not
described for unordered meshes. The alignment is a prerequisite for the production of fibres
with a defined length. This step could extend the applicability beyond tissue engineering and
wound healing, whic are locally applied, for the broader field of drug delivery, using

nanofibres with a length of choice. Different approaches have been described, most
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commonly using a rotating cylindrical collector electrd®2] in order to align thefibres.

Subsequentlythe fibres can be cut mechanically or using a laser.

2.1.2.5 StimulusTriggered Transition ofi@pe

The shift of morphology of nespherical particles in response to an external trigger with
relevance for drug delivery has been reporf{@d]. Based on the observation that geometry
modulates internalization processes, the transition of shape could be utilized to precisely
control the kinetics and success of ingestion. Elliptical disc microparticles made from varying
PLGA morphed into spheres of equivalent volume. In all cases the drivicg flar the
morphological switch has been the minimization of interfacial tension, opposed by the
viscosity of the PLGA. Stimuli have bediering this balance antherefore couldaccelerate

the conversion. Firstly, the elevation of temperature leads to a decrease of viscosity of PLGA.
Secondly, PLGA, being a weak acid, exhibits a varying degree of dissociation depending on the
surrounding media; its charged groups possess a higb&arity and alter the interfacial
tension. Consequently, the reduction of the pH causes a decreased polarization due to
protonation of the acid functions, which itself gives rise to a higher interfacial tension. This
thermodynamic unfavourable state iraumvened by downsizing of the interface forming
spheres. The last stimulus examined was the binding of amphiphilic chemicals. A positively
charged compound with a nepolar residue could bind to the negatively charged PLGA
particles in physiological p+ 7.4) and increased the interfacial tension. This is analogue to
the effect of the reduction of the pH.

A clinical application is conceivable, may it be the elevation of temperature through
ultrasound exposure, the acidic environment in tumours or themadmstration of an

amphiphilic compound
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2.1.3 Effect of Nao-Soherical Shape of Druarrierson Rocessesn Mvo

The production of microand nanostructures with high homogeneity and precise control of
the geometry has paved the way for the elucidationiu# tmplications of shape for biological
processes. The various production technigée micro- and nanoparticle$2.1.2) of desired
shape have rendered it possible to discover fundamental mechanisms that are relevant for
many disciplines, including drug delivery.

Nonetheless, factors influencing the outcome of the studies besides the shape are plentiful
and their interplayis complex. In some cases, the effect cannot be fully attributed to shape.
Parameters such as elasticify9, 70], sizeand volumes[4, 8, 10, 32, 33, 86], material
composition[33], surface charge and chemisti9, 10] are favouringcertain pathways and
impeding others. The whole set of properties of a particle is responsible for the behaviour
under the respective experimental conditions and may serve as an explanation for the

contradictory outcomes of some studies

2.1.3.1 Internalization Pocessesnd Trafficking

The dependency of size on internalization mechanisms has been studied \8deB8].
Smaller objects are known to be taken up more rapidly and the internalization meschan
differs with respect to the size. Having the chance to create specific bindings, receptor
mediated internalization is favoured.

Endocytosis can be subdivided into four main pathw489], namely phagocytosis,
macropinocytosis, clathrin and cdveolaemediated endocytosis. Phagocytosis is the
mechanism through which specialized cells usually internalize objects larger thdhTbpm

in diameter[90Q]. It involves the formation of highly ordered actin structures in form of-cup

like or toroidal arrangements, which are spexibr phagocytosis; polymerization in different
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arrangements are also observed during other endocytosis pathways. Drawing the line to a size
of 500 nm for receptor mediated endocytosis, particles below this threshold are
predominantly internalized by a keeolaemediated mechanism (< 120 nm), whereas the
internalization of objects < 200 nm involve clathdoated pits 1, 87]. Macropinocytosis is of
major relevance for endocytosis above the limitation of 500 nm, not showing the actin
polymerization in a ringlke fashion, which is spd@ for phagocytosis. The engulfment of
smaller particles requires a minor rearrangement of the cytoskeleton, whereas this becomes
more pronounced with the formation of protruding actin filaments for larger particles. In
parts, the results of the study psented in the following subchapters might seem
contradictory at first sight. In order to describe the whole picture, the conditions of the studies
are presented in detail.

The geometry of an object impacts many mechanism of internalization, not only nelfora
pulmonary drug delivery. The most important clearance mechanism for the clearance of
foreign material in the deep lung is phagocytd2id. The mechanism of internizktion differs
substantially, depending on the target region, the cell species within the target region and the

characteristics of the particle (including the size, the shape, the surface cheneistiji5).

2.1.3.1.1 Phagocytosis

Phagocytosis is one of four pathways of endocytosis, which are used for internalization
processes into cells. It describes the physiological process of clearing, amongst others, foreign
objects of dimension 50650 nm and above, which is performed by spieed cell§90]. It

is of paticular importance for pulmonary drug delivery, because it is the dominant mechanism
for clearance in the respiratory region. Mitragotri andworkers report in their seminal paper

about the implications of differently shaped polystyrene objects on phggsis, studied with
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rat alveolar macrophage@igure3d) [22]. Being phagocytes and part of the innate immune
system, the macrophages internalized these +spheri@l particles, recognizing it as
GO2Yy Ul YAYIF A2y éd ¢KS &dz00Saa 2F GKS Sy3dzZ FY
initiation of the ingestions is substantially influenced by the local shape at the place of first
contact with the particle, sphericglarticles only exhibiting one, in contrast to ngpherical
particles having at least two. Roughly, the limitation for internalization is the geometrical
shape of a sphere, being more oblate the macrophage will only spread on the object. On the
other hand,a more conical local morphology leads to a synchronized polymerization of
cytoskeleton component actin, a toroid is formed around the object as the membrane is
pushed further over the object. Importantly, this finding entails various phagocytosis
scenarie for identical norspherical particles, depending on the initial orientation of the
particle towards the macrophage during the initiation of phagocytosis. The completion of
phagocytosis is limited by the volume of the object; particles with volumes exupdhde
dimension of the phagocyte are not being ingested. The experiments were performed with
objects (spherical and nespherical) with equivalent volumes of 12.5 um PS spheres with

and without decoration with the immunoglobulin G (IgG). Notably, dieeoration with 1gG

antibodies did not alter the behaviour of the macrophages with respect to initiation of

phagocytosis

19



General Introduction

Figure3 ¢ Colourised SEM micrographs of alveolar macrophagesnalizing norspherical
particles.

The macrophages (brown) interact with polystyrene particles (purple) of different shapes and
in different orientationg22]. (a)The cell body can be seen at the end of Hiptical disc and

the membrane has progressed down the length of the particle. (b) A cell has attached to the
flat side of an elliptical disc and has spread on the patrticle. (c) A spherical particle has attached
to the top of a cell and the membrane hasogressed over approximately half the particle

Images reproduced with permissi¢a2].

Applying the paradigm to the shape of a disc for instance, phagocytosis isiiatied if
macrophages approach from the narrow ends of the object. If the initial point of contact is on
the flat side of the disc, meaning that the gature is low, phagocytosis wiibt take place.
Similarly, stiff worrdike objects made from PS cdubnly become internalized if the point of
initial contact happen to be the end23].

This shape and orientation dependant uptake allows for the explanation of phagocytosis on
flexiblefilamentous micelles, the scalled filomicelles and the longevity of circulatid®]. In

vitro examination of phagocytosis (with amdgthout flow) with activated human macrophages
THP1 revealed that filamentous micelles were internalized less often than spherical micelles.
The exceptional circulation time of over 1 week in mice could be explained with the alignment

of the flexible micdés with the blood flow, giving rise to fewer collisions of the micelles with
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the vascular walls and contact with RES. The reticuloendothelial system (RES) or mononuclear
phagocyte system (MPS) is tissue rich of phagocytotic cells, such as the spleée awvelrf
responsible for the clearance of the blood stream. Additionally, being flexible the filomicelles
could extricate from the phagocytes and were dragged away by the strong hydrodynamic
force of the blood flow. The particles sacrificed the part twas captured by the phagocytes,

and thereby were successively shortened. It must be noted that the capturing was only
observed to take place from the ends of the filaments, supporting the paradigm, that the
particles can only be phagocytosed, when appraaghwith a high curvature regiof22].
Eventually, smaller objects were entirely taken up by the phagocytes of the retitddeelial

system like their spherical counterparts

2.1.3.1.2 Endocytosis

Shape of some of the most infectious pathogens have been discovered to ksphencal,

such as the roghaped Granrmegative bacteriécsalomonellaShigellaand Yersinig[91], the
filamentous Ebola and Marburg Vir[l&)], or the complex shape of theacteria virus lambda
phage[92]. In the internalization of those pathegs receptormediated endocytosis plays a
major role. It is typically the mechanism of uptake for various small objects, such as those
infectious particles (virions) or nanoparticlg¢$5], in contrast to phagocytosis, which is
restricted to specialized cells proficient to internalize larger objg®s The effects of shape

on endocytosis werstudied with nanopatrticles exhibiting different geometries, such as gold

nanoparticlefAuNPsJ5, 9, 10, 32, 93], or larger polymerig¢2, 7, 70], or silica particle$l, 94].
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2.1.3.1.2.1ComputerSimulationof Endocytosis

Decuzzet al.compared various shapes regarding their internalization imaslicostudy[95].

It was computed that elongated or flattened patrticles, lying parallel to the cell membrane may
evade, or slow down endocytosis, depending on further conditions. This in particutds hol
true for disclike shapes; it is less pronounced for ovoid objects, oriented with their high
curvature region towards the cell, for instan(f@gure4) [29]. Therefore, objects presenting
higher curvature regions to the cell, such as discs not lying parallel towards the surface, are

increasingly taken up. Spheres, being isometric, always present high curvature regions and are

therefore taken up more eagyil

Figure4 ¢ Adhesionand uptakeof particles with different shapand orientationto the cell
membrane

Spherical and ovoid particles are more easily internalized in comparison to the elongated
particles with parallel orientation. Nonetheless, the adhesion of the elongated particle in this
orientation is increased because of the elevated contact area, increasing the number of

specific interactiondllustration reproduced with permissidi29].

Experimentd examination and confirmation of the above mentioned hypothesis was

performed by various groups. The results are summarized in detail in the following passages
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2.1.3.1.2.2Gold Minopatrticles (AuNP)

Gold NPs (AuNP) are among the materials used most frequently doagbessment of the
biological response of cells towards nanoparticles, because their shape and surface chemistry
can be tailored93] [36], neither are they immunosuppressiva inflammatory[96].

The studies conducted with gold nanoparticles revealed that-symerical shape reduced
internalization in comparison to spheres. Sinceaas shapes and cells were compared the
details of the single studies need to be considered.

Chithraniet al. compared the endocytosis of reshaped AuNP and AuNP of a size below 100
nm. More precisely, the dimensions of the objects were 14 nm and 74nthéd spheres and

rods with aspect ratios of 3 (14 x 40 nm) and 5 (14 x 74 nm). HeLa cells (immortalised human
cell line) were used for the vitro experiments. It was found that the number of ingested
particles per cell for both aspect ratios lies beld®wth spheres. Longer cylinders were
engulfed to a lower extent than their shorter counterparts.

The uptake mechanism was studied in more detail and quantified comparing AuNP spheres
(14 and 50 nm) and rods (20 x 30 nm, 14 x 50 nm, 7 x 42 nm) coatedheitbrdtein
transferrin[10]. It was confirmed that spheres were predominantly taken up. Depending on
the cell line (fibroblasts (STO cell®ld cells and brain tumour cells (SNB19 cells)) more than
5-fold 50nm spheres were internalized compared to the highest aspect ratio rods. The higher
the aspect ratio, the less was taken up into the cells.

It should be mentioned that there is reliableidgnce that transferrin was only bound to the
ends of the rods. The surfactant Cetyltrimethylammonium bromide (CTAB), which is obligatory
for the formation of the rods, but not the spheres, was most likely still bound to the

longitudinal surface and waséheby preventing the adsorption of protein.
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Besides the shape, the varying decoration with proteins might play an essential role for the
uptake behaviour. In addition to deliberately modified surfaces, upon injection the particle
surface is covered with @sma proteins. This protein corona substantially differs depending
on the surface properties and thus the material of the system with respect to amount, pattern
and type[10, 97].

Interestingly, opsonisation can also be affected by the particle shape, leading to different
types and orientations of the adsorbed opsonja§].

Hutter et al. [32] found differences in the distribution for the uptake into brain tissue
(hippocampal neurons and microglia cells). It was concluded that this can be atttitmite
differing mode of internalization favouring a certain geometry. In the study, spherical (23 nm),
rod- (43 x 12 nm) and urchishaped (77 nm) AuNRFEigurel c) with the same surface
chemistry were examined. The particles were either coated with PEG, or the presence of the
salt CTAB rendered the particles positively charged. It was found thatinarchere
predominately taken up by microglia and rods were only imbibed by neurons. Microglia cells
are the resident macrophages of the brain and spine contributing to preserve the homeostasis
through clearance processes, internalizing the irregularly stlapchins that exhibit many

high curvature spikes. Neurons typically internalize proteins through endocytotic pathways.
The internalization of AUNP spheres (30, 50 and 90 nm diameter) and rods (10 x 35 and
10x45nm) was quantified on the human prostatancer cell line RG [9]. Plain AuNP
spheres (negative zeta potential-34 mV) were compared with the identical spheres after
PEGylation, rendering the zeta potential more positive2@-mV) andPEGylated rods with
positive zeta potential (~ +20 mV), due to the formation process. The plain AuNP were
internalized partially to a 100fbld higher extent compared to the PEGylated (spheres + rods)

counterparts. PEGylation is an established modificatiocreasing the surface hydrophilicity,
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thereby reducing uptake substantial[@8]. A higher quantity ® 45 nm long rods was
internalized than the other PEGylated shorter 35 nm cylinders. Comparing the spheres, the
50 nm patrticles were taken up to the highest extent, however, exceeded by the larger rods.
In the studies by Chithramit al.[5, 10] the uptake was observed to be lower and slower for
gold nanorods in comparison to spherical AuNPs. It was speculated that this could be
attributed to differences in curvature between spheres and rfislsand thereby confirmed

the biophysical hypothesis of the theoretical modi@b]. Additionally, it was speculated that
cylindrical particles having adsorbed longitudinally, can have a higher contact area with the
membrane in comparison to spheres, which can block further receptors that would not be
available for the ingestio of other particles.

Being contradictory results in comparison to the other studies by Hettat. [32] and Arnida

et al.[9] (on first sight), one ought not to forget that the surface charge diffecedibmentally

and influences cannot be neglected for the interpretation. The steric hindrance due to
PEGylation prevents the binding to the cell and it was speculated that the positive surface
charge enhances interactions. The surface of cells exhibitsgatime charge, favouring
cationic surface charge of carrier systems over neutral or positive surface chef@gtrQ.
Elongated objects exhibit an increased contact surface, causing more uptake in contrast to the

paradigm of reduced uptake for elongated obje2sl.3.1.).

2.1.3.1.2.3Particles wth Features in the Micron Range

Herdet al. examined the impact of geometry of silica particles on the mode of internalization
in a variety of cell lines, including the immortalized cell line A549 epithelial lung cells and the
primary cells: murine macrophages RAW 264.7, human alveolar, tissu@phages and

epithelia cell§1]. The silica particles had spherical (~ 200 nm), cylindrical (~ 400 x 200 nm)
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and worntlike (~ 1300 x 300 nm) shaf6]. In a prior study, the group did not find significant
differences for the uptake in A549 and RAW 264.7 cells for the tested paf@deseither

were significant differences found for the toxicity. A threshold for the toxicity of the silica
nanomaterial, regardless of the tested shapes, diagsovered. In the recent study, the group
elaborated on the differences of the uptake mechanisms, utilizing specific pharmacological
inhibitors, as well as TEM analysis, the pattern of actin polymerization (phalloidin staining) and
gene expressiofl]. Phenotypical differences between the macrophage cell lines (alveolar and
tissue macrophages) regarding the degree of uptake, were confirmed by the pharmacological
studies. More spheres were taken up by alveolar macrophages in comparison to tissue
macropha@s. Furthermore, pharmacological inhibitors showed a different effect on the
species of macrophageproofing that cell function is relevant for the outcome. In brief,
spherical particles were internalized predominately through clatmidiated endocytosi,
whereas the larger wornrike silica particles were either internalized through
micropinocytosis, or phagocytosis. Gene expression studies were not specific for the
discrimination. One dimension of the worms is still within the limit of 200 nm for ctathr
mediated endocytosis, which seemed to be activated for particles approaching with their
transversal side. Not all experiments were performed with the cylindrical particles, because
of the high similarity with the worntike particles.

In another study, iica particles with varying aspect ratwere compared regarding their
uptake into HeLa and A549 cdl®!]. The mesoporous silica nanoparticles had diameters of
50-90 nm and length of 110300 nm, the three groups had aspect ratafs~ 1.5, ~ 2.5 and

~ 4.5. The aspect ratio determined the quantities of uptake, with a maximum for the aspect
ratio of 2.5 taken up through macropinocytosis. For these partittesmaximal number of

filopodia, actin polymerization and the correspondgmbtein expression was induced. The

26



General Introduction

particles were loaded with the chemotherapeutic drugs camptothecin and paclitaxel and
showed the highest cytotoxicity in HeLa cells for this aspect ratio. It was concluded that the
cells are capable of sensing the diffaces of the aspect ratio.

Larger polymeric nospherical particles in the micron size range formed by a stretching
technique[80] were used for other studiel®, 7]. Muro et al.[7] also exposed HUVEC cells to
elliptical discs (0.1 x 1 x 3 um) and spheres (0.1, 1, 5, 10 um) that were both decorated with
ICAM ligands (intercellular adhesion molecule 1) in order to dewdgt target the
endothelium.

The uptake kinetics for discs were slower than for spheres. This observation lead to the
speculation that this might be attributed to a novel uptake mechanism and the group
discovered that internalization happened via CAMdated endocytosis (cell adhesion
moleculemediated endocytosiskince clathrinand calveolaanediated pathways usually are
restricted to much smaller dimensiof$5]. Systematic biochemical inhibitor studies reveal
that particles of all examined geometries were taken up through the same process.
Differences wereobserved for the kinetics and the relative orientation towards the actin
stress fibres, which are rearranged during endocytosis.

Yooet al.[2] compared the uptake of spherical particles (A8rlor PLGA 1.8 um diameter)

with the uptake of elliptical discs of identical volume (either PS or PLGA). The volume was kept
constant through stretching of the respective bed@sl.2.4.2. The elliptical discs exhibited
aspect ratios of ~ 5 and had dimensions of 0.2 x 0.7 x 3.5 um? for PS and a length of ~ 7 pm
for the larger PLGA discs, respectively. The discs were conjugated withipsig€) (pLLON

the surface, rendering the zeta potential positive. The experiments were conducted with
different cell lines; bENB, a mouse brain endothelial cell line for PS and HUVEC, human

umbilical vein endothelial cells for PLGA. Both morphologies were takég bpth cell lines
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for both materials. Significant differences for the uptake kinetics comparing spheres and discs
were observed

In accordance with Muret al. [7] discs were taken up more slowly than spheres. More
precisely, PLGA discs were internalized to much lower extefold¥within the first hour,

over the course of the experiment levelled off after 4 h, with only a mild excess306-

Discs exhiieed predominately tangential orientation during uptake. The slower kinetics for
uptake of discs in both studies can be explained with the higher sutagelume ratio in
comparison to spheres, giving rise to an elevated deformation of the plasma meebran
order to adapt to the varying curvature of the disc

Grattonet al.[70] examined the internalization of polymeric cubes and cylinders (aspect ratio
of 3 or below) with pronounced differences in size and shape in HelLa cells. Particles made
from cationic, crosdéinked PEG hydrogels, formed with the PRitchnique[59, 68], were
observed to show a significantly different ingestion with respect to the kinetics and the
amount. Cubic particles of 3 um and 5 um side length were internalized to a much lower
extend (< 20 %) than smaller 2 um cubic particles (45 % uptake); allgetberetrical objects,
being smaller and cylinders with variable aspect ratio were engulfed to at 1€@506-
Substantial difference were observed for the speed of endocytosis. Having comparable
volumes, the longer rods with an aspect ratio of 3 (1506 @) were internalized four times
faster than the rods with aspect ratio 1 (200 nm). The internalization efficiency in both cases
was above 75 %, with a higher value for the prolonged particles. Comparing the rates of
internalization for rods with an asperatio of 3, the objects with a diameter of 100 nm
exhibited a slower uptake in comparison to a diameter of 150 nm. The extend of uptake could
not be increased through smaller size. Furthermore, the study indicates differences in the

mode of uptake withrespect to shape and size. The 150 nm diameter particles with aspect
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ratio 3 use multiple uptake mechanisms, explaining their amplified internalization (faster and
more), involving clathrinand calveolagnediated and others mechanisms, whereas it was
spealated that the other particles mainly utilize nartathrin and norcalveolaemediated
pathways (200 nm and 1 um cylinders with aspect ratio 1)

In a nutshell, he dbserved behaviour could not be traced back to a single variatieidering

the differences of the particles regardingize, volume, asgect ratio, volume and charge
effects It was speculated that the increased contact area of particles with higher aspect ratio
allows for more cationic interactions with the cell membrane; particles with negateta
potential exhibited slowemptake which is in accordance with other studif 32]. The
increased contact area resulted in slower uptake in other studies, which was explained with
the unfavourable deformation of the cell membrane, in conti@st7].

A multitude of factors have to be considered for a complete elucidation of uptake. Physical
properties[12], such adlexibility, should also be taken into account. The partigiespared

with the PRINT process show a certain flexibjlif§}. Dennis Discher and emorkers report
about the relevance of elasticitgnd shape for the uptake of smlled filomicellegFigure

1i,j) [19]. These are flexible, flamentous micelles with a diameter of ~ 5@mma length of
more than 10 pmand ae decorated with PEGhat show an exceptionalongevity in
circulation in contrast to their spherical counterpart®hagocytosis irmacrophages was
examined under flowas well as endocytosis into epithelial cellurphan lungderived
epithelium) understatic incubation conditions. In contrast to phagocytosis, for which an
internalization of particles below 3 um was observed, ombyficelles with a length of 2 Bm

were recovered after incubation, implying a different mechanism. It was speculatedftieat
longitudinal adhesion motor mechanisms pinch off smaller endolysosomal vesicles,

fragmenting the micelles.
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It should also be mentioned that contradictory observations have also been made regarding
the uptake behaviour of nespherical microparticlesn astudy using filamentos DNA block
copolymersthe uptake into the epithelium was examined The internalization of rods
(~3¢ 4 x30nm) was 1Zold more efficient compared witlspheres (~ 5.5 nm) slerved after

lysis of the Cacogells[3]. This again shows that the impact of design parameters for drug

delivery systems is not yet fully understood and more systematic studies areedquir

2.1.3.1.3 Intracellular Tafficking

Some studies focused on the effects of shape on intracellular trafficking and localisation after
uptake, which is of vilamportance for effective drudelivery. Certain agents need to interact
with the DNA, thereforespatial proximity is a desirable feature for vectors designed for DNA
delivery. The diffusion coefficient of macromolecules like DNA is comparably low and
likelihood of reaching the target is substantially higti¢he vector is able to deliver the cargo
close to the target region

Grattonet al.[70] found that cylindrical polymeric particles with aspect ratio 3(¥450 nm)
were traversed substantially further towards the nucleus than their countespaith aspect

ratio 1 for bothlarger (1 pm) and for smaller (0.2 um) cylinders.

Whereas other studiesexamining filamentous micellar aytlers with diameters below
100nm and a length of several microf%9], or hundreds of nn{3] did not report about
preferential subcellular accumulation.

Furthermore it wasfound that the fraction ofrod-shaped AuNg& which wereexocytosed

was higher than fogold spheres in te nanometer range fheres: 14 and0 nm and rods:
20x30nm, 14 x 50 nm and x 42 nmJ10]. Increased exocytosis of na@pherical particles

wasalso observed for polymeric microparticledliptical discs, aspect ratio 5 made from

30



General Introduction

PS, length ~ 7 um and PLGA, 0.2 x 0.7 x 3.5 um?3 compareceresoifi equivalent volume,

PS Ium and PLGA 1.8 pm diame)§z].

The same elliptical discs made from PS and PLGA show a strong preference for tangential
orientation around the nucleus, being random at the beginning and aligning morenanrel

as a function of timefFurther distinctions were found fdhe kinetics of the approach towards

the nucleus, spheres approached significantly faster than elliptical discs.

2.1.3.2 Impact on Adhesion

Another fundamental implication of nespherical shape is the increased surfaea
allowing specific and unspecifiateractions. Possessing equivalent volumes particulate
systems with prolonged geometry exhibit a larger surfadsch can result in a firmer binding.
Either polyvalent specific bindingr more area for norspecific interactionsor a combination

of both warrants a strong adsorptio(Figure4). Assessing the impact, a theoretical model
about the avidity of the binding in linear flow between tissuslaon-spheri@l objects was
created[101]. The model allows the calculation of an idealume for spheres, having the
highest adhesive strength (physiological values forasiséress and receptor density with
sphere diametes betweenl100 - 500 nmwere assumey It couldbe inferred that oblate
objects with equal volume dhere more firmly to the tissue than the spherical
counterparts(Figured). This means that the volume for equivalent avidity is increased and
more payload can be transped; the curvature of a sphere hinders mul&pformations of
0KSaS dalinyconkastiNt & more oblate shapépplying these parameters to an
ellipsoidaloblate particlewith an aspect ratio of twoesults in a roughly 5€ld higher volume

for equivalent adhesive strength. Principally, adhesion will taktg place if the counteracting

force of binding exceedse dislodging, driven by hydrodynamic forces. The avidity increases
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with the number of specific interactions and gives rise to a firimestbn on the surfacf, 8,
29, 30, 102.

Iron oxide nanoparticles (~ 5 nm in diameter) were interconnected with-higlecular
weight dextran inorder to form chaidlike structures with a length of 580 nm(Figurel h).
The particles were functionalized with the internalizing peptidegF#ie study[8] and with
either of the two targeting ligand€REKAor F3in the later study[4] in order to provide
multiple specific binding site¥he nanehains ad the single beads were studié&a mice and
MDAMB-435 tumour cell lind8] and inxenograft malels of human carcinoma (MBYAB-
435) and fibrosarcoma (HT108d]. It was observed thateceptor mediated uptake of rods
(5- 10iron oxide coresyvas increased compared to spheyesmposeal of oneto two iron
oxide cores with dextran coating 5 - 35 nm dameter) and a constanttio of ligands per
iron atom due to their larger surface area and multiple attachmpaints.

A g/nthetic microvascular modelith bifurcation was used in order to elucidate the adhesion
of spheres in comparison to nespherical objects, such as elongated objects (rods), flattened
objects (circular discs) and the combination of halongated disc§103]. The particles were
formed with the stretching technique2(1.2.4.3 from sphers with a diameter of 1, 3 and
6 um made from P&nd were coated with an anBSA antibody. The micraoitlic device was
modified with bovineserum dbumin (BSA), providing the complementary entity for binding.
Both elongatedand flattenedparticles showed a higher propensityr adhesion than the
spheres. The elongated objects consistently showed higher adhesitna maximum of
more than 5fold, which was depending on the aspect ratialh®sion was increaseid the
junction of the bifurcation because of the complex flow for all tested geometimes

comparison tcadhesion at the inlet.
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2.1.3.3 Circulation and Biodistribution

2.1.3.3.1 Spatial Distribution ifrlowg Margination

Margination is the term describing the lateral migration of particles over tifeing
administered intravenously, particles are instantly exposed to the hydrodynamic forces
exerted from the blood flow. Decuzet al. reported that flud dynamic effects and the
structure of the vasculature give rise to a spatial distribution of theipaldte components of

the bloodwith the accumulation of the cellular components in the censerrounded bya
GOStf TRB SThedrétialSnaBels supposing laminar flow showed that (neutrally
buoyant) spherical particles do not drift lateraliynless external forces are applied, such as
gravitation, van der Waalsy electrcstatic interactions. Notspheri@l particles act differently

and show more complicated motions, such as tumbling, rolling, rotation and translation. The
forces exerted on the particle by the bloodstream depend on the dimension, the orientation
and the georetry and result in differing margination profiles and kinetics. According to an
in silico model, nonspheri@l particles tend to marginate spontaneous[jt04]. It was
computed that prolate spheroidal particles, described and modulated by the aspect ratio,
always drift laterally towards the endothelium and leave the laminar flow.

Verifying thisin vitro, silica microspheres, quasemispherical, and discoidal silicon particles
with equivalent weight were injected into a lamindlow chamber. It was observethat
induced by gravitational forcesdliscoidal particles marginate to the highest extent|daed

by the quashemispherical particles and the spheres to the lowest degree. This approximation
is valid as long as the particles are sufficientlalsiend are present in the cdikee layer, even
though the interaction with the cellular fraction die blood is neglectedl105. The closer
proximity to the endotheliumallows for an accelerated distribution to periphery vessels

because ofbranchingsmaller vesicles are more readdgtered.
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2.1.3.3.2 Longevity in Circulation

Principally, extended circulation in the blood steam imajor criterion for modern drug
delivery systems, in particular for cytostatic therapy. Longevity in circulation permits
controlled distribution and homing of the drug into the cancer tisg8leand can be regarded

as a key parameter for the specific targeting/ivo[106].

Not only elongated shapesuch as filamentous micelles (filomicell€B)gurel i, j), have
proven to exhibit a longer halife [19], other beneficiageometries, such as disfE07] and
elliptical discg7], have been discovered. Being inspired by nature, red blood cells are known
to exhibit a long circulatiofjl08 and methods have been found to generate artificial red
blood cells, mimicking key properti€@sSigure2 j) [55].

The circulation time of liposomes, in the size range of-1IED nm, could be enhanced bye
transformation of the spheral vesicles into a diskke shape. Polymerization of monomeric
actin into a filamentous state was utilized for this morphological transition, rats were used as
the model systenj107].

Polymeric elliptical discs (0.1 x 1 x 3 um) made from polystyrene were found to remain longer
in crculation in mice in comparison to their sphericaunterparts(0.1, 1, 5, 10 puny].
Importantly, the exceptional longevity of circulation of filomicelles cannot exclusively be
attributed to geometry[19]. The filamentos micelles showed a more than temmes longer
circulation of more than oneveek in comparison to spherical micelles, examined in rats.
Rigidity seems to be an important factor as well. Filomicelles exhibiting different degrees of
flexibility, showed only rmor variations of the circulation time, whereas truly stiff filamentous
micelles, prepared bygrosslinking, were cleared within hours. A similar observation was
made for iron oxide nanochainsovered with dextran with a diameter in the range of 5 nm

anda length of mostly 5680 nm, which did not show an elevated circulation time compared
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to spherical iron oxide particlgd]. Furthermore a fragmentation was not observed during
circulation, which means that their original morphology was preseigedAnother example
are water soluble carbon nanotubes of a length of38 nm and a diameter of a fewm

which were also excreted within houfg].

2.1.3.3.3 Biodistribution

Polymeic elliptical discs (0.1 x 13xum)made from polystyrenelecorated with intercellular
adhesion molecule (ICAM) ligands to seledyitarget endothelium were reported tshow

lower uptake by the liver and a specific targeting of lung tissue in comparison to their spherical
(0.1, 1, 5, 10 upncounterparty7].

The effects of geometry (size astlape) orbiodistribution after systemic administration in
nude mice have been studied with various silica spheres (diameter 0.7, 1.0, 2.5, 3.0 um) and
non-spherical objects all having comparable volurfigd]. Spheres with diameter of 1 um,
volume 0.52 um3 (noporous) were compared with cylindrical (chater 1 x1 um, volume

~0.8 ums3, nonporous), discoidal (diameter 1.60<3 um, volume ~ 0.6 ums3, ngorous) and
guasthemispherical (diameter 1.6 um, volume0.6 ums3, porosity 50 60 %) all havig a
negative zeta potential-82 to -45 mV) due to the identical preparation protocol. The
biodistribution was derived from the silicocontert of each organ of theumour bearing
mouse. The organs and tissues obysel were heart, brain, kidney, lung, liver, spleen and
tumour (MDAMB-231 breast cancer cell lin€jhe most pronounced differences were found

for discoidal shape. Among theh@r nonspherical objectsgylinder with aspct ratiol and

the quasthemispherical objectdiscs are able to circumvent sequestration by phagocytes
best, such asie Kupffer cells in the liver. TherefQriscsshow the least accumulation in the

liver. The larger faction that was found in other organs wasgplained ly the higher contact
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area of the discancreasing the adherence at the interfacecomparison to spéres. More
specifi¢ the highest differencg> 4fold) was observed for lung, confirming the findings of
Muro et al.[7], and heart tissue in comparison to the shapes haangspect ratio close to
unity. In brain, kidney andumour tissue only minute uptake and no statistically significant
difference was observetbr the tested geometriesit was hypothesized that th could be
associated with the relatively large size and could have hindered access to these tissues.
Again in another studya moderately higher accumulat of nonspherical objectgfibrous
filomicelles[19]) was observed. Thisasleading to the speculation about implications for the
localisation of viral infections of the lung with respect to filamentous virions, namely the Ebola
andthe Influenza Virus H5N1.

Differences in the biodistribution were additionally observed by Sailor andarkers|[8],
expressing the accumulation in ratios relative to the amount found in the liver, the
accumulation of dextran coated nanochaifength ~ 50 nmdf iron oxide in the spleefa RES
organ) was higher, whereas it wisver in the kidneys.

In addition, these filaments showed differences regarding the retention time after
extravasation into tumar tissue in comparison to the beadslerely the spheres returned

into circulation to a high extent, because they were not phykideapped.

2.1.3.4 Immune Rsponseand Toxicity

Infectivity and pathogenicity has been reported to be linked to the shape of pathdd68s

and first toxicologial studies regarding the toxicity of mamade nonspherical particles have

been undertaken.

Besides varying internalization profiles as examined on brain tissue for sub 100 nm AuNP with

spherical, rod and urchin shajEigurel c)the immune response differed substantial32].
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Exclusively urchins and rods induced-tibié receptor 2 (TLR) upregulation in microglia,
whereasin vivoexperiments revealed that spherical AUNP did alter the expression of this
TLR2. Examining the inflammatory cytokine expression pattern more in detail (including
interleukinl (Il:1) and granulocyte macrophage colony stimulating factor {G3F))
differences for urchin and rods were found, indicgftia unique microglianediated immune
response for each geometry.

First toxicological studies taking into account particle shape were cond{iti€}l Nanet al.
report about an increased toxicif shorter silica nanorods (59200 nm) in comparison to
longer nanorods (5& 500 nm). This difference can be largely attributedthe increased
numberof the applied particlesentailing a bigger overall surfacehd datain this studywas
normalized on themass.

Furtherparticulate vectordiave been reported to not be toxic, includiRrgEGyled and plain

gold nanorods anesphereq9] and filomicelleg19].
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2.2 Cell Response on Textured Surfaces

The nfluenceof sufface structure on cell response a welstudied subjectSurfacetexture

has shown to be a central parameter for cell communication and acfi/ity]. it has been
discovered that the micro andanometric texture of mammalian cells influences basic
processes such as cell migration, organization and oriemtg8® 112, 113. Other studies on

the effects of artificial microand nanestructured surfaces have revealed more effects on cell
behaviour including adhesion, cell morphology, proliferation, and differentiatj@d4]. A
multitude of articles focus on cell respem and behaviour on planar (soft and hard)
sufaces[115-118], mainly formed with lithographic techniques (such as photolithography
and electron beam lithography) extensively used for microchip manufacturing. Yet another
method was added to the tool box through the advent of soft lithographic technifli&g§

119 120, most commonly using the organosilicon compoumalydimethylsiloxane
(PDMSJ120Q. Both the solid silicon wafer and the elastic PDMS master can be utilized to cast
many fundamentally different materials, dluding elastic substrates [118, 121, 127],
biodegradable polymers[115, such as the approved PLGAor( pharmaceutical
applications)116, 123, etc The development of flexible nutds has facilitated the
structuring of curved objects that are more adequate for an applicationvoin comparison

to largeplanar surfaces, useful for example for implar@tudies with more relevance for the

situationin vivocould be conducted.
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2.2.1 Surrogates for the Extracellular Mat(&CM)

Finding an adequate surrogate for tegtracellular matrix (ECM$ a major objective in the
biomedical field[83]. The importance of the geometry of structures also hold true for this
biological interface

The ECMs a hydrophilic material composed of a multitude of macromoleguiesig many
typesof mammalian cells. It influences essential cell functions, such as the cell communication
and activity, and is more than an inert surrounding of the respective cell. The spatial
distribution and shape of components is highly important for sound functibthe ECM.
Mastering the mimic of the composition of the ECM is not sufficient as the localization of the
compounds and the geometry are of equal importaifitél, 124]. The ECM contains fibrous
structures, among which the fibrous glycoproteins from the family of the collagemshe

most abundant groupl11]. A surrogate ideally would reflect this fibrous geometry, exhibiting

a high degree of structural homology with the native ECM

Hectrospinning has been proposed to be a viabldehnique for the development of a
replacement for the native ECM. Electrospinning allows for the productidibrofus meshes
made from various polymeir.1.2.4.3 [82]. Another technique which has not been explored
for the generation ofibroussurfaces ishe template technique.1.2.3.). This technique can

be adapted for a simple and straightforward generation of hairy surfaces. These stasats fe
fibresin high abundance originating from this base layer. This combin&ian exceptional
property of surfaces prepad with the template techniquen comparison to lithographic

approacheg12(q that are principally limitedegarding the feature heighi25.
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2.3 Basicsof Inhalation Therapy

2.3.1 Lung Aatomyand Fhysiology

Thehuman lungs flank the heart in the chest cavity. Despite the similarityetthend right
section of the lungare not identical, both are divided into lobes, with two lobes on the left
(superior, inferior) and three on the right (superior, middle, infeyideaving space for the
heart. The lobes can further be divided into segments and then into lobules, heahgon
subdivisions of the lungshe smallest division that is still visible by nalee)[126, 127].
Physiologically with respect to ventilation, thespiratorytract and thelungs can be divided
into two zones. Theonducting zoneomprising, in direction of inhalaticand with decreasing
diameter, the mouth or the nose, the pharynx, the trachdaronchig bronchioles and
terminal bronchioles Theseso-calledproximal airways comprise the first 16 generatiafs
the respiratory tract.In the peripheral zone, responsible for the gas exdethe airways
branch more until generation 23, comprising the tissues responsible for the gas exchange
ranging from the teminal bronchioles to the terminal end of the respiratory tree, the
pulmonary alveolj128]. The terminal bronchioles divide inédveolar ducts thifurther divide
into alveolar sacfl29.

The compositiorand structureof the epithelium differs substantially in threspiratory tract.
The epithelium in the proximal airways is much thickad becomes thinner the more the
airways branch Thisfacilitatesgas exchangén the respiratory regiorf13(]. In the upper
airways,ciliated cellsmove themucus being produced by goblet cells distal direction in
order to remove debris and foreign material from the respirgtazone (mucociliary
clearance]131]. In the peripheral lungs, the dominant mechanisns phagocytic
internalization In contast to the mucociliary cleance representing a physical removal of

mucus and debrign the upper airways thelearancein the alveolar regiois cellmediated
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Scavenger cells, thelvaolar macrophagesclear senescent cells, pathogens and foreign
matenal in the peripheral lung

This is a vital defence mechanisoonsidering théow enzymatic activity and the subtlety of
the biological barrier. The large absorption area, the intensive perfusion and the fact that the
first pass effect can be circumveaatare further convincing arguments for the application of
therapeutics via the lun§l32. Not only the systemic administration of small molecules is
feasible, also peptides can be administered. ifalable insulirexubergPfizer Inc.) has been
withdrawn from the market, because ah increase of the cancer prevatee; insulin acts as

a growth factor. Nonetheless, the inhalable insulMrezza(MannKind Corp.) has been

approved by théd-ood and Drug AdministratiqDA in July 2014.

2.3.2 Partide Inhalation

The effectiveness of pulmonary administration depends bothtlos therapeutic and the
inhalation through the patientConsideringohysiological inhalationgeneral requirements
have been found for aerosols for inhalation purposes. The aerosol is described by the
aerodynamic diameter dr) (Equation ). The derof asample particles giverbythe diameter
of a spherawith the density of unity that reaches the same terminal velofd§3]. The values

7 A

for the aerodynamic diameter is influenced by the geometric diametggafd> G KS RSy & A
YR (K O 2 NN@hiotiigc@rngcting th®infidedde of Sshage . A N

M F2NJ a

QX

particles and > 1 for neapherical particle§134]. The equation cannot be applied to all ron
spherical shapes, the impact of alignment cannot be accurately described with this

approximation.
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Q .. 0 n

Equationl ¢ The aerodynamic diametédaer)

Based on this value general limits were foumte ideal size for particleshich are intended
to proceed to the peripheral lungs an aerodynamic diameter of&1 um. Particles with a
daer between 1 ¢ 0.2 um are exhaled after inhalation, whereagen smaller particles than
0.2um deposit to a great exterjiil35, 136] (Figureb). These uliafine carriers suffer fronow
payload that can b&ansported per particle andigh surface which can result in aggregation.

For these reasons formulation of nanoscopic aerosols is regardearasularly challenging.

particle density: 1gcm?
respiratory flow rate: 300 cm3s™'
respiratory cycle period : 5 s
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The extrathoracic region is depicted in green, the upper bronchial region in orange, the lower
bronchal region in blue and the alveolar region in retlustration reproduced with
permission136].
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The aerodynamic diametexan be assessed with various impactors that asatibed in the
United States PharmacopogidSP) and thEuropean PharmacopoefRhEur); the siate-of-
the-art impactor is the next generatigpharmaceuticaimpactor (NGI)4.2.1.]). Based on the
cut-off values of impactors the fine particfeaction (FPF) was introduced. It describes the
fraction of an aerosol witha cher below 4.7um [137, 138], whereas this value is rounded to

5 umin mary publicationsThe FPF describes the particles that can proceed to the peripheral
lung,the threshold can be drawn & micronsparticles with der> 5 um mainly deposit in the
upper airwaysthe oropharyngeal regiofil39.

The patrticle depositionnside the lungcan be attributed to 3principals. Impation is the
dominantmechanism for particles with deer >3 - 1 um,for smaller particles~<daer>0.5 pm)
sedimentation becomes increasingly important and Brownian motion which governs the
deposition for particles with & daer <1 - 0.5 um[136, 140, 141]. The sie of deposition
depends on the aerodynamic diametethe bigge the particles arethe more distal the

depositionoccurs(Figureb).
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3 Aimof thisWork

Classical design parameters for drug delivery systems have for a long time been size and
surface chemistry, but new features are being increasingly explored. More attention is drawn
towards geometrical and morphological properties, such as the texturehef durface,
including porosity, flexibility and in particular shaf#, 13]. It has been revealed that the
geometry of micre and nanoparticles alters fundamental properties and the biological
response 2.1.3, opening up new options for theéesign of progressivedrug delivery

systemq1, 15, 22, 23].

The major benefits of monodisperse nepherical carrier system for pulmonary
administration are:

- Alveolar macrophages clear the respiratory region from foreign materials through
phagocytosis. This process was foura lie strongly influenced byhape ad
orientation of the object[15, 22]. Modifications of geometry changéme and
mechanism required for uptak§l, 23]. As a consequence, certain nepherical
particles have the potential to controlearance processes, a core prerequisite for a
sustained release system for therapeutjis, 23].

The shape of a long cylinder, offiare can reduce phagocytosis drasticdlBs, 24).
This reduction opens up the opportunity to extend the residence time, which is one of
the main objectives for a sustained release system.

- Elongated objects exhibit beneficial aerodynamic properties that can be exploited for
pulmonary administrationFibres and cylinders show a higher probability to deposit in

the deep lung in comparison to spheres of identical volja& due to alignment of
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the fibres with the airstream. Thereforéhe mass per particle that can be delivered to
the target region is increased.

- Fibres are expected to be less prone to form aggregabesause the contact area is
decreased for an erratic distribution. The large surface area of small particles can result
in cohesion between single particlesvhich can causesevere aggregation of
particles[21]. Monodispersity is a vital factor for tipggecise anctontrolled deposition
in the pulmonary target region, since the site of deposition is bound to the geometrical
properties of the particle(size and shapeguring the inhalation process. The
aggregates behave differently in the airstregimus depositing in other regions of the

inhalation tract.

Various techniques have been reported for the formation of cylidder particles[15], but
monodisperse particle distribution is achieved only by a fractibme currently available
conventional carrier systems for lung administration are notdefined either.For the sake

of simplicity, these particles areommonly denoted spherical, even though the exact
geometry is irregularHowever, this description is adequate, because the overall shape is
spherelike. Tailormade, monodisperse and truly cylindricparticles require bottorrup
formation within a template, dictating the geometry. These techniques include the fabrication
approaches such as PRINZ1(2.3.3, polymerization in microfluidicevices 2.1.2.3.5 and

the template techniqueq.1.2.3.). Tracketched membranes with their highly homogenous,
cylindrical pores in high abundance represent the ideal template for the formatithres in

the dimension required for deposition imé lung. For conventional spherical particldse
fraction with a diameter below 5 pm is coneieéd to proceed to the lunfl33. Tracketched

membranes are available in various pore dimensions below 5 pm.
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Thepores of tracketched membraneserve as moulds for the generationfiires. In contrast

to the biopersistentasbestoswhich cannot be cleared easii24], substances are favoured

that either have been approved for lung administration canbe degradel in the lungs.

The physiological conditions and the requirements for release of APIs under these conditions
must be met by the carrier systefater soluble solidsas well as imcompatible hydrogels

that degrade in aqueous media ad not accumulate represent promisingandidates for

this carrier system. Dissolution is impedé&eécause of the scarcity of the alveolar lining fluid
acting as the solvent in the peripheral lung. The adequate balance between degradation and
persistence has to be foundhese requirements werconsidered for the selection of the
compounds utilized for the formation of cylindrical filaments with the template technique.
Various hydrogels, solids with high solubility in water (lactose and APIs) and blends of these
hydrogels with those solidsere examined regarding thegipplicability for the formation of
fibrous particles with the template techniqué&he stability of these fibres was assessed
regardinghumidity, as well as theiptake of the filaments througlalveolarmacrophages,
which depend®n the orientationof the phajocyte.

Not only can the template technique be used for the formation of fibrous partjéigs it also
allows for theformation of textured surfaces; the monodisperse and plentifbles are
originating from the surfacewhich is a uniqusetup[142). The texture of surfaces has been
discovered to be a key parameter for cell communication and acfitity], the impact of
shape is not limited to small objects. The mi@ad nanemetric texture of mammadin cells
influences fundamental processes such as cell migration, orgamzatid orientation[83,

112, 113]. The elucidation of the implications of the surface structure is of utmost interest for
the field of tissue engineering. The spatial distribution and shape of compsroérihe ECM

is highly important for a sound function, for example. The ECM contains fibrous structures,
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among which the collagefibres arethe most abundant protein§l11]. A surrogate ideally
would exhibita nanofibrous geometry, featurg a high degree of structural homology with
the native ECM.

The impact ofsurface structureand the potential utility for the improvement of surrogates
for the ECM can be assesdsgy the adhesion patterof fibroblastson therespectivesurface.
Surfaces textured with the template techniguegrrying filaments in various dimensions and
abundanceswere testedin order to elucidatethe influenceon the adhesion profile of
fibroblasts.

Additionally, bading of the textured hydrogetheets carrying the filamentmight proof
beneficial, depending on the application. h€refore, the release of model copounds,

including macromolecular and small molecylesas quantified.
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4 Materials and Methods

4.1 Substanceand Devices

4.1.1 List of Substances

Materials and Methods

Chemical entity or substance

Company

96-well plates BrangbureGrade

Brand GmbH & Co. KG, Wertheim, Germany

200 nm silica particles, plain blueSiB0.2

C’)eﬂrl op ﬂem%/.450(nm)

Kisker Biotech GmbH & Co. KG, Steinf

Germany

500 nm silica particleglain blue, PSB0.5

Ol 0 P Memzy4BWKNK)

Kisker Biotech GmbH & Co. KG, Steinfl

Germany

841 nm silica particles, Si6-0.85

Micro Particles GmbH, Berlin, Germany

Agarose for electrophoresis

Agarose Sigma, SigrAddrich Chemie GmbH

Steinheim, Germany

Alginat, ultra-high viscosity extracted fror
brown algaelLessonia trabeculatharvested at

the Chilean coadtl43, 144

own production,Fraunhofer IBMTSt. Ingbert,

Germany

Ammonium hydroxide (N4DH) 25 % solutior]

Suprapur

Merck KGaA, Darmstadt, Germany

B Braun Omnifix 10 ml Luer Lock Solingges

B. Braun Melsungen AG, Melsungen, Germa

BrijL23 SigmaAldrich  Chemie GmbH, Steinhei
Germany
Calcium chloride dihydrate (CaCk HQ0),| SigmaAldrich Chemie GmbH, Steinhei

%99.0%

Germany
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CapsulLac 60, alpHactose monohydrate

MEGGLE GmbH & Co. KG, BG Excipier

Technology, Wasserburg, Germany

Chitosan high molecular mass, 470 kDa, DA ¢

own production,Delair lab,Université Claude

Bernard,Université de Lyon, France

Cover slips (glass) 22 x 22 mm

Paul Marienfeld GmbH, Lauda Ko&nigshof

Germany

D-glucosex dhpdp 2

SigmaAldrich Chemie Gnib,  Steinheim

Germany

DichloromethangCHCbO LID| d X X

SigmaAldrich  Chemie GmbH, Steinhei

Germany

Disodium phosphate dihydrai@®aHPQ x BHO),

Merck KGaA, Darmstadt, Germany

p.a.

5dzf 6 S0O02Q4& Y2RATASR |Gibco, Life Technologies GmbH, Darmsta
Germany

5dz 6 SO02 Q& LIK2aLXKI GS|Gibco, Invitrogen, Life Technologies Gm
Germany

Eppendorf  Safkock Tubes 2.0 ml| Eppendorf AG, Hamburg, Germany

polypropylene (PP)

Ethanol (eHsOH) 96 %vol, Ph.Eur.

VWR International GmbH, Darmstadt, Germa

Ethanol(eHsh | 0 ' yIfw bhwa!

VWR International GmbH, Darmstadt, Germa

Fetal calf serum (FCS)

Lonza Cologne GmbH, Cologne, Germany

Filter holder for 25 mm diameter membranes

Millipore Swinnex 25 m filter holder PP

FITC(fluorescein isothiocyanatejextran, FITC

dextran 2000 0.3 mg/ml

TdB Consultancy AB, Uppsala, Sweden
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FITGLL, 15 30 kDa SigmaAldrich  Chemie GmbH, Steinhei
Germany

FluoresbriteCarboxy YellowGreen polystyre| Polysciences Europe GmbH, Eppelhe

particles (200hm) Germany

Fluoresbritepolystyrene particles (50 nm) Polysciences Europe GmbH, Eppelhe
Germany

Fluoresceirsodium, p.a. SigmaAldrich  Chemie GmbH, Steinhei
Germany

GelatinB bloom 75 from bovine skin SigmaAldrich  Chemie GmbH, Steinhei
Germany

Gelatin capsules size 3, transparent

Wepa Apothekenbedarf GmbH, Hillsche

Germany

Gentamycin

Gibco, Life Technologies GmbH, Darmst

Germany

Glass slide 76 x 26 mm

ROTH, Carl Roth GmbH Karlsruhe, Germany,

Glutaraldehyde (GTA) aqueous solution 25 %

VWR International GmbH, Darmstadt, Germa

Glycerol, ultrapure, 99.5 %

VWR International GmbH, Darmstadt, Germa

| 9t 9{ tdzZFFSNI Yy o0dzZFFS

Carl Roth GmbH, Karlsruhe, Germany

Hexamethyldisilazane (HMDSkagent grade| SigmaAldrich Chemie GmbH, Steinhei
%99 % Germany
If SdzOAyY S>> NBF ISy d 3INJ SigmaAldrich Chemie GmbH, Steinhei

Germany
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Methanol HiPerSolv CHROMANORM for H

gradient grade

VWR International GmbH, Darmstadt, Germa

Methylenre blue, (USP, BP) pure, pharma grad

AppliChem GmbH, Darmstadt, Germany

Mica

Plano Planet GmbH, Wetzlar, Germany

Murine alveolar macrophages (MHS)

MHS, ATCC, GR019

Murine L929 fibroblasts

DSMZ, Braunschweig, Germany

Osmium tetroxide (OsfD = ¥ ¢y ®n

SigmaAldrich  Chemie GmbH, Steinhei

Germany

Penicillin/Streptomycin

PAA Laboratories GmbH, Pasching, Austria

Petri dishes, polystyrene (35, 100 mm)

Corning, Lowell, MA, USA and Greiner-Bie

GmbH, Frickenhausen, Germany

Phosphate buffered saling®BS)

Gibco, Life Technologies GmbH, Darmst

Germany

Polyallylamine hydrochloride (PAH), 1kDa SigmaAldrich  Chemie GmbH, Steinhei
Germany

Polyethylenimine (PEI), ethylediamine end| SigmaAldrich Chemie GmbH, Steinheir|

capped, average molecular weigd@0 g/mol,

Germany

Polystyrene (PS) cuvettes

Brand GmbH & Co. KG, Wertheim, Germany

Poly(Llysine) (pLL), 15800 kDa, 0.01 %, sterilg

filtered, suitable for cell culture

SigmaAldrich  Chemie GmbH, Steinhei

Germany

PTFE (Polytetrafluoroeylene) membrane filter

pore size 0.2 um, 25 mm diameter

Whatman GmbH, Dassel, Germany

RPMI 1648nedium

PAA Laboratories GmbH, Pasching, Austria
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Salbutamol sulphatéXlbuterol sulphate

Boehringer Ingelheim Pharma GmbH & Co.

Ingelheim am RheirGGermany

Sodium cacodylate trinydrate SigmaAldrich  Chemie GmbH, Steinhei

((CH)2AsQNa x 3 KO), purum p.a. Germany

{ 2RAdzy OKf 2NRARRS 0Obl / |SigmaAldrich Chemie GmbH, Steinhei
Germany

Sodium hydrogen carbonate/ Merck KGaA, Darmstadt, Germany

Sodium bicarbonate (NaH@)(Ph.Eur.

Sodium hydroxide (NaOH), ACS,Reag. Ph E{ Merck KGaA, Darmstadt, Germany

{ 2RAdzY LR NUz@I S x |SigmaAldrich Chemie GmbH, Steinhei
Germany

Tannic acid, ACS reagent SigmaAldrich  Chemie GmbH, Steinhei

Germany

Tetrahydrofuran (THF) AnalaR NORMAPUR

VWR International GmbH, Darmstadt, Germa

Tissue wipers, KIMTECH SCIENCE* Pre

Wipers

KIMBERLEZLARK PROFESSIONAL*, Kiml

Clark GmbH, Koblefzheinhafen, Germany

Tracketched membranesPC;
WhatmanNucleopore 5.0, 3.0, 2.0, 1.0, 0.6, O.

0.2, 0.1 punpore sizes47 and 25 mndiameter

Whatman GmbH, Dassel, Germany

Water (deionized), resistivity higher than 1§

am O-Willipore Milli-Q purification system

Merck KGaA, Darmstadt, Germany

h -lactosemonohydrateMEGGLE CapsulLac 6(

FooMman ORoy<250m:mM70 %, < 40Qum:

X  dn iz

MEGGLE Group BG Excipients & Technd

GmbH & Co.KG, Wasserburg, Germany
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htfl OG2aS Y2y 2Ke&RNJI (S |SigmaAldrich Chemie GmbH, Steinhei
Germany
I -mercaptoethanol, PharmaGrade SigmaAldrich  Chemie GmbH, Steinhei
Germany
4.1.2 List of Devices
Device Company

Analytical balance Sartorius CPA2ZBLE

Sartorius AG, Gottingen, Germany

Atomic force microscope (AFM)/Scanning prq
microscope (SPMBioscope with Nanoscope |

controller

DI Digital Instruments, Bruker Corporati

Billerica, MA, USA

Confocal laser scanning microscope (CLSaf)
Zeiss LSM 510 in combination with Carl Z
Axiovert 100M, objective-Bpochromat 63x/1.2

water correction

Carl Zeiss Microscopy GmbH, Gotting

Germany

Dry powder inhaler (DPI) HandiHaler

Boehringer Ingelheim Pharma GmbH & Co.

Ingelheim am Rhein, Germany

Dynamic light scattering (DLS)/
Photon correlation spectroscopy (PCS)

Malvern Zetasizer nangS

Malvern Instruments GmbH, Herrenber

Germany

Environmental SEM (ESEM)

FEI QUANTA 400 FEG ESEM

FEI Company, Hillsboro, OR, USA
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Fluorescence light microscope (FLMYxio
Imager M1m, equipped with the LED systy

Colibri

Carl Zeiss Microscopy GmbH, Gotting

Germany

Fluorescence spectrometer FLUOstar OPTIM

BMG LABTECH GmbH, Offenburg, Germany,

Freezedryer Edwards Modulyo

Edwards Ltd., Crawley, UK

HeraeudMultifuge X3 centrifuge

Thermo Fisher Scientific Germany BV & Co

Braunschweig, Germany

Highcapacity pump model HCP5

Copley Scientific Ltd., Nottingham, UK

Next generation pharmaceutical impactiGl)

Copley Scientific Ltd., Nottingham, UK

NGI dosage unit sampling appara{iiJSA)

Copley Scientific Ltd., Nottingham, UK

NGI flow meter CopleRFM 2000

Copley Scientific Ltd., Nottingham, UK

NGI preseparator

Copley Scientific Ltd., Nottingham, UK

pH electrale Mettler ToleddEL20

Mettler-Toledo GmbH, Giessen, Germany

Phase contrast microscopes Nikon Biostation
and Carl Zeiss Axio Scope.Al equipped with

camera AxioCam ERc 5s

Nikon Instruments GmbH, Duesseldd

Germany and Carl Zeiss Microscopy Gm

Gottingen, Germany

Scanning electron microscopes (SEMs) Lzss

EVO HD15 and JEOL SENIO

Carl Zeiss Microscopy GmbH, Oberkocl

Germany and JEOL GmbH, Eching, Gemany

Shaking incubator GFL 3031

GFL Gesellschaft fuer Labortechnik m

Burgwedel, Germany

Sonicator BANDELIN SONOREX

BANDELIN electronic GmbH & &5, Berlin

Germany

Sputter coater Quorum Q150R ES

Quorum Technologies Ltd., East Grinstead, U

UV/VIS spectrometer PerkinElmer Lambda 3}

PerkinElmer LAS GmbH, Rodgau, Germany
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4.1.3 Chemical Structures
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4.1.4 Agarose

Agarose is a polysacchde, extracted fromseaweed. Thipolysaccharide is a linear polymer
consisting of Epalactose and 3;&nhydrolL-galactopyranosg145]. It is commonlyused in
concentrations of 0.7 2.0 % in gel electrophoresis for the separation of macromolecules
[146]. Agarose forms a gel as a function of the temperature. Under ambient conditfens
linear polymer forms a thredimensional network through hydrogen bonds. The polymer is
not charged, no ionibonds are required for the formation of the gel network. The pore size
of the gel is depending on the concentration, allowing for a tailoring of the separation
properties[147]. Agarose gel electrophoresis is the standard technique for the separation and

analysis ofnucleic acid$148§].

4.1.5 Alginde

Hydrogels made from the natural polysaccharide alginate are used in many approaches of
regenerative medicine and as immobilization matdxe to its unique biologicahs well as
physicachemical propertie$149, 150. Alginate is synthesized in brown algae as a structural
element of the cell wallas well as in several biofilm producing bactdid®1, 152]. The
macromolecule consist8 T 0 f 2 O3 dzf NP yhA GL-ménDujonid ati&k (M). The
unbranched polysaccharide forms a gel upon addition of multivalent cations, because the
carboxylic groups of mainly adjacent guluronic acid moieties form a complex preéisen
with divalentcations[153]. Further studies also revead that heterogeneous alternating MG
moieties are also invekd in gelation of alginatefl54]. The gelation of alginate can be
performed under mild physiological conditigneendering alginate an ideal candidate for
biomedical applications with fragile cargos. The most promisingslinkers are C& and

Be&*, differing in the longerm stability of the gel, which is higher for B§155. In order to
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provide a hydrogel suitable faon vitro, as well as inn vivoapplications, a special treatment
of raw materials is necessaryo receive an ultrapure and ulte-high viscosity

biomateral [156].

4.1.6 Lactose

Lactose is a disaccharide derived from galactose and glucose found in milk. Crystalline lactose
is found intwo ¥ 2 NJY-& ¥ Rlaciose. The isomers differ sstiantially in solubility; 55 g of

i€ OG2asS Eaftbse gre salub 1 100 g water at 20[167]. In aqueous solution

the isomersare in equilibrium, resulting in a solubiliof 18.9 g in 100 g water (25 °@p8].
Thechange of the ratidbetweenthe two stereoisomer$ias an impact on the optical rotation;

the alterationof the optical rotation as a function of theansition toequiibrium is céled
mutarotation[159.¢ KS NA & S 2 Factds@ dvelzinte fs ttiikRited2tdrtheconversion
Ayili2 GKS Y-Bodsr.¢ KNPHAKS (IKA A -NENMD | T dzRIFK-SINNSO NE
lactose can be dissolved until the equilibriu b ¢ S Sy (18.9lg\atR5 I3 reached

The kinetics as well as the quantdj/this reaction are influenced by the reaction condit$o

such as pH and temperatuf&57].

Lactose is a widely used excipient for pharmaceutical formulafiansultiple applications

It is used in tablets as well as in powders for inhalation. In fact, it i9obtiee few excipierdg

with FDAapproval for pulmonary administration.
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4.2 Methods
4.2.1 Characteization Techniques

4.2.1.1 Next GeneratiorPharmaceuticalmpactor (NGI)

The United States Rarmacomeia (USP)and European Rarmacopoeia(Ph.Eur.)describe
different impactors for the characterization of the aerodynamic properties of aerogoks.
next generation pharmaceuticalmpactor (NGI)s the stateof-the-art impactor [160-162]

(Figure6 a). It is a cascade imptae with 7 stages with a mro-orifice ollector (MOCwhich

is described in both the PRur. 8.7 (apparatus E)[163] and the USP 38IF 34

(apparatus6) [164].

Figure6 ¢ Next generatiorpharmaceuticalmpactor and DPI.
(a) Closed NGwith induction port and preseparator on the inlet.(b) DPI HandiHaler
containing a capsule filled with dry powdémage(a) adapted from[166].
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B o
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Figure7 ¢ Experimentabetupof NGI experiments.

The NG(e)is connected to the vacuum pum(g)through the critical flow controlle(f). The
mouthpiece adapter(b) connects the DP[a) to the induction port(c) and the pre
separator(d), excluding coarse particles before entayithe NGI(e). lllustration adapted

from [165].

At the induction portthe adapter for the dry powder inhaler is attache@he HandiHaler
(Figureb b) was exclusively used for the experimerithe vacuunwhich is generated through
the vacuum pump and adjusted with the critical flow contralleauses the dry peder to be
sucked into theNGI Figure7). The perpendicular geometry at the induction port causes the
air stream to change directions for the first time and first particles are deposited in the
induction port. The preseparator isinstalled in order to sepate the coarse fraction,
preventing it fom entering the NG(Figure8). Following the airstream in thlG| the air flows
through8 nozzle plates with decreasing nozzle diameterdincreasingabundance per stage
(Figure9, Figurel0). The spectrumranges from oneorifice with a diameter of 14.3 mm for
stage 1, to 4032 orificasozzlesvith diameters of 70 um for the last stage (MOT)evelocity

of the airstreamand throughputof air can be adjusted in an interval wiffhysiological
relevance Underneath those no#z plates the particles impaanto the collection cupsif
inertia exceeds the forces dragging the particles with the airstré@gure9). The collection
cups are coated with a viscous liquid, the stage coating, reducing the deflection from the

stagesThe aerosol follows the airstream through a cavity in theHidyre9) to the next stage
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of the NGI. The nozzles become finer each stemggi(el0) causing the airstream to accelerate
locally and therefae causing more and more impactiqrer stage.The velocity of the
airstream is responsible for the coff of the size of the particles at tretages. The threshold

is called effective cubff diameter (ECD) and describes the highest particles diameter that is

still deposited on the respective stage on average under the chosen air flow.

Figure8 ¢ Disassemble®NGI preseparator.

(a) The illustration displays the cganents of the preseparator. The central cup, which is
filled with buffer, is marked red, the orifices required fdret airflow are marked blue.
(b) Photograph of the compomds of the preseparator. Imag€a) adapted from163 and
image(b) adapted from[165].
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Direction of airstream
Nozzle of >
stage 1

Micro-orifice
collector (MOC)

Collection cup

Exhaust cavity of of MOC

stage 1

Vacuum pump
inlet

Collection cup of
stage 1

u Cavity in lid; Cavity in lid;
air to next stage air from prior stage
/ /
/ .

4T Seal body

k Air stream «— Cuptray
Skl | | e
' 4
/c /
Multiple-nozzle
Collection cup stage

Figure9 ¢ lllustration of NGI with schematic of air flow.
(a) Opened NGI; the dashed lines indicate the flow of the air through the apparatus.

(b) lllustration ofthe crosssection of the closed NGI. Images adapted ffag6|.
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Stage 2 Stage 4 Stage 6 MOC
6 holes 52 holes 396 holes 4032 holes

Stage 1 Stage 3 Stage 5 Stage 7
1 hole 24 holes 152 holes 630 holes
14.3 mm 2.185 mm 0.608 mm 0.206 mm

FigurelO ¢ Apertures of NGI with specification for each stage in top view.

The smaller the nozzles arihe more abundant they ardmage adapted fronil65].

4.2.1.1.1 Dosage Unit Sampling Apparatus (DUSA)

The dosage unit samplingparatus (DUSAJigurell) is used in order to quantify the dose
per shot of thedry powder inhale(DP) and forthe assessment of the adequate air flow for
the experments which is a functiorof the air resistance of thddPI Figurel2). TheDUSA is
connected viahe P1 portand the critical flow controller to thevacuum port The flow is
adjusted until the pressure loss over Rds reached a value of 4 kira accordance with the
requirementof Ph.Eur If the resistance of the DPI is too low in order to reach this total
resistancea flow of 100 I/min iscompulsory The higher the resistance of the DPI, the lower
the flow is in order to reach the mandatory pressure loss. Subsequentlyiniieeof flow has

to be adjustedwith Equation2 in order to meet a flow of 4 per experiment.
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Vacuum port

Filter holder
/ / Filter

Mouthpiece adapter

O L8

Sampling tube S

Figurell ¢ Dosageaunit sampling pparatus (DUSA).

The DPI is connected through a mouthpiece adapter to the sampling tube. The vacuum pump
is connected to the vacuum port and tdese is collected in the sampling tube on the surface

of the filter and the surface of the sampling tube. The pressure lossedaog the DPI is

measured between the P1 port and the vacuum pbltistration adapted from[165].

H Vacuum pump
oot u Critical flow controller
i n Inlet for manometer (port P1)
F@i n Collection tube
‘\4/’ Fow if ------- n E Mouthpiece adapter
ﬂ S u n E n DPI

Figurel2 ¢ Schematiof experimentaketupwith attachedDUSA.

The DUSA is connected to the vacuum pump through theakitiow controller. TheDPI is
connectedwith an adapter to the DUSA. For the assessment of the flow required for the
respective DRIthe port P1 is connected to the critical flow controller as wililistration

adapted from[165].

0 @1

YQGEONK €10 —F=
Qo € @

Equation2 ¢ Time of entilation as a function diow
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4.2.1.1.2 Aerodynamic Characterizati@nd Quantificationwith the NGI

Prior to the experimentthe collection cupgFigure9 a) are coated witha mixtureconsisting

of glycerol, ethanol and Bilij23 (mass fraction: 0.5 glycerol, 0.35 ethanol, 0.15 iBrgyder

to prevent or reduce the deflectiorof particles fran the collection cupswvhich corrupts the
results.The big collection cups were coated with five drops and the small cups with two drops.
The stage coatingvhich can be obtained commercigliwas not usedthe mixture used
yielded identical resultas described beforgl65]. Thecentrd cup of thepre-separator(Figure

8) is filled with 7.5 ml 50 mM HEPE&(@-hydroxyethyl}1-piperazineethanesulfonic agid
buffer.

Before applyingthe particles the air throughput was mnitored with the flowmeter.

A constant value indicated the tightness of all connections.

The HandiHaleshows comparably higtesistance of the air flow, meanirigat the flow rate

of 561/min causes the required pssure loss of 4 kPa thrgh the attached DPI arldUSAFor
practical reasons the flow was adjusted to 60 I/min and the respective inhalation time of 4 s.
After the aerosolzation,the powderis collected withbuffer. The quantification is described

in detail in chapteidQuantification after NGl Experimenf4.2.2.1.2.).
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4.2.1.2 Visualization Techniques

4.2.1.2.1 Fluorescence Light Microscopy (FLM)

Fluoresce®S A& (GKS LIKSY2YSy2y (i Ke)ilaftedab3srptibrifot O € A 3
electromagnetic waves of a certain wavelengths, theQsof £t SR SEOA G| &)A 2y 41|
Fuorescence is widely used irelifciences, because it allows the specific deteatiorarious

labels in parallelvith minimal interference of the system. Fluorescence microscopy does not
require extensive sample preparation, except for the introduction of the desired labels and

can be performed during incubation with no need for fixation. Fluorescence is shown by
various entties, including colloids, such gsantum dots[167] and nanocluster$168-17Q],

and various small molecul¢s7l]® ¢ KS @ NA2dza fFo0Sta GDlIeNE AYy Y
<ex, quantum yield and bleaching. Fluorescence bleaghs the loss of fluorescence due to
photochemical degradation of the fluorophores; in particular the molecular dyes degrade as

a function of light exposure and the intensity of the fluorescence decreases. From this big pool

of substances a label for maaypplications can be found.

The Abbé diffraction limit restricts the resolution of light microscopic techniques to
approximately half the wavelength of the light usgl?]. This means that the limitation for
conventional light microscopic techniquessich as FLMsing visible light, is roughly 200 nm.

The development of the super resolution techniquegch asstimulated emission depletion
microscopy $TED[173, or stochastic optical reconstruction microscopSTORM[174],

which arebasel upon fluorescence, haseen awarded the Noble Fze in 2014 These

techniquespermit to circumvent tle diffraction limit andmprowe the resolution ~ Sold.
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4.2.1.2.2 Scanning Electron Microscopy (SEM)

Another important visualization technique has besmnarded with the Nobel Prize physics

in 1986. Electromicroscopy (EM) allows for an improvementtioé resolution through the
replacement of light through electrons. For electron microscopic technicgitbeer electrons
permeate the specimen, Transmission Electron Microscopy (TEM), or are used for the
scanniry of the surface, Scanning Electron Microscopy (SEM). The resolution for electron
microscopic techniquesaa be improved by more than 160Id with resolutions of roughly

1 nmfor SEM and below 1 A for TEM5).

Electron gun —_— U_I
Electron beam
Condensor lens — I—

Deflection coils

Secondary electrons

\A

I

\ Secondary
electron detector

Sample

Figurel3 ¢ lllustration of the principle of SEM.

Electrons are emitted from the electron gun, focusedtmcondenser lens artie deflection

coils guide the electron beam in order to scan the specimen. Apertures increase the
resolution, only the beam in the centre can pashe electron beam generates secondary
electrons in the surface of the sample thateaattracted and quantified by the secondary

electron detector.
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The electrons that are emitted from the electron source are accelerated tfiran electric

field in orderto increasethe resolution, because it is proportional to the velocity of the
electrons. The electron beam is condensed througlectromagneticcoils and passes
apertures in order tdocus the beam on a nanoscopic spot. The image is acquired through the
scanning of the specimen in a rastide fashionin x and y directionThe electron bam
(primary electrons) which isguided on the respective raster spdiy the deflection colls,
causes electrongsecondary and backscattered electroasfl electromagnetic waveg-rays)

to be emitted from this position. Depending on the detector uséifferent species can be
detected. In principal, every SEM is equipped with a secondary electron detector. It collects
most of the electrons that are emitted through an electric field and amplifies the sigtial

a photomultiplier. Step by step the image builds up, reflecting the collected electrons through
the brightness of each pixel on the scre@figure13), which displays the topology of the
surface Electron microscopy usually requires a high vacuum in the sample chamber, because
the electron beam can easily be deflectby gas moleculesdecreasinghe image quality.
Constant refinement and improvemeé of the operating conditions has led to the
development of SEMs which work under a mild vacuum of only 3000 Pa (~ 3 % of atmospheric
pressure) and can be used undevapouratmosphere. In these environmental SEMs (ESEM)
the specimen can be preservedaimore natural hydrated staté&evertheless,te resolution

that is reached under these conditions is several orders of magnitude lower than in high
vacuum. Specimenthat are visualized under high vacuum conditiaisually need to be
conductive or coated with athin conductive layer, often noble metals such as gold or
platinum. The coating is called sputtering and has a thickneskarorder of 10 nm.The
conductive material allows for a dissipation of access electrons that could otherwise

accumuate in the specimen and are randonmleased deteriorating the image quality. The
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gas molecules that are presem the lower vacuum for ESEMs preveaharging of the

specimen, sputtering is not required.

4.2.1.2.2.10peating Conditions fo6canning Electron Microspy SEN)

In general SEM imaging (EVO HDgss carried out using 5 kV asceleration voltage and
the secondary electron (SE) detectmesolution was not sufficient, the acceleration voltage
was increased to 10 k\Prior to imagingthe samples weresputtered (sputter current of
20mA for 50 s) and coated with a gold layer of approximately 15 nm tegskn order to

reduce charging effects and to improve the image quality.

4.2.1.2.3 Correlative Microscopy an@orrelative Light and Electron Microscopy (CLEM)

The term correlative microscopy describes approaches that combine fundamentally different
visualization techniques oidentical samplsand positiond176, 177]. Images acquired with
different techniques are usually overlaid, expanding the information in comparison to the
single techniques A large variety of visualizatiotechniques, including tamic force
microscopy (AFM3canning pobe microscopy (SPM176, 178-181] andelectron microscopic
techniques(EM)such as TENL76, 179, 182185, SEM 176, 184], have been correlated with
light microscopy technique$LM), including supemresolution techniquesSTEQ173 and
STORM174]) and more are being extensively explof@d6, 185|.

Correlative light and electron microscopy (CLEM) is the combination of any EM and LM.
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4.2.1.2.3.1Carl Zeiss Shuttle & [Ein

The Shute & Findsystem is a basic arstraightforward tool combining fluorescence light
microscopy (FLM) with SEM in a modular system of standardized hardware and s¢ft@@re

187]. Thesetupallows the combination of the inherent advantages of FLM and SEM. Scanning
electron microscopy makes it possible to visualize surfaces with a magnification several orders
of magnitude higher than with conventional optical microscopy. Fluoreszanicroscopy
permits labelling of specific compartment®f cells, highlighting objectsr the region of
interest (ROI) with high biochemical specifi¢it9. For correlative microscopy, thabelling

can be used as a secure relocation point of the ROI.

For imaging in the sense of correlative microsgamages gained biyLM and SEM ed to

be superimposedTherefore, the same area of the specimen has to be imaged, which is

facilitated by the standardized sample holder fitting bettups Figureld).

Figurel4 ¢ Shuttle & Findsample holder.
The holder (a) exhibits threedhaped markers that allow a distinct relocation of any region
of interest (ROI). The marks aiecognized by the software and are required for eeth point

calibration (b).rhage (ayvas modified from a schematic image in the software AxioVii8n

For thecorrelation of optical and electron microscopy images the sample is placed onto a
special holderenabling unambiguous definition of points on the specimen. The sample holder

has three marks required for calibration with the software. The coordinatetethree L
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AKFLISR YIFENJSNB ftft2g¢ LINBOAAS 00X Hp XY 3IAGSY
relocation of any ROdf the sample[186, 187]. Usually FLM is performed as first analysis,
because the electron beaman destroy the fluorophoreq4188. After calibration, the
microscope is ready for imag. Imagesf ROIxan be captured and their positions are stored

in parallel. Subsequentlyhe sample holder is transferred to the other microscofmlowed

by a calibration stepthe software autonatically locates the imaged ROForfluorescence
imaging therdda & SNB S E.LA365% 1R and Anlefiission bandpass (BP 445/50) was
used for detection. The cells were excited with 470 nm and emission was detected after
another bandpass (BP 525/50). SEM imagwag carried out under conditions described in
chapteNJ & h LIS@ahditidng” Br Scanning Electron Microscopy{ 9 a(41261.2.2.).
Subsequently, mages & the two microscopes weresuperimposedin order to display

fluorescence and electron signals within one image.

4.2.1.2.4 Operating Conditions foktomic Foce Microgopy(AFM)

For thevisualization ofmicrocylinderscomposed of NPatomic force microscopy (AFM)/
scanning probe meroscopy (SPMyas also performedSince the suspensiasf the cylinders
interconnected with agaroseloes not require stabitiers in order to remain stable, no
purificationwas neededrior to imagingA droplet of the dispersion was placed on a freshly
cleaved mica shet anddried overnight.The smpleswere prepared and the imageat room
temperature; imaging waperformed under atmospheric conditions in tapping mode. A
cantiever with a spring constant ¢0 N/m and a scan rate of 0.5 K256 lines per image) was
usedfor image acquisitionThe aw data was processed by a flatteniatgorithm to remove

backgobund slopesandanalysedusingNanoscope SPM software to determine size.
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4.2.2 Prepaation Strategies for Filamentoutarticles with the Template Technique
For the prgaration of filamentous/cylindricgbarticles, an adapted preclure derived from
the templateassisted polyelectigte encapsilation of nanoparticle§66] was applied. The
polyelectrolytes PAH (polyallylamine hydrochloride) and PSS (polystyufioaate) were

replaced by hydrogels.

4.2.2.1 Cylindrical ParticleBormed with the Template Technique

i - O IENif=

Fibres suspended in organic solvent

Template membrane Liquid 1
precursor Template dissolution
and purification
Inﬁltrationl
==

Template membrane with fibres

M0 ) ) e JO00

>
>

Solidification in template
on base material Base layer

Figure 15 ¢ lllustration of the potocol for the formation of cylindrical particles with the
template technique.

The template memhane is applied o the liquid precursorof the gel forming agent. The
poresof the membrane ardilled through capillary forces. Following diverse mechanisms the
liquid precursor solidifies within the template. After complete solidificatitre template
membrane is peeled off, separating the template containing the cylinders from the base layer.

The template membrane is dissolved in organic solvent, releasing the single particles.

The protocol for the formation of cylindrical particles wilte template technique is depicted

in Figurel5. In order to rule out any effect of the surface inhomogeneity of the template
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membranes %.1, Figure23) the membrane was always applied with the shiny side (smooth
surface) facing the liquid precursor and the matt side oriented upwandsider to selectively
cleave thefibres at the orificeof the pores and to decrease the likelihood of a layer bridging
the singlefibres (interlinkinglayer, Figurel6), the protocol wasrefined. The strategy is to
increase the adhesion between the base material and the base layer, favouring a separation
at the intended positionThe surface texture and the material of the base mateasalwell as

the volume that is allowed to dry have been obssdl to hare a pronounced impaciThe
adhesion could be enhancday scratching of the surface, whigmgnificantlyincreases the
surfaceroughness and the interface, allowitige liquid precursor to bind much stronger to

the surfaceof the base materigFigurel?). Various patterns and intensities of scratching have
been tested. The best adhesion was found for scratching of the entire suviadeh can be
readily achieved with coarse sandpapempiricallyit has been assessed thiie distribution

and abundance of thecratches mattes (Figurel7 b). If scratches are more than 1 mm apart,

the base dyer rather adheres to the template membran&he hydrophilicity of a surface,
which can be described by the contact angle also plays an important role. The polystyrene
from standard plasc Peti dishes exhibits a high contact angle and therefore is more
KERNRLK20AO GKIYy GKS 3Itraa 2F 3Itlaa atARSao®
relevant surfaces are 83° for PIB9], 72° forpolycarbonate PQ [189 and smaller values for
glass surfaces because of the plentiful interactions that can be established between water and
the oxygen moietiesThePetridishes made from P8ere replacedy the glass slideserving

as the base materiallhe last significant faor is the volume that is applied and allowed to
dry. The thicker the base layer after dryirtge more bridjing through the interlinkindayer

was observedbecause the layer becomes less homogenous and crgstalgosed of lactose

are formed(Figurel? c). Thesolute contentin the aqueous solution wasot chosen lower
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than 15%(m/V) for most of theexperiments and compositiongncluding pire lactose and
blends with APlsin order to reduce the likelihood of formation of pores and tubB(1,

Figure24 e and f) If the solute concentration is lowemore particles with tubulaor funnel

shaped cavities are founth contrast, hydrogels do not form these cavities and were used in

lower concentrations than 15 %ompoundsutilized for the generation of cylindensere
chosen consideringufficient solubity for the preparation caditions. The ide&volume for

this content was 28¢ 200 pl for the 25 mm diameter template membraneaapproximately

1 ml for the 47mm template respectively The 25 mm template membrane can be replaced

by a quarter of a membrane with 47 mm diamettre 47 mm template is cut with scissors

into four equivalent pieces through two perpendicular cuts

sookv  SET 223KX Size = 31.57 nin S§00ky  SE1 600X

10 pm IProbe= 100pA  6.0mm |Probe= 100pA  60mm

Image Pixel Size = 421.7 hm

Figurel6 ¢ SEM ngrographs of the interlinkintayer of alginatdactosefibres.

The interlinkinglayer isbridging singlefibres. Two micrographs of the same region with

varying magnifications were captured.
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— Template membrane \) oo S
<€——— Base layer —_— D D D ’ ”
L e ¢

Figurel7 ¢ Impact of increase of surface roughness on the adhesion of the base layer to the

base material.

Photographs of the baseaterial (polystyrenefrom a Petri dish) with different patterns of
scratching (& c)before and after the peebff of the membrane. (a)lie surface in the centre
is completely scratched, no gaps in between the scratcireage was taken before the
membrane was applied(b) The centreof the Petridishis scratched, gaps are visible between
the scratches;the membrane has been removed half; (red oval circle) the base layer is
adhering to the memtane and not the base material, the clear surface of Bwedr dish in
between the scratches can be seen; the red arrow indicatpart of the peebff membrane.
(c) The membrane has been completely peeled afd the base layer is fyladhering to the
base material, which had been completely scratched withgaps; the red arrows indicate
small areas of base layer that have been removed during@édhn the lateral part dstinct
crystals which render thbase layer whitish can be sedd) lllustration of the expernental
setup of the drying step useth the protocols for the formation of cylindcal particles with
templates. Theleft sketch represents a crosection of thesetupwhich is depicted in the right

sketch. Theed region of thdeft illustrationdepicts the increasedurface through scratching.

The membrane has to meet a certain mechanical stability in order to withstand the peeling
off. Empiricallyt was discovered that this goes along with the porosity and the pore diameter,
since the thickness of the templates are comparable (10 + 1 um, Banep4 um template).

The higher the porosity and the smaller the pores, the more problematic theqiealas,
meaning that the template ripped and in some cases could not be removed. Even though the
pore diameter of the 0.6 um template is lower in comigan to the 1.0 um template

experiments have shown that the tendency to rip is comparable because of the higher
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porosity(Tablel). Smaller pore diasters than 0.6 um were not feasible under the chosen

experimental conditions.

4.2.2.1.1 CylindricaParticles Consisting of ARisd Lactose

Cylindrical particles without hydrogels were prepared from the hydrophilic excipient lactose
and the hydrophiliAPI salbutenol sulphate in variable concentrations.

The solute concentratiowas kept constant at 15 % (yf) for blends as well as for the pure
compounds. Salbutamol sulphate is freely soluble in water, with a solubility of 291 mg/ml at
room temperature[190], which is higher than for the free bas@he solubility limitof
fluoresceinNa is 500 mg/m[191]. ¢ KS & 2 f dz@dtdsel iag beehd@portéd to be
189.1mg/ml [158] at room temperature.

After complete dissolution of the solutes, 250 pl of solution was pipetted onto a glass slide
with roughened surface. The template membrarf25 mm)were applied wih the shiny side
facing the solution and allowed to yiunder ambient conditions oveight. After peeloff of

the template membranes, the membranes were tréersed to 2 ml Eppendorf cups (two
membranes per cup). GEb or tetrahydrofuran(THR (1.6 ml) was usd as the solvent for the

PC. Centrifugation was utilized for purification from the dissolved templaies &and

centrifugation force was adapted to the solvent and the composition offitires.

4.2.2.1.2 Cylindrical Particleslade ofAlginate Bended with Lactose

For the preparation otylindrical particles consisting of alginate, lactose, fluoresbiirand
leucing exhibiting a solute concentration of 18.2 % (m/V) with a mass faction of 33 for
agarose, 0.82 for lactose, 0.11 for flusceinNa and 3.3« 107 for leucine,the following

protocol was used:
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Two aqueous solutions, the alginate sol ancethelation liquid containin@€&*-ions, were
prepared separately. The alginate sol contained: 0(@®%¢) alginate, 2 %m/V) fluorescein
Na, 15 %{m/V) lactose, 0.6 % leucingn/V) and 5 mM HEPES (0.1 %). The gelation liquid
contained: 18 mM Cagl0.2 %)2 %(m/V) fluoresceinNa, 15 %m/V) lactose and 0.6 %n/V)

leucine in 50 mM HEPES buff&r2 %)

The concentration ofelucine is critical, ihas a pronounced influence on the structure of the
cylindrical particleg5.2.2). This change could also be observedcroscopicallyFigurel8).

The base layer is not homogenous for higleucine concentrations, in contrast to its
homogenous appearance for conceaions below 0.6 %m/V). For the highest concentration

of 2.0 %dm/V), close to the solubility limit in water for room temperature (24.3 mg[t92))

the inhomogeneity is very pronounced; because of the colour, the segregation of the

fluoresceinNa can be seen easily.

Figurel8 ¢ Photographs of the base layers with varying leucine concentrattias dryingof
hydrogeland after peeloff of template.

Compositiorof hydrogei alginate 0.6 %m/V), lactose 15 %m/V), fluoresceinNa 2 d%{m/V),
leucine 0¢ 2% (m/V); template menbrane 2.0 um. (a) ducine 0 %, smooth surface;

(b) leucine 0.2 %, smooth surface; (c) leucine 0.6 %, smooth surface;cmeldu0 %, uneven
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surface; (eJeucine 1.0 %, top view of glass slide with base layer, showing spotty
inhomogeneities (f) leucine 2.0 %, top view of glass slide with base layer, strong segregation

of the compounds, the orange fluorescein has localisbdmogeneously

The compounds both of the alginate sol and the gelation liquid werednand allowed to
dissolve ovarmight before the preparation of the cylindrical particles. Some compounds were
diluted from stock solutions.

HEPES buffer (100 mM) was wded to pH 7.4 with NaOHIuéresceinNa sbck solution
(20% (m/V)) was prepared with €ionized waterCaCl stock solutim (50 mM) with 50 mM
HEPES buffer. The alginate sol, containing the above mentioned compounds in the given
concentrations,was preparedby mixing of the alginate stock solotis (0.76 (MV)),
fluoresceinNa stock (206 (m/V)), HEPES buffer (100 mM) adssolution of the chosen
amountsof lactose and leucine. The gelation liqwvas prepared by mixing @tioresceinrNa
stock withHEPES stock and the dissolution of £d&itose and leucine. High concentoats

of fluorescein were chosen order to faciliate the detection and quantification even of traces

of the marker. High concentrations of lactose were also used in order to aveitbtimation

of tubes that can form as a function of the concentration usédgyre 24 d). The
concentrations of the compounds were kept similar in the gelation liquid and the alginate sol
in order to reduce osmotic effects that could alter the distribution of the substgriactose
fluoresceinNaand leucine concentrations were identical in the alginate sol and the gelation

liquid.
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Template membrane after
peel-off in dried state

Hovering of the gel adhering to
the template in gelation liquid

l T

Gel with template laying on Dried gel with template adhering
roughened glass surface to roughened glass slide

Figurel9 ¢ Schenatic of the formation of filamentwith the hydrogel alginate.

250 pl of the alginate sa@ontaining the mentioned hydrophilic compoundee pipetted on a

PS Petri dish. The template membra2® mm)is applied with the shiny side fiag the sol,
instantaneously wettinghe surface of the filterl.5 ml of gelation solution is appliedvering

the entire filter and allowed to form a gel for 15 min; after 10 minutes the gel sheet
underneath the membrane is gently lifted if not happened automatically, which guarantees
that the C&* solution could atirely crosslink the alginate.The Petri dishesonsistof PS,
whichis less hydrophilic than the membrane, consequently the gel adheres to the template
rather than the surface of the Petri digd.2.2.]. After gelation the filter with the adhering

gel is transferred to a glass slide with a roughened surf&a@2.1 Figurel?), whereas it is
paid attention that the adhering drops of the gelation liquid are removed w#bue wipers

The gel is allowed to dry overnight on treighenedglass slides under exclusion of lightter
drying the membranes argeeled off Figure19) with forceps, cleaving thébres from the

base layer dectively. Through the loss afater the material loses flexibility and cdre
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separated from the base layer. If the membranes are peeled off in wet statefilihes
predominately remain on the base laydrZ.3.1). Two membraneare transferred to a ® ml
Eppendorf cupl.6 ml THF isdaled andvortexed for 15 s fodissolution The dispersion is
allowed tosediment for 30 s after vortéxg and thesupernatant is transferred to a new
Eppendorf cup. This is another measure in order to reduce of remove aggsegatthe
interlinking layer figurel16); these aggregates sediment much faster than fibees. The
sediment was discarded and the dispersion of finees centrifuged at ~ 4300 rdirelative
centrifugal forcé for 8 min.The supenatant is removed, the same volume (1.6 ml) is added
and vortexed before the next cycle start3he centrifugation is repeated threames in total
in order to remove the PC from the template membraAéter the last cyclethe pellets are
redispersed ina few doplets THF foeach Eppendorf cuand are combined within one
Eppendorf cup.In order to remove aggregates contained in fitee dispersion, differences
in sedimentation are used. The large aggregates sedintgégtife16) within seconds after
vortexing, whereas thébres largely remain in the supernatant. For this reasongEppendorf
cup is vorterd andthe dispersiorallowed tosediment br 45 s The supernatant is removed
andprocessed for drying, containing the purifiedres.

The dispersion of thébres n THF waslled in a scintillation vial andither dried under N
atmosphere or freeza@lried. The drying under Natmosphere was performed in glass
container that was purged with \beforehand in order to remove the aand thus humidity
The N was replaced several timeBrior to freezedrying the vial containing the dispersion is
immersed into liquid Nin order to freeze it ands immediately freezelried afterwards. After
complete removal of the THEhe fibres are transferredo an empty gelatincapsulewith a

Spatula
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Depending on the template membrane and the corresponding poro3iable 1) 10 - 16
template membranes had to be used per preparation for a yiel@l-& mg offibres.

The aerodynamicdhaviour was assessed with the next generapbiarmaeuticalimpactor
(4.2.1.3. In order to rule out influences @he amount that is appliedthe experiments were
performed with 3- 6 mg of powder; in theory the results do not plend on the amount. The

gelatincapsule, containing the powder, wapplied with the DPI HandiHaler.

4.2.2.1.2.1Quantification afteNGIExperiment

After theaerosolzation experiment in the NG4.2.1.1.3, the powder is collected with HEPES
buffer (50 mM)that was adjusted to pH 7.4rhe bigger collection cups (stage 1, 8) are filled
with 7.5 ml, the smaller collection cups (stages 2) are filled with 5 ml buffe(Figurel10).

The preseparator, the induction port, the mouthpiece, thgéandiHalel(Figure6) and the
capsule are washed with buffer and the liquid is collectece Buffer used for the DPI and
capsule was combined and adjusted to 10 ml. The buffer used for the rinsing of the
mouthpiece and the induction port are combineas well and adjusted to 20 ml. The buffer
that was used for the rinsing of the peeparator isadjusted to 20 ml, including thé.5 ml
buffer the preseparatorisfilled with (Figure8).

For quantification the fluorescence of thdluorophore fluoresceinNa with the excitation

g1 @St SY A p<yY | YR (KS S5RGBn&wasulllized The SHWas 3G K <
kept corstant through use of HERbuffer, because fluorescence of fluorescein depends on
the pH[193. Quantification was calculatl based on a célration curve. Samples wed#uted

(up to 10006fold) in order have adequate fluorescence intensities within the concentration

range of the calibration curve.
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Huorescence was quantified for each batcHibfes with a calibration curve. For this purpose
the base layer adhering tthe glass slide after cleavage from the template membrane was
scraped with a blade and flakes of it were collected. Approximately 10 mgweghed and
diluted in order to reach a concentration range in which the correlation between the
fluorescence intedty andfluoresceinNa is linearAs the second referencéhe remains of

the fibres that were not transferred tohte gelatincapsule for theaerosolgation experiment
were weighed and diluted accordinglyach of the twaeferences, the base layer having been
formed from the identical gel as the fibres and the fibres that could not be transferred to the
capsule for theaerosolsation experiment was used for a calibration curve, additionally
allowing to discover differensein the distribution of fluoresceiila between fibres and the

base layer.

4.2.2.1.3 Cylindrical Partles Made oPureAgaroseand Blendswith Lactose

Agarose with a concentration of up to 2.5 (®#/V) is suspended in aokution containing
15%(m/V) lactose aswell as variable concentrations of fluorescéia (< 2 4m/V)); for pure
agarose cylindergconcentrations of maximum 5 %n/V)), lactose is omitted from the
preparation protocol.The dispersion is heated to 120 °C for 20 min in a closed vial under
constant stirring in order to guarantee copfete dissolution, thereafter theéemperatureis
reduced to 90°C for further 10 min. 500 pl of this clear solution are pipetted onto a glass slide
and a template membrané&5 mm)is quickly applied with the shiny sidacing the sol. The
membrane is peeled off after the solidification of the gel and the dyyimder ambient
conditions ovenight. Two membranes are transferred to a 2.0Eppendorf cupl.6 ml THF

is added andrortexed for 15 s for dissolution. The dispiers of thefibres is centrifuged at

~4300 rcf for 8 min. The supernatant is removed, the same volume (1.6 ml) is added and
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vortexed before the next cycle starts.e@trifugation is repeated threémes in total in order

to remove the PC from the template membrane.

4.2.2.1.4 Cylindrical Partles Made of5elatin

Gelatin in concentratiogpranging from * 10 % (nV) is heated under mild stirring in a closed
vial in order to prevent evaporatioror labelling fluorescence dyes such as fluoresesan

can be added to the aqueous solutiohfter complete disslution in deionized water, 250l
solution is pipetted onto a Petri dish and one membrane (25 mm) is quickly added. The
membrane solution fills the pored the membrane by capillary forces. 5 ml of the crosslinker
glutaraldehyde GTA (1 %(V/V)in deionized water) is added in two steps. 1 ml is added on
the top of the membrane and after 10 minutes further 4 ml are added. The membrane is
allowed to hover irthe GTA solution for further 10 minutes.

After crosslinking the filter membrane with the adhering hydrogel is transferred to a scratched
glass slide4.2.2.]). After dryingovernight the membrane is peeled off in order to remove the
interlinking layer. The membrane is transferred to an Eppendorf cup and dissolved witt 1.6
THF. The gelatin filaments are purified by centrifugation at 4300faicfl0 min the
supernatant is discarded and 1.6 ml THF is added. This purification cycle is repeated three

times.
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4.2.2.2 Microcylinders Composed of Nanoparticles
| | I «y &Ba
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Figure 20 ¢ lllustration of the protocol for the formation of cylindricahicroparticles

composed of nanoparticles

The protocol ér the formation of microcylindersomposed of NPis illustratedin Figure20.
As the first stepthe template membrane wit the pore diameter of choice (5.0, 2.0, 00 um)
is filledwith silica beads (84500, or 200nm). The template membran¢hat is supposed to
be filled is put ontop of an auxiliary membrane with lower pore diameteot permitting the
beads to pasthroughthe pores. Both membrang25 mm)are put on top of each otheand
are placed in the filter holder. Subsequenttiie suspension containing the nananicles
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(0.1% (mMV)) is filled in a disposable syringe with Ludock and filtered through the
membranes, thereby trapping the particles in the pores of the membrane with bigger.pores
Per membraneapproximately 1 ml is used, regardless of gaeticle diameter. The amount

of particles exceeds the volume die pores for all template¢Tablel). In principal, the
complete filling is guaranteed, supgiog ahomogenous distribution of the beads into all
pores of the templateFor allparticle size an auxiliary membran@rack-etched, PCyvith
0.1um pore diameter was used. Both membranes were removed from the filter holder and
were allowed to dry.Theauxiliary membrane was removed and teecess beaddayingon

the surfacewere carefully wiped awawith tissue wipers

Hydrogels were used for the interconnection of the spherical particles in order to conserve
the cylindrical geometrygiven by the templateln accordance to the protocol for the
generation of cylindrical particled.@.2.]), the filled template was only applied tbe gel with

the shiny sideBeing in the liquid state, the sol could enter the pores and interconnect the
silica particleskFurthermore, it was payed attention that gel only had contact with one side of
the template, preventing the buHtip of bridges, o the interlinkinglayer from both sides of

the template.The hydrogel was allowed to form a gel and was stored until the hydrogel was
dried. The template membrane was removed from the dried hydrogel base lagietissolved

in THF. Brticleswere subsequently purified by centrifugatioithe pellet was redispersed in
deionized water and the suspension was centrifuged again in order to remove thealeess

of THF, which is cell toxic. As the last stbp pellet was redispersed ihe buffer of choice
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4.2.2.2.1 Microcylinders Composed of NRnterconnectedvith Agarose

A sdution of 1.5%(m/V)agarosewas used fothe interconnection of the silica beadsorder

to conservethe cylindrich shape The agarose dispersion was heated up to 130 °C in ectlos
container (scintillation vial) in order to prevent evaporation on a heating plater stirring

for 30 min. After complete dissolution of the agarose (30 min), the temperature was reduced
to 100 °C and stirred for further 15 min. 1 ml of hot agarodatsm was removed from the
vial and pipetted on a glass slide, quickly the template membrem@aining the silica beags
was applied and theagarose solution could enter the pores and interconnect the silica
particles prior to forming a gel The geland the template membrange containing the
interconnected silica particlesare allowed to dry under ambient conditions. Excess £aCl
solution is removed withtissue wipersbefore the template is applied on the glass slide.
Subsequently, the template membranese peeled off the glass slides and transferred to
Eppendorf cupsTwomembranes were put into a 2 ml Eppendorf and dissolved in 1.6 ml
THF. The cups were vortexed for 1 min in order to speed up the dissoltitierdissolved PC
was removed by centuigation, the supernatantcontaining the PCof the template
membraneswas removed after each cycle and replaced by fresh AHé&r. three cycles of
centrifugaion at ~ 4300 rcffor 8 min the pellet was redispersed ideionized water.
Centrifugation was repeated thraemes at~ 11000rcf for 10 min in deionized watén order

to completely remove the THFsAhe final step particles were redispersed in the buffer of
choice.

Alternatively, he particles canbe further purified throughfiltration, separating the
microcylinders fromthe NPs not having been interconnected. Féltration a tracketched
membrane was utilizedhaving a pore diameter, which allowsgle beads to pass anbet

cylinders to be trapped (1.0m). A significant faction of the cylinders was lost though
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adhesion onthe walls of the filter holder. This could tseen through the fluorescengce
stimulated by an UV lam@he membrane, carrying the cylinders, was directly dissolved in
THF after filtration and the filtr& was discardedSubsequently the dispersion was
centrifuged threetimesin aqueous median order to renove the THF. As the last stepe

cylinders wereedispersed in the buffer of choice.

4.2.2.2.1.1Microgylinders Composed of N Interconnected withAgaroseg Preparation
Conditionsfor CellTests
Polycarbonatdrack-etched membranes with a thickness of approximately 10 um and a pore
size of 20 um (Table1l) were utilized as a template for the formation of the cylindrical
particles. B Ay 0 f dzS Tt dzz2 NB 850 hnykad = 450 imwin-a diarfeteRof 6 <
500nm were filled into the cavitie®f the membrane. The arrangement of clgsacking of
equal spheres of the beads gives the submicron texture of the cylinéégsré37). The
particles were prepared under minimal exposure to light in order to prevent bleaching of the
fluorescence dyesAfter the lastcentrifugationcycle the pellet was redispersed in RPMI
medium (5 % FCS, 1 % Penicillin/Streptomydine particles redispersed well thvout
aggregation, no stabilizer was addelthe particle concentration in the stock solution was
determined with a Neubauer chamber and diluted to a final conmcion of

100,000particlesiml in RPMimedium (5 % FCS, 1 % P/S).
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4.2.2.2.2 Microcylinders Composed of NPs, Interconnected wWilifinate

Alginate wih a concentration of 0.7 % (m)\Wvas used for tb interconnection of thébeads,
conserving the geometry given by the template membrane. 1 ml of the alginate sol was
pipetted onto thesurface of a Petri dish. The template membrane (25 mm) containing the
silica particles was applied with the shiny side facing the sol, allowing the sol to enter the pores
of the tracketched membrane wrapping the silica nanoparticles. 5 ml of gelaliqud
(50mM Cadl solution) are applied onto the top of the template membrane covering the
entire template membrane; after 10 min the template membrane is gently lifted with forceps,
if it has not been automatically lifted ugnd started to float Figure19 and Figure20). The
floating allows for ayood exposure of the entire alginate towards the?Csolution and a
homogenous gelation. After a total gelation time of 15 min the template membrane with the
adhering alginate is transferred to a glass slide and dried under ambient conditions. The gel
andthe template membrane containing the interconnected silica particles are allowed to dry
under ambient conditions. Subsequently, the template membranes are peeled off the glass
slides andransferred to Eppendorf cups (twoembranes into one 2 ml Eppendarip) and

are dissolved in 1.6 ml @Eb per cup. The cups were vortexed for 1 min in order to speed up
the dissolution. The dissolved PC from the template is removed by centrifugation, the
supernatant containing the PGvas removed after each cycle aneptaced by fresh solvent.
After one further cycle with Gi&b, THF is used for the purifican followed by one cycle with
ethanol. Centrifugation is performed at4300 rcf for 8nin for CHCbh and 6 min fofTHF and
EtOH. Aer the last cycle the pellesiredispersed in deionized water, or the buffer of choice.
Between each centrifugation cycle the pellet was vortexed for at least 3 min and sonicated for

10 min.
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4.2.3 PreparationStrategiedor Hydrogelswith HairySurface

Wil 9 Dﬂﬁﬂﬁﬂﬁﬂﬁﬁj” /

Sol
Template membrane Hairy sheets
Infiltrationl Template pey
e[ [0N
Gelation in template Template membrane

Figure21 ¢ lllustration of the potocol for the formation of hairy sheets for various hydrogels.

The protocol for the preparation of fibrous shegtsade from hydrogels is depicted Figure
21. The liquid precursor of the geldd is dropped on a plane surfasich as a glass slidgend
the template membrane is appliedrhe template membrane is filled throughe strong
capillary forces of the templatgores. After infiltration the sol forms a gel within the tptate,
following diverse mechanisms as a functiortlé gel After mouldingthrough gelation the

template is peeled off, releasing the hairy sheets.

4.2.3.1 HairySurfaceMade from Alginate

250 pl isobnic 0.9% NaCl solutiorrontaining 0.7% (m/\j ultra-high viscosity alginates
dropped on a 100 mrRetridish. The hydrophilic disshaped tracketched membrane (25nm
diameter) is applied on the droplet and is allowed to be et from the bottom. 1Iml of

50 mM CadGl solution is added onto the surface of the wetted filter membrane and allowed
to form agel for 10 min Further4 ml of CaGlsolution areadded and the filter is then gently

lifted from the Petridish and allowed to float in the Ca@blution droplet with a total volume
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of 5 ml for another 15 minAfter this gelation step,tte filter membrane with the adhering
alginategelis transferred to &etri dish @diameter 35 mm)which had been coated with a
polycation (pdy(L-lysine) before. The edctrostatic interaction between the positive surface
and the negatively chargkalginate layer increases the adhesion to fhetri dish and also
facilitates the peebff of the template membrane. As controBetridishes coated completely
with unstructured alginate hydrogel@egative control)as well as standard tissue culture
treated surfae (positive control) were prepareé&or practical reasons, experimeys which
the presented results are based, were cadrieut mainly with membranes exhibiting

diameters of 25 mm; the largest diameter used in the experiments was 47 mm.

4.2.3.1.1 Hairy Surface Made from AlginateSpecific Modification of Filaments

Before peeloff, 1 ml of FITELL(fluorescein isothiocyanatpLL)is added onto the surface of
the template membrane (25 mm diametef)lled with crosslinked alginateand allowed to
interact for 1 min. Subsequently, the FIPCL solution is removed anddaltemplate with the
embedded alginate is washe&urther stepsare in accordance with the protocol for the

formation of fibrous surfaces made from alginate?.3.7).

4.2.3.1.2 HairySurface Made from AlginateLoadingand Releasef Model Compounds
Gelation was performed in accordance with the protocol for plain hairy alginate sheets
(4.2.3.]. For theloading d the model compoundnethylene blueequivalent concentrations
(0.15mg/ml) in the alginate sol (0% (m/V)) and the CaGlsolution (50mM) were used for
gelation, guaranteeing no premature release of drug during the gelafibe. solubility of

methylene bue inwater has been reported to be 48g/ml at room temperaturg194).
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Due to varying diffusiorbehaviour the loadng regime for the macromolecular model
compound FIT@extranwas adapted. FIT@exran (0.3mg/ml) was solely contaed in the
alginate sol (0.7 % (m/\/)which formed a gel upon addition of the Cagdlution 60 mM).
Subsequent steps were identical for both release compounds.

The release experiments were performed iplasticPetridish (100 mn). The surface of the
Petri dish was treated with a pgtation (polyethylenimine (PElgqueous solution of
20 mg/ml, coating for 15 minutes) in order to electrostatically adhere the gel td ki dish
surface and to prevent floating of the gel sheet during release.

After gelation the gel sheet, containing either methylene blue or f@@ran, is transferred

to the coatedPetridish placed on a shaking incubator (37°C), the release media, either ultra

pure water (adjusted to pH 7with NaOH (1 mol/l))or5 dzf 6 SO02 Q& LIK2a LKLl GS

(DPB¥buffer is added and the release started. For quantitative reieaf the loaded FITC
dextran, phosphate (N&PQ) is added, forming a complex with the mns, being essential
for the integrity of the gel. Due to the disintegration, the remaining Fl&gran is released
from the matrix. The final phosphate conceation was 20 mM. All experiments were
performed under perfect sink conditions throughout the release phase.

For the quantificatin either a UV/VIS spectrometaras used at the absorption maximm of
methylene blued =664 nm)with polystyrenecuvettes, ora fluorescence spectrometer wait
corresponding 94vell platesusing the excitation wavelength85 nm and the emission at
520nm for the FITdabelled dextran. NaOH (1 moliyas added prior to quantification in

order to adjust the pH to 12.5 + 0.5 and avany pH influence on the measurements.
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4.2.3.2 HairySurfaceMade from Agarose

Agarose dispersions of up to 1q#t/V)are heated to 120 °C for 20 min under constant stirring

in a closed vial in order to guarantee complete dissolution, afterwards the temperature is
reduced to 90°C for further 10 min. 500 pl of this clear solution are pipetted onto a glass slide
and a filte membrane(25 mm)is quickly applied with the shiny side of the membrane facing

the sol. The membrane can be peeled off after the solidification due to the temperature drop.

4.2.3.3 HairySurfaceMade from Gelatin

Gelatin in the concentration athoice (1¢ 10 %(m/V))is dissolved in deionized water aided

by heating. The gelatin dispersion is heated to a maximal temperature 100 °C and stirred in a
closed vial until complete dissolution is reached. Per membrane 250 pl solution is pipetted
onto a Petri dish and ammembrane (25 mm) is quickly added. The membrane wets the entire
surface of the filter. A total of 5 ml of a solution containing 1\%4/) of the crosdinker
glutaraldehyde (GTA) is added in two steps. 1 ml is added onto the surface of the filter after
infiltration of the pores, after 10 min further 4 ml are added and the membrane is allowed to
float in the GTA solution for 10 additional minutes. Subsequently the membrane is peeled off

the hydrogel.

4.2.3.4 HairySurfaceMade from Chitosan

Thechitosan solutionsvith a concentrationof 2 % (m/V) were appliedon one side of the
track-etched membraneDue to the high viscosity, the chitosan sol does not automatically
distribute evenly at the chosen concentration; it has to be distributed homogenously
manually Per25 mmtemplate membrane 350 pl solution is applied in order to wet one entire

side of the membrane. The membrane is exposed to the fumes of 5 ml of a concentrated
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NH;OH (25%) solutionfor 15 min in a closed container. Longer exposure times damage the
membrane more severelyot allowing a straightforward removal of the membrane through

mechanical peeling off.

The gel sheetan be loaded with fluoresceinlbresceinNa), which does not hinder gelation.

4.2.3.5 HairyHybrid Sheet Differences in the Composin of Hairs and Base Layer

Template membrane l Sol substance A
Eﬁcﬂcﬂc
Gelation in template

L \
M , & allile,

Sol substance B

Template membrane

Ly ,

Hybrid hairy sheet

Gelation in template
Fibres in template after cleavage from base layer

Figure22 ¢ Schematic of the protocol for the formation of hairy sheets having a different

composition of the fibres and the base layer.

The protocol for the formation of hairy surfaces, composed of more than one hydrogel is
illustrated inFigure22.The lguid precursor of the gel (selibstance A) is dropped on a plane
surface such as a glass slidend the plain template membrane is applied. The template
membrane is filled through the strong capillary forces of the template pores. After infiltration
the sol forms a gel within the teptate, maulding the gel. After dryinghe fibres that are

trapped in the template membrane are cleavaedrh the base layer through peeff. The
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protocol is repeatedreplacing the plairtemplate membrane with the oneilled with the
fibres. The liqud precursor of the second gel (sallsstance B) is dropped on a glass slide and
the filled membrane is added. After gelatidhe template membrane is peeled offeleasing

the hairy sheetsexhibiting a different composition for the base layer and the hairs.

4.2.3.5.1 HairyHybrid Sheet Differences in Labelling and Concentration between Fibres and
Base Layer Agarose

In adaptation of the potocol for the formation of hairy sheetmade fromagarose 4.2.3.2,

silica particles (200 nmpbelled with a fluorescence dyaere mixed with the heatedgarose

solution at 90C just beforethe filter membranewas applied In order to guarantee the

labelling of altavities in which the hydrogel progresses, the concentration of the silica labels

was chosn very high, with a value @f5 (10 mg/ml)of the stock concentration of theolution

50 mg/ml The dispersion was allowed to homogaeaifor a few moments througstirring on

the rotating plate before a volume of 500 pVas pipetted ontaa glass slide and the template

(25 mm) was appliedrhe silica particle dispersion inaagse was allowed to form a geltér

complete dryng, the membrane was peeled off, trappitige labelled hairs within the pores.

Subsequently, the protocol for the gelation of agarosesvepplied 4.2.3.2 with a

concentrationof 2 % (m/V) and the template containing the labelled fibre®placing the

unprocessed membrane.
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4.2.3.5.2 HairyHybrid Sheet Differences inthe Type of Hydroge] GelatinHairs on Agarose
Sheets

The protocol wa adapted from the formation of hairy surfaces made frgefatin(4.2.3.3.

Additionally a concentrationof 0.6 % (m/V) 50 nm Fluoresbrit@olystyrene particles was

added to the gelatin solution in order to label the entire hydrogel. After solidification with

GTAthe hydrogel was allowed to dry on a glass slide, peelgdh@reby trapping theibres

in the templateand cleaving thenirom the base layer. Subsequently, the protocol for the

gelation of agarose was appli€d.2.3.9 with a concentrationof 2 % (m/V). The template

membrane containing thelabelledfibres rephcedthe unprocesseglainmembrane.

95



Materials and Methods

4.2.4 Cell Experiments

4.2.4.1 Macrophage Uptakef Microcylinders

Murine alveolar macrophages (MHS, ATCC;20RQ) werecultured in RPMI 164fedium
containing 10 % FCS, 1 % HEPES, 55 mg sodium pyruvate, 0.75 g sodium hydrogen carbonate,
2.25 g Bglucose, 1 % Penicillin/Streptomydiny R M ® gnercaptagthanol. 20,000 cells

per plate were cultured oglass plates with a size of 22Z mm for one day. Then, the growth
medium was changed with medium containing 100,000 cylindrical particles per plate. To
analysethe uptake profile, cells were fixed different time points after addition of particles

(0, 1.5, 3, 4.5 and 24 hours). For fixation, cells were incubated in 100 % metbanol

10 minutes and washed three times in phosphate buffered saline. After that, they were
incubated in 3 %V/V)glutaralcehyde for two hours tarosslink the proteins and dried with
increasing alcohol concentrations (70 %, 80 %, 95 %%l QD0 %; exchange rate: 1 hpur

The samples were sputtered (sputter current of 20 mA for 50 s) and coated with a gold layer
of approxinately 15 nm thicknesdg-or each sample, several randomly selected frames were

captured using FLM until a count of 300 + 20 macrophages was reached.

4.2.4.2 Cellinteractions with HainBurfaces

Celllar response on haingalginate hydrogels was studied using mariL9® fibroblasts

(Figure66 (d)-(f)). Fibroblasts were cultivated Bidzft 6 SO02 Qa Y2 RABMESMR S| 3¢
medium, containing 104 fetal calf serum and 0.1 mg/ml Gentamydtor passaging, cells

were washed with phodmate buffered saline (PBSand treated with 0.086/0.02%
trypsin/EDTAethylenediaminetetraacetic acijl Cell density was adjusted to 5 x*tells/ml.

A cell suspension of 2 ml was given to the previously prepared samples in B2mdishes

Cultivation and observation of samples were performed in an automated mimpesc
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Biostation CT for at least threlays. Analysis of image data was performed usingehiBents

software package.

4.2.4.2.1 Characterization of Hairy Surfacand Visualization of Intactions with Cells

For optical microscopy thdumination was chosen low and exposure time of the camera was
increased in order to enhance the visibility of the low optical contrast hairy microstructures.
Ct d2NB&a0OSyO0S &k 470 BrEatdhaénisRiondadndpkiss @R5/50) was used

for detection.Forimaging with theconfocal laser scanning microscaj@t SNithe argon laser

GAUGK <nyy YY 61 &8 dz&ASRZ GKS SYXx&83ABYhe€lSM RS S

images were captured and processedhathe software Zeiss LSM AIM 4.2.

For the fixation of the samples for SEM imaging, alginate sheets with cells were fixed in sodium
cacodylate buffer containing @ (V/V)glutaraldehyddor at least 24 h. After that, they were
incubated in 26(V/V)osmium tetroxideand 1%(m/V)tannic acidn sodium cacodylate buffer
(0.15 M). Samples were dehydrated in increasing ethanol concentrations and finally dried
using hexamethyldisilazane (HMDS). The samples weaged using standard operating

settings forthe SEM4.2.1.2.2.).
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5 Results and Discussion

5.1 Characterization of Template d¢hbranes

Resultsand Discussion

The templates differ greatly regarding the pore abundance and the pore dianiEabiel).

The measured values for porosity, the area of the pores over the template surface area and

pore density correspond to the given values by the manufacturer (porosity <4l 5ore

density 1x 1@ to 6 x 16 pores/cm?)[195].

Pore size of template [um] 5.0 2.0 1.0 0.6
Thickness of template membrane [um] 10+1 10+1 101 101
Pore density/100 pm? 0.38 255 18.44 34.75
Pore ensity/cm? 3.80E+05| 2.55E+06| 1.84E+07| 3.47E+07
Template porosity [%] 75 8.0 145 9.8

SDof template prosity [%] 0.3 0.3 0.6 0.4

Total volume of pores (25 mm) per membrdpd | 0.37 0.39 0.71 0.48
Total volume of pores (47 mm) per membrdpd | 1.30 1.39 2.52 1.70

Tablel ¢ Specifications of relevant traekched PC template membranes.

Pore density/100 um?2 andqee density/cm? represent the abundance of pores in the template

membrane per givemrea. The émplate porosity is given by the area oftlpores over the

filter surface. SD of template porosity represents the standard deviation of thaddnce of

pores in the templaten SEM micrographs of the shiny sidéthe membrane with more than
0y wes dsicalculateld $n basks (of- tiie

Hpn LI2NBa LISN AYIl3S

respective porosity for membranes with 25 and 47 mm diameter.

P21t c

The template membranes do not possess identical surfaces on the top and bottom surface

(Figure23). The macroscopic appearance indicates differences that were confirmed through
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SEM aalysis. One sidexhibits a smooth surfacahich appears shinyf the naked eye. The

other sideappearsmatt for the naked eye and the SEM images reveal that the surface is
entirely covered with irregular indentations besides the homogenous cylindrical pores. An
influence of the surface structure on the outcome of the experiments cannot be ruled out,

therefore the experiments were all conducted with consideration of the orientation of the

membranes.

EHT = 5.00kV
WD = 85mm

EHT = 5.00 kv
WD = 7.5mm

Figure 23 ¢ SEMmicrographs of the twosurfacesand the crosssection of the identical

template membrane

The template exhibits1.0 um pore diameter,images werecaptured with identical
magnification. (a) The surface is smooth. (b) The surface is rough and many indentations
besides the pores can be seen. (c) The thickness of the membrane is 10 = 1 pum, which is in
accordance with ranufacturer specificationgl99). The crossection was partially deformed

by the blade with which it was cut prior to imaging.
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A prerequisite for the utilization of template membramdor moulding purposes is an
unhindered filling othe plentiful pores. The hydrophilic fluid precursare required tofully
access the numerous cylindrical pores of the templat®@rder to warrant a high yield and
reproducibility of the protocalSupposing a complete filling of the cavities, the peotume
allows for an estimation of the maximum yield per membramaljel). It can be calculated
from the density, since the pore volume is knowmgang from approximately 0.® 1.1mg

for the excipienth -lactosemonohydrate with a density of 1.525 g/crft96] per membrane

(25 mm diameter). In order to guarantee the unhindered filling thettability of the
membrane surface must correspond to the solvents. Most commonly, -etaked
membranes are made from polycarbonate (PC), which has a comparatively low surface energy
and consequently low wettability. Manufacturers use wetting agents, such as
polyvinylpyrollidone (PVP) in order to optimize the wettibghaviour accordingly treated
membranes &8 RSy 2 G SR 0 @97 .4VKitBoRt NeRcegRoR hydrdphilic template
membranes PC membranes treated witAVP, according to product information shg&éB9)
were used for the experimentgnablinga reliableand homogenousvetting of the surface
and the pores. Influence ofhe wetting agent on the outcome of cellular testan be
neglected. Washing prior to the addition of cells quantitatively reduces potential
contaminations. Furthermore, PVP is regarded as biodegradd)l@¢98 and does not
enhance adhesion of fibrddists. In fact, adhesion dibroblasts (hTERT celisgmortalized
humanfibroblasts) onPVPcoated surfaceof implantswas even diminished iromparison to

other coatingg6].
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5.2 HlamentsFormedwith the TemplateTechnique

The varioushydrophilic solutions, including hydrogel sotgjickly wetthe tracketched
membrane and spreadell on thesurface. Filling of porewith the hydrophilic liquidsvas
observed independent of the poidiameters The minimunpore diameterwas 0.1 um, used

in experiments with the hydrogel agarogeigure34, Figure59). The hydrophilic solutionfo
hydrogel solsin some cases being viscougfhtoncentrations oflginate,agarose geatin,

or chitosar), enters the pores readijywithout exception The strong capillary forces, caused
by the large surface to volume ratio of the miorand even more pronounced for the
submicron channels, are the driving force for this behawnid/iscosity, representing the
counteracting force for the speed of fillif$99], is overcompensated by the narrow diameter

of the pores and the low capillary height of 10 £ 1 um (n = 3, value in accordancaiekiieiss

of membrane reported by manufacturer: 611 um[195)). The observation of the complete
and swift filling of the pores is supported by findings made on channels with comparable
geometries[199, 200], giving a filling of the pore in the order of milliseconds even though
capillaryfilling is slowed down imano-metric channels[199, 200]. Since the pores of the
template membrane are being filled completely, the thickness of the membrane dictates the
length of thefibres (Figure23). In some cases the pores are tilted, which leads to moderately

longer cylinders.

5.2.1 Cylindrical Particles ConsistingAi®ls and.actose

The template technique can be used for the formation of cylindrical particles made of various
hydrophilic compounds in a baol concentration range. Cylinders madehgfirophilic AH,

such as fluoresceiNla andsalbutamol (INN)/albuterol (USAN) sulphate, as well as blends with

the excipient lactose haveelen prepared in various ratioallowing to customize the dose of
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the inhded medicine. Cylindrical particles could be formed from 5.0, 2.0, and 1.0 um template
membranes and represented the pore geometry in high fidelity. Salbutamol could be blended
with lactose in any ratio at the constantass concentration of 15 $eigure24). In order to
guarantee a complete dissolution of the solutes under all experimental conditions, routine
experiments were not performed withigher concentrations, because the solubility limit in

g I G S NdactogeNihshbeen reported to be 189.1 mgfithg]. The solubility osalbutamol
sulphate ishigher with291 mg/ml at room temperaturgl90. Below asolute content of 134,

an increasindormation of funnelsor tubes was observe(Figure24 e and f). Nonetheless,
single tubular cylinders could also be found at a solute concentration of dgire24 d).

The lower the concentration was chosen, the more pronounced the central cavit{Figase

24 e andf). A high fraction of truncateg@articles is found for cylindefsrmed from solutions

with low content of lactose (1.5 #6/V)) (Figure24 f). The tubular shapes that were found
after purification from the PC of the template ménane imply that precipitationf the solute

begins at thepore walls.
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X2,000 WD9.9mm S 20.0kV  X30,000 WD99mm 100nm

Figure24 ¢ Light microscopyand SEM images of microcylinders made of lactose and blends
with salbutamol.

(a) Fluorescence image of salbutarflabresceinlactosefibres, salbutamol sulphate mass
fraction 0.5, fluoresceilNa 0.05, lactose 0.4%b) Transmission light microscopic iges of
salbutamollactose blendedfibres, salbutamol sulphate mass fraction 0.5, lactose 0.5.
(0 ¢ (f) SEM micrograph of cylindrical particlafser purification from PC; pure lactosg) In

the cenre of the SEM image a tubular patgéccan be seen(e), (f) For lower solute
concentrations tubular particles or particles with central funnel are formed. The pore
diameter of the template was 1.0 um, the solute concentrat{onVV) was 15 % for (&) (d)

and 1.5% for (e), (f). The scale bar correspondsQquin (c), 200 nm (d) and 2 um (e), (f).

The humidity in the deep lung is close to saturafid®6]. Harmful longterm accumulation of
the cylindrical particles composed of various ratios of lactose, salbutamol and fluoré&zein
can be ruled out, because these particles disintegrated and dissafter exposure to
saturatedvapour Figure25).
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Figure 25 ¢ Light microscopic images of microcylinders made of lactodbutsanol and
fluoresceinNa after exposure to vapour.

(a) The transmission light microscopic image and (b) the fluorescence image were captured at
identical position on the specimeifhe pore diameter of the template was 1.0 um, solute
concentration 15 %{m/V), consisting ofsalbutamol sulphate with a mass fraction of 0.5,

fluoresceinNa 0.05, lactose 0.45.

5.2.2 CylindricaParticles Made oAlginate, Blended with Lactose

Mechanisms for clearance are limited in the alveolar region of the lung, the main nmsohan

is phagocytosis. Enzymatic activity is low in the lungs and the tissue is fragile. This physiology
asks for particular precautions for the selection of a carrier system. This explains the fact that
the pool of excipients with approval for lung adnsination from drug agencies igmited.
Despite this fagtnondegradingfibres, such as CNTs, are under investigation in order to be
used as drug delivery systems for intravenous administraoh2.4.3, but in particular the

long CNTSs are not appropriate for pulmonary application considering tioalted frustrated
phagocytosis, which is known from asbesi@81, 202). The lining fluid which also serves as
solvent for the dissolution of drugs is scarce in the periphera,lentailing slower dissolution

in comparison to intravenous administratipb41].

For these reasons a delivery system that reachesdiep lung to a high extend, does not

accumulate and is solubler degradable in the scarce fluid present in the lungs is desirable.
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The filamentous particles consisting of a backbone of alginate and lactose have been designed
in order to fulfil these attibutes.

The natural polysaccharide alginate is biocompatible and biodegradable and forms gels with
divalent cations such as €arhis ion forms complexes with phosphates, which are ubiquitous
in the body, degrading the gel in a concentration dependerdnner. The dissolution
behaviour of the alginat gel is scrutinized in chaptéDrug Loading and Release from Hairy
Alginate Surfaceq5.4.1.1.3. High concentrations of phosphate degrade alginate gels within
minutes. Considering the toxicity of asbestos, which can be attributed to long term
inflammation because of the stalled frustrated phagocytosj201, 202], clearance through
degradations appears to be particularly important.

Another beneficial property in this conteid the high hydrophilicity of alginate gels, reducing
the immunologic response which can harm the tissue over ténprominent exploitation of

this phenomenon is thelecoration with hydrophilic entities, such as PEG chiamirwder to
hinder the adsorptin of protans [203-206], essential for the activation ahe immune
system Among the alginate hydrogels particdar the gels, which are formed wittalcium
inhibit adsorption of serum proteinsin consequence cell attachent and spreading is
decreased207].

COylindrical particles consisting of alginate and lactose do not completely dissolve after
exposure to humidy, in contrast to pure lactose, or blends with AR%2.1), such as
salbutamolsulphate,or the fluorescingcompound fluoresceiNa (Figure26 and Figure27).
Despite the low cotent of alginate in the blendthe hydrogel backbone changes the
properties of thefibres drastically After exposure to humidity, being immersed into water
droplets and drying under ambient conditions, the fibrous geometry was retained. The low

molecularentities, including lactose and the label (fluoresebia), had diffused from the fibre
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(Figure27). The fluorescence of the marker substance fluoegsNa can be detected beyond
the filaments implying diffusion and release from the cylindrical particles. This alginate
hydrogel is stableinder these conditions and does not degrade in deionized wdter.all
evaluated cylinder dimensions (templates 1.0, 2.0, 5.0 um) the exposed hydrogel gel backbone
was found(Figure26 and Figure27). The diffusion of chemical entities with hydrodynamic
diameters smaller than the pore size of thiginate gel are not hindere&.4.1.1.3, in contrast

to large macromoleculesuch & the polysaccharide dextraBQ00 kDa)exceeding the mesh
size of the gel. These macromolecules a®ined within the gel networkKigure56). The
alginatelactose fibres can be loaded with hydrophilic aanghich is embedded into the
alginatelactose matrix. Alginate releases the load as a function of the hydrodynamic
diameter, ameasure of the molecular mas¥he small molecule methylene blue is released
faster than the macromolecule dextran2Q00 kDa) unér all experimental conditions
(5.4.1.1.2 Figure56).

Furthermore, the alginate gel degrades in presence of the endogeagast phosphate
Phosphate forms complexes with the €#ns, essential for the formation of the ged.(1.5

and causes a concentration dependant degradation of the alginat&gel (1.2 Figure56).
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Figure26 ¢ Light microscopwnd fluorescence images of cylindrical alginrketose particles
labelled with fuoresceinNa, after purification fromPCtemplate.

(a), (b)Hbre diameter is 1 um; (b)ldorescenceamage of the identical positior{c), (d)Fbre

diameter is 2 um; (d)dorescencemage of the identical position. (e), (fyl@der diameter is

5 um; (f) fuorescence image of the identical bsn.
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Figure27 ¢ Light microscopynd fluorescence images of cylindrical alginrketose particles
labelled with fuoresceinNag, after purification fromPC template and after exposure to
humidity.

(a), (b)Hbre diameter is 1 um; (b) fluorescenamage of the identical positior{c), (d)Rbre
diameter is 2 um; (d) fluorescenamage of the identical position. (e), (fylder diameter is

5 um; (f) fluorescencenage of the identical position.
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The composition di not change through the infiltration in the pores. This was assessed by the
comparison of the fluoresceiNa concentration in the base layer and the fibres; the
concentration onlyrevealed negligild deviations. The variations landthin the scattering 6

the single experiments. The diameter of the pores (minimal size 0.6 um) is orders of magnitude
bigger than the molecular dimension of all chemical entities that were used for the
preparation. Thus the infiltration is in no respect hindered and no separaof the
compounds can be observed.

Most relevant for the assessment of the aerodynamic behaviour at the chosen experimental
conditions (60 I/min) is the deposition of tHéres on stages 2, 3 and 4, representing the
stages with a higher than 50 % depms for objects with an aerodynamic diameter between

5 and 1 umFigure28) [161], the target value for particles in this study.
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Figure28 ¢ Deposition on the stages on the NGI as a function of the aerodyréianteter.
How rate for the graph is 60 I/m. Stages with high deposition (> 50 %) for the aerodynamic
diameter of choice (& 5 um) are highlighted in redrigure was adapted frofd61].
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The pronounced hygroscomf the fibres became evident during the first preparations. The
fibres clotted after few minutes under ambient conditiorfsdure29). The higher humidity
was, the faster this could be observelor single preparations wetting of filaments was
observed within seconds.

Yet another reason for the observed tendency to form aggregates are geometrical
considerationsSpheres repremnt the geometrical objects witmaximal volume per surface.
All other geometries exhibit an elevated surfaeghich can be responsible for cohesj or
aggregation. Fibres lying parallekhibit a lage contact areawhich can be responsible for
aggregation.

L-leucine has been reported to reduchygroscopyfor pulmonary formulationd208]. The
proteinogenic amino acid accumulates at surfaf239, thus more hygroscopicompounds
are lessexposed. In addition,hie roughness of the surface is increased, which leads to a
reduction of the potential contact area, reducing the adherence or adjaparticles Figure
30Db). The utilization of leucine is an established meanasrderto increasedispersibilityfor
spray dried powder§208-211]. Common solute concentratis for spray drying are 5 to 10
fold lower than the chosen concentrations for this templaigsisted approacf210, 211].
Sevilleet al. used spray drying for the generation of a respirable powaensisting of
salbutamol, lactose ancklcine with atotal solute concentrationof 2 %(m/V) in the spray
drying solution. ie mass fraction of leucinesually ranges betweeh 05 and 0.20f this solute
content [208, 210, 211], representing a maximuroontent of leucineof 0.4 % (m/V)n the
dispersion medigbeing spray driedvarious leucine concentians, including a solution close
to the solubility limit (24.3 mg/m[192]) were tested with the templataechnique. For
concentations of more than 0.6 ¥n/V)leucine changes of the morphology of the cylindrical

particles have been observed, more truncated and deformed cylinders were found than for
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preparations lelow a concentration of 0.6 %ucine Figure30). The surface exhibits a
wrinkled and uneven structure, in contrast to cylinders not containing leudtigu(e30 a).

The increase of irregular cylindrical particles implies alterations of the solidification process,
restricting the increase of concentration. Being surface active the leatioemulates at the
interface between the template and the gel. The surface to volume ratio for the spray dried
microparticles and the cylindrical particles generated with the template technique is
completely different Consequentlythe surface of particle for both approaches differs
substantially. Supposing a volume of 25@qulboth techniques, thesurface of the droplets
formed from spray drying is 1.5 x46m2 for a diameter of 1 um and 3.0 x31€m?2 for a
diameter of 5 unrespectivelyWhereas he interface of the gel with the template embrane

is 40.0 cm? for the 1.Am membrane and 13.2 cmz for the 5n membraneaespectivelyfor

the identicalvolume of 250 pl; the surface is calculate with the respeotalees forporosity
(Tablel). The surface of the 250 ul drop is 1.9 cm?, on the contrary. Even thbedkucine
concentration of 0.6 %orrespondgo a mass fraction of only 38102 in the formulation,
because of the higher solute content of ~ 18(84/V)) in the alginate sol4.2.2.1.2, the
interface on which the leucine acewlates is much lower in the template approadthese
conditions explain for the increase of deformed particles doncentrations higher than

0.6 %leucine; the excess solidifies on the interfaicgerfering with the other substances and

decreasing thentegrity of the cylinders
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100 pm 100 pm

Figure 29 ¢ SEM micrograph of alginatactose fibres, containing fluoresceihla, after
exposure to humidity.

The fibres have aggregated due to huityid(a) Almost no separate fib can be found, the
majority is fused with adjacent particles. (b) The image shows a large aggregate consisting of
thousands of filamentsComposition is according to chapt@r2.2.1.3, 0.6 um tempate, the

scale bar corresponds to 10 pm

Figure30 ¢ SEM micrograph of alginatactosefibres with andwithout leucine

(a)Cylindrical article with smooth suface, no leucinavas present(b) The surfacefsows a
wrinkled, uneven texture for particlesontainingleucinewith a mass fraction of 5.4102.

This corresponds to a concentrationlofo(m/V) in the dispersion used for the generation of
the fibres. Fibres were formed with 1.0 um templates, composition is according to chapter

(4.2.2.1.2, with exception of the leucine concentration.
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Before the collection of the particles in buffer for quantification, the deposition pattern of the
deposition in the collection cups, which is caused through the holes of the respective stage,
could be sen by naked eyeF{gure31 a). The mrphology was verified wittSEM. Silicon
wafers were placed underneath the holes prior to the experiment and imagenediately
after aerosolsation (Figure31). The micrographs show that a multitude of intact particles
proceeded to the respective stages; aggregateuld not be found. Yet, only 24.1 + 10.9 %
(n= 14) of the cylinders could be deted on the stages. Aggregatidras a substantial
influence on the aerodynamic properties ofetltylindrical particles and thuguantification.
Most aggregates do natlign in the air steam and additionally deposit in earlier stagekeof

NGI than single fibres. Fluoranetric quantification was used in order to detect the
concentration in the compartments of the N@.2.2.1.2.). A single aggregate contains
multiple times more label than a single cylindrical particle, shifting the outcome of the NGI

experiment in compason to a number weighteduantification comgetely (Figure29 b).

500kv  SE1 500 X
|Probe= S0pA  55mm

Image Pixel Size = 1.963 ym
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500kv  SE1 500X Image Pixel Size = 1.963 ym 500kv  SE1 1.00 K X
IProbe= 50pA  50mm 400 um IProbe= S0pA  55mm

Image Pixel Size = 976.6 nm

500kv SE1  1500KX Image Pixel Size=66.11 nm
IFrobe {S0RAY  G0pm IProbe= 50pA  50mm

500kV  SE1 5.00 KX Image Pixel Size = 195.3 nm

Figure31 ¢ Photographand SEM micrograplud the deposition of alginatdéactosefibres after
aerosolgation within the NGI.

(a) Photograph of the deposition pattern on the collection cups of the NGI.f(IGEM
micrographs were captuck of silicone waver pieces that had been placed in the NGI
underneath the apertures prior to thaerosolgation experiment. (b) SEM image of stage 3;
(c)stage 4; (dytage 5;€) SEM image aftage 4 with higher magnificatio(f) zoom in @ the
marked frame in image (eJemplate dimension was 1.0 pithe composition is according to
chapter ¢.2.2.1.2.

Aggregation was duced through different meand he preparation protocol was optimized

in order to reduce the formation of the intknking layer,bridging multiple single particles.
Furthermore sedimentation was used in order to separate the single particles from the
substantially larger aggregates, including thertinkinglayer @.2.2.1.3. leucine was utilized

in order to reducelhe hygroscopwf the fibres.
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The blending of API particles, in particular for highly active compounds, with lactose particles
serving as carrier is anoth@ommon approach to imp®@S LJdzf Y2y | NBE F RYA YA
lactose monohydrate with strict specifications regarding the particle size and distribution
(<Mnaon XYY X Mna £33 i ZH P nrRYkismixedwitidiine ARThe
blending is reported to decreases the fine particle fraction (FPF), because duringalsgion
process not all particles desagglomerate from the excipi2hg|. The excignt particles are
pharmacologically inactive and improve tlispersibilityand flow of the drug product. This is
required in particular for drugs which tend to aggregate if they are microrjed.

The blending with the cylindrical particleid not improve he deviations between the
aercsdisation experiments. The aggregation is caused by the inherent hygroscopy of the
hydrophilic compounds and not predonately caused by electrostatior vander-Waals
forces. In general, hydrophilicity goes along with hygrosceyyich repregnts a general
problemof the protocol for the formation of cylindricalgpticles from tracketched template
membraneg4.2.2.]).

After optimization of the preparationanditions, still 75.9 + 10.9 % (n = 14) of the aerosol did
not reach therelevantstages. The powder either deposited in the induction port and the pre
separator, or was not released from the DPI, including the capsuobtier the experimental
conditions. The cylinders that reached the stages mugimdeposited on the early stages.
However differences were found for particles with varying geometry.

Aerosols are separated in the NGI as a function of thedysmamic propertiesfFigure28
depicts the dominant deposition on the stages depending on the aerodynamic diameter. This
dependency can be observed in the deposition pattern of the cylindriadictes after the

aerosolsation experiment irFigure32.
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Figure32 ¢ Deposition of cylindrical alginafactose particleswith variable diametes on
stages of the NGI.

Cylindrical particlesvere formed with 5.0, 3.0, 2.0 and 1.0 pm template memiasn
ventilation flow was 60 I/minThe fraction deposited in the other compaents are not
displayed; values for thetages are normalized to 100 %; 3kcoroposition is according to
chapter ¢.2.2.1.2.

The cylinders wh a diameter of 5 um predominately (74.4 %) deposited on stage 2, almost
no deposition was observed on stage 1. The cylinders are too small for deposition on this stage
and proceed to the next stage, where they are collected to a high extendfilifies with
diameters 3, 2 and 1 um are deposited to a higher extend on stage 1. This can be attributed
to small aggregates that still are ablegass the preseparator but do noteach the stages of
deposition of the single fibres. The highest degree of dgposhas also been detected on

the second stage fafibres with a diameter of 3 um. 2 and 1 pm have a similar degree of
deposition on stage 3. These results show the expected diameter dependant transition of
deposition towards later stages for particleglmsmaller diameters. On stage 3 predominately
fibres with diameters of 2 and 1 um are deposited. On stage 4, filaments with a diameter of
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1 um are the most abundant, whereas cylinders with diameters 2, 3 and 5 um were detected
with decreasing amount inhis order. On stages 5 and later stages less than 5 % of the
cylinders were collected per stage, no distinct size dependant pattern could be observed. The
signal that was detected on these stages can be attributed to fragmented cyljreddnbting

a lowaerodynamic diameteiand experimentascattering. Fine fragments are responsible for
the mildly higher signal that was detected for the last stage. The quantification is
concentration based, which means that the cdateon between the count ofylindersof the
various diameters is not linear; the fluorescence signal given by a &ylumder is not Sold
higher than for the cylinder with a diameter of 1 um, the factor is 25.

Nonethelesstrendsfor the deposition patterrcan be derived fromhe data. Thaleposition

on stage 2 is dominated by the particles with larger diametersstage 3, the deposition is
comparable for all observed dimensions (with exception of the largest 5 um particles) and on
stage 4 the cylinders with low diameter display high d&fion. Deviations of these trends can

be explained with experimental scattering.fact, loth the values of the 2 and 1 pfibres for

stage 2 and 3 lay within the standard deviation of the experiments.

Besides the aggregation through humidity, high mitpof the membrands another reason

for the formation of interlinked parties, exhibiting a largeragtand consequently a transition
towards deposition on earlier stages in NGI experimente highest porositgf the 1.0 um
template among the used template@ablel) not only increaseshe yieldper membrane, it

also raiseshe likelihood of convergent pores. The interlinked filamestill can pass the pre
separator, but deposit on earlier stages than the single fibres. This is yet another reason for
the mildly higher deposition of fibres with 1 um diametarcomparison to fibres with gm

diameter on stage 2.
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5.2.3 CylindricaPartices Made ofAgarose, Blended with Lactose

The protocol for the generation of cylindrical particles2(2.]) can be adapted to form
cylindricalparticles consisting of a matrix of agaroseagoncentrations of up to 2.5 ¥n/V)
and containing lactose in variadlconcentrationg4.2.2.1.3 (Figure33 a). Particles could be
formed from 5.0, 2.0, and 1.0 um tealate membranesAfter exposure to humidity the gel
backbone is exposed due to diffusion of the small molecule lactose frorfiltres Figure

33bh).

<

[

Figure33¢ Light microscopic images of cylindrical partictesnposed of agarose and lactose.

(a) Fibres after evaporation of the organic dispersion media. (b) Remainder of the agarose
lactosefibres after exposure to humidity. The agaragsl backbone is exposed aftexmoval

of the water through dryingthe lactose has diffused out of the filamenEbrediameter is

1 um; composition is according to chaptet.22.1.3, the agarosemass faction is 6.8102

and 0.94 for lactose, corresponding a concentration of 1 % (m/V) for agarose and 15 % (m/V)
for lactose in the dispersion used for the generation of the fibres. Scale bar con@spo

10 um.

Pure agarose hydrogel filamentsth a concentration of 5 %m/V) at maximumcould also be
formed from membranes with a minimum pore diameter of 0.1 (fgure34 and Figure35).

Less fractured cylinders were found ciontrast to cylinders containg hgh concentrations of
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lactose (15 % (m/Yin the fluid precursor for the preparation protocal/ @ f A Y RNek O €
Made ofPureAgaroseand Blends with Lactosg(4.2.2.1.3), because of the flexibility in dry

as well as in westate. The agarose filaments are stable in aqueous dispersiguie34 a)

and were labelled with fluoresceiNa. The small molecule fluorescein was retained by the
gel; sufficient concentrations could still be foud after preparationin agueous dispersion

with agaroseconcentration of 15 %(m/V) (Figure34 a). The pore size of the agarose gel
depends on the concentration, which is of particular inmtpoce for the sparation of
fragmentsof nucleic acidsluring gel electrophoresid47]. Filaments from 0.1 um templates
could still be sufficiently visualizedriure 34 b). Due to the high vacuum of electron
microscopes thehydrogel filaments have shrunk Fgure 35); this shrinkage is more

pronounced the lower the concentration of the agarose is chosen.

Figure34 ¢ Fluorescence light microscopic images of agarose filaments containing the marker
substance fluoresceiha

(a) Agarose filments formed from 1.0 um template membrane in aqueous dispersion (6 h),
agarose concentration 1.5 @/V). (b) Agarosdibres formed with 0.1 um template, agarose
concentration 2.5 %m/V); the template membrane containing the fibres was dissolved with

a few droplets of CHCb prior to imaging. The concentration of fluesceirNa was

approximately @1 % (m/V).
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Figure35 ¢ SEM micrograph of agarose filaments collected on the surface of a Teflon (PTFE)
filter at different magnifications.

Agarose concentration 2.5 ¢/V), 20 um template membrane. The higher magnification (b)
allows for the visualization of the spider wédike structure of thepolytetrafluoroethylene
(PTFIfilter, which was used for the collection of the agardibees. Scale bar corresponds to

10 um (a) and 5 pum (b).

5.2.4 Cylindrical ParticleMlade ofGelatin

Filamentous particles made from gelatin in add concentration range (& 10 % (m/V))
could be formed with template membranes with 5.0, 2.0 and 1.0 um pore dianfEigure

36) accordingtothe pR 1 2 O2f RS&AONAROSR Ay OKFLIISNI a/ &f A
(4.2.2.1.9. Because of the elastic nature of the hydrqge truncated particles were found,
representing the pore geometry of the template membranes in high fidelity. The gelatin
particles were craginked with GTA, impeding dissolution in aqueous m¢aid]. Likewse,

the crosslinking extend is expected to alter the stability of the filamertefibres with the
chosen crosslinking method were stable in agueous media for minimum on@dayructural
differences could be detected with the light microscopée filaments can be labelled in a
straightforward fashion. he label is added to the aqueous solution of gelatin before

infiltration into the template, the distribution of the labelgithin the cylinders is homogenous.
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After one day of exposure to aqueousedia, fluorescence could still be detected, meaning

that sufficient d/e has been retained and did not diffuse from the filaments.

Figure36 ¢ Fluorescence andght microscopymages ofgelatinfilaments

(a) Fluorescence inge of gelatinfibres formed with 10 um template membrane, the
concentration was 1 %m/V) gelatin, the fluoresceirNa concentration waspproximately
0.01 % (m/V). (b) Light microscopic image of gelatin flaments formed from a 2.0 um template,
the conentration was 106 (m/V) gelatin.Images were captured after purification from PC.

The scale bar corresponds to 10 pum.
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Results and Discussion

5.3 Microcylinders Composed bfanoparticles

5.3.1 Microcylinders Composed of Nanopatrtigleégerconnected with Hydrogels
Preparations ofparticles using membranes with different pore sizes showed the following
tendencies regarding relevant criteria. These values can be explained with basic properties of
the template membraneTablel).

The yield (count of particles) rises with smaller pore diameter.

The tendency to form aggregates rises with smaller pore diameter.

The homogeneity decreases with smaller pore diameter.

As a consequencef these tendencies cylinders formed within template membranes with
2.0um pore diameter were used for most experiments and characterized in detalil,

representing the best compromise of all properties.

5.3.1.1 Microcylinders Composeaf NP5, Interconnected with Agrose

The protocol for the formation of cylindricalicroparticles composed of NPmterconnected

with agarose 4.2.2.2.3 was succssfully used witlsilicabeads havingliameters of 841, 500

and 200nm according to manufacturer specificatioiSigure37) for template membranes

with 5.0, 20and 1.0 um pore diameter.
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Resultsand Discussion

Figure37 ¢ SEM imageof cylindrical particlsformed from NR, interconnected with agarose
Thesubstructuredcylindrical particle ifomposed okither 841 nm (g)or 500nm (b) silica
beads (c) $hematic depicting the arrangement of the beads in identical pores arsdidun
of the particles sizeThe arrangement of the silica particles is according to the gasking
of equal spheres. THeeads were interconnected with agam§€L.5 %(m/V)) within the pores

of a template membrane with 2.0 um diameter.

Figure38¢ AFM images ofylindrical particlesormed from NPsinterconnected with agarose.
The cylindrical particles amomposed of 500 nm silica patts, the agarose concentration
was 1.5 %m/V), atemplate membrane with 2.0 prmporediameter was used. Image (a) shows

the height, (b) shows #hamplitude visualized witAFM.
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