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Abbreviations

AA
AFM
API
APS
CAD
CFD
CLSM
CryoTEM
DLS
EDX
EPR
FEM
FITC
HFE
HFF
IPA
LSM
MC
MEMS
MF
O/W/O
PAA
PDE
PDMS
PDI
PEG
PSD
PVA
SC

Acrylic acid

Atomic force microscopy

Active pharmaceutical ingredient
Ammonium persulfate
Computeraided design
Computationallfiid dynamics
Confocal laser scanning microscopy
Cryo-transmissiorelectron microscopy
Dynamiclight scattering

Energy dispersive Xay analysis
Enhancegermeability and retention
Finite element rathod

Fluorescein isothiocyanate
Hydrofluoroether

Hydrodynamic flowfocusing
Isopropy! alcohol

Level set method

Main channel
Microelectromechanal system
Microfluidic

Oil/water/al

Poly(acrylic acid)

Partial differential equation
Poly(dimethylsiloxane)
Polydispersity mdex

Poly(ethylene glycol)

Particle size distribution

Poly(vinyl alcohol)

Side channel



Abbreviations, symbols and chemical structures

SBRP
SEM
TEMED
W/O/W

XRD

Symbols

C
Ca
D

d
Eadhesion
fr
H
hiw
K
Mn
Mw
p
Pe
Ry
Sc
-

Simulatiorbased rapid prototyping

Scanning electron microscopy
Tetramethylethylenediamine

Water/oil/mwater, chapter 1.2.1, 2.4 and 6:
solvent/water

X-ray diffraction

Concentration

Capillary rumber

Diffusion coefficient

Drop size

Adhesion energy

Flow rate ratigcenter streamside stream)
Mean curvature

Microchannel aspect rat{teight/width
Gaussian curvature

Number average molecularass
Weight average moleculanass
Packing parameter

Péclet number

Hydrodynamic radius

Schmidt number
Shellthickness

Time

Volumetric flow rate

Velocity vector

Weber mmber

Flow length

Surface tension

Slip length

Flow velocity

water/organic



Abbreviations, symbols and chemical structures

| Density
d Contact angle
U Shear stress
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Abbreviations, symbols and chemical structures

MTES

P2VR7-b-PEGy

PDMS

PEG14b-PLA35
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Summary

Summary

The fabrication of diblock copolymer vesicles, -c@led polymersomes, from
poly(2-vinylpyridine)-blockpoly(ethyleneglycol) (P2VRb-PEG) and poly(ethylene
glycol)-blockpoly(lactid acid) (PE&-PLA) by means of microfluidics describedThe
experiments were performed in microfluidic devices made by soft lithography in
poly(dimethylsiloxane) (PDMS). To gain insight into the fluid dynamics in the
microfluidic devices, 2D and 3D simulations basedthe finite element method (FEM)
were performed. This allowed for optimization of the microchannel geoyreetd/thus
precise control over the formation process and properties of the polymersomes, which
were extensively characterized by dynamic lighatseing (DLS), confocal laser
scanning microscopyCLSM) and cryetransmissionelectron microscopy(cryo-TEM).

Two distinct approacheso control the vesicular sefssembly of copolymer molecules
into polymersomes wergtudied:the undirected sekissemly using hydrodynamicflow
focusing(HFF) and the directed seffssembly using copolymstabilized water/organic

solvent/water (W/O/W) double emulsion templates.

In the former case, the formation of polymersoraesurredat the interface of a flow
focused, copolymeloaded solvent stream and a selectiselvent in a simple
microchannel cross junction. Investigations revealed that the polymersome size is in
proportion with the flow rateatio of polymer solution and the Isetive ®lvent; a
nucleation and growth model explaining the observed relation between flow conditions

and polymersome size was proposed.

In the latter case, the formation of polymersomes was directed by W/O/W double
emulsiors during evaporation ofthe oganic solvent in which thecopolymer was

dissolved.

The formation of vesicles from diblock copolymers in microfluidic devines only
enables continuous fabricationof polymersomeswith controlled size and narrow
polydispersity(PDI), but also offes the ability to tune the polymersome size over several
orders of magnitude from less thanrd@ usingHFF to more than 10Qm using double

emulsion templates.



Summary

To allow for the aforementioned studjgsreliminary workfocusingon increasing the
resistance of PDM towardsswellingdue toorganic solvents was performedsly using a
glasslike coatingbased on sefel chemistry,the swelling of PDMS was decisively
decreased. Analyses of coated devices by scanning electron micr@SEdp)illustrated
that the coatingcould be homogeneously distributed even in complex microfluidic
devicesas employedor the preparationof doubleemulsion templates. To simplify the
fabrication of microfluidic deviceswith patterned wettability agequired for the
formation of double emisions, anovel methodto spatially patterrihe surface properties

of microchannelsising flow confinement wadeveloped.

For a better understanding of thHermation of double emilsions, a fundamental
investigation of multiple emulsion formatioim microfluidic devicesin generalwas
performed. Results show that, depending on the number of dripping instabilities present
in the device, multiple emulsions can either be formed in a sequence of emulsification
steps or in a onstep process. It was thermore demonstrated that estep formation of
multiple emulsions provides a novelay to create emulsions from liquids, which
otherwise cannot be emulsified controllably, such as viscoelastic polymer solutions or

liquids exhibiting a low surface tension

Finally, the development of a novel microfluidic spray dryer based on a conventional
microfluidic device for forming double emulsions was presented and its application for
fabricating drug nanoparticles from hydrophobic active pharmaceingra&dientg APIs)

wasdemonstrated.



Zusammenfassung

Zusammenfassung

Die Herstellung von Blockcopolymeresikeln, sogenannten Polymersomen, unter
Verwendungder Blockcopolymere Poh2-vinylpyridin-block-polyethylenoxid (P2VHb-
PEO) und Polyethylenoxillock-polylactid (PEGb-PLA) mittels Mikrofluidik wurde
untersucht. Die Durchfihrung der Experimente erfolgte in mikrofluidischen
Bauelementen, die mittel$weichefi Lithographie (engl. soft lithography) unter
Verwendungdes ElastomerBolydimethylsiloxarhergestellt wurden. Urginblick in die
Fluiddynamik in den mikrofluidischen Bauelementen zu erhalten, wu2@erund 30
Simulationenauf Basis der Finitex-Elemené-Methode durchgefiihrt. Dies ermoglichte
die Optimierung der Mikrokanalgeometrie und erlaubte somit eine genausok®aies
Bildungsprozesses der Polymersomen sowierilifigenschaften. Diese wurdemittels
dynamischer Lichtstreuung, konfokaler Laserrastermikroskopie und - kryo

Transmissiondektronenmikroskopie eingehend charakterisiert.

Zwei verschiedene Ansatze zur mtmlle der Vesikelbildung von Blockcopolymer

Molekilen wurden untersucht: die ungerichtétesoziationmittels hydrodynamischer
Stromungsfokussierung sowie die gerichtefssoziation unter Verwendung von
Blockcopolymerstabilisierten  Doppelemulsionen defForm  Wasser/Organisches

Losungsmittel/Wassewelcheals Template dienten.

Im ersteren Fall erfolgte die Bildung der Polymersomen an denzZBache einer
hydrodynamisch fokussierten Blockcopolyndsting und eineselektiven [Bsungsmittels

in einem einfachen mikrofluidischen Kanalkreuz. Untersuchungen teejgdass die
GroRe der Polymersomen proportional zum  Volumenstromverhéltnis von
BlockcopolymerL6sung und selektivem l6sungsmittel ist. Ein entsprechendes
Nukleations und Wachstumsmodell, welcheden beobachteten Zusammenhang

zwischen Stromungsverhéltnissen und Polymersomengrol3e herstellt, wurde entwickelt.

Im letzteren Fall liel3 sich die Bildung von Polymersomen mit Hilfe von W/O/W
Doppelemulsionen durch Verdunstung der organischen Phase,dasiBtockcopolymer

molekulargeltstwar, steuern.



Zusammenfassung

Beide hier beschrieben Ansatze ermdglichen nicht nur die kontinuierliche Herstellung
von Polymersomen kontrollierter Gréf3e und niedriger Polydispersitat. Sie erlauben
dariber hinaus die Gro3e der Polymersonn einem mehrere Dekaden umfassenden
Bereich von weniger als 5fm unter Anwendung hydrodynamischer
Stromungsfokussierung bis zu mehr als {@A0 unter Verwendung von

Doppelemulsionstemplaten genau einzustellen.

Um die vorstehend genannten Untersuchurdyechfihren zu kénnen, wurden zunéchst
Mdoglichkeiten zur Erh6hung der Resistenz von PDMS gegentber organischen
Losungsmitteln untersucht; unter Verwendung einer -@hadichen Beschichtung,
hergestellt mittels SeGelChemie, konnte die Stabilitat der Ndkanéle entscheidend
verbessert werden. Ferner wurde eine neuartige Methode zur ortsaufgelésten
Strukturierung von Oberflacheneigenschaften in Mikrokanélen durch kontrollierte
Beschrankungon Fluidstromen entwickelt. Diestellt eine entscheidende Verkiohung

der Herstellung von mikrofluidischen Bauelementesispielsweise zur Bildung von

Doppelemulsione dar.

Zum besseren Verstandnis der Herstellung von Doppelemetsiomurde eine
grundlegende Untersuchung zur Bildung multipler Emulsionen in mikraglthén
Bauelementen durchgefihrt. Deren Ergebnisse weisen darauf hin, dass multiple
Emulsionen in Abhéngigkeit von der Anzahl im Bauelement vorhandener
hydrodynamischer Instabilitdten, die zur Tropfenbildung fuhren, entweder in einer
Abfolge einzelner Emudifizierungsschritteoder in einem einstufigen Prozess gebildet
werden. Die einstufige Herstellung multipler Emulsionen kann dartber hinaus auch zur
Bildung von Emulsionen aus solcherlissigkeiten verwendet werderdie sich
andernfalls nicht kontrolliersaemulsifizieren lassen, wie am Bespiel viskoelastischer
Polymerlésungesowie Flussigkeiten mit extrem niedriger Oberflachenspannung gezeigt

werden konnte.

SchlieB3lich wurde ein neuartiger mikrofluidischer Sprihtrockner auf Basis eines
herkdbmmlichen Bauementes zur Darstellung von Doppelemulsionen entwickelt und
erfolgreich zur Herstellung von Nanopartikeln aus hydrophoben Arzneiwirkstoffen

eingesetzt.



1 Introduction

1 Introduction

Over the last two decadesjamofluidics has emergeds aninterdisciplinary technology
with a wide range of applications in chemistbyptechnology anghysics capable of
controlling fluid flow and reaction conditiongith unprecedentedccuracy Compared to
conventional bulk processes, the consumption of reageand the production of waste are
reduced, de to the small dimensions of the microchannels, enaldostefficient

operationand the handling of precious sangptown to the femtoliter range.

In the following, a brief survepf recent trends in microflidicsis givenwith regard to
fabrication techniques amutactical implementati®ias well askey challengeghat have
been encounterad design,engineeringand applicatiorof microfluidic devicesandhow
PDMSbased microfluidicshas the potentiato addressthese issuesin addition,
computational fluid dynamics introduced as aersatile toolto facilitate the efficient
design and improvemeitf microfluidic devices In this contextfluid flow simulations
based on the finite element methere presentedvhich have been developed to optimize

themicrofluidic devicesn the present work

As a major part of this thesis is dedicatedttwe fabrication ofcopolymerbased vesicles,
so-called polymersomesa short overview overconventional fabricatio techniques,
formation mechanismss well ashe applicationof vesiclesin biology and medicings

given thereafterSpecial attentionis drawnto the evolvingvesicle preparatiotechniques
on the micronscale, which serveas a basis to implememDMSbased microfluidic

devices as aovelplatformto fabricatepolymersomes

10



1.1 Microfluidic devices design, fabrication and application

1.1 Microfluidic devices - design, fabrication and application

Microfluidics refersto platformsand methods focontrolling andmanipulatingthe fluid
flow in quasttwo- and threedimensionachanned with a characteristic length scatethe
micrometerrange® The basic concept of rtrofluidics has evolved from soliestate
electronic circuits which is why thecounterparts ofmany active components in
microfluidic devices can be foundin electronic devices as wéllStarting with the
theoretical description of a miniaturized total analysis sygjemAS) by Manz et alin
19902 the concept of dab on achip has evolved tremendouslyeading to the
miniaturizationand integratiorof valves,electrodesmixers,switches, sensors or heaters
in microchannel networks*>®“ As all operationsan becombined on a single device,
the need for larger and expensive laboratory equipmeneliminated, and the
developmenbf mobile lab applications is facilitatedhis reduces energy consumption

and waste production andtimately productioncosts.

Themostobviousadvantagerovided bymicrofluidic devices ighe suyperior control over
flow conditionsand fluid volumina therein. Therebg, microchannel network enalsle
handling and manipulation of fluid volleadown to the femtoliter rangeand, therefore,
extremely lowsample consumptionThis featureis especially important when dealing
with precious lological samplesor samples that are awmailable in large enough
quantities to be properly studiéd It alsoenablesrapping, detection and manipulation
even of single molecules or cellssircumventing the lessaccurate measuremeof

averaged propertsein bulk0213

In addition, he miniaturization of reaction vessels by means of microfluigi@tiredast

and uniform heatlistribution dueto the small thermal massf the deviceandits high
surfaceto-volume ratio, and improvesthe control over and safety ofexothermic
reactions**> In addition even rapid reactions kinetics can be controlled at the exact
reaction stage by adapting the design according to the reactioleation and growth
mechanismand the number of reaction stepas desirel in the fabrication of
nanomaterialsfor instance'®!’ Apart fromthesegeneral advantagethe confinement of
fluids in micronscaledimensions enabdeaccesgo fluid flow phenomena that are not

observablein macroscopic system®©wing to this so called scaling effecyjiscous

11



1.1 Microfluidic devices design, fabrication and application

dissipationand pressure effectiominate over inertigesulting in aaminar,turbulence

1318,19

freeflow, asfurtherelaboratedn chapter 1.3

Due to the customizabilityand performancef microfluidic devices,the number of
promising applicatiors is growing quickly They range from the production of
pharmaceuticals, cosmetics, nutrition, and agricultural produesthe preparationof

o?221:222324 and nanoparticlé&??° with a large

smart polymer capsulggJanus) micr
diversity of morphologies and physicochemical propenigs respect tosize, shape,
surface charge and amphilicty?® to the miniaturizationand improvementof
conventional analytical processes, such as-ffoee electrophoresispdymerase chain
reaction (PCR) and blood sample analy$i? In addition, while biological samples
degrade when exposed to highergy radiation, preventing a detailed characterization on
the nanoscaldher investigationapplyinghigh-resolutionchamacterization methodssing
X-ray or synchrotron radiation is greatly facilitat@dmicrofluidic devices, owing tthe

short residence timakerein®%*®

Another important task thatn beperformed in microfluidic devices, is the formation of
droplets or the generation of segmented flow in genemaljndependentaction vessels
and templates in se#fssembly process&&**337 | ibraries of droples are also
applicableas platforms for highthroughput screeningf aptamersand enzymes drug
discovery andorotein crystallization studie$or instanceovercomingthe limitations of
conventionalscreening techniques combinatorial chemistrand biotechnologywhich
usually require large of amounts of consumable materials for perfgrritiie same

tasks38.39,4041

The development omicrofluidic deviceshasgreatly benefied from the mature state of
microelectranechanial system (MEMS) fabricatiomsingsilicon andglass®’ Although
beingchemically inert and reset tohigh temperaturedothmaterialshave drawbacks
They are porousand hard to manipulate and the implemenation of switchable
componentss thus a challenging taslloreover, their processingusually requiresa
cleanroom environmerand caustic chemicalike hydrofluoric acid Also, silicon isnot
optically transparentimiting online procesdracking Soft materials which are easy to
form and manipulateare able tavercomethese limitations albeit for applicationshat

usuallyrequire temperatures lower than 200.164%43

12



1.1.1 PDMSbhased microfluidic devices

Thetechniqueof choicefor processingoft materialsn microfluidic device fabrications
soft lithography specificallycasting, moldingandhot embossing™**43%* A great variety

of polymers can be used irsoft lithograplic fabrication techniques, most notably

perfluoropolyethers 4

51,52

and fluorinated terpolymers e(g. DyneorE  THV),*
polyimides, polyurethanes? poly(methyl methacrylag®* > and the elastomer
PDMS, which is nowadays strongly linked witboft lithographic rapid prototyping and
replica molding as the following chapter will show in detalllthough polymetbased

soft lithography is dominating the field of microfluidic device fabrication, the search for
new manufacturing techniques and materialstill the target of ongoing investigations.
Most recently it was demonstrated that even office equipmeagper and adhesive tape

can be used to fabricate sophisticated devices at extremely low cost, suitable for
healthcare and water analysis in the third watd,which underlines the diversity of

current research inigharea.

Despite the promises made by microfluidics and recémprovements in device
fabrication the manufacturing of complex devices in partcular with integraed
mechanical componentemains a complex procedure and it is not unusual thaketiee
materials require extensive modificat®ot® match the need®r reaction conditions as
well as educt/product properties aadplied characterization technigsiewhich is why

microfluidics is considered to be ihe state of academic researgat>®>°

1.1.1 PDMS-based microfluidic devices

Although microfluidics greatly facilitates the handling of small sample volumes, the
productoutput of a single microfluidic experiment is small as well. This diminishes the
promises of microfluidics to supplant conventional industrial bulk processes in the near
future. Due to the ease of fabrication of stamped deviceis, limitation might be
overcome by massive parallelization of single microfluidic deviaesng soft
lithography®®®* Founded by Whitesides et al. in 198%ft lithographyusing elastomeric
polymer moldinghas grown to the most important techniguemicrofluidic device

manufactring****#%®2 |t enablesrapid prototyping of microfluidic devices withicro-

13



1.1.1 PDMSbased microfluidic devices

and eve nanesized channelof squared or circulashape®®® that can beengineeed
with high aspect rat®ofh/w = 10:1and higher, depending on the device mat&rial.

PDMS andrelated siloxanebased polymers are widely uséor making molds and
stampsusing softlithography as they combine large number oproperties that are
interestingfor microfluidic device$®®” PDMS provides excellent optical transparency
from 240 to 1100hm,°® low toxicity and is highly permdde to gases, whichis
particularly interesting for cell culturing and growth studies in mictmmbers. As the
elasticity ofPDMS can be controlled bthe ratio ofthe PDMS oligomer and crosBnker
using commercially availablgreparation kits( e . g . Dow Cornitheg 0s
fabrication of sophisticated devices for applications requirgigpotic mixers or
pneumatically activated pummmd valvesis facilitated®®?°° In addition, PDMS is like
mostother polymers electrically insulating, theisablingthe integration of electrodes for

manipulating fluid flow by electric fields.

To manufacturea microfluidic deviceby rapid prototypingn PDMS a master structure
containing the positive relief of thdesired microchannelnetwork is fabricated via
conventional photolithography using commercially afalé photoresists, such as
SU-8,"°"* as shown in Figur&. The most important feature of the device master is that it
is reusable and can be replicaer many cyclesallowing rapid prototyping at low
cost.A detailed description of theastempreparatiorcan be found in chaptdr

"\ 5U-850 UV @ 365 nm
\\\ > /l @ LITHOGRAPHY MASK
— - —eee
SR s/ = da—g) 7
1 2 3 4

Figure 1: Manufactue of a microfluidicdevice masteby means ofphotolithography (1) Typically, a
polishedsilicon wafer is used as substrate, ¢®) whicha layer of SU8 is spincoated.(3) The waferis
exposed to UV light through a photomask, designed icomputeiaided design (CAD)program, e.g.
AutoCAD. (4) The microchannel structure is yielded by subsetulymerization and developmeat the

photoresist

14
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1.1.1 PDMSbhased microfluidic devices

To characterizehe patternedsurface otthe device masterSEM is the method of choice.
It can beapplied to determine the exact channel height tanaientify defects, which
could be imparted to theDMS replica and disrupt the laminaicroflow at worst. The
SEM analysis of a microfluidic device designed for forming polymersomesiiiais

shown in Figure.

N alatalale

P Mo - s 70 i S 1 020 Sugo T B¢

Figure2: SEM characterizatiorf a device master for fabricating microchannel replicRDMS. (A) To-

scale schematidrawnin AutoCAD 2008 the microchannel geometry is optimized for the preparation of
polymersomesisingHFF. (B) Cross junction with three inlet channels and one larger channel leading to the
meandershaped mixing zoneCJ Microchannel with basin aspunch target; by introducing holes in the
master, the large basin will be stabilized by posts in the later PDMS relicsVdvelike profile of the

side walls due to the limited resolution of the lithography mask. The darkdaylee bottom of the S8
structure is an opticadffect arising from the limited depth dfeld of the secondary electrorisat are
detected

Despite the high resolution that is achievable using SEM8 is susceptible to electron

beam damagelhis can cause shrinkage of the photoresist during the imaging process,

15



1.1.1 PDMSbased microfluidic devices

especially when analyzing higispectratio featuresat high acceleration voltagé
Moreover, the norconductive polymer easily builds up surface charges that diminish the
image qually. A novel alternativefor topographic mappingf the device mastas the
use ofconfocal laser scanning microscogyLSM) in the reflective modeas shown in

Figure3.

Figure 3: Characterization of microstructures using CLSM in the reflective m@tle Schematic of a
microfluidic device designed for investigating the sheduced orientation ofpoly(isoprenep-

poly(ethylene glycolrylinder micelles incurved and taperechicrochanned. (B, C) 3D reconstruction of
2D slices of the correspondinmfipvice master. Due to the limited scanning area ok 1.3 mm, the upper

constriction is analyzed in two steps. Scale bars denotgrh00

In contrast to SEM, CLSM is nettestructive and can be therefore also applied for the
characterization of sensitil@ofilm-coated surfaces in biological MEMS applications, for

instance. Although the reflectance of silicon, approximatel9628s rather low? the

16



1.1.1 PDMSbhased microfluidic devices

reconstruction of-stacks of individual confocal images enables hegolution imaging
of the patternednaster that is comparable with the maximum resolution of the photo

patterning masks.

Along the rapidprototypingprocessthe microchannels are formed in PDMS by replica
molding assketched in Figurd. As PDMS shrinks only minimal during curing 1<6)
device features down to the nanoscale can be replicatesteafter, te open PDMS
replicais sealed with a glass slide thatcovalently bondd to the PDMS surfacen a
condensation reaction between silanol groups on the PDMS and glass thafatave
been previouslygenerated in aair or oxygen plasm&.Instead of using glass slide,he
PDMS replica canalso be sealed with polyimiddoils (Kaptorf), that are Xray
transparent® This approachenables the combination of microfluidiechnology with
stateof-the-art X-ray analysis methods atite in-situ investigation ofstructure formation
andorientationchanges of colloidgolymersor proteinsunder strainn flow fields with

micron-scale resolutiof®®

“\ PDMS 2lh@ Plasma

g 65°C treatment COVERGLASS 1

o -
2 3

Figure 4:Soft lithographic replication of the master structure. (1, 2) The PDMS oligomer andliclass
are mixed at aypical ratio of 10:1 and poured onto the master. (3) PDMS is dhlgsd atapproximately
65 °C for at least h and peeleaff the master struct (4) The PDMS replica is sealed with a cover glass

slideafterair or oxygen plasma treatment.

Despiteits many advantages in fabrication and physical properties, PDAd&t least
two significantdrawbacks? Issues related with PDMS includee unspeific adsorption
of biomoleculeswhich can foul the hydrophobic PDMS surfa@nd reducethe device
performanceMoreover, heapplicationof bare PDMS idimited to aqueous solutions and
a small number opolar organic solventsAs PDMS is a hydrocarbon itselfprganic
solventsthat are soluble in hydrocarbooanswell PDMS, which causesieformation, or

even collapsef the microchannel structuf&’”
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One way o reducethe swelling of PDMS and the adsorptiof hydrophobic compounds
is to minimize the surface contact with the channel wdllgs can beachievedby using
circular-shapedmicrochannelsin which a threedimensional coaxial flow patterfiorms
Using multiple phase flowthe compound or solvenof interestis surrounded by a
protective sheatlilow and thecontact with the microchannel walls minimized as
shown in chapter 2.5 and ©ther approacksto reduce the swelling of PDM8tilize
solventresistant materialssuch asglasslike coatingsbased onsolgel chemistry’® "
organic/inorganic hybrid polymef8 and parylens.2:%2# However, as paryleseonly
allow limited surface functionalizatiorand hybrid polymersisually require extensive
synthesissolgel coatings areisuallyapplied In a typicalcoatingprocess liquid silicon
alkoxide precursors(e.g. TEOS)are hydrolyzed andleposited onhe surface of the
microchannels, wherthe condersl silica speciesgels upon heating, formmg a three
dimensional glassy network®® Due to the variety ofsilicon alkoxides and alkyl
substituted ethoxysilanes (e.g. MTE&nhd fluorosilangs the stiffness, porosity

wettability andsurfacefunctionalizationof solgel coatings can bareciselycontrolled®®

Microchannelvettability is crucialfor controllingthe fluid flowin microfluidic devices®
While theplasma treatmenhat is used to activate the PDMS/glass surface in the bonding
processrenders thantrinsically hydrophobicPDMS hydrophilic only temporarily post
bonding methods such asthe grafting of hydrophilic polymes to solgelcoated
microchannels or layerby-layer deposition of polyelectrolytegurn the device
permanentlyhydrophilic® % However, a large number of applicatiarsjuires spatial
resolution of the microchannelettability. Local wettability modificatiorcan beachieved

by utilizing the permeability of PDMS for oxygen that can diffuse from +igar
reservoirs into the microchannels and inhibit the polymerization of hydrophilic monomers
on the microchannel surfaceitiv spatial controf® Yet other methods uskcalized
microplasma treatment @rspatially controlled UV lighthat triggers a photochemically
induced polymerization reaction on the microchannel surfate

Summarizingfapid prototypingof microfluidic devicesusing soft lithographyn PDMS
is asimple andversatiletool for fabricating sophisticated devices at low c@dthough
the application oPDMS-baseddevices beyondimple aqueous media momedical use
requiresadditional processing steppedfic to the application rather simple and scalable

surfacemodificationsare availableo enhancethe chemical and physicagsistance of

18



1.1.1 PDMSbhased microfluidic devices

PDMS and broaden the applicatiohmicrofluidics beyond its current state of academic
research.
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1.2 Polymersomes 1 vesicular self -assemblies of diblock

copolymers

The delivery of active pharmaceutical ingredients to speifilogical sites is one of the
most importantaspectsin the design of an effective drug therapjowever, previous
studies onlipid vesicles,also referred to as liposomes, as capsules for drug protection,
delivery and release have revealed certain limitations. Lipids as the building block
liposomes are usually obtained from natural sounvéh inconsistentcomposition
quality and limitedstructural variety> Moreover, undirected hydrolysis and oxidation of
lipids in solution can cause leakage of the liposoegsainingtheir short sheHife. On

this account, polymeric vesicles, so called polymersomes, have been under extensive
investigdion as biomimetic phospholipid analogué® improving encapsulation and
delivery ofimaging agents, drugs, proteins and gefloesalmost two decadewith the

first publication in 1998*%% pPolymersomes are saibsembled spherical structureish

an aqueouscore that isenclosed by a bilayer membransually composed of diblock
copolymer amphiphilesas shown in Figur.””*®® polymersomesombine the unique
ability to encapsulate hydrophobic compounds in the bilayer and hydrophilic actives in

the agueous interior at the same time.

In contrast to the limited diversity of lipids, synthetic polymer analogs, whicmspaed

by the small natiral amphiphilespffer almost infinite options to control the structural and
physicochemical variety of membranes and vesicles. Various copolymer architectures are

able to form bilayer membranes including AB, ABA, ABABA, ABC and ABCA
copolymers, with AB tblock copolymers being the most extensively studied and applied

building unit® Diblock copolymers exhibit an order of magnitude larger molecular

weight as well as increased length and conformational freedom allowing for the formation

of vesicles with titker, highly entangled membranes. For this reason, polymersomes

offer an improved structural toughness as well as decreased permesabpitydicted by

Fickbs first | aw, and are inherently more st
autoclavig.*®® This facilitates a more effective protection of entrapped actives in the

pol ymersomeds aqueous interior from degrada

Ce”.101'102
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Hydrophilic block

Hydrophobic block

Figure 5: Selfassembly of amphiphilic diblock copolymers into polymeric icles, secalled
polymersomesThe copolymer molecules arrangigo a macromolecular bilayeenclosing aspherical

compartment.

To increase lie biocompatibility of polymersomdsr applications in cellular targeting
and cytoplasmicdelivery of biologically relevant substanceshainsof poly(ethylene
glycol) (PEG)are often incorporatethto the copolymer architectur® impart their
biocompatibility to the polymersome bilayand mimic the exdacial glycocalix of
cells'®®%4n addition, in vitro andin vivo experimentshave revealed that PEased
copolymerswith the molecular weight of the PEG blobkees (equation 11), minimize
the adhesiomf the correspondingolymersomeso foreign surfaceandexhibit a much

longer blood circulatiomalf-life T y thannon-PEGylatediposomes 210310

T TX 0 8 (1'1)

In addition, PEGbased polymersomesprovide binding sites to attacHigands or

antibodies tothe vesicle surface to mimic viral targeting mechanisms of cells by
molecular recognition, thus tailoring in vivo behavior to specific therapeutic
needs?’ 198191 1oreover, polymersomes are able to amplify the activity of drugs or

genes by encapsulating and finimg actives and directingheir releaseat the specific

21



1.2 Polymersomeisvesicular seHassembliesf diblock copolymers

targeg compared to the undirected delivery of the free species. A prominent example
nanomedicinesare polymeric vesicles bearing chemotherapeutic agents such as

doxorubicin and paclitaxel for igeted drug delivery in clinical cancer

therapy?6,111,112113,114

However, b enhance the bioavailability of a drug, drug carriers have to combine
targetabilityand stimuli responsivenes$? This can be achievely usingpolymersomes
which offer a variety of controlledreleasemechanisms to dis€mblein respons to
specific external stimuli. The most frequently applmechanismsnake use oénzymatic

or hydrolytic degradationf hydrophobic ester blocks such as PLApoty(caprolactone)

(PCL), %1158 redox and pH-sensitive trigges,™ "'

or temperaturgesponsive
copolymers'® This may be compareto the limited numberof mechanisms that

liposomes offer, like hydrolytic and thiolytic cleavage of lipid membraffes.

Despite the extensivese and diverse application pblymersomes and vesicles in
general their formation mechanism is not yet understood in its entigatg thus the
objective of ongoing researchihe formation ofpolymersomess usually viewed as
two-step proces¥! Analogous to studies on liposomes by Lasic et al. predicting a disk
like lipid micelle as an intermediate structdfécopolymer molecules sessemble into
lamellar, sheetlike aggregatesn the first stepthat subsequentlurve and close up to
form vesicle, as shown in Figure 6Arhe process idriven bythe energy losswing to
surface tensignwhich increaseswith the size of the planar bilayethus favoring
spherical bilayers over flat on&8?® In recent years, two alteative mechanisms have

been proposebased on theoretical calculatiofs

In the first casespherical micelles rapidly forinom a homogeneous copolymer solution
They then grow by the uptake of further copolymer molecules into their intenioa
condemsatiorevaporation proces$orming bilayered large micellesso called semi
vesicles as shown in FiguréB.'** However,semivesiclesare energetically unfavored

and lower their energy by taking up solvent, which results in the formation of the desired

vesicular structure&®

In the second casepherical micelleserve again,as a starting poinifter their rapid
formation, they slowlycoalesceevolving into larger cylindrical or open didike

micelles, which then curve to give rise of vesicles, as shown in Famifé>2/ 128129
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Indeed, similar intermediates have been found in experiments using detergent depletion to
elucidate the formatiomechanism of phospholipid vesicf€8.By steadily removing
detergent from a solution of phospholipids dissolved in detergent micelles, the mixed

micelles grow into aggregates by fusion from which the desired lipcsevoére.

u Vesicle

Bilayer membrane

Spherical
micelles

% ® ® —
Spherical
micelles

Figure 6: Schematic repremtation of different polymersome formation mechani&é* A homogenous
copolymer solution isassumed as a starting point.) (Widely accepted twastep process involving the
formation of a diblock copolymer bilayer followed by its closure to give bWwolesicle structure.B, C)
Proposed mechanisms of polymersome formation based on molecular dynamics sindfatixiesnal
potential dynamics simulatiolfs and density functional simulatioisas well as dissipative parti¢feand
Brownian dynamics studié® respectively. B) Spherical micelles grow by the uptake of copolymer
molecules through an evaporatioondensatiofike process into bilayered micelles, so called semi
vesicles, which take solvent into their inside tockethe energetically more favorable vesicular shapge. (
Spherical micelles coalesce to cylindrical and interconnected \oenmicelles as well as open dikke

structures. Closep of these structures give rise to the formation of vesiateseen iexperiments®
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Apparently, not all copolymers are able selfassemble intovesicles, as certain
prerequisites forcompositionand structure of copolymersxist. The dimensionless
packing parametelP dictates the molecular shape of copolymer moleculesoiation,
and thus the morphology of the correspondingastiembled copolymer aggregate upon
phase separation of the hydrophobic and hydropbidck. It is defined athe size of the
hydrophobic block relative to the hydrophilic moiéty

0 — (1-2)
where 3 is the volume of the hydrophobic blocls the hydrophilic-hydrophobic
interfagal area andl the hydrophobic blockength normal to the interfe, as illustrated
in Figure 7. With increasing valuef P, the morpholgy is tuned from spherical
structuresover toroidal to cylindrical aggregates, as exemplarily shown in Talfg"t.
Whether vesicles form or not is additionally determined by the effective interaction

parametes of water with the hydrophobic blocf?

Shape I n r r H K
Fom

Sphere _ r r - —

Cylinder - r b — 0

Bilayer 1 b b 0 0

Table 1:Packing parameteP of different aggregated structures as well as their corresponding mean

curvatureH and Gaussian curvatuke which can be expressed by the two radii of curvatueadr.

As the vesicle shape is mainly determined by interfacial curvature, the packing parameter
can also be described by the mean curvatdyeand Gaussian curvatud€ of the

interfacial surface with the two radii of curvatugeandr,.*'*®

0 p Oa — (1-3)

(1-4)

24



1.2 Polymersomeéisvesicular seHassemblies of diblock copolymers

In the case of cylindersk= 0, andH =—1t —. Insertion into (13) gives0.5, as shown

in Table 1

0

p — T - (1-5)

Hydrophilic
block

omBE
WWM§ % Hydrophobic

block

Figure7: lllustration of the packing parameterin terms of the interfacial arem the hydrophobic volume
of the copolymers and the chain length normal to the interfdc@eft), as well as its relation to the
interfacial mean curvature and Gaussian curvature, described by the curvatung eadlir, (right).
Adapted from?,

The size of the hydrophobic block, whicHictates the bilayer thickness dhe
polymersome andhus theelasticity andstability of the membranegrovidesa simple

scaling of the copolymer membrane thicknéss

Q O (1-6)

whereb is a parameter describing the folding state of the polymer chairbwith for a
fully stretched polymer chainhp=0.5 for an ideal random coil, anbld 0.55 in a
polymersome, ani¥l;, the mean molecular weight of the hydrophobic block, whah twe

estimated from the number averagelecular weighMy and the hydrophilic fractioh'®*

b x 0 p Q (1-7)
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As the numberof amphiphiles on the inner and outer surface ofptblgmersomebilayer

is trappedn a nonequilibrium staten the fabrication processhe bilayer spontaneously
curves to minimize the bending energy for a given difference in the number of
amphiphilesbetween the inner and outer copolymer monol&Y&his, in turn,allows for
tailoring of vesicle size and morphology by the preparation method and the experimental
conditions, resultingn a diverse ensembleof polymersomeswhere each geometry
represert a state of minimal bending energy. Applying taeea difference between the

inner and outebilayer surfaceAi, andAoy;, respectively,

30 0 0 (1-8)
and the volumeo-area ratio/*
W — (1-9)
with 'Y — ando p for spherical vesicleshe different vesicle shapes can be

mapped in a phase diagraasshownin Figure8.

25F
g O
20 S
: *pears 6

15F ) st?rﬁsh prolates
1.0 O
0.5

0 @ 1

0 0.5 V& 1.0

Figure8: Phase diagram of theoretical polymersome shapes. The dimensionless-tmhree ratioV’ is

plotted as a function of the area difference between inner and outer bilayer. Adapt&dffotit
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Depending orthe number of bilayers that are interlaced with one anoihes, broadly
distinguished betweeunnilamellar oligolamellar andmultilamellar structuresas shown
in Figure9.** Unilamellar vesicles arkirther classifiedassmall, largeor giant vesicles:

vesicles encapsulated within vesicles are defined as multivesicular vesicles.

SUV:20-100nm  LUV:100nm—-1pum OLV/MLV:>100 nm OVV/MVV:> 100 nm
GUV:>1pum

Figure 9:Classification of vesicle structures. Depending on the number of nested bilayers and the vesicle
size, a distinction is made between small unilamellar vesicles (3&gg unilamellar vesicles (LUV) and

giant unilamellar vesicles (GUV) as well as oligolamellar vesicles (OLV) and multilamellar vesicles
(MLV). Vesicles that are encapsulated within vesicles are specified as oligovesicular vesicles (OVV) and

multivesicula vesicles (MVV), respectively.

To fabricate polymersomes,umerous laboratory and industrialscale fabrication
techniques common to liposomae available each yieldingresicleswith characteristic
size, lamellarity and shap&*®'"® Larger vesicles can be produced by

electroformatiort?®137:138

or by subjecting dispersions of smaller vesicles to ultrasound
inducing vesiclevesicle fusior?* while smaller vesicles are obtainég high-pressure
extrusion through (polycarbonate) membranes; ifiostance*14°14! Multilamellar
vesicles,on the other handyre yielded by transformation ahilamellarSUVsand LUVs

in repeateddehydratiorrehydration and freezihawing cycles.Novel methodsfor
preparing polymersomes with narrow size distrimiinvolve the use ofmodified inkjet

printers forsprayingcopolymetloaded drops into aaqueousolution®#243144

However, as the bilayer of polymersomes is less flexible than liposome membranes, the
formation of polymersomes can be markallengingand timeconsumingapplying

conventional approachek addition,despite recent advances therehydration of dried
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copolymer filmsfor fabricating polymersomdsy using templates of copolymer patterned
surfaces™ the undirected selaissembly usuallyyields vesicles with large size
distributions™®4"148a promising alternative to current preparation techniques is the use
of microfluidics, providing an environment with extremely fast mixing times and unique

control over sellassembly processes, asther described in chapter 1.2.1.

Summarizing,polymersomes offer great structural variety as well as widely tunable
membrane propertieend mechanical stabilityue to recent advances in block copolymer
chemistry hence representing a valuable advancénoéncurrent encapsulation and
delivery approachesThereby, he same reasons which have been argued for using
liposomes as delivery vehicles by Storm and Crommadinection, duration, protection
internalization and amplification - are also applicabléo polymersome$** However,
despite the fact that most publications derive the advantages of polymersomes for
encapsulation and delivery applications from comparisons with liposomes, it should be
noted that viral capsids are increasingly recognized ta im®re appropriate system for
comparative studies, as both, polymersomes and viral capsids are composeetbéalong

building blocks with simar molecular weight and physienechanical propertie®

So far only a few fabrication techniques are knothat yield polymersomes with the
desired low polydispersity and controlled stZe.While the development of novel
polymersome fabrication techniques is thus one of the key motivations of this'tfiéZis,
current research on drug encapsulation and tedgeelivery systems is not solely
restricted to polymersomes. In search of alternatives to vesicles from copolymer building
blocks, libraries of supramolecular structures from Jdikesdendrimers have recently
been shown to be an interesting approadbrim complex architectures by sel§sembly,
including vesicles, so called dendrimersorftés>?Although dendrimer membranes are
considerably stronger than their copolyrs@sed equivalents, dendrimersomes can as
easily be lysed as polymersomes and dgooes. In addition, conventional vesicle
fabrication techniques can be applied to fabricateoumif longterm stable capsules.
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1.2.1 Microfluidic polymersome fabrication techniques
Hydrodynamic flow focusing

As mixing is dominatedby diffusion it is thereforeinefficient to achievehomogeneus
distribution of two fluidsin a macroscopicsystem by pasgely waiting>® The mixing
processcan beaccelerated by actively inducingirbulence®> However, thereaction
kineticsof many processest liquid-liquid interfaces, the folding of proteinsfor instance
are on a time scale of milliseconds)dthus difficult to control eventhoughusing the
fastest conventionalirbulentmixersavailable such ahigh-speed spray nozzlé§™°

To circumvent the limitations of turbulent mixingndenhance mixing rategne neesito
reduce the length scale on whitte fluids mix° This can beachievedin a microfluidic
device™®*" The most common device design PDMSbased microfluidicsnvolves
four perpendicular channels, of which three serve as inlets and one as the outlet, channel

as shown in Figure 10

Figure 10:2D simulation of thediffusion-based mixing of a flowocused fluid streanmn a microfluidic

cross junction. The scale bar denote@ L.

A solvent containingnte compound of interestuch as a protein, copolymertbe like,is
injected into the centenlet and narrowedinto a jetby thesolvent streamsjectedinto
both sidechannels At their interface, thedesiredreaction is initiated bymolecular
diffusion. By tuningthe flow rate ratidg between the center stream and the side streams

the width of the flowfocused jetcan beadjustedover severalordess of magnitude

® A detailedtheoretical background is provided in chapter 1.3.
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allowing the controlled formation aftable fuid jets with diameters down ttens of
nanometersand thus controlled mixing times of microsecathts

Due to its ability to control fluid flows on the same length scale asasedmbly
processeshydrodynamic flow focusindgnas opened up a wide field applications. This
includes the fabrication of organic and inorganic nanoparticles by
nanoprecipitatiori>®1°%100.16118%, the preparation opolymer microspheres containing
camptothecin for cancer theraf§f.Like all other microfluidic technologiesiFF only
requires small sample volumeékhis facilitates the investigation of material propertés
precious biomacromolecules such gwoteins orDNA as well as their mechanical
manipulationmaking use of the influence of geometric constraints on tivedt the fluid
interfaces™>164165166 |y addition, HFF can also beapplied for fabricating vesicles
However,the majority of investigationhasfocused on liposome formatior®’:168:169.170
Only one very recent publication hasportedthe vesicular seHassembly of copolymers
using HFF, though without elucidating the control over the vesicle siZ&® On this
account, HFF was studied the present worlas a method for fabricatingH-sensitive
polymersomeswith tailored size forpotentialbiomedical applicationSpecial attention
was drawn tdorm polymersomes iithe size range of 5A50nm, which isthe optimal
size to be appliedfor tumortargeted drug delivery benefiting from thenhanced

permeability andetention(EPR)effecf andto preservehecell viability. 104107113172

Double-emulsion templates

In conventional industrial processesnudsions are typically formed using porous
membranes or shear cell$:'"”*However,thesetechniquesisuallycreate emulsions with
large size diibutions. It is therefore difficult to control the encapsulation efficiesuog
amount of active ingredientsin each drofet. Therefore, encapsulation for
compartmentalization and triggered release of actives is still an insufficiently solved
challenge for many formulations. Hence the investigation of novel encapsulation

technologies is in the focus of current formulation regearc

° EPR refers to the accumulation of nanoparticles in a tumor due to low lymphatic drainage of the

surrounding interstitial fluid and high permeabil ity
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Insteadof forming many dropswith poor control,in microfluidic devices each drop is
formed with unrivalled control Unlike the microfluidic experiments disssedearlier
using acontinuousflow, dropletbased microfluidics creates and manipuladescrete
volumes using immiscibl8uids in asegmenteflow. A single droplet can be interpreted
as an independent microreactor, that enables rapid migng thus short reaction
times3"***" Each emulsion droplet can beindividually loaded with actives mixed,
soried fusedwith other droplet®r analyzed beingfabricated at ratesf several kilohertz

and almost quantitative encapsulation efficienty’ 4173176

Various channeldesigns are feasible to form drops The most commonchannel

geometries are flow-focusing junctios,*’"*® T-junctions,’?180181

and co-flowing
junctions'®218318 However, droplet microfluidics is not limited to single emulsions. By
repeatingone emulsificationstep higher order emulsionsan be formedis well where
each compartment is tunable with the same precision as a single emulsion. tfrofhet
most prevalent type are double emulsions, wlaol drops of one fluid encapsulated
inside drops of a secorithmiscible fluid; they are either formed in a twatep or ina
onestep proces&>®” While O/O/W and W/W/O double emulsiorsre marginally
stable'®% waterin-oil-in-water (W/O/W) and oiin-waterin-oil (O/W/O) double
emulsionsarewidely usedas a versatile todbr fabricatingnanoparticles®*** coreshell
microcapsules andanuslike particleswith compartmentshat can be individually tuned
with respect tosize, compositiorand physical propertie§***® Such particles can be
applied aselectronic papeink or optical sensorsfor instance Yet other applications
focus on the formulation and delivery of drugsth acoustically triggered release

mechanismor nutrientsin reduceefat productg?19>19:197

As double emulsions provide a highly cantimble architecture, they aed¢so apromising
tool for the directedselfassemblyof rather sophistiated structures likephospholipid
vesicles?® as well assingle and multicompartmergolymersomesusing copolymer
stabilized doublemulsion template§®?® Up to date, the fabrication dfiese templates
is performed in microfluidic glass capillary devié8sHowever, the scale of control
provided bycapillary devices comes at cost as only small quantities can be prepared.
produce larger quantities, thglass capillarydevices need to eb parallelized. Ter
parallelization is difficult though due to their complex fabrication prackssachdevice

requiresshaping and manual alignment of several microcapilldaege scale production
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and potentiaindustrial applications severely restrictedlo overcome the issues related
with the use of glass capillary microfluidics is thus one of the aims of this thesis, as

further elaborated in chapter 1.4.

To form polymersomedrom doubleemulsion templateswaterbrganic solventivater
(W/O/W) double emulsios are fabriated with a copolymedissolvedin the middle
phase By using a mixture of a good solvent and a bad solvent, the solubility of the
copolymer as well as the density and evaporation rate afrganicsolvent mixturecan

be precisely controlled, thus prevewgtidestabilization of the doubkmulsion upon the
templatedvesicularassembly of theopolymer moleculedn the actual experiments, it
was found that the stability of doubdenulsion templates and the resultpgymersomes

is further enhanced by addition of the homopolymer PLA. It is assumed that the

homopolyme is incorporated in the vesidmlayer?%?

Inside the double emulsiothe copolymer migrateto the W/O and O/W interfacef the
double emulsion dropt, respectivelyand stabilize the emulsiordue to its surfactant
like nature A crucial aspect is the copolymer concentration. If the number of copolymer
molecules at the inner/middle (W/O) and middle/outer (O/W) interface of the double
emulsion droplets lower than the minimum amount to fully cover the two interfaces, the
inner drop coalesces with the ousmueousphase Stable doubleemulsiontemplates
however, undergothe desired emulsionto-polymersome transitignwith the shell of

organic solverg dewetting from the inner drop, as shown in Fidlire
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Figure 11: (A) Brightfield microscopy image sequena# the dewetting transition of a copolymer
stabilized W/O/W double emulsion droplethe inner phase is composed of salution of glucose
(100mM), surrounded by a shell of toluene and chloroform, 2:1 by volumith, PEGb-PLA*®?%" at
120mgmL™* and PLA at 40mgmL™. The continuous phase is a W® poly(vinyl alcohol) PVA)
solution.As the double emulsion is lefh air, most of thedouble emulsion dropletsurst uportransition.
The time frame is 21.4. (B) Corresponding chematicof the dewetting transitionAdapted from?®*. (C)
Bright-field microscopy image sequence of thewatting of aPEGbh-PLA-stabilized W/O/W double
emulsion droplet with @ organic solvent shell containing &ymL™ copolymer and 2éngmL™
homopolymer The time frame is 21.6. At lower initial polymer concentrations, smaller contact angles are
observed during solvertaporation(lower row). (D) After complete solvent evaporaticanpatch oexcess
copolymerand homopolymer usually remaina the bilayer surfacof thepolymersomes, as indicated by

the arrowsScale bars denote 0n.

The dewetting transition is driveoy the adhesion energy between the inner and outer

organic solvent/water interfaces with adsorbed polymer monolayers due to depletion
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interactions, similar to the ones known from mixtures of hard spheres and solvated

polymer chaing®
[ I I 0O (1-10)

with the interfacial energy of the bilayap, the surface tension of the inner/middle and
middle/outer interfaceyy andayo, respectively, and the adhesion eneigyhesion Which
scales with the copolymer concentrati@s shown in Figure 11A and?. Assuming

am = dvo, the contact anglel. between the W/O and O/W interfaces, and thus the
morphology of the equilibrium structure of the state of wetting, can be directly

determined using the YourlQupré equatio®
0 g p AlI-O (1-11)

In the example shown in Figure 11B, the dewetting transition results in anlkeostate

of partial wetting of the organic solvent drop on the surface of the just formed
polymersome bilayer. The drop ofganic solvents continues to evaporate to give rise of
the final polymersome with a dried aggregate of excess copolymer attached to its surface,
as shown in Figure 11D. The size of the aggregate, which occasionally detaches from the

bilayer surface, is edrolled by the initial copolymer concentration.
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1.3 Fluid flow in microchannels T manipulation and simulation

The complexity ofmicrofluidic deviceshas grown to a stage where further development
and improvement requisesimulatiors of the fluid flowsthereinto enable an efficient
devicedesigh processand to model situations, whidre otherwise difficult to test in
reality. A simulation toolvasthereforeappliedto optimizethe microfluidic devicesn the

present worko gain insightsn the fluiddynamics

Computational fluid dynamics (CFD) is the standard tool for modeling fluid fisug
numerical methods to solvpartial differential equationdPDEg that describe the
transport of mass, momentum, and energy in moving filffdsumerousmethodshave
been described in literatifor approximatingPDEs by discretizationof the respective
fluid dynamics problemThe most common are the finite element method (FEM), the
finite differential method (FDM) and the finite volumeethod (FVM)?°%21%2while
CFD has been dominated BlyDM and FVM in the last decadedue to limited
computational capacityrEM has evolvedas a powerful simulation toalue to recent
advances in computer powernabling higkaccuracy modelingpy handlingcomplex
mesh structes and has therefore been chogethe present work

The mathematical model of any fundamental problem in fluid dynamigevisrned by

the NavierStokesequationsa set of two PDE&?12213214 The first equation describes

the velocity fieldinaNe wt oni an fluid by applyifhga Newt o
finite element ofa fluid.

O N6 M "— "6;MO (1-12)

with the velocity vector of the fluid flows, the dynamic viscosity, the fluid density;,
andthelongrange forceper unit volumer, which can begravity, for instance The term
- 6 nr expresssthestress forceper unit volume due to a pressure gradieptand
the viscosity -1 6. I n  t er ms o f, the efivhandns@le of [d&2)wwhich

representghe total forcethat affectsthe fluid flow in a finite elementis equal to the

41f massmis subject to forc&, it undergoes an acceleratiamith the same direction &and a
magnitude that is proportional Eband inversely proportional to: F = ma
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acceleration per unit volume times the mashile the righthand sideis obtained by
expressinghe acceleration in terms of the velocity field.

Assumingthat a liquid is incompressible, which is a good approximationtfar liquids
used in themicrofluidic experiments in this thes@nd neglecting the molecular nature of
a liquid, thus treating it as a continuum, the second of the NSuides equations is

obtained, referred to as the continuity equation.
nPH 1 (1-13)

It implies that the mass of a liquid flowing into a finite element ovyeeraod of timemust

be balanced by the same mass flowing out.

If the characteristic lengtbf the fluid flow decreases tthe size of thefluid transport
system,a fundamentathange in hydrodynamics occuxgscous forcestart todominate
over inertial forcesandthe flow pattern is governed bdgminar, turbulencefree flow.
The Reynolds numbeas a measure folaminar flow and relategshe magnitude othe
inertial term” & 3 O and the viscous terr 0.

D s

vy 2% _qg (1-14)
s 8

wherel is a characteristic length (here the channel diametedg the flow velocity®**?*

In a microfluidic devicethe inertid term can be neglectedyecausehe flow velocity
varies on thescaleof the channel length henceReL 1.1%%!® As the longrange forcer
is assumed to be uniform @microscopic scaldt can be included in the pressure term
nn that becomes the modified presstrgeThis transforms theonlinear NavieiStokes

equationsnto a set of linear PDEs, known as the Stokes equ&tions.
-1 6 nnee (1-15
nd 1 (1-16)

Unlike (1-12), (1-15) contains no time derivative, since all fluid motions are symmetric in

time atReL 1.*** Anotherimportant consequence of leReynoldsnumber flow is that
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1.3 Fluid flow in microchannelis manipulation and simulation

mixing is dominated by diffusiai’*>’ This can be elucidated by comparittze mixing

time tmixing With the diffusion timégitrusion

o - (1-17)

) — (1-18)

wheres andD denote the flow velocity and the diffusion coefficient, respectitélps
mentioned in chapter 1.2.the mixing timescales linearly witlhe characteristic length
which is why mixingis dominated by convectian large geometrieOn the contrarythe
diffusion time scalesas thesquareof |. Thus, diffusion becomes verymportant, when
reducing thecharacteristic lengtho the micron scaleTo describe diffusion at a given
point in the microfluidic deviceFi ck6s second | aw i lsetwees e d,

the concentration gradientoand the rate of change of contation by diffusiorf’

— 13 nd Od» (1-19)

whereJ is the diffusive flux that measures the amount of substamméng through an

area per time interval

In order to fully describa flow-focusingexperimentin a microfluidic deviceusingCFD
simulations the NavierStokes equations describing the physics of the fluid,f(@wi2)
and (213),needtobe ou p | e d svawtortdiffusionc(l1®), which determingthe
local concentration and concentration changes in the microfluidiccelevihe
concentration profilen a microfluidic flow-focusing device is exemplarily shown in
Figure 12A. Since all fluid motion is stationary at lovReynolds numbersthe
concentration ofhe copolymer molecules fluorescentdyesin the flow-focusedfuid jet
can be precisely determined at any point of the reacsithe time evolution of the
reaction is separated spatially in the outlet channel of the device, as shown inlEgjure
This enables timeesolved monitoringf the diffusionbased mixingvith a resolution of
a microsecond per micron channel lengthereby, temporal resolution is extended by
several orders of magnitude compared to conventionalr@saved measuremenising

HFF in a microfluidic devicé®31°®
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Figure 12: FEM-based simulatiorshowing diffusion-based mixing of a flowocused fluid jet in a
microfluidic channel cros®hodamine B in water at 0.0dol m* is flow-focused by pure water. The flow
velocity in each inlet channel B004ms™. (A) 2D surface plbof the concentration profilgB) Cross

sectionof the outlet channel atx0 pm and x= 500 um.

Due to the large surfage-volume ratioof microchannelssurface propertiebave a
significant impact on the flow resistanceand the velocity profileof fluids inside
microfluidics devices An important requirementfor simulating the fluid flow in
microfluidic devicesis thus the definition of suitable boundary conditions. Taescribe
the interaction of a fbwing fluid and a solid surface, the Navigoundary conditions
generally applied: it ibased on thessumptiorthatthe flow velocity 34 tangential to the

surfaceis proportional to thehear stresat the surfacé'®**%%%°
’ — (1-20)

wherea-denoteghe slip lengthor Navier lengthThe slip lengthcan beillustratedasthe
distance between the surface and an imaginary point inside the solid wall, where the

velocity profile extrapolates to zer@ssketchedn Figurel3. If =0, no slip is present
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1.3 Fluid flow in microchannelis manipulation and simulation

which iswidely acceptedas suitableboundary condition taescribethe interaction of a
fluid and asolid wall.

y‘ [ Partial slip | Perfect slip
— —
—_— —_——— —_———
_—
——
—— | Flud
Solid
A=0 0 <A< A=

Figure13: lllustrationof the slip lengtre: Adapted fronf*3#18221,

It should be noted thahe naslip boundary condition remains an assumption that is
rather based on experimenfaidings than physical principle§he magnitude of fluid
slip depends omany parameters, such the roughness and wettability properties of the
surface as well as dissolved gas in the fluid strédane recentlycontrolled experiments
involving among others SFA (surface force apparaams) +PIV (microparticle image
velocimetry)demonstratea violation of theno-slip boundary conditiorior Newtonian
liquids, observing Bp lengthsin the low-nanometerange®*%22322%2% However, as the
setup forthe flow-focusing experimentsmerely involves PDM$ased microfluidic
devices with untreated surfacas well asethanol and aqueous solutiotee neslip
boundary condition ia good approximationThe boundary condition for each line in case
of a 2D model and each wall in case of a 3D model are summarized in HFgure
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0

[ Fluid dynamics |

f Velocity u=uy;
— Normal stress [—pI + n(Vu + (Vw)T)]n = —fyn
O Noslip u=20
\
— —p
f Concentration c=g
B Convective flux n-(=DVec)=0
O Insulation / n'(=DVc+cu) =0
symmetry —

Figure14: Boundary conditiongn amodelfor simulatingflow-focusingexperimentsn a microfluidiccross
junction To approximatethe solution tothis fluid dynamicsproblemby FEM, two sets ofPDEs are
combineddescribing(A) the fluid dynamicausing the incompressible Navi€tokesequations andB) the
diffusion of the solvent streamBhe inflow velocity isgivenby 6 ¢£"Y, whereu; is the velocity vector
at each of the three inletg € 1,2,3) andn the normal perpendicular to the lmolary. Accordingly, the
concentration is given bgo @, whereg is the initial concentration at each inlgt<1,2,3). The total
stress on the outlet &etequal to a vectofy, oriented in negative normal direction, wheiis the identity
matrix. In the case of a twalimensional fluid,/; p. It is assumedhat the fluids are transportéisrough
the outlet solelyy convective fluxthusé¢ O ‘Ot Tt As dffusion through the microchannel walls is
neglectedt O Ov® ®6 T*?The scale bar for both pels denotes 2m.

For generatingsimulation modelsacluster of eight Intél Xeor® processors with a clock
speed of 2.88Hz and32 GB internal memoryvas usedn the present workDespitethe
computational poweranother critical issue of FEM simulationstiee number ofinite
elementgFEs)that isappliedfor discretization othefluid dynamics problem. To explain
this by example, a 3D model afflow-focusing experiment discretizedapplyingthree

different quantitiesof finite elementsat a constant mesh qualitgs shown in Figuré5.
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1.3 Fluid flow in microchannelis manipulation and simulation

The numberof FEsas well as the mesh quality default by COMSOLThe results are
compared witta 3D CLSM imagef the corresponding experiment

Although all three models converge to a solutitwe, discrepancpetweersimulation and
experimentis especiallyobviousat low FE numbers, as shown Figure 15A. As the
mesh grid merely consists @746 FEs, geometric features, such as cosyare na
sufficiently resolved.As a result negative as well asorderof-magnitude higher
concentrationvalues than the initial dye concentratioare calculated within the
confluence ofthe center stream and the side streambich leads toa nearly
homogeneouslistribution d the fluorescentdye in the outlechannel However,asthe
number of FEss increasegdsuchartifactsarelargelyavoided,and thesimulation results

in goodagreement with thexperimentas shown in Figur&5C and15D.

[A 4746 FEs | |B 17122 FEs | |C 52859FEs | [D Experiment |

%)

'1.307

P> c (mmolm

Figure 15: Effect ofthe number of finite elemen{EEs)on the accuracy of CFD simulatir 3D model

of a microfluidicdevicein which an agueous solution &hodamine B0.123M) is flow-focusedby water
is exemplarilydiscretized The flow velocity $ 0.002m s™ in each side inlet and 0.00ds™ in the center
inlet. The diffusion coefficienD of the fluorescent dye is estimated to be AL m? s*.?* |sosurface
rendering is used to visualize the dye concentratiofA) The solution predics a rearly uniform

concentratia profile in the outlet channeArtifacts with negative concenttian valuesas well asorder-of-

magnitude highewaluesthan the initialdye concentration are observe(B) The formation of a flow

focusedjet is simulated as thenumter of artifacts is significantly reduce@C, D) The simulation results

in good agreement witthe experimentrepresentethy a 3D reconstruction oftacks oD CLSM images

The scalédardenotes 10Qum.

Although PDMSbased microfluidicsoffers a apid turraround time from experiment

design to device fabrication and applicatiothe optimization ofcomplex device
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geometies solely based on experimental datatime-consuming andesourcentensive
processusually requiring screening of Erge numberof device geometriesThis issue
can be addressed by incorporating CFD simulatiorthe device design procesk the
following, two exampleof microfluidic devicesare presented, whesamulation-based
rapid prototyping (SBRP was successfully applied to optimizethe microchannel
geometnyby studying the fluid dynamics therein

As describedn chapter 1.2.1a generalgeometryfor flow focusing afluid stream is a
channel cross junctiowith three inlets and one outleAs the temporal evolutionof
diffusion betweerthe flow-focusedcenter stream and theo side stream# the outlet
channelis separated spatiallythe degree ofintermixing betweena copolymerloaded
solventinjected into the center inlet andater injected into both side chanse for
instancecan be controlled by the lengtii the outlet channeBy allowing for complete
diffusion of the copolymemto thewater, it can be assumdtat the copolymer ientirely
consumed in the vesicular selésembly processnd uncontrolledaggregationof
remainingcopolymer moleculesutside the controlled environment of the microfluidic
deviceis preventedTo optimize the flow length: and determire the point ofcomplete
diffusion, a series of 2Dmodelsof flow-focusing devicesvere simulated using FITC
dextran {0kDa, D = 8 ALO™M m? s1)??"??®3s a model soluf@s shown in Figur&6. The
optimal flow length x; was determined to b@.411m taking a flow rate ratidg ranging

from 8 to 0.125into account in the later experiments.
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Figure16: FEM simulation of dfusion-based mixing ofvaterandan aqueous solution #1TC dextranat

¢ =0.05mmolm?. As an example he flow velocity isequally set td.05m s* for FITC dextranwhich is
injected into the center chanreehd water, which is injected into both side channehy tuning theflow
length X inside the microfluidic devigethe degree of intermixingf the two fluidscan beprecisely
controlledupon collectionat the outlet Three microchannel geometriase exemplarilyshown and the
concentration profilat the outlebf each devicés simulatedas slide and line pldb determine the degree
of intermixing.(A) Single cross junctiorwith a short outlet channek = 0.005m; (B) singlecross junction
with a single meander turmg = 0.028m; (C) single cross junctionwith a 13-fold meanderingoutlet

channelx = 0.411m. The scale bars denotarim.

In the second exampleSBRP was applied to optimizethe channel geometry
microfluidic spray dryerdescribed in chapter 2.50 enableprocessingf hydrophobic
drugs and preventfouling of the PDMSbased device due to the adsorption of
precipitates the surface contacbetween thehydrophobicdrug and thehydrophobic
channel wallhad to be minimizedThis was achieved by optimizing the microchadnsl|

aspect ratioFor this purpose, aeries of single, straight microchannelsre simulated,

43



1.3 Fluid flow in microchannelis manipulation and simulation

applying 41913 finite elementsr each modeldanazol was &=l as a hydrophobic model
drug and its diffusion coefficient in watevasestimated to b® = 6 AL0*° m? s*.?*° By
varyingh/wfrom 0.5to 10, the surface contact of the drl@pded solvent streamith the
upper and lower channel wall was reduced significantly, as revealed byding af the
respective area.The manipulaion of the quast2D flow pattern is exemplarily
demonstrateéor h/w= 0.5, 1 and 2 in Figur&7A-C.

Based on these findings using a rather simple model comprised of rigid channel walls,
hence ignoring the structural response of the soft PDMS to the internal fluid pressure, a
more sophisticated model was developed taking the mechanical properties bMBe P
based microchannels into accouftie simulation results as well as a detailed description

of the spray dryer and its application are provided in chapter 2.8.and

[D] 0.06] - ]
E
(@)
S 0.03| -
é i \
(&)

0 15 30 45
X position (um)

Figure17: Effect of the device aspect ratio on the surface contact between-éoftosed fluid stream and

the upper and lower microchannel walls. The impact of the channel height at a fixed channel width is
studied by simulating the concentration profile of a fimeused solution of Rhodamine B in water in a
microchannel, &) 25um, (B) 50um, and C) 100um in height, respectively, and 50um in width. (d) Line
scans of the dye concentration at the lower microchannel wall. With increasing channel height, the width of
the concentration profileand thus the surface of the microchannelcamtact with the center stream

decreases.
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The manipulation andapplication of emulsionsin microfluidic devices as well as
elucidatingtheir formation mechanisms akey element of this thesik a first attempto
includeCFD simulationsn theseinvestigationstheformation of anO/W single emulsion
in a microchannel crossas simulated’” To model thebehavior of the water and the oil
phase thelevel set methowvasapplied which describeshe transport of 8uid interface

separating two plses?>0-231:232:233

— 0% [N D-1% %op %0;1—5 (1-21)

L is the level set function describing the volume fractiora tifjuid, Uis the interface
thickness, which is typically half the characteristic mesh size in the area passed by the
interfaceanda is the reinitialization parameter equal to tim@ximumflow velocity. The
parameter is required #s emulsion formation is simulated stepwiadime. In addition

a modified version of théNavierStokes equations considering capillaryrctes was
appliedand combined with (21).>*? In contrast to the afore discussed CFD models,
where no liquid slip was assumexh the microchannel walls throughout the device,
wetted walls described by the contact ardfjend the slip lengto were defined for the

outlet channel of the drop makier mimic a wettability pattern suitable for forming O/W
single emulsionsFor the fluids, water anthe nontoxic hydrofluoroetherHFE-7500

were used®** The density is 998.8g m™ for water and 614kg m™ for the fluorinated

oil. Thekinematicviscosity is 1.0k St for water and 0.7¢St for HFE 7500 (all values at
25°C). Theinterfacialtensionwasestimated to be 810° N m™. Due to thecomplexity

of the simulationdemandhg substantial comput@nal resourcesthe modelof the
microchannel junctionvas merely discretizedby 4846 FEs.However, the rather coarse

grid allowedfor adetailed transierdimulation of thedrop formation as shown in Figure

18, with atemporalresolutionbeing comparable to experimentaonitoredusing high

speed imaging. In addition, as the properties of each liquid are arbitrary in the simulation,
the emulsifiability ofothercombinatiors of liquids can be tested without being limited to

the library of solventthat is available in a conventional lab.

Future studies will focus on the implementation of CFD simulations for simultdtang
formation of higler-order emulsion# arrays of quas2D and 3D microfluidic junctions.
For a detailedexperimentainvestigaton of drop formation in PDM®ased microfluidic

devices, the reader is referred to chapter 2.3 and 5.
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e e e

1]

— —

P

Figure 18: Transient modeling of aih-water emulsification applying the LSM for simulating laminar two
phase flow’. The model consists of 4846 FEs. HFEOO and water are injected at equal flow velocities of
0.05 ms™. The device i200 pm in height and widtfthe outlet channeis 550 umin length.(A) Isosurface
rendering of the volume fraction of watertat 10 msusing 100isosurface. (B) To improve thevisibility

of the encapsulated oil phase, the number of isosurfaces is reduced to 18. The scale bars denote 100

® Original model by courtesy of Prof. Amar S. Basu from Wayne State Univétity.
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1.4 Motivation, objective and strategy of this thesis

Vesicles formed by the sefissembly ofdiblock copolymers have gained increasing
interest in the last decade, as they provide polymeric containers with controlled
biological, chemical and physical properties, which are the basis for a number of
applications. This includes the encapsulationlivdey and release of biofunctional
compounds such as proteins, enzymes and APIs, and the protective encapsulation of
fragrances, flavors and cosmetics. However, while the encapsulation of cosmetics for the
uptake through human skin requires polymersonfeseweral hudreds of microns,
targeted druglelivery through cell membraneemandspolymersomes of only tens of
nanometers. In current research, much effort has thus been devoted to the preparation of
polymersomes with controlled sizehell characteristicend polydispersity, as these
parameters strongly influence the behavior and functionality of polymersomes for
delivery and release applications. Conventional bulk fabrication techniques typically lead
to polymersomes with low encapation efficiency, broad size distribution and undefined
shell characteristics, though, whereas novel microfluidic approaches using glass
capillaries are hard to customize and parallelize for laogde production. Hence, it
would be worthwhile to invegjate alternative approaches for formipglymeric

vesicles

The primary objective of this thesis is thus the development of novel techniques for
forming polymersomes with controlled size, shell characteristics and narrow
polydispersity. This is to bachieved using inexpensivesasyto-modify and scalable
microfluidic devices fabricated by sdfthography in PDMS. Two diblock copolymers,
poly(2-vinylpyridine)-blockpoly(ethylene glycol) and mly(ethylene glycobblock
poly(lactid acid)should be applied aa model system. In the first padf the present
work, the undirected vesicular s@ésembly of copolymers byFF is to be explored for
fabricating polymersomes in the nanometer range. To elucidate the nucleation and growth
of polymersomes and to optineizhe device design, simulations of the fluid dynamics in
the devices are to be performed. In the second part, the formation of larger,-sebn
polymersomes is in the main focus. The experiments are to be performed employing
doubleemulsion templatesith controlled architectureyhich direct the vesicular self

assembly of the copolymer molecules. To investigate the physicochemical properties of
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the polymersomes, DLS, CLSM and cfJ&M should be applieds stateof-the-art
characterization methods.

To fabricate polymersomes from doutenulsion templates, fouling of PDMS due to
organic solvents has to be prevented, and the surface wettability of the devices needs to
be spatially patterned. This is to be achieved by coating the microchannels with-a glass
like coating using segiel chemistry. However, as this method has only been applied to
prevent fouling of simple PDM$ased microchannel geometries so far, initial studies on
the controlled distribution of the coating in more complex devices are require.
subsequent step, the focus is on the surface modification and spatial patterning of coated
microchannels. Unfortunately, however, conventional approaches for patterning
microfluidic device wettability usuly make use of photoinitiators, which do rethibit
long-term stability and that are incorporated into the initiatgl coating by a silanre

linker, thus narrowing down the number of potential initiattmsaddition, those methods
require sophisticated optical sesupnd powerful UMight source anddo not facilitate
fabrication of highly parallelized devices for large scale production of polymersomes.
Therefore, a novel method should be derived to simplify the fabricatigrattérned

microfluidic devicesand to allow for parallelization of traevice fabrication.

Although, PDMSbased microfluidic devices have extensively been utilized for the
formation of single, double and even quintuple emulsions as well as for sorting,
manipulating and loading of emulsions, there are no reports on a furtdaraed
detailed study of multiple emulsion formation in PDM&sed devices. Since double
emulsions should be used as templates for the fabrication of polymersomes in the present
work, an additional aim of this thesis is thus to provide such fundamemaldage. For

this purpose, the formation of multiple emulsions with water and-HMP as a model
system is to be studied, and should be extended to more complex systenas such
multiple emulsions formed from viscoelastic polymer solutions and lighatexhibit a

low surface tensiowith water

Eventually the aforementioned different projectsnverge to the systematic investigation
of the fabrication of polymersomes IRDMSbasedmicrofluidic devices as well athe
vesicle formation process, the desigh microfluidic devices and the fluid dynamics
therein. The insights gained from this work should stimultie exploration ofnovel

applications of microfluidic devicess described hereinafter.
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Over the last decade, the molecular complexity of dreigerging from drug discovery
programshas significantly increasedlVhile molecular complexity generallyontributes

to biological activity, this trend has also led to poor solubilitpf potential drug
candidatesand, therefore, limited bioavailability an@leasecapability in the human
body. As elaborated in chapter 1.2, the encapsulation into polymersomes made from
biocompatible building blocks is a promising approachatcilitate the uptakef these
drugs However despite themany advantageshat polymersomesoffer, a number of
issues related with tiredesign, fabrication and application are stilh the focus of
ongoing research.In the present work, are interest isthus alsodevoted to the
development of microfluidic processing techniquesitwease the bioavailabilityf drugs
by exploring adternative techniqueto the polymersomeapproach A favorable strategy
for this could be decreasing the particle size of the byugpray dryingwhich has been
demonstratedising conventional spray dng in bulk. On this account, the modification
of microfluidic devices, which hatbeendevelopedand thoroughly investigatefdr the
fabrication of double emulsions the aforementioned projecthould be used as a basis

to implement the spray dryirtgcmiquein microfluidics.

A comprehensive work schedutimmarizing the aisand strategy of this thesis
sketched in Figuré9.
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Figure19: Summarized aim and strategy of this thelsisorder to perfornstudies on theelfasserbly of
diblock copolymes by hydrog/namic flow focusing and doubleemulsion templatesn microfluidic
devices it is necessary toptimize thedevicedesignusingFEM simulationsandto establish a procedure
to increase the resistance of PDMS against organic sohesitwell asto overcome the lintations of
conventionalmethodsfor pattering surface propertie®f microfluidic devicesby developinga novel,
simplertechnique In addition, a deeper understanding of multiple emulsion formation focah&olled
fabrication ofdoubleemulsion templates and ultimatgdplymersomessi requiredThe knowledge gained
from theseprojectsshouldserve as a basfer novel applications of microfluidic devices, such as spray
drying - a promisingechniqueto enhance theidavailability of hydrophobic drugand an alternative to the

use of polymersomess biocompatible capsules.
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2 Thesis overview

2 Thesis overview

This thesis addresses tlaor-made fabrication of PDM®ased microfluidic devices and
their application for the preparation of polymersomes with controlled size, shell
characteristics and narrow polydispersity. The dissertation comprises four publications
and one submitted marargpt, which are presented in the chaptleree to seven. The
chapters can basically be divided into three parts.

The first part, presented in chapter three, deals with the formation of nancieter
vesicles from P2V-PEG. The polymersomes are grovirthee interface of an ethanolic
copolymer solution and waten a flow focusing cross junctiongeometry The
microfluidic device isapplied without additional modification of the microchannels’
surface propertiesBased on experimental findings arslippored by fluid flow

simulations, a vesicle nucleation and growth masldeveloped.

To extend the vesicle size range achievable bgma of PDMShased microfluidicsand

thus the field of application, secondapproach for forming polymersomes employing
doulbe-emulsion templates is explored in the second part of the thesi®ll as issues
related therewith, comprising chaptéosir to six. As the formation of double emulsions

in PDMS devices requires microchannels with spatially patterned surfaces, dbapter
focuses on the development of a novel, scalable andteapply patterning technique
which overcoms the limitations of current patterning techniques. In addition to that,
multiple emulsion formation in PDMS devices is illuminated by investigatougpkd and
triple emulsification of a water/perfluorinated oil system as well as liquids, that are
hitherto difficult to be controllably emulsified. The results of this study are presented in
chapter five. Finally, the formation of micrometgzed vesicleérom PEGb-PLA using

doubleemulsion templateim solventresistanPDMS devicess described in chapter six.

Thethird part of thighesis concerns traevelopment o nové microfluidic spray dryer,
presented in chapter seven. The fabrication of draigoparticles from a hydrophobic

model drug, danazol, is demonstrated.

In the following, a brief summary of the key results of each publication is presented. For a

more detailed discussion, the reader isnrefd to the respective chapter
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2.1 Fabricat ion of polymersomes using flow focusing

A novel method to form unilamellar polymersomes with controlled &k narrow PDI

by means of microfluidics was developed. Special attention was drawn to the fabrication
of polymersomes in the size range of BEDnm with respect to future applications as
degradable containers for drug delivery into cells without affecting the cell viability. For
this purpose, PDM®ased microfluidic devices were eropéd as a fabrication platform.

Their operationrequires only basc equipment, but allog/for manipulation of reaction
conditions with unprecedented accuracy. P2PEG was chosen as a model copolymer

due to ts easily triggerable pidependat release mechanism. As P2YHPEG is soluble

in ethanol- a polar solvent, wich does not swell PDMS a modification of the
microchannel surface to increase the chemical resistance of the device prior to use was

not required.

In common bulk fabrication techniques the vesicularastembly is induced by mixing
a solventantisolvent system. To achieve this PDMS-based microfluidic devices, a
flow-focusing cross junctionwith a meandeshaped outlet channel was designed. To
optimize the microchannel geometry, FEMsed simulations of fluid dynamics were
performed in two and three dimensions by coupling NavierStokes equation$o
describe thdluid flow of the solvent and antisolvent with tREs to describdiffusion
and onvectionat their interfacé.In a typical set ofexperimers, a solution of P2Vfb-
PEG in ethanol was injected into the device #o-focused between two water streams
in the cross junction Diffusion-based mixing at the interfacef water and ethanol
resulted in the spontaneous vesicular-asfembly of the copolymer molecules in the
meandering outlet channel. The outlet stream was directly collected in micro cuvettes
without further purification, and DLS measurements wayeductedio determine size
and PDI of the polymersomes as prepatedanother set of experiments, Rhodamine B
was addedas a fluorescent dy& the copolymer solution to visualize the vesicle
formation and diffusion at the ethanwehter interface by CLSM. To investigate the shell
characteristics of the polymersomes, and their lamellarity in particalgg-TEM

imaging was conducted.

" For a discussion in depth, the reader is referred to chapter 1.
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2.1 Fabricatiorof polymersomes using flow focusing

To elucidate the influence of the flow conditions on the polymersome formation process,
the hydrodynamic radiuBy of the vesiclesvas monitored as a function of the flow rate
ratio fr. By changingfr and, therefore, the width of the focused copolymer stye¢aen
vesicle sizecould betuned over several orders of magnitude froomA0to 2um with
narrow PDI and exceptional reprodudilyi. Similar to other studies on liposomes, it
could be found that small polymersomes are generated at low flow rate vdigreas

large polymersomes are yielded at high flow rate ratios, as illustrated in B@ure

Figure20: FEM-based sosurface medering of theRhodamine B:oncentrationn a copolymetloaded flow
focused solvent strearithe concentration profilinside thecross junctionis calculated applying 413
finite elements.By controlling fz of the copolymer solution and watahe polymersome size can be
precisely controlled(A) Dense layer of small polymersomes on the peripherthefhydrodynamically
focused copolymer solutiomt low fg, (B) accumulated giant polymersomes the interface othe
copolymer solutiorbetweencenterand water ahigh fz. Adapted and reproduced frofff. Copyright 2010

American Chemical Society.

Based on these results, a nucleation and growth model prggosed. As the

polymersome nucleat the ethanelvater interface growby the uptake of copolymer
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2.1 Fabrication of polymersomes using flow focusing

molecules from the ethanol stream, it is anticipdbed the width of the focused stream
governsthe number of copolymer moleculasailable at thenterface and, therefore, the
size of the polymersome<onsequently, larger polymersomes grow from focused

streams with larger width dtigh fr, and smaller polymersomes from focused streams

with smaller width atow fg.
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2.2 Patterning microfluidic device wettability

An innovative technique to spatially pattern the surface propeofiBDMS-based
microfluidic devices wapresentedThe experiments were performed in a microchannel
geometry with twoflow focusing junctions designed for the fabrication of double
emulsions.Inert fluids were usedto physically confine the grafting ohydrophilic
polymes to seleted regions of the microchannel netwdxk patternthe wettability,
therefore circumventing the need for sophisticated optical setups and powerful UV
sourcedo form a spatially controlled light pattetinat impartsa wettability patterrto the

microchannelss is the case with conventional pattering techniques

o]

(Meo)asi/\/\oJm

AN and

SOL-GEL |

Figure 21: Surface vettability control using sefjel approach.A) The solgel is intrinsically hydrophole
due to incorporation of thBuorinated silangheptadecafluord,,1,2,2-tetrahydrodecyl)triethoxysilandut
can be converted to hydrophili€his is achieved by incorporatirg(trimethoxysilyl)propyl methacrylate
into the solgel, providingbinding sides foa thermal or UVinduced graftingof PAA onto the surfaceB)
Contact angle measurement wéter dropsin air on a solgel coated glass slidesing the drop shape
method The left side is converted to hydrophilic by attaching PAA to the syrfagshown by the
hydrophilic contact angle of 20the right side remains hydrophobias confirmed by the hydrophobic
contact angle of 105°.
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2.2 Patterning microfluidic device wettability

To achieve this, the microfluidic devices were coated with agebl which was
intrinsically hydrophobic due to the incorporation of a fluorinated silane. Howeyer
also incorporating -gtrimethoxysilyl)propyl methacrylate, binding sitles the grafting of
hydrophilic PAA to the sebel coated microchannel surfasere provided.To confirm

the wettability control using the functionalized -g@l, contact angle easurements were
performed on seyel coated glasslides. A distinct decrease in the contact angle from
~105° to ~20° confirmed that the surface was made hydrophilic by the grafting process,
as shown in Figur@l. Exposure of the patterned surface endard organic solvents as

well as ultrasonication treatment did not affect the quality of the hydrophilic coating.

To control theshape of the wettability patteinside the microfluidic devigethe AA
monomer solution was injected into one part of diegice, and the inert blocker phase,
water or glycerol, was injected into another pavthere the two fluids met, a stable
interface was formed. To describe the ratio of advediveliffusive transport at the
interface and thus the grade of confinemefitthe reactionthe Péclet numbdPe was

used which is derived from the product of Reynolds number and Schmidt number

0Q YODYO —3 — (2-1)

D is the diffusion coefficient of the monomer, DB0® m?s?, 3 is the flow velocityof
the monomer solutigne the kinematic viscosityand d the length of the liquidiquid
interfacein the drop formation regiorConsequenyl, a sharp interface with negligible
interdiffusion could be achievelly choosingthe appropriate set oflow rates via the

syringepumps.

Two distinct approaches to initiate the polymerization ofAAemonomer solution inside
the devie were studied: a photolytically induced polymerization using Dafotd73
and a thermally induced polymerization usi@gmonium persulfate APS) with
tetramethylethylenediamineTEMED) as the accetant. In contrast to conventional
microfluidic patterning techniquassinga photdnitiator that is incorporated to the sol
gel coatingthus requiringa silanelinker group the initiator wasdirectly added tothe
monomer solutiorallowing for a large variety of initiatordo be used.After a stable

interface of the flowing reactive and inert phases had been fotheedevice was either
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2.2 Patterning microfluidic device wettability

irradiated with an UV light, without the need of spatial controkiomply placed on a hot

plate depending on the trigger of thelymerization reaction.

To demonstrate the versatility of the flaenfinementtechnique, the wettability of
PDMS-based miarfluidic devices was spatially patterned to form double emulsions from
HFE-7500 and water. The required configuration of the inlet flows to pattern a device is
exemplarily sketched for W/O/W double emulsions in Figize

l Inert
solution

ol
N

inert

inert

Reactive
solution I

reactive

an

Figure 22: AutoCAD design of amicrofluidic devicefor fabricating double emulsions. To form W/O/W
double emulsions requires the outlet channel to be hydrophilic. To accomplish this, the AA monomer
solution is injected into the outlet of the device, and the blocker solution into tseand middlgphase

inlets; the outephase inlet is left open and acts as outlet for both solutions. Due to laminar flow conditions
in the device, a sharp interface is formed in the secowgb junctiorwhere the twdluids meet**® Adapted

and reproduad by permission of The Royal Society of Chemistry.

The surface pattern wasther visualized using dye that electrostatically binds to PAA,
as shown in Figure@3A, or by locating the meniscus between oil and water at the
confluence of inert blockgshase and reactive monomer solutiorder static conditions.
However, if thegrafting procesproceededor an adequate timéh)e surface pattercould

be directly observeds shown in Figurg3B.
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Figure 23: Visualization of thewettability pattern fofforming W/O/W double emulsionsThe first drop
maker remains untreated, while the second drop makeade hydrophilic(A) Staining of grafted PAA
with Toluidine blue confirms that the hydrophilic surface treatment is confined to the outlet chattmeel of
device. B) A thick layer of PAA is observed on the microchannel surédta 10minutes into the grafting
process(C) Typically, PAA starts to penetratthe PDMS wallsand a wrinkling of the polymenayer is
observedn the microchannel surface pendicular to the flow directiorScale bas denote 10Qm.
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2.3 One-step formation of multiple emulsions

A fundamentalnvestigation of multiple emulsion formation in PDM&sed microfluidic
deviceswasconductedo broaden the knowledge emulsionformation mechanisms in
quasi two dimensional microfluidic devicas well aghefield of applicationof multiple
emulsions In a first set of experiment§)/W/O double emulsionswere fabricatedfrom
HFE-7500 and watein a series oftwo flow-focus junctions and thedrop formation
dynamicswerevisualized recording movies with a higpeed camerd o create a device
with the appropriate wettability patterthe flow-confinement technique was applied
which was introduced earlier in chapter .2l quantify the drop formatiorand flow
conditions inside the microfluidic deviceyo dimensionless numbergere introduced

the Weber numbesf the inner phase

G0 , (2-2)

which relates the magnitude of inertial forcesthe surface tensioaf the inner phase

andthe Capillary numbeof the outer phase

8 & , (2-3)

which relates the magnitude of shear onitimer phasginduced by the surragling outer
phase, tats surface tensiomi,, 3out aNda, oyt arethe flow velocity and surface tension
of the inner and outer phasg,the density of the inner phasethe diameter of the
channel, and the viscosity of the outer phad8y varying the inner phase flowhile
keeping the middle and outer phadaw at a constant ratghe number of dripping
instabilitiesin the devicecould bepreciselycontrolled.The study revealetivo regimes
of double emulsificationAt low inner phasdlow rates, and {We,, Ca.¢ <1 in both
microfluidic junctions onedripping instabilitywasobservedn eachjunction, causing the
emulsionsto be formedin a twostep processHowever, as the inner flow rate was
increasedsuch thawwe, > 1, theformation ofa coaxial jet of inner and middle phasas
observed in the first junctiods {We,, Ca,¢ <1 for thesecond junction, theoaxialjet

was broken into a double emulsitwy the remainingdripping instability emulsifying
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2.3 Onestep formation of multiple emulsions

inner and middle pls® at the same timand, thereforeforming the double emsion in a

onestep process.

The transition between onetep and twestep process was further quantifidny
measuring the pinebff locations of thedrops in the device as well as the shieitkness
T of the double emulsions as a function Wh,. As the shellthicknessof a double
emulsiondepends on the ratio of inagrmiddle phase, shethicknesses lower than
approximately fum were not accessible using the conventionaldtep process, due
the limitation tocertain flow rates to able dripping in both junctiondn contrast, by
using theone stepprocessdouble emulsions with much thinner sheltsild beprepared.
To relate T with the inner phase flow velocityand thusWae,, the shell volume was
equated to the middle phase volume supplied over a single drop bydetail, the
middle phasevolume Vgher, Which could be described as the difference of doeuble
emulsion and innedrop volume,was setequal to the voluntac flow rateof the middle
phaseUniq supplied over one drop formation cyelh the time intervat:

@ ® Y D (2-4)
As the drop formation in the second microchannel junction is triggered by the drop

formation in the first junctioR®® t can be described by the inner drop voluamel the

inner phase volumetric flow ratd,.

0o — (2-5)
Insertion of (25) into (2-4) gives
W W 2 (2-6)
Assuming, thelouble emulsiolis a spherevith avolumew -“i , (2-6) can be written
as
“q -1 > (2-7)
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2.3 Onestep formation of multiple emulsions

i — i (2-8)
With ™Y’ Qx, the volumetric flow rate of the inner phase can be written in terms of
the Weber numbeow Q 2 95 2
P
. * DD o ¢,
lo¢ 0 oY adof % lof (2-9)
Taking the third roogives:
P
P a
. x DD ¢,
e 6 da oY a@of B2 g (2-10)

Theradius of the middle phase layer, referred to asliedl thicknes3 hereaftercan be
expressed as the difference between the radius of the double emulsion and the radius of

the inner drop:

Yo ‘| (2-11)

Y Y @ @ —— i i (2-12)

Yo P Y O——— p (2-13)

oY — (2-14)

equation (213) is simplified to
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2.3 Onestep formation of multiple emulsions

Yo P wwQ ~ p. (2-15)

The shell thickness thusnly depends oWae,, the known constantand the inner drop

radius whichcan beobtained from images of tlemllecteddouble emulsions.

To verify thatthe onestep processvasnot only applicableto the fabrication odouble
emulsionsrom easily emulsifiabléiquids such as water and HFE50Q the studies were
subsequenthextended tohigherorder emulsionsas well as to liquids that cannot be

controllably emulsifiedn conventional microfluidic dqo makersas shown in Figurg4.

n

o . 5 e i Tttt S S o o R S5 i
; 37 ][0 0ms][o25][037]0.62 0ms][0.25][0:56 J[0.81 '
Two instabilities ;1 One instability g

;, Hydrophilic

Double emulsions Triple emulsions

-
H

Double emulsions Double emulsions
(low surface tension) (viscoelastic)

0

Figure 24: Formation ofmultiple emulsionscontrolling the number of dripping instabilitieA) When

Hydrophobic

forming double emulsiongn a series oftwo flow focusing cross junctiom, dripping instabilities are
normally presenin bothjunctions forming the emulsiorin a twostep processrhe inner drop is formed in
the first junction and encapsulated in the outer drop in the second juradishpwn in the upper roiwn

the same manner, triple emulsions are formgdising aseries of threeross junctios, as shown in the
lower row. (B) By removing all dripping instabilities but the last, multiple emulsions are formed in-a one
step processThis methodis not onlyapplicableto form multiple emulsions frona rather simple system
such asvaterand HFE7500, as shown in the upper rolvalsofacilitatesthe formation of emulsionfrom
fluids, which areotherwisedifficult to be controllably emulsifieduch as octanol, which exhibits a low
surface tension, a viscoelastic polymer solution (PEG, W% in water,M,, = 600000g mol*), as shown

in the lower row The scale bars denote ffth for the doubleemulsion devices and 0n for the triple

emulsion device¥’ Reproduced by permission of The Royal Soci#tZhemistry.
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To demonstrate the scalability of esep emulsificationW/O/W/O tiple emulsions
were preparedn a series of three floiocus junctionssetting the flow rates such that
{Wen, Caou¢ <1 only at the third junctionThis created an/O/W triple jet which was
eventually broken int@ W/O/W/O triple emulsionby a dripping instability at the third
junction By using highspeed imagingjt was revealed that the jet breaf always
occurred from the inside to the outside of the coaxialifetependent of the emulsion
order,as shown in Figur@4B, upper row However,when forming double emulsions
from a viscoelastic polymer solution or a liquid with a low surface tengtom,nner jet
was more stable than the outer’j8tln that case, thenher jet was squeezéato a drop
by the pinchoff of the surrounding middle jeasshown in Figure4B, lower row.

To quantify the diferent dynamics of jet brealkp, the width of thgets was measured as

a function of time, and the functional form of the jet collapse fitted to power THves.
results suggest that the jet breakup of double and triple emulsions, where the inner jet is
less stable than the outer,j& similar to the breakupf a single jet due t&kayleigh

Plateau instabilityHowever, when the inner jet is more stable than the outer one, the
pinching dynamics are more complex involving interactions between the coaxiahgets
depending othe fluid properties.
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2.4 Fabric ation of polymersomes from double -emulsion

templates

As elaboratedin previous chaptergnicrofluidic glass capillariegan be used to form
monodisperse polymersomasthe micrometer rangeith narrow size distribution and
almost quantitative encapsulaticefficiency from copolymetstabilized water/organic
solvent/waterdoubleemulsiors. However,asthe design ofglass capillarydevicesis not
easily customized,this technique can neither be easily scaledp to fabricate
polymersomes larger quantiesfor industrial applicationnordoes it allow for injecting
and in-situ mixing of several organic solvents form a tailored solvent systenthat
prevens copolymers from precipitatinipside the microfluidic devicea crucial aspect of
this technique To overcome thee limitations and © extend the vesicle size range
achievable by means of PDMfased microfluidicsnto the micrometer rangea novel
method to fabricatePEGDb-PLA polymersomes from doublemulsion templatesn
PDMS-basednicrofluidic devicesvas developed.

Since PDMS is fouled by most organic solventsinitial studies focused on the
modification of the microchannel surface to prevent swelling and degradation of the
PDMS building material and to spatially control the stefavettability, which would
eventually enabl¢éhe formation of doublemulsions wth a shell of organic solvent$o
achieve thisthe deviceswere coatedvith a functionalizedsolgel that was intrinsically
hydrophobicdue to the incorporation of a flumitane but could be rendered hydrophilic
by a subsequent surface treatméithough tre sotgel coatingapproach hagreviously
only beenapplied to PDMS devicewith a simple microchanneldesign it could be
demonstratedn this workthat this methods also applicable to devicasith complex
microchannelgeomety. By optimizing thecompositionof the solgel as well as the
process parameters tife solgel pre-conversionand deposition an everdistribution of
the coatinghroughout the deviceith an aerage thickness of-2 um wasachieved as
revealedby SEM analysisof vertical slicesof coatedPDMS microchannelsWhile the
nanoporous structure of the g@l allowedsmall organic solventnoleculesto penetrate
the coating into the PDMS>’ the rigid solgel network prevented a collapse of the

microchannels during operation of the microfluidic devigerther investigationsf the
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swelling behavior of coated and uncoated PDMS devices confirmed that the swelling
could be significantly reduceday 40%.

To form copolymetstabilizeddouble emulsiors, a device with twocross junctios of
alternatingwettability was choseim the initial experimento mimic the typical design of
a glasscapillary devicefor forming double emulsionsas illustratedin Figure 25, left
half. As in previous studieshé dynamics of drop formation in the devigere monitored
by high-speed imaging~or the inner and outer phas@aqueals solution of glucose and
PVA, respectivelywith matched osmolarity asinjectedinto the deviceFor the shell
phase,PEGDb-PLA and a hydrophobic fluorescent dyNile Red,were dissolved in
chloroform and toluene was added to lower the density of the shell pinasgreventing
the double emulsions from sedimenting on the bottomthef collection vialand
destabilizingupon dewettingransition However,asthe device geometrglid not allow
for manipulation of the composition tfe solvent mixturénside thedevice, the different
tendencies in diffusion of chloroform and tolueneoitiie PDMS replica could not be
balanced Thereforethe initial solvent ratiacould not be maintaine@ndthe copolymer
instantaneougl precipitatel on the channel wis, fouling them,and preventing the
formation ofstable doubleemulsion templateueto theobserved limitationsising two
junctionsto form copolymerstabilized double emulsions, novel device design was
developd, enablingindependent injection and-situ mixing of two organic solvents to
form the doubleemulsion shell, asketched inFigure 25, right half. The microchannel
geometry facilitatedndependentcontrol over the flow rate of each solvent arnbe
optimizationof thesolvent compositioby direct observation ahe drop formatiornside
the device Thus theuncontrolledioss of chloroformand toluenelue to evaporation into
the PDMSreplicacould be compensated foand prevened the copolymer concentration

to drop below its solubility limitas well aghe formation ofprecipitates in the device

To studythe emulsionto-polymersome transitigrsingle samplesf the outlet streanof

the microfluidic devicewere directly collectedbetweenglassslides By sealing the
sample with a silicone isolatothe evapration rate of the organiphasewas slowed

down to arate thatcoud be monitoredby CLSM, as shown in Figur@5D. With the
deviceappliedin this work, polymersomesf approximately 50 to 100m in diameter

were obtained depending on the size of the inner drop of the double emulsion template

andthe smallesffeaturesize of the double emulsion maker.
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Figure 25: Formation of PEGb-PLA-stabilized W/O/W double emulsionaising a conventional double
emulsiondevice with twojunctions for injectingpremixed mixtures of toluene and chlorofoieft), anda
microfluidic device allowing separate injection of organic solvents (rigdwth microfluidic devices are
solgel coated to increase thehemical resistancé he coating in the upper hai§ untreated and remains
hydrophobic, while the coating in the lower part endered hydrophilicoy grafting PAA to the
microchannekurface.(A) Most of the copolymeprecipitatesafter the more volatile chloroform starts to
evaporate in the device. The precipitates adhere tmitr@channel surfacand buildup a thick layer.B)
Some of the precipitates are observed in the shellepbfthe doublemulsion dropsSince the organic
solvent phase is depleted of the copolymer before double emutsieriermed the two interfaces of the
shell inside the double emulsions are ndfigently stabilized. Thus the doubkemulsion droplets burst
downstream. @) Novel device geometry enabling formation of stable copolymerstabilized double
emulsions Scalebar for all panels denotes 1. (D) Dewetting transitionof PEGb-PLA-stabilized
double emulsionto form polymersomeg1) The aganic solvent mixtureyhich islabeledwith Nile Red
homogenouslywets the inner dropat first, but dewetsduring solvent evaporationausingthe double
emulsionto adopt an acortike structure (2) From this state of partial wetting, copolymer molecules at the
inner/middle and middle/outer interphaself-assemble inta vesicular bilayerThe scale bars denote
20 um. Adapted and reproduced frafif. Copyright 2010 WileyVCH Verlag GmbH &Co. KGaA.
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2.5 Appendix: Development and appl ication of a microfluidic

spray dryer

Despite thepromisingresultsin the fabricaton of polymersomedy means ostamped
microfluidics that arepresented irthis thesis someimpairmens were consideredas a
motivation for further studiesSpecifically, althoughthe microfluidicsbasedapproach to
form vesiclesis most promising for solubilization, encapsulation, delivery and relefse
drugs a quantitative encapsulation efficiendy required for a commercial uge be
economically reasonable. However, ths only achieved by a few polymersome
fabrication techniques. Moreover, polymersomes are made fadored copolymes,
whose synthesiss potentially costntensive In addition the proof ofapplicability of
stamped microfluidics forthe largescale production and industrial applicatiaf
systems, whiclare substantially less sophisticated than polymersotioehle emulsions
for instancejs still pending Finally, a manyAPIs, which currently emerge from drug
discovery programsre poorly soluble in water due to their complex molecular strycture
an increased need existts also explore alternative routedo a polymersome based
approachfor the delivery andreleaseof drugs Thus,the knowledge gained from the
investigation development and fabricatiosf stamped microfluidicsn this thesiswas

used to come up with novelmethod.

A majorapproacho improvethe bioavailability ofnydrophobicdrugs is increasing their
interfacial surfacghrough the reduction dheir particle sie, for instanceby processing

the drug in a spray dryehAlthough spray drying is a powerful and versatile teoabling

the fabricationof fine powders with a large surface from emulsions, suspensions or
solutions, the method suffers from certain limitatioasch ascomplex experimental
setups or the minimuparticle sizethat is achievablél'o overcomehese limitationsthe

spray dryirg technique was implemented by meanddMS-basedmicrofluidics The
concept to form nanoparticles from hydrophobic APIs using a stamped microfluidic spray

dryer was demonstrated using danazol as a model drug.

The microfluidic spray dryer consisted of twocross junctios. In contrast to
conventiondly fabricated devicesising a glass slide to seal thmicrochannelsa flat
sheet of cured PDM®as bonded to the PDMS replicas the spray dryer was thus
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entirely fabricated from PDMShe preparation othe spray nozzleby vertically slicing

throughtheoutlet channebf the device was significantly facilitated.

As hydrophobic compoundiend toadsorbonto PDMS and foul its surfacespecial
attentionwas drawnto reducethe attraction between the hydropholicug and the
hydrophobicPDMS surface This was achievedy optimizing the device design and
manipulating the surface wettability. The microchannel structiiar® designedb havea
high aspect ratioAs suggested by CFD simulations, which were discussétrea
chapter 1.3this reducel the contact surface between tireig-loaded solvent streaand
the microchannel walldn addition, the device was treateding oxygen plasma, thus
rendering the microchannel surface hydrophiktowever, grafting of PAA to the
microchannel surfactailed to minimizefouling, as the rough PAA laydacilitated the

nucleation of danazol crystals.

In initial experiments, the range of operating parameters of the spray dryer was
determinedFor this purpose, éhdrop size and spray pattern was monitored as a function
of the air pressureisng highspeed imaging. As characteristic for this kind of spray
nozzle, the spray formed a full cone pattern. The minimal drop size was determined to be
approximately 4um atan air pressure of 2ldar, which was the upper pressure limit the
device could resist without delamination of the PDMS sheets.

To studythe effect of the solvent system on heticle formation processasolution of
danazolin IPA was directly mixed with pure IPA as the solverdr water as the
antisolventin the first junctionof the spray dryerBy injecting @ompressed air into the
second junction, the spray was formed at the spray noZhe size of the drug
nang@articlesas preparewasexaminedoy SEM andatomic force microscopyAFM), as
shown in Figue 26. To elucidate the congsition of the particlesufther characterization
was performedisingenergy dispersive Xay analysisEDX). Independent of the solvent
system, e formation of danataanoparticles ofdentical size and compositionwas
observed. This indicatebat the particle formation wasimarily driven byevaporative
precipitation of the spray and not by the formation of particle nuclei due to

supersaturation of the drug solutim the presence dhe antisolvent.

A crucial aspecbf the spray drying procesgas thecollection distance of thgpray and

the time of flight of the drudpaded drops, respectivel{RD (X-ray diffraction)analysis
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of spatially sampled danazekvealedthat insufficient drying of the spsa at low
collectiondistances led to partictirop fusion in the collectioareaand to the formation
of unfavorable crystallinstructures As opposed to thispyanoparticles witramorphous
structure and thussignificantly higher bioavailability compared to the crystalline

modification,were obtained a largecollection distance

Air
Solvent 2
—

Drug in Solvent 1 ' II

Figure 26: Formationof drug nanoparticlegn a microfluidic spray drye(schematic side viewYA) A
saturatedsolution of danazol in IPAis ejected from thepraynozzle atl.72bar air pressureandadops a
typical full cone sprayattern.(B, C) SEM and AFM characterization of processed danazollected at a
distance of 3@m from the spray nozzfeThe particles are 260nm in diameter and exhibit a narrow
particle size distributionRSD). The scale bars denote 166.

9 AFM measurements were performed by Dipl. Chem. Isabell Mattern and Dr. Andreas Meyer at the
Institute of Physical Chemistry, University of Hamburg.
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In addition to the aforementioned set of experiments, trepcay drying of danazeinda
crystallization inhibitoy poly(vinylpyrrolidone) (PVP), was performedo alsoinhibit the
crystallizationof danazolat low collection distanceand to provide an alternative route

for the fabrication of amorphous hydrophobic drugmally, spray drying experiments
with the same formulations as described ab@xexe performed in a conventional
laboratoryscale spray dryesind the resultsompared by SEM and XRanalysis of the
product emphasizing the advantages of the microfluidic spray dryer, as shown in Figure
27.

Conventional spray dryer & £ Raw danazol SRS § Microfluidic spray dryer |8

Figure Z7: Comparison of the ability to deice the particle size of hydrophobic drugs using a conventional
and the microfluidic spray dryeRawdanazois processed in ®lini Spray Dryer B191, Buechi, Germany,
yielding particlesapproximately 4um in diameter In contrast, B using thesignificantly less complex
microfluidic device danazoparticleswith an average sizef less thadOnmare formedgreatly improving

the bioavailability of the hydrophobic drug.
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2.6 Individual contribution to joint publications

The results presented this thesis were obtained in collaboration withers, and have
been published osubmitted for publication. The contribution of all-aathors to each
publication is specified below; the asterisk denotes the corresponding author.

Chapter 3
This work is published ihangmuir201Q 26, 68606863, entitled:

"Preparation of Monodisperse Block Copolymer Vesicles via Flow Focusing in
Microfluidics” , by Julian Thiele, Dagmar Steinhauser, Thomas Pfohl, and Stephan

Forster?

| wrote the manuscrind performed all experiments. Dagmar Steinhauser helped in the
fabrication of microfluidic devices and was involved in scientific discussions. Thomas
Pfohl corrected the manuscript. Stephan Forster supervised the project and corrected the

manuscript.

Chapter 4
This work is published ihab Chip201Q 10, 17741776, entitled:

"Patterning microfluidic device wettability using flow confinement", by Adam R.
Abate, Julian Thiele, Marie Weinhart, and David A. Wéitz*

Adam Abate and | wrote the manuscrighared ceauthorship) While Adam Abate
developed the U\Nnitiated surface treatment of the microfluidic devices, | developed the
thermalinitiated reaction, conducted the contact angle measurements, and performed all
further experiments. Marie Weinharis involved in scientific discussions. David Weitz

supervised the project and corrected the manuscript.

" Reproduced from™®. Copyright 2010 American Chemical Society.
' 235 Reproduced by permission of TReyal Society of Chemistry.
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Chapter 5
This work is published ihab Chip2011, 11, 253258, entitlel:

"One-step formation of multiple emulsions in microfluidics”, by Adam R. Abate
Julian Thiele, and David A. Weitkz*

Adam Abate and | wrote the manuscriphared ceauthorship) Adam Abate performed

the data analysis and overviewed the experiments to form multiple emulsions from fluids
exhibiting viscoelasticity or low surface teasj | performed all further experimerdsd

data acquisitionDavid Weitz supervised the project and corrected the manudeas

of this work have been submitted for patenting.

Chapter 6

This work is published itsmall201Q 6, 17231727,andfeatured inMaterials Viewson
08/09/10entitled:

"Fabrication of Polymersomes using DoubleEmulsion Templates in GlassCoated
Stamped Microfluidic Devices", by Julian Thiele, Adam R. Abate, Ho Cheung Shum,
Simone Bachtler, Stephan Forster, David A. Wéitz*

| performed all experiments and wrote the manuscript. Adam Abate and Ho Cheung
Shum corrected the manuscript and were involved in scientific discussions. Simone
Bachtler helped in the fabrication of microfluidic devices. Stephan Forster and David

Weitz supervised the project and corrected the manuscript.

1187 Reproduced with permission of The Royal Society of Chemistry.
¥ Reproduced from®. Copyright 2010 Wiley¢VCH Verlag GmbH & Co. KGaA.
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Chapter 7: Appendix

This workis published irLab on a Chi2011, 11, 23622368 and featured i€hemistry
World on 05/26/1lentitled:

" Early development drug formulation on a chip: Fabrication of nanoparticles using
a microfluidic spray dryer", by Julian Thiele,Maike Windbergs,Adam R. Abate,
Martin Trebbin,Ho Cheung Shunftephan ForstegndDavid A. Weitz*

| performed most of theexperiments and wrote the manuscript. Adam Abate was
involved inscientific discussiondMaike Windbergs performed the spray experiments in
bulk and was involved in scientific discussioh® Cheung Shum conducted the SEM
analysis of the drugMartin Trebbin developed the FEbhsed simulation model.
Stephan Forstecorrected the manuscripDavid Weitz supervised the project. Parts of

this work have been submitted for patenting.
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Abstract

We demonstrate that microfluidic flow devices enable a rapid, continuous; well
reproducible and sizeontrolledpreparation ofinilamellar block copolymer vesicles. The
PDMS-based microfluidic device consists of perpendicularyssed channels allowing
hydrodynamic flow focusing of an ethanolic block copolymer solution in a stream of

water. Byaltering the flowrate ratio in thevater and ethanol inlet channels, the vesicle

size can be tuned over a large size range fd@mm to 22 m wi t hou't subseq
processing steps manipulating size and shell characteristics. The ability of tuning the
vesiclemean size over a range of sevayaders ofmagnitudewith the possibility of in

situ encapsulation of active ingrediemt®ates new opportunities for the preparation of

tailored drug delivery systems in science, medicine and industry.

Introduction

Amphiphilic molecules such as lipidsd surfactants are alie selfassemble and form

vesicles: Applications of lipid vesicleso r Al i posomesao as mo d e |
biomembranes as well as tine area of cosmetics and pharmaceutics have been limited

due totheir insufficient stability andccasionally unregulated release esfcapsulated

active agenté.0On this account, block copolymeresi cl es or Apol ymer s
attracted increasing interdshsed on their excellent stabjiliand the potential to control

biological, chemical and physicproperties by tailoring blockengths, block chemistry

and functionalizatiort®

Experiments have shown that for drug delivery applications demeter of
polymersomes should range from-580 nm toensure an optimal intake in cells and
preserve the celiability.” However, none of the classical vesiétemation techniques
such as film rehydration, electroformation, homogenization, phassnsfer, or
ultrasonicatiof enables vesicle formation and encapsulatidth predefined vesicle

diameters in thisize rangavith the possibility of simultaneous situencapsulation.

Recently, it has been demonstrated that modified inkjet priatiers the preparation and

in situ loading of lipid vesicles ithe sizerange of 56200 nm?°However, the capability
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for modification of inkjet devices is limited, and their usagee@ricted to certain solvent

systems.

A promising alternative approach for the preparatiopaymersomes providing a high
degree of flexibility are microfluidicdevices fabricated by pdldimethylsiloxang
(PDMS) basedoft lithography. PDMS based soft lithography has develop#uetonost
significant fabrication method for microfluidic flodevices in recent yeat$:® It allows
the fabrication of highguality devices in short time enliag only small manufacturing
costs. Moreover, PDMS based channel dimensions in microfldalices are adjustable
in a wide range from less than ffh to several hundred micrometers, providing an
environment whereeproducible selassembly processes andnometeiscale synthesis
are well controllablé’ The combination of diffusiovasedmixing and the capability to
load vesicles during the formatigmrocess in situ with active agents has led to very
innovative applications of microfluidic devices. Thiascludes the preparatiorsurface
modification and efficient filling of lipid vesicles withctive agent§? or the usage of
double emulsions as templatés direct vesicular assembly and allowing in situ

encapsulation igiant polymersomes?°

Herein,we report the capability of hydrodynamic flow focusingmicrofluidics to exert
size control over the spontaneous selfassembly of utamellar
poly-2-vinylpyridine-b-poly(ethyleneoxide), P2VPPEO, vesicles. P2VPEO is an
extensivelystudied vesicldorming amphiphile. While the polybase pdwinylpyridine
exhibits a pHdependent solubility, the PElocks solubility is temperature
dependent® The amphiphilehas been chosen because of its good solubility in ethanol,
in which PDMS exhibits a low swihg ratio S’

Experimental Section

Materials

Poly-2-vinylpyridine-b-poly(ethylene oxideP2VPR-PEGg, meanM,, = 6400, 21wt%
PEO) was synthesizedy sequential living anionic polymerization, yielding a block
copolymer with narrow polydispersity imolecular weight oM,/My = 1.06, whereM,,

and My are the weight and numberveragedmolecular masses.The synthesis and
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characterization oP2VRPEOis described in detail elsewheéfe® The dry polymeris
stored in the freezer &2 °C before use.

Fabrication of Microfluidic Devices

The device consistsf two perpendicular crossed channels which have a def@befm.
The side channels as well as the main channel sdetiling to the intersectidmave a
width of 30e m ( c f .1). Netislgowrr ithe meandeshaped channel leading away
from theintersection which has a width of €0mAs pumps, thre&lemesysunits from

CETONI GmbH, Korbussen, Germany, were used.

Vesicle Preparation

Depending on the experimentegquirements, P2VJRPEQy is dissoved in ethanol
(0.050.1wt%), filtered througha 0.2 m PTFE f i | t ietothe mainchannehj ect ed
Millipore-quality water is injected into theide channels and hydrodynamically focuses

the polymer streamThe vesicle solution is directly collected microcuvettes witha

minimum volume of 4@ L .

Vesicle Characterization

Dynamic light scatterindDLS) is performed on a Zetasizer Nano ZS from Malvern
| nstrument s =l682chm with d scKttering aagbé 1238 (noninvasive back
scatter techology). Cryetransmissiorelectron microscopy (go-TEM) is carried out on

a TEM LEO912 electron microscope from Zeiss, Oberkochen. Confasal scanning
microscopy (CLSM) was performed on @ympus FluoView 1000.

FEM Simulations

In order to adapt théutoCAD based channel structure to experimental parameters

simulationsbased on the finite elementethod (FEM)were performedwhich are welt
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suited for the understanding of the hydrodynanpessent during the polymersome
formation process as well a® tquantify the influence of viscosity effects (simulation
based rapid prototypingj.We utilize COMSOL 3.5 applying 20346 finite elents for

3D simulations and 11146 for 2D simulations.

— Main inlet channel
Side inlet
channel

Outlet channel

Figure 1: Cross section of the AutoCABased microchannel design used for the preparation of block

copolymer vesicles viiow focusing

Results and Discussion

In a typical experiment (see scheme in Figure 1), ethanol containing the dissolved block
copolymer (005-0.1wt%) flows through the main inlet channel, and demineralized water
(Milli -Q, Millipore) flows through the two side inlet channels. The volumetric flow rate
for each channel ranges between 5 and 4@™lwhich corresponds to an outlet flow
velocity of 4.2834.3 mms™. The flow rates in the main channel (MC) and the two side
channels (SC) are adjusted to control the degree of hydrodynamic focusing. The width of
the ethanol stream in the outlet channel depends on the ratio of the volumetric flow rate
of the main channel (MC) to the two side channels (SG), where the flow rates of the

side channels are kept equal. With volumetric flow ratios (Mgp@nging from 4 to

0.13, the width of the central ethanol stream in the outlet channel cajuseeddn the

range& 2 & m.

For high volumetric flow ratios the formation of vesicles can directly be observed by
fluorescence microscopy. To facilitate the visualization of the polymersomes,

RhodamineB was added to the ethanol stream. The fluorescemtrelydily solubilizes
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into the polymersome bilayer thereby labeling the bilayer. Figéresi2ows that the
polymersomes are all located along the phase boundary between the focused polymer
solution and the aqueous phase. For smaller volumetric flow ratesobtained
polymersomes are smaller (FigurB)2 Their size cannot be determined by fluorescence

microscopy any more.

B

Figure 2: Fluorescence images of a Rhodamine B labeled P2VPPEO stream, hydrodynamically focused

with Millipore-quality water: A) accumulated giant polymersomes on the periphery of the focused stream
at high volumetric flow ratio;K) dense layer of small accumulated polymersomes at the periphery of the

focused stream at small volumetric flow ratio.

For determination of their sizeistkribution and structure, the collected polymersome
solutions are directly characterizdasy dynamic light scattering (DLS) and cryo
transmission electromicroscopy (cryel EM), without subsequent processing stepsh

as purification and manipulation did polymersome sizeistribution. Figure 3 shows a
typical cryeTEM image ofpolymersomes prepared from a 0.1 wt % ethanolic polymer
solution at lowflow ratios.We observe unilamellar polymersomegh a unimodal, well

defined size distribution.
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Figure3: Cryo-TEM images of P2VHPEO vesicles, prepared from a 0.1 wt % ethanolic solution, which
was hydrodynamic focused with Millipoguality water at a flow velocity of 30L s* in each channel. All

vesicles are unilamellar

Figure 4 shows that the siz¥ the polymersomes can be easlgjusted over a wide
range of 40 nm t o Zratecratio bietyveem the neam iinketgchannbl e
(MC) and the side channels (S¢;). This is possible for both concentrations investigated
in this study, @A) 0.05 and B8) 0.1wt%. We would like topoint out that the size
distributions of all P2VAPEO polymersomeolutions prepared in our microfluidic device
are moremonodisperse compared to P2WHPEO polymersomes preparbyg us by any

of the abovementioned conveional methods.The relative standard deviation of the

vesicle size as determinégl dynamic light scattering is in the range 0M3.
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