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Summary

Microfibers are of great interest a wide variety of research fieltt®cause of their high
surfaceareato-volume ratio and unique mechanical properttesordingly, theyare basis

of divers applicationsn tissue engineerin@piomedicingfiltration, andsensor technology
The multidisciplinary field of ncrofluidics deals with the behavior andanipulation of
fluids confinedto such smalldimensionsthat surface forces, energy dissipation, and
diffusive mixingstart todominate the systerMicrofluidics has already proven its potential

in various research areas such as modern medicine, biology and chemistry.

The scope of this thesisto explore the optionsselect suitable approaches and exhaust the
possibilitiesof utilizing microfluidic devices for spinning of microfiberMicrofluidics
offers some key advantages associated with laminar flow and provide unique control over
theentire spinning process.

Two different methods of conventional fiber spinning were identified and adapted for
microfluidic spinning of microfibersBoth approaches, which are variants of wet and dry
spinning, have in common that a spinning solution of a natural or synthetic palyme
ejected through a spinneréthen he solvent is removed or exchanged by the surrounding
medium this caugsthe polymer to solidify and form a mechanically stable fildre
macromolecules aralignedwithin the nozzleby shear and elongational foreWhen
collecting the fiber on a rotating spool, the mechanical properties can be further enhanced
by additional stretching.

Microfluidics offers a high degree of control of all relevant spinning parameterthand
possibilityto optimizethenozzle degjn. Computeraided design software allows to design
almostany channelgeomety, which can be created using lithograptechniquesThis
allows not only to fabricate fibers of uniform diameter and endless lengtkt@ady and
controlled procesdut also to gain insights on the formation of fibrous microstructure by
applying suitableharacterizatiomethods.

Collagen microfibersra in the focus of biomedical reseapojects In thisthesisit could

be shown that microfibers can be produced from pure type | collagen in a microfluidic wet
spinning process using hydrodynamic flow focusing and an asymmetric channel
architecturelrreversible cloggingf the channels byhe assemblingollagen could be
prevented by reducing wall adhesion wathelaborate channel geometwhich ultimately
resuls in a continuous and adjustable proc&dsesemicrofluidically producedcollagen
fibers stand out due to theexceptionalsmall diameterwhile their tensile strength and



Summary

Young’'s modul us e x c-separdfibetshardtever Hatural teadSeadl i c a |
culture tests showed directional axon growth of neuronal N@B08ells along the
microfiber axis which qualifies these fibers forpmtential applicatiomn peripheral nerve
repair.

The second approach for microfluidic fiber spinning is a special variant of dry spinning,
which is calledmicro solution blow spinninduSBS) Here, the spinneret is replaced by a
microfluidic nozzle device, whiclallows to produce ultrafine fibersf virtual endless
length havingorecise diameter control. The gas dynamic virtual nozzle (GDVN) principle
is applied to generate a fine liquid jet by thoBmensional air focusing of the spinning
solution. When the polymer solutionggected from the nozzléhe solvenevaporatesand

the solid polymer fiber remain3he ejectedibers can either be sprayed directly onto a
substrate as a nonwovemeshor collected on a rotating spool as filament ydfrom
hydrodynamic considerations and mass balance, eqaatere derived whichallow to
quantitatively predict and control the diameter of the jetted polymer solution and the
resulting fiber.

In the last part of this thesis, micro solution blow spinning is combinedsmitdl and
wide-angle Xray scattering (SXS, WAXS) to directly relate the macroscopic spinning
conditions to the molecular structure of the resulting fibers. Having precise control of the
jet diameter and velocitglsogives excellent control of the fiber diameter and the internal
macromoleculaalignment.Using the softwar&catter 2D-SAXS patterns were simulated

and comparedvith the measured ones to determine the orientational order paraheter.
was shown that the elongation rate is ftihecisive parameter that transduces the
macroscopic flow properties to the local macromolecular structure and orientation and thus
determineghe mechanical properties of the resulting fiddre well-defined shishkebab
crystal structureof the fluorinatedterpolymer THV transformsinto an extended chain
crystal structure upon plastic deformatiartensile tests.

In summarythis thesis contributes to the methodical advancement of microfluidic devices
for the purpose of spinning microfibers and the fundamenténstanding of structure
formation in the process of fiber spinning.

we |



Zusammenfassung

Mikrofasern sind aufgrund ihres hohen Oberflach@tumenVerhaltnisses und ihrer
einzigartigen mechanischen Eigenschaften fur eine Vielzahl von Forschungsgebieten von
grol3em Interessé&olglich bilden sie die Basifiir verschiedenartigdnwendungen in den
Bereicherder GewebetechnjiBiomedizin, Filtration und Sensorik.

Das multidisziplinare Feld der Mikrofluidik beschaftigt sich mit dem Verhalten und der
Manipulation von Fluiden die auf so kleine Dimensionen beschréankt sind, dass
Oberflachenkréfte, Eneiglissipationunddiffusive Vermischunglas System dominieren.
Die Mikrofluidik konnteihr Potenzial bereits in verschiedenen Forschungsbereichen wie
der modernen MedizimerBiologie undder Chemiebeweisen

Die vorliegende Arbeit beschéftigt sich dandie Optionen zu erforschen, geeignete
Ansatze auszuwahlen und die Mdglichkeigerszuschopfenyie Mikrofluidiksysteme fir

das Spinnen von Mikrofasergenutzt werden koénnerie Mikrofluidik bietet einige
entscheidend¥orteile, diemit der laminaren Striiung einhergehen und eine einzigartige
Kontrolle Giber den gesamten Spinnprozess erméglichen.

Zwei verschiedene Methoden des konventionellen Faserspinnens wurden identifiziert und
fur dasmikrofluidische Spinen von Mkrofasern angepasdRiese eiden Ansatze, die
Variantendes Nassund Trockenspinnersnd, haben gemeinsam, dass eine Spinnldosung
einesnatirlichen oder synthetischen Polysidurch eine Spinndiise ausgestof3en wird.
Sobalddas Lésungsmittel entfernt oder durch das umgebende Medium ausgetauscht wird,
verfestigt sich das Polymer und bildet eine mechanisch stabile Faser. Die Makromolekl
richten sicndurch Scherund Dehnungskrafte innerhalb der Diise &is.mechanischen
Eigenschaften kdnnen durch zusatzliches Strecken der Faser bei der Aufnahme auf einer
rotierenden Spule weiter verbessert werden.

Die Mikrofluidik bietet ein hohes Ma&n Kontrolle tber alle relevanten Spinnparameter
und die Mdoglichkeit das Dusendesign zu optimiererComputergestitzte
Konstruktionssoftware ermoglicht efgst beliebige Kanalgeometrien zu entwerfend
diesemit Hilfe vonlithografischen &chnikerherzusellen So kdnnen nicht nur Fasern mit
gleichmafiigem Durchmesser undendloser Ldnge in einem kontinuierlichen und
kontrollierten Prozess hergestellt werden, sondkmth geeignete Charakterisierungs
methoderauch Erkenntnisse tber die Bildung von Mikrakturenin Faserngewonnen
werden.



Zusammenfassung

KollagenMikrofasern stehen im Mittelpunkt biomedizinischéorschungvorhabenEs
konnte in dieser Arbeit gezeigt werden, ditkrofasern aus reinem TypKollagenin
einem mikrofluidischen Nassspinnverfahren unter vérdung hydrodynamischer
Stromungsfokussierung und einer asymmetrischen Kanalarchitektur hergestellt werden
konnen Irreversible Zusetzen der Kandale durch sich verfestigendes Kolldgemte
verhindert werdenindemmit einerdurchdachterkKanalgeometriedie Wandanhaftungen
reduziert wurdenwas letztendlichzu einem kontinuierlichen ungteuerbarerProzess
fuhrte. Diese mikrofluidisckerzeugten Kollagenfasern zeichnen sich durahren
aullergewohnlich kleinen Durchmesser auswobei ihre Zugfestigkeit und hr
Elastizitatsmodulie entsprechenden WerkéassischhergestellteNassspinnfaserand
sogardie der naturlichen Sehmetbertreffen. Zellkulturersuchezeigten ein gerichtetes
Axonwachstum neuronaler NG1Q4%-Zellen entlang der Mikrofaserachse, was éies
Fasern fur eine mogliche Anwendung bei der Reparatur peripherer Nerven qualifiziert.

Der zweite Ansatz fumikrofluidisches RBserspinnen ist eine spezielle Variante des
Trockenspinnens, das aMikrolosung®lasspinwerfahren (engl. micro solution blow
spinning uSBS bezeichnet wird. Hidrei wird als Spinndiseein mikrofluidische
Duserchip verwendetder es erlaubtultrafeineEndlostisernunterpraziserSteuerung des
Durchmessex herzustellen. Das Prinzip der gasdynamischen virtuellen Daigg. fas
dynamic virtal nozzle GDVN) wird angewendet, um einen feinen Flissigkeitssiuiehl
Spinnlésung durch dreidimensionale Luftfokussierung zu erzeug&ubald die
Polymerlésung aus dddlse ausgestol3en wird, vardtetdas Losungsmittel undine
stabilePolymerfaser bleibturtick Die ausgestoRendrasern konneentwederdirekt als
Vliesstoff auf ein Substraaufgespriht oder als Filamentgarn auf einer rotierenden Spule
aufgefangemverden. Aushydrodynamischen Uberlegungend de Masseiilanzkonnten
Gleichungen abgeleitetwerden die es ermdoglichen, den Durchmessees
Polymerlésungstrahls und den Durchmesserder resultierenden Faser quantitativ
vorherzusagen und Ateuern

Im letzten Teil dieser Arbeit wird das Mikrolosurgasspinwerfahrenmit Klein- und
WeitwinkelRontgenstreuung (SAXS, WAXS) kombiniert, um die makroskopischen
Spinnbedingungemnmittelbar mit der Molekularstruktur der resultierenden Fasern in
Beziehung zu setzenDie prazise Steuerung des Strahldurchmessers und der
Strahbeschwindigkeit ermogliches ebenfallseine ausgezeichnetiéontrolle auf den
Faserdurchmesser udie interne makromolekulare AusrichtuagszutbenMit Hilfe der
Software Scatter wurden zweidimensionale SAXStreubilder simuliert und mit den
gemessenen Streubildern verglichemmm den Orientierungsordnusgarameter zu
bestimmen. Eskonnte gezeigt werderdass die Dehnungsrate dausschlaggebende
Parameter ist, der die makroskopisn FlieReigenschaften in die lokale Struktur und



Zusammenfassung

Orientierungder Makromolekule Gbertraghd damit die mechanischen Eigenschaften der
resultierenden Fasdrestimmt Die gut definierteSchaschlikspiefKristallstruktur (engl.
shishkebab crystal structujedes Fluorterpolymers THVwandeltsich im Zugversuch
durch plastische Verformung zu eingestrecktettigen Kristallstruktur(engl. extended
chain crystal structurgum.

Zusammenfassend lasst sich sagen, dass diese ArbeisygtematischenWeiter
entwickdung von Mikrofluidik -Chips fir das Spinnen von Mikrofaseumd zum grund
legenda Verstandnis der Strukturbildungn Faserspinnprozess beitragt






1 Introduction

1.1 Introduction to mcrofluidics

Microfluidics deals with the behavior of fluids on the sulillimeter scale anananipulates
themin a targeted and precise manrers a crosglisciplinary field at the intersection of
microengineeringchemistry physics nanotechnologybiochemistry and biotechnolgy.t

A characteristiof microfluidic devices or flow configurations is that at least one dimension
is in the micrometer rangfd=or most cases, the standard continuum description of transport
processes is suited for flows of small molecule ligdidewever, surface éf ects that often

can be neglected at the masale becommcreasingly dominant in micfluidics as size

is diminished\? Typically, the flow at small Reynolds numbers is lamimamicrofluidic
devicesand diffusive mixing is prevalensaurbulencesnd eddiesre absent?
Sincemoleculardiffusion is quite slow om largerlengthscale, mixingn microchannels

can beenhancedby active or passive micromixer$. Active micromixersimprove the
mixing performance by applying external forces to slnple flows to accelerate the
diffusion processwhile passive micromixers increasige contact area and contact time
between the different mixing species

There are several ways to mamliate liquids in microfluidic configurationgor example

by pressure gradients, capillary effects, electric fields, magnetic fields, centrifugal forces,
and acoustic streamirig*? Forces can be can be applied macroscopically by external
fields, or carbe generated locally within the microchannel by integrated compdhents.

The rise of microfluidics began in the early 1990s as an advancement foooelettro
mechanical systems (MEMSsince many of the patterning techniques used in silicon
based miavelectronics industry could be transferred to the manufacture of microfluidic
devicest These devices were not limited to electronical and mechanical parts, but could
also handle fluids by including channels, valves, pumps, filters, separators, and®mixers.
In the following years, silicon and glass got replaced by elastomeric or thermoplastic
materials for most applicatiodsPoly(dimethylsiloxane) (PDMS) became one of the
standard materials, as stithographic methods, based on rapiebtotyping and replica
molding, provide faster and less expensive routes than the conventional etching methods
for glass and silicoi>™6

Researchers were driven by the vision of entliemical laboratories on the surface of
silicon or polymer chip$. Theselab-on-a-chip devices(LOC) or micro-totakanalysis
systems |{TAS) integrate one or several laboratory functions on a siclgle of a few
square centimeters to achieve automation and-thigiughput screeninf~*° Lab-on-a-
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chip device should takeace ofall lab processes for analysis, Istibuld also integratere-

and postreatment steps, includingdditional cleaning and separation stepgpical
advantages are thmmall sample quantities requirgthe routine operation by untrained
personnel, @d compactness of the system, whadlows fortransportability andnassive
parallelizatiorf*

A recent application of microfluidics with high potential are orghndy, and diseasen-

a-chip systems, which are also known as microphysiological systems @IRSlogous

to lab-on-a-chip systems, different functions are integrated in a microfabda#evice and

form a complex system, in this case to simulate special tasks of tissue, complete human
organs or even muitrgan system& So far, orgaron-a-chip devices have been presented,
which, for example, imitate functions of he&rtung 2?2 eye? kidney?* stomach?® gut?®

or skin?’ These devices incorporate cell cultures, membranes and sensors to create
physiologically based pharmacokinetic mosigstem£® One major goal is to improve the

drug development proceasd toxicity studies bgetemining drug efficacy and safety in
advance of clinical testing.This could help to select which compounds enter clinical trials
and thereby increasing significantly the chances that a drug will successfully exit clinical
trials as an approved drdg.

Microfluidic devices can even be used for educational purposes, as its applicability for
performing aciebase titrationby undergraduate students in university analytical chemistry
laboratories has been demonstrafed.

There are different subcategoriesratrofluidics. Three of the most common are explained
in further detail which arecontinuousflow microfluidics, dropletbased microfluidics?
andpaperbased microfluidics?

Continuousflow microfluidics rely on thecontrol of a steady state liquid flow and can be
used for thesynthesis of nanoparticlemdliposomes or the separation of microparticles,
cells and DNA3?34|n the steady state, each position in the channetsponds to a certain
reaction time, which allows to studycieation and growth kinetidsy performing insitu
measurement¥:**Due to the weldefined flow conditions, continuow microfluidics
isalso used in this thesis to produce microfibe#tsile having precise control over the fiber
diameter®3’

In contrast, tbpletbased microfluidics manipulates discrete volumesflofds in
immiscible phased his is more like a batch process, as each individualetrcgn be used

as a reaction vesselhich is generated first, then mixed, optionally fused, stored, analyzed
and even sorted afterward$his technology isalso known as digital microfluidics
(DMF).30’38

The goal behind papdrased microfluidics is to fabricate inexpensive, lightweigind
usetrfriendly medicaldiagnostic device¥ The sample is transported along the chip by
capillary forces caused by the porous structure between the cellulose fibers of the paper
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based substrate. Current applications include glycpsatein and Escherichia coli
detection?:3940

Several advantagsof microfluidicsarise fromscaling down standard laboratory setups by
the factor of 1000 or moyand make microfluidics an emerging and rapidly evolving field.
As only smallamountsof samplearerequired whichcanbe expensivd]ifficult to access

or even hazardous, less waste generatedas well** Mass production and
commercializatiorcan lead to lower fabrication costs and alline use oftosteffective
disposable chip® Microfluidics offers fast analysis and response times due to short
diffusion distances and high surfasglumeratios The thermal control in microfluidic
devices is excellent, as heat transfer is fast and heat capacities aré Magletic and
electric fields are more effective at short distangeking compact and portable
microfluidic systemsdeal for applicatioaas sensors and detectors.

The objectiveof this thesigs to use microfluidics with all its advantages for the spinning
of microfibers thathave plenty of applications in tissue engineerdigg delivery, guided
cell culture, and awound dressing®>“° Continuousflow microfluidicsis eminently suited

to fabricate fibers of virtual endless lengithen a steady state Hasmed Hydrodynamic
flow focusingoffers defined conditionsegardirg concentration and shear forces in the
microchannel, which can easlhg adjusted and optimized for fiber spinniAgditionally,

the formation of fibrous microstructucanbe studiedoy applying suitable methodike
X-ray scatteringTwo spinning methds, based onrg and wet spinningwill be presented

in this work, which showthe potential of microfluidic fiber spinning.



1 Introduction

1.2 References

o O~ WDN P

10

11

12

13

14
15

16
17

18
19
20
21

22
23
24
25

10

H. Bruus,Theoretical microfluidicsOxford Univ.Press, Oxford, 2011, val8.

H. A. Stone and S. KinAIChE Journa) 2001,47, 1256-1254.

T. M. Squires and S. R. Quakev. Mod. Phys2005,77, 9771026.

G. M. WhitesidesNature 2006,442, 368-373.

Y. K. Suh and S. Kangvlicromachines2010,1, 82-111.

H. A. Stone, A. DStroock and A. AjdariAnnual Review of Fluid Mechanicg004,
36, 381411.

C.-Y. Lee, C:L. Chang, Y-N. Wang and L-M. Fu, International journal of
molecular science011,12, 3263-3287.

M. G. Pollack, R. B. Fair and A. D. Shenderdppl. Phys. L&., 2000,77, 1725
1726.

H. H. Bau, J. Zhong and M. Y§ensors and Actuators B: ChemicaD01,79, 207
215.

R. D. Johnson, I. H. Badr, G. Barrett, S. Lai, Y. Lu, M. J. Madou and L. G. Bachas,
Analytical chemistry2001,73, 3946-3946.

M. Amasia,M. Cozzens and M. J. MaddBensors and Actuators B: Chemic2012,
161, 119+1197.

D. Mark, S. Haeberle, G. Roth, F. von Stetten and R. Zendehkemical Society
reviews 2010,39, 1153-1182.

J. C. McDonald, D. C. Duffy, J. R. Anderson, D. T. Chiu, H. Wu, O. J. A. Schueller
and G. M. Whitesideglectrophoresis2000, 2#40.

Y. Xia and G. M. WhitesidegAnnu. Rev. Mater. S¢il998,28, 153-184.

Y. Xia and G. M. WhitesidesAngewandte Chmie International Edition1998,37,
550-575.

J. C. McDonald and G. M. Whitesides;c. Chem. Res2002,35, 491499.

A. Manz, N. Graber and H. M. WidmeBensors and Actuators B: Chemici990,
1, 244-248.

N. Convery and N. Gadegaaiicro andNano Engineering2019,2, 76-91.

L. R. Volpatti and A. K. Yetisenlrends in biotechnology014,32, 347350.

M. L. Shuler,Lab on a chip2018,19, 9-10.

A. Agarwal, J. A. Goss, A. Cho, M. L. McCain and K. K. Parkexb on a chip
2013,13, 3599-3608.

D. D. Huh,Annals of the American Thoracic Socie2915,12 Suppl 1 S424.

D. Bennet, Z. Estlack, T. Reid and J. Kioab on a chip2018,18, 1539-1551.

J. Lee and S. KinCurrent drug metabolisn2018,19, 577#583.

K. K. Lee, H. A. McCauley, T. R. Broda, M. J. Kofron, J. M. Wells and C. I. Hong,
Lab on a chip2018,18, 3079-3085.



1 Introduction

26

27

28
29

30
31

32

33

34

35

36

37

38

39

40

41

42

43
44

45
46

R. Villenave, S. Q. Wales, T. Hamkihsdik, E. Papafragkou, J. C. Weaver, T. C.
Ferrante, A. Bahinski, C. A. Elkins, M. Kulka and D.I&gber,PloS one2017,12,
e0169412.

G. Sriram, M. Alberti, Y. Dancik, B. Wu, R. Wu, Z. Feng, S. Ramasamy, P. L.
Bigliardi, M. Bigliardi-Qi and Z. WangMaterials Today2018,21, 326-340.

B. Zhang and M. Radisit,ab on a chip2017,17, 2395-2420.

J. Greener, E. Tumarkin, M. Debono, A. P. Dicks and E. Kumachabapn a chip
2012,12, 696-701.

S-Y. Teh, R. Lin, L-H. Hung and A. P. Led&,ab on a chip2008,8, 198-220.

A. W. Martinez, S. T. Phillips and G. M. WhitesiddaNAS 2008, 105 19606-
19611.

A. Jahn, J. E. Reiner, W. N. Vreeland, D. L. DeVoe, L. E. Locascio and M. Gaitan,
Nanopart Res2008,10, 925-934.

N. Pammelab on a chip2007,7, 1644-1659.

M. Herbst, E. Hofmann and S. Forsteangmuir, 2019 35, 1170211709

S. Seibt, S. With, A. Bernet, WW. Schmidt and S. Forstekangmuir: the ACS
journal of surfaces and colloigd2018,34, 55355544

E. Hofmann, K. Krlger, C. Haynl, T. Scheibel, M. Trebbin and S. Foistéron a
chip, 2018,18, 2225-223.

C. Haynl, E. Hofmann, K. Pawar, S. Forster and T. Sche\aelp letters2016,16,
59175922.

S. L. S. FreireSensors and Actuators A: Physic2a016,250, 15-28.

T. S. Park and . Yoon, IEEE Sensors ,J2015,15, 1902-1907.

A. W. Martinez, S. T. Phillips, M. J. Butte and G. M. Whitesidéagewandte
Chemie (International ed. in Englist§007,46, 1318-1320.

R. M. Guijt, A. Dodge, G. W. K. van Dedem, N. F. de Rooij and E. Verpooate,

on a chip 2003,3, 1-4.

R. S. Pavell, D. W. Inglis, T. J. Barber and R. A. Tayl&iomicrofluidics 2013,7,
56501.

A. S. Hoffman Advanced Drug Delivery Revien&002,54, 3-12.

F. Sharifi, A. C. Sooriyarachchi, H. Altural, R. Montazami, M. N. Rylander and N.
HashemiACS Biomate Sci. Eng,. 2016,2, 1411+1431.

R. Vasita and D. S. Kattinternational journal of nanomedicin2006,1, 15-30.

C. M. Hwang, Y. Park, J. Y. Park, K. Lee, K. Sun, A. Khademhosseini and S. H. Lee,
Biomedical microdevice2009,11, 739-746.

11






2 Fundamentals

2.1 Hydrodynamic fundamentals fanicrofluidics

2.1.1 NavierStokesequation

The NavierStokes equation is the central relationship of fluid dynamics and describes the
motion of a viscous fluid. The solution of the Nav&iokes equation gives a vector field
of the flow velocity, which assigns to every point in a fluid at any manmetime a vector
whose direction and magnitude correspond to the velottitye fluid at that point in space
and at that moment in time
The NavierStokes equation is based on the assumption that a fluid is a continuous material
rather than discrete pgarles. Furthermore, all fiekbf interest are differentiable, which are
namely pressure, density, flow velocity and temperature.
The NavierStokes equation can be described astiméinuum versiondil e wt o n
law of motionon a per unit volume Isis!

¢ aH p

S seco

Due to the continuum hypothesis, the madsecomes the densityof the volume element
and the forc& changes to the force density
€ a

— H =H 7
@ @

57>

As acceleratiorHis defined as the derivative of velocitwith respect to time, the force
density’Htan be expressed as:

g w AL A
H OA_o C)A—waOm)Om(om o

The velocityl ¢ 6 o 0 hx 0 I of the fluid is a function of time and space, whereby the
X-, y- and zcoordinates themselves change over time. Accordingly, the total derivative of
the velocity can be described by the total differential, whsckhe sum of the partial
differentials with respect to all the independent variables

- 1] Aw TI Ao R Tl

M 5
H" — = - = = B= T
Tw A0 Tw - A0 To rrA0 TO jj

The derivative ofowith respect t@is the velocity in xdirectionv , respectivelyy for
the derivative oty andvu for the derivative ofx.
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oy ] L] H . A
= V) — ) = V) p— V)
Tw fr W T R T fp
The acceleration term igg. (5) can be written as
"o A en Hl
I SR ¢
by applying the nabla operator, whose definition is given if®d.
h.h.hH N h N T " h
TR T T T X

When rewriting the terml U as in eqs(8-10), the connection between €§) and eq(6)
becomes apparent:

E

f=pv:-V)v

Figure 1: The change of momentum of a fluid element can be based on (A) the acceleration over
given location or on (B) the acceleration along a streamline due to the changingenti®s of the chann
This illustration shows a simplified version ofettthreedimensional reality as just one dimensio
considered (xdirection).

14



2 Fundamentals

The acceleration term of ef§) can be divided into two parts, which are illustrateféign 1:

" ORI¥ Fo describes the acceleration over time &nd 3t ’I describes the aclezation

along a streamline due to mass conservation.

The change of momentum of each infinitesimal volume element is caused by different
forces, acting either on the surface or on the whole volume of the fluid element. The vector
of the surfacdorces can either point orthogonally on the surface of the volume element or
parallel to the plane of the surface.

The force which acts in normal direction on the surface of the volume eldménthe
pressure force :2

H %5 ™ PP

Additionally, a tangential force arises from the fluid sheets sliding past each other. This
friction force¢ is caused by the viscosityof the fluid and damps the motion of the fl&id:
o Aé ot

H —— -

The forces, which act on the volume itself, are the body forces like the centrifugal force,
the electrostatic force or the gravitational fogceUsually, only the gratational forcee
is consideredh the NavierStokes equatiah

- P

H %= "™ po
The force densityHn the NavierStokes equation is the sum of all mentioned individual
force densities (pressufid, friction "H, gravitation™H):

"H'H "H H pT

This leads to th&lavierStokes equation for incompressibleidisr®>

S e W il -l "H
To n - pu

The inertial acceleration terms are ddsed by the lethand part of the equation and the
right-hand side summarizes the forces acting on the fluid.

Some simplifications to the Navi&tokes equation can be made in microfluidics, as the
inertial forces are usually small compared towiseous forces and the nonlinear term can

be neglected, which results in the tigependent linear Stokes equatfon:
1]

on Ny —rl7 " ¥
= n | H PP
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When a steady state has developed, the fluid mystn be described by the Stokes
equation:
m " 7l "H P X

In all cases, the mass continuity equation needs to be satisfied, which describes the
conservation of mass for hydrodynamfcs:

= 0" m Py

For incompressible fluids like water, the density along the streamline remains constant over
time:

A

% Tt P W
Therefore, the mass of the fluid, which flows in and out of a defined volume must be the
same over a certain time, simplifying €é48) to?

nJl m C T

2.1.2 Dimensionless numbers

The importance gbhysical phenomena, that occur in microfluidic devices, must be judged
between competing phenoméeh@herefore, dimensionless numbers are defined, which
express the ratio of these phenomena and give a sense for the classification of a system in
the fluidic parameter spade.

Important representatives for these dimensionless numbers are the Reynolds(ii§hber
relating inertia forces to viscous forces, the Péclet numbé&R (elating convection to
diffusion, the Weissenberg numbeb Q2and the Deborah numbe® ) bothdescribing

the timewise response of viscoelastic fluidsdeformation.

Reyndds number

The Reynolds number is the most characteristic dimensionless number for microfluidics,
since microfluidic devices normally operate at low Reynolds numbers. Flows at low
Reynolds numbers contradict the eayday human experience with moving fist*

Just like any solid object, a moving fluid has momentum and inertial forces counteract any
change in motion. When a fluid moves inside a channel, not every fluid element is moving
at the same speed. The outer layers are slowed down by the channel wiglhenituid

in the middle of the channel can flow freely, which creates shear between the fluid layers.
The viscosity of a fluid is a measure of its resistance to this deformation. When inertial
forces of the fluid overcome the viscous fordks,fluidlayers no longer flow in an orderly
manner next to each other and the flow becomes turbulent.

16
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The Reynolds number is defined as the ratio of inertial forces to viscous forces

ET A B OAIAD I
OEOAI @A A O

cp

where” is the density of the fluid) is the flow velocity~ is the dynamic viscosity, arid

is thecharacteristidength>”’

Different flow regimesan be distinguishédal the Reynolds number. Laminar flow occurs

at lowReynolds numbers, where viscous forces are dominant, and the flow is characterized
by a smooth and constant fluid motion. The Reynolds number can be estimated for
microfluidic devices and water as typically used solvent. With channel dimensions in the
rangg of 10100pum and typical velocities betweenpin/s and Im/s, the Reynolds
number ranges between1@nd 1 Accordingly, the flow in microfluidic devices is laminar

in almost all case®Vhen the Reynolds number increases, the laminar flow transititms i

an unpredictable and irregular turbulent flow. This flow transition happens in stages and
the critical Reynolds numbers are different for every geometry.

In summary, the Reynolds number is used to predict the transition from laminar to turbulent
flow. Moreover similar flow situations ® different scale can be compared.

Péclet number

The Péclet number is especially important at low Reynolds numbers, where mixing is only
based on diffusion. Turbulent mixing is very fast due to random eddies that caostinuo
fold fluid elements, thereby reducing the diffusion distghoecontrast, mixing in laminar
flows can take a very long time, depending on the distance the molecules have to travel by
diffusion.
Considering a Jjunction, where two different solutioase brought together and flow next
to each other, the Péclet number is a measure for the distamgpared to the channel
width, that both fluids travel along the channel, until they are misa@dogeneousiypy
diffusion.
The Pécletnumber, which expressehe relative importance of convection to diffusion, is
defined as

AT T OAAO®EI 1
AEEEOODI 1

(SS

wherev is the flow velocity,ais the characteristic length, af@is the mass diffusion
coeficient.
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Deborah number

The Deborah numbettistinguisies how a particular material will behave over a given
timeframe, when experiencing a deformatidfor example, in microfluidics, when the
channel diameter is reduced over a certain length, the flow accelerates and experiences
elongational stress over the time it takes to pass through this channel segment.

The Deborah numb& Qcompares the relaxahotimet to the time scale of the

processt  :#°

oQ —— Co

If the timeframe is long compared to the relaxation time of the material, then a viscous,
fluid-like behavor is observed. Conversely, if the time scale of the process is much shorter
than the relaxation time, the material cannot respond to the stimulus in time and behaves as
a solid®

However, the Deborah number aloiseinsufficient to fully characterize eftts due to
viscoelasticity In steady flows, the Deborah number becomes zero regardless of the
relaxation timé.

Weissenberg number

In flows with a constant deformation history, the Weissenberg number indicates the degree
of anisotropy or orientation gerated by the deformation. For example, when a polymer
solution flows through a tapering of a microfluidic channel and experiences extensional
stress, the polymer molecules become stretched and aligned in flow direction.
The Weissenberg numberQrelates the polymer relaxation timé¢ to the flow
deformation time, which correlates with either the inverse extensional maténverse
shear ratg .*8
50 Al A@ODeAAG . . ..

SECAMImAAZ | 00T T
For smalld ‘Qthe polymer relaxes, before the flow deforms it significah@onversely,
for large w "Rthe polymer chains are deformed significantly, as their relaxation rate is

slower than theleformation rate.
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2.2 Fundamental®f microfluidic fiber spinning

2.2.1 Hydrodynamic flow focusing

There are two major subcategories of ebgsed microfluidics, which are dropleased
microfluidics and continuouow microfluidics. As droplebased microfluidics
manipulates discrete volumes of immiscible fluids, it represents a batch prSoess.

fibers are anisotropic objects where one dimension is significantly larger than the other,
they are produced in aontinuous processOne basic principle of continuodi®w
microfluidics is hydrodynamic flow focusing. One kind of fluid flows through the main
channel of a microfluidic device and a second fluid enters at a cross juinotiothe sides.

The inner fluidis focused into a smaller stream by the outer fluid, which flows side by side.
A time-independent steady state is developed by the liquid flow. At low Reynolds numbers,
the mass transfer perpendicular to the flow directioly takes place by diffusion, sm
interdiffusion layer is formed at the interface between the fluid of the main channel and the
fluid of the side channels. When the focused fluid contains a dissolved species, a
concentration gradient can be observed, that gets wider as the fluidddtayhe channel.

A finite element method (FEM) simulation of the concentration of a dissolved species for
hydrodynamic flow focusing can be seen in RB. If there is a chemical reaction
happening, each-gosition in the main channel shows a distimtigtwise progression of

the reaction. Fresh material always needs the same time to reach the corresponding channel

position.
@ spinning solution
focusing fluid

Figure 2: (A) Hydrodynamic flow focusing is showexemplarilyfor wet spinning of fibers, where 1
spinning solution is focused by a focusing fluid, that erfters the side channels. (B) The concentratic
a dissolved species can be simulated for every point in the channel by FEM simulations.

['n'e] uonenUIOUO

When taking microfluidic wet spinning as example, the fluid in the main channel, that gets
focused, is the spinning solution. Irettwo-dimensional layout of the channels, shown in
Fig. 2, the spinning solution is just confined from the sides but is still in contact to the
bottom and the top of the chann€his can lead to deposits on theanelwalls, which

over timecouldclogthe channel To avoid this, threglimensional channel geometries can

be usedin which the spinning solution is not only focused from the sides, but also from
above and belowFig. 3 shows threelimensional CAD models of a symmetrical and an
asymmetrical chanel layout. Both geometries generate a sheath flow of the focusing fluid
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around the inner spinning solution and thus prevent contact with all four walls of the main
channel. Additionally, the asymmetric version induces a spinning motion of the focused
fluid, which can possibly lead to a twisted fiber.

(A) symmetric (B) asymmetric

Figure 3: The CAD models showwo different versions of the cross junction for a channel layout witl

focusing of the inner fluid: (A) symmetric and (B) asymmetric.

However, wall adhesion can occur even for the 3D channel geometries as there is a
stagnation line at the edge where both fluids come in contact with each other for the first
time. Due to the nalip boundary condition at the fixed channel walls, a paralow

profile is assumed at low Reynolds numbers, which is called Poiseuill& s means

that the flow velocity is zero at the stagnation line and precipitations cannot be flushed
away, instead they stick to the wall and grow in $tz€ig. 4 shows the position of the
stagnation line; however, the stagnation line is a stagnation point in this 2D projection.

‘ stagnation point

<

e
@ spinning solution
focusing fluid

Figure 4: The flow velocity is zeraat the solid boundary, because thesftip condition is assumed -
parabolic Poiseuille flow. As a consequence, there is a stagnation point at the edge, where &
converge. Precipitations remain there, since they are not carried away by the flow.

The presence of a stagnation line can be prevented by focusing the spinning solution with
a separating fluid first and focusing tteeam with the actual focusing fluid in a subsequent
step. The inert separating fluid creates a sheath flow around the spinning solution in the
center of the channel. Only then, the reactive components from the spinning solution and
the focusing fluid cme into contact by diffusion. At this moment, the fluid interface is in
the center of the channel and so is the forming fiber. The thickness of the sheath flow can
be adjusted by the volumetric flow rates of the respective fluids.
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This double focusing can be achieved by two separate cross junetfool,are arranged
one after the othemwor by an intersection of five inlet channels, which results in a more
compact variant. Both alternatives are illustrated in Fighs with the single focusing
design, a thredimensional architecture with different channel heights is used for the
double focusing design to prevent contact to the top and bottom.

@ spinning solution
focusing fluid
@ scparating fluid

Figure 5: Two varians of a double focusing channel design are shasvBBCAD model (bottom), and
2D projection (top), illustrating the flow of the different fluidEhe channel layout can feature -
consecutiveeross junctions (A), or a more compact design with jidbheedinlets (B).

2.2.2 Significace of dain entanglemerg

Dry spinning shows quite a fesumilarities to electrospinning, as for both spinning methods

a small liquid jet is generated, which solidifies by evaporation in the middle of air. The
entanglement number of the polymer chains is an important parameter that significantly
influence fiberformation. A jet of a polymer solution below the entanglement concentration
or of low molecular weight breaks up into droplets and generates a spray, so that no
continuous fiber can be produced.

The critical entanglement concentration is the minimum cdratgon that is required to

get continuous fibers. The polymer concentration must be at leag2.® times the
entanglement concentration to spin uniform and Wesal fibers, otherwise only beaded
fibers are obtainett:'? Therefore, the entanglement centration separates the
unentangled regime from the entangled regime, where polymer chains significantly overlap
one anothesuch that individual chaimotion is constrainetf.
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For a given molecular weiglt, the entanglement density increases \ifith polymer
concentratiory or rather with the volume fraction of polynfés, and vice vers& As a
result, the solution viscosity increases accordingly. These statements are valid for good
solvents, or when specific polympolymer interactions, s as hydrogen bonds, can be
neglected, otherwise additional effects have to be taken into acédingse relationships

are explained in more detail below.

In polymer melts, the number of entanglements increases with the length of the polymer
chains, regectively the molecular weiglit . At low molecular weights, when there are no
chain entanglements, the zesloear melt viscosity is direct proportional td@ . Above a
critical molecular weight , corresponding to one entanglement per chain, thendepee

of — changes fromb to 0 8.1* The critical molecular weighi marks the onset of
entanglement behavior, while the entanglement molecular wigighorresponds to the
average molecular weight between entanglement junctions. The ratigfof is about

x ¢ for most polymers to form at least one entanglement per chain.

In polymer solutions, the number of chain entanglemengsldstionally affected by the
concentration, respectively the volume fraction of the polyaerBelow the critical

concentratiorss, the solution isdiluted to such an exterihat the polymer chains are
separated andlo not entangle. Above the critical concentratiaii, chain overlap is
initiated, and the number of chain entanglements is proportional to the concemiration
The polymer volume fractio%o relates the entanglement molecular weight in
solution 0  to the respective one in mélt :3
5
Just as in polymer melts, the solution viscosity increases faster above a critical molecular
weight 0 ,whered0 T0 x ¢.13
The entanglement number in solutiods is defined ashe ratio of the molecular
weight0 to its solution entanglement molecular weight
0
0
For polydisperse systems, the weiglierage of the molecular weight is typically use
as the molecular weight. As a result, the entanglement number for concentrated solutions
(om ¢3) can be determined by g@7):*2

0 Cu

€

o

. 0 %o t O
€ = =
5 5 ¢ X
However, the number of entanglements peain is given by & p, since an

entanglemenecessarily involves two chaits.
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2.3 Fabrication of microfluidic devices

Many microfluidic applications are based on the manipulation of continuous liquid flows
through microfabricated channels. There are a lot of different requirements for microfluidic
devices featuring these channels for fluid handling. First of all, thesetchaxist an
applicable method to pattern the material for the microfluidic chip. This includes designing
the desired channel structures and transferring them accurately to the chip material. As the
devices are usually consisting of two or more indivighaats, which have to be connected

in a precise manner, the material has to offer the possibility to align the parts accurately
and to bond them leakght. One of the most important aspects is the optical transparency
of the device, so it is possible toomtor the experiment and adjust the parameters as
necessary. Not only the transparency to visible light is important, but also the transparency
to UV light or X-rays, when irsitu measurements should be performed like e.g. kinetic
studies on particle graw and selassembly>1® The material should offer mechanical
stability, to avoid deformation or expansion of the channels under high pressure. Another
requirement is the compatibility of the material to the used solvents and the chemical
stability 1”8 Thermal stability is important for reactions under raised temperature.

First fluidic microsystems were made from glass or silicon since the applied techniques
originate from the production of microelectronics and microelectromechanical systems
(MEMS).'® However, for many applications the use of devices fabricated in glass and
silicon was unnecessary or inappropriate as it was too expensive and chiffiex.
exploratory research required that new concepts could be tested in a timely manner and
iteration cyles were reasonably short. Therefore, one polymer established itself as key
material for exploratory research in microfluidiepoly(dimethylsiloxane) (PDMSY

The elastomer PDMS is transparent in the -WSble regions and offers several
characteristis which are beneficial for fabricating microfluidic deviée®DMS enables

rapid prototyping by using lithographic techniques, which are described in detail in
chapter2.3.12%2% Two parts of PDMS can be bonded and sealed permanently by plasma
activation of the surfac®. Functional elements like pumps, mixers and valves can be
implemented directly in the design and supplemented by additionalegpraind
electrodeg?2925The modification of the PDMS surface is possible, which allows to change
the hydrophobicity of channel walls. Connecting the tubing for feeding the fluids is a simple
task, since the tubing can be plugged ingwached holes anithe elastic material seals
itself around the tubing. PDMBased microfluidic devices are compatible to most polar
solvents like water, most alcohols, disubstituted amides (NMP, DMF) and sulfoxides
(DMSO0)?” However, PDMS swells in nonpolar solvents likentane and xylené$ This

leads to a reduction of the cressctional area and up to a complete obstruction of the
channels. The loss of solute is a concern, if the solubility of the solute in PDMS is
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significant?” Additionally, there are still oligomein the crosdinked PDMS, which could
dissolve in the used solvents and contaminate the products.

Besides the fabrication from metal, glass or silicon by etching, microfluidic devices can be
produced from engineering thermoplastics like polycarbon@€),(polystyrene (PS),
poly(methyl methacrylate) (PMMA) or cyclic olefin copolymer (COC) by hot embossing,
micro-machining or injection molding. Even additive manufacturing, also known as 3D
printing, can be used for producing microfluidic chips as shovahapte2.3.2

2.3.1 Fabrication using lithography techniques

Poly(dimethylsiloxane) (PDMS) is a widely used material for microfluapgplications.

This fact is not only based ats advantageous chemical and physical properties, but also
on the short period of time between the conceptual design for a device and its realization.
This rapid prototyping process consists of three phasesolghography, soft lithography

and chip assembly. The complete process is shown in detail i6.Fig.

At first, the desired channel structures are designed with the help of coraplagdesign
(CAD) software and transferred to a casting mdsyephotdithography. These steps are
conducted in a dudtee environment in a cleanroom. A polished silicon wafer is-spin
coated with a uniform layer of photoresist. A commonly used photo resist& ®bich

is an epoxybasedand acid-catalyzednegative photosist?® A negative photoresist
crosslinks upon exposure, while unexposed areas remain soluble and can be washed away
during development. The main component of the photoresist is EPG8 &ltegistered
trademark of Shell Chemical Company, which is a muittional molecule with eight
reactive epoxy groups (FigA). The solvent could beropyleneglycol methyl ether
acetate (PGMEA)gyclopentanongor y-butyrolactone (GBLY® Depending on the desired
layer thickness, different formulations of SJexist, vhich differ in the solid content of
EPON SU8 and consequently in the viscosity. The viscosity defines the possible range of
layer thickness in the spitpating process.
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Figure 6: The fabrication process of microfluidic PDMS devices consists of three phases: photolithc
soft lithography and the final chip assembly. The channel structures, which were created by mean
software, are transferred from a photo mask to agpincoated film of photo resist on a silicon wafel
exposure with UV light. The crodimked photo resist serves as casting master for PDMS prepolymer,
contains the microstructures after curing. After cutting and punching holes for connectidsing, the
PDMS cast is surfaeactivated by plasma treatment and two matching parts are bonded to-enasighir
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Figure 7: A) Structural formula of the multifunctionaFEDN SU8 resin. Each molecule contains eight ef
groups, which are crodmked by cationic ringopening polymerization B) Structural formula «
triarylsulfonium hexafluoroantimonate salthich is added gshotoinitiatorto the SU8 resist.

The secondcomponent is ariarylsulfonium hexafluoroantimonate salivhich acts as
photoacid generatdfFig. 7B). When exposed to Ulght, the photoinitiator decomposes
to hexafluoroantimonic acidwhich initiates thecationic ringopening polymerization
(CROP)of EPON SUS8 by protonating the epoxy groufs:® These protonated oxonium
ions are able to react with other neutral epoxides and tinapagate the crodmking
reaction of the highly branched molecules after application of heaFiges) 22

H
H'SbFg L+
o __ "> 0
Initiation S\ —————
R SbFg R
H

b 5 OH

. T

Propagation + S /]\/ { —»

/\ /\ ol —
R' R’ R' R,

Figure 8: The photoresist S8 is crosdinked bycationic ringopening polymerization (CROP)Yhe epox

groups ar@rotonated byexafluoroantimonic acidihich acts as catalyst. The protonated oxonium ions

with further neutral epoxy groups irsaries of crostinking reactions after application of heat

The chanel layout is printed in very high resolution either as emulsion film on a flexible
transparency or as chrome oxide film on quartz or soda lime glassL{Ay. Lateral
feature sizes as small agih can be reached.Using a mask aligner, the photoréss
irradiated through this photo mask with light of the Ag&frange {-line, 365 nm) of a
broadband mercury lamghe crosdinking of the resist takes place in the pegposure

bake at elevated temperatures. The stefi® iA Fig.6 can be repeated in order to get
multiple layers of photoresist. This enables more complex channel designs with a pyramidal
architectue. Afterwards, the uncured photoresist can be washed away by using the
developerl-methoxy2-propanol acetatand a silicon master is obtained, which features
the channels as inverted structures (EidB).

26



2 Fundamentals

?Ha CHy
C‘tHa ?Hg H3C¥?ich3 Hac:—slsi—CH3
H,C=CH S‘i—O ?i—CH:CHz cg) (33 C‘}H3 CH,
|
CH; | CHs Hac—?i—H H3C—SI\—CH2—CH2 S‘i—O ?i—CH=CH2
n
0 Pt catalyst 9 CH; | CHs
4, n
HSC—?i—CHa HyC—Si—CH,
% I
CHy | CHy H—Si—CH Ho,C=CH-Si—0—-Si—CH,—CH,—Si—CH
‘ | | 3 2 ‘ | 2 2 | 3
H,C—=CH S‘Ifo ?i*CH:CHz fo) CHs CHs 0
CH CH : n :
3 3 HSC—?HCHS H3C—Si—CHs
n
CHy CHj

Figure 9: Reaction scheme for crefisking of PDMS by hydrosilation. Asinyl-terminatedbase polyme

and a curing agent, which consists of a copolymer having hydrosilane groups and a platinum cc

catalyst, are mixed in a ratio of 10:1. The liquid silicone mixture react at elevated temperatsodid cros:

linked elastomer.

In the next step, the structures are transferred from the master to the chip material PDMS
by soft lithography. A base polymer and a curing agent are mixed in the ration of 10:1 and
poured on the master, where the ligonckture is cured at elevated temperatures and forms

a solid crosdinked elastomer. The base polymer is a vieyminated
poly(dimethylsiloxane). The curing agent contains a mixture of a platinum complex as
catalyst and a copolymer ofethylhydrosiloxan@nddimethylsiloxane Thevinyl groups
(SICH=CH) and the hydrosilane groupgSiH) crosslink in a catalytic hydrosilation
reaction (Fig9).22 PDMS allows to cast the structures of the master with0.1-pum

fidelity, since it has a low interfacial freeeggy of 21.6mN/m?2133

The PDMS replica can be released easily without damaging complex and fragile structures
due to its elastic characteristicAs the structures are inverted by replica molding, the
PDMS cast contains the channels as lowered strigcture

In the last phase, the microfluidic device needs to be assembled from two matching PDMS
parts. Excess material is cut off from the casted PDMS and holes are punched to connect
the tubing later. Thredimensional channel geometries can be achievedthfdamnected

PDMS parts are structured. However, a precise alignment is necessary, because even a
small offset can disturb the fluid flow in the microchannels.
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Figure 10: When assembling the microfluidic devices, two PDMS parts need to be bonded perman:

leaktight. This can be achieved by a treatment with air plasma, which actives the PDMS surface by

through oxygen radicals. The created silanol groups keith each other when brought in close contac

form permanent covalent bonds.

The surface of the PDMS replicas can be activated by a treatment with air plasma. Oxygen
radicals are able to oxidize the methyl groups (S)@séisilanol groups (SiOH), with can

react with each other. When the PDMS surfaces are brought in conformal contact, covalent
Si-O-Si bonds are formed (Fig0). These bonds are so strong, that cohesion failure of the
PDMS occurs, when trying to separate the parts again. Since itretet?DMS adheres
instantly when brought in contact, a thin film of water as lubricant is necessary. Both parts
can be aligned precisely and remain adjustable until the water is removed by evaporation
at elevated temperatures. Whereas the surface okitieed PDMS would reconstruct in

air in a few minutes, it retains its hydrophilic properties while in contact with water or polar
organic solventg>=°

Finally, the microfluidic device is completely manufactured (EC) and can be
connected via tubing to syringe pumps or pressurized gas.

Figure 11: Layout of microstructures printed on higisolution photo mask (A), master for cagtof PDMS
(B), readymade microfluidic device (C).

2.3.2 Recent trendfFabrication using 3printing

Additive manufacturig, which is also known as 3D printing, creates an object by adding
successive layers of materfal3D printing has been on the rise due to technological
advancements in terms of resolution and speed during the last dédtade.hardly
surprising, thatesearchers are interested in this promising technology. The possibilities for
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microfluidic applications and also the limitations are explored right now, which manifests
in an increasing number of publications in the last five y&=%.

The process of additive manufacturing consists of the two main steps of designing the
microfluidic device and its fabrication via 3D prinféiFirst of all, the microfluidic device

is constructed in a computaided designG@AD) software. Afterwards, the degied object

is converted into atandard triangulation language (STL) file. This STL file is digitally
sliced into individual layers and translated ictamputer numerical contr¢CNC) code,
which can be processed by the 3D prifitéfhe 3D printer sequentially builds the object
layer by layer. This basic procedure is the same for all kinds of 3D printers, which utilize
different functional principles and handle various materials.

3D printed molds can be used for rapid fabricationarhplex and arbitrary microchannel
geometries in PDMS, which are unattainable by the photolithography based method
presented in chapt@r3.14° However, the focuss on the fabrication of microfluidic
devices in an onstep process, in which the final devices are made directly from the digital
data®’ Further physical or chemical treatment may be necessary for surface modification
or cleaning up of the devicé.

The main advantage of the esep process is, that it is fast adaptable and easily applicable.
There is no need for an intermediate process step like photolithography, which is time
consuming and involves manual operations that are critical for the agcofaihe
microfluidic device** Especially in biological and medical research, it is beneficial if
researchers can focus on the experiments instead of learning a complicated fabrication
process. Since microfluidic devices can be printed directly from C#®, dhannel designs

can easily be shared and exchanged between labs, which have access to a 3D printer.
Researchers can adopt a “try and error
printed in several minutes to an hour and because only apgte@AD software and 3D
printer are necessafy.

Despite these benefits, 3D printing has still serlpaiations in terms of minimum feature
size, surface roughness, optical transparency or choice of métatia removal of excess
or support materiain small microchannels is challenging, as the removal process is
diffusion-limited 3°

”

S t

The most widely used 3D printing techniques, which are suitédlemicrofluidic
applications, arestereolithography (SLA) inkjet 3D printing (i3DP), two-photon
polymerization (2PP) and fused depositimodeling(FDM).*2

Stereolithographys based on the spatially controlled photopolymerization of ecunéble
liquid resin, performed by a scanning laser digatal light projector (DLP) in a layeby-
layer mannef?
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Inkjet 3D printing advances the existing technology of inkjet printers by using solutions of
UV-curable polymers as ink. Small droplets get ejected on demand by the print head. These
droplets get crosknked on the substrate by UV light and builds thpeedimensional
objects??

Two-photon polymeration has the highest resolution of the presented 3D printing
techniques. Arbitrary thregimensional structures can be built fromaxels with sub
micrometer dimensiorf® A photocurable epoxy resin is eslinked, when two photons

of a neadinfrared femtosecond laser are absorbed simultaneously by a single médecule.
However, this high spacial resolution and small feature sizes are accompanied by a slow
build time for macroscopic objects.

In1992,thdJS pat ent ¢ramttsandnetthod foscredtinag thdémensional
object§ was awar ded t°@&inc& the dxpiratidh.of the patemtp this 3D
printing technique, calleflised depositiomodeling(FDM), got accessible to the general
pubic. Heated thermoplastic material is extruded from a positionable nozzle and laid down
layer by layer’ A wide variety of inexpensive and biocompatible thermoplastics can be
used like for examplecaylonitrile butadiene styrenéABS), poly(lactic acid) (PLA),
poly(ethylene terephthalagt€¢PET), wlypropylene(PP), mlycarbonatgPC), polyamide

(PA), polyether ether ketone (PEEKINd ply(phenylene sulfide(PPS)36:37:39.41.42

An example for a microfluidic device, which was made using an FDM 3D printer, is shown
in Fig. 12. This diskshaped micrituidic device contains a simple mixing cross as channel
layout and was printed on aitimaker2 3D printer UltimakerB.V.) in a transparent
compound material namd®endLAY It is possible to fabricate very thin, transparent and
leaktight devices havinghannels of 50im or less in diameter. However, the walls of the
channels are not smooth and clearly show the horizontally layeredupudtithe device.

3 options to choose a pr & & device
Yo profile thickness &
as : :

6. Print with suppo| ¢
structure g
) The optian to give your
bn some suoport material f E
be make the print more

successfull,

7. View modes
After your model has be

n A

Figure 12: Fused deposition modeling (FDM) was used to print a fully functional anditgatkmicrofluidic
device of 0.75nm in thickness (A). A high transparency of the device is necessary for the observ
experiments (B). An SEM image of the crasstion & an 3D printed microfluidic chip shows that
channel walls are structured as the printing process is performed layer by layer (C).
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In Fig. 13 is illustrated how microfluidic devices could be used to spin alginate fibers in a
wet-spinning process. A 3fprinted frame with integrated tube fittings locks the
microfluidic chip into position (Figl3A/B). Inside the channel, an alginate solution is
focused by calcium lactate, which forces the formation of an alginate fibed @gy. Tre

fiber exits the device by an open channel and can be collected on a spobB(Fig.

In conclusion, 3D printing could help to spread microfluidic applications, because it is cost
efficient and enables rapid prototyping. The fabrication of afilgidic devices via 3D
printers requires less skill of the operator than conventional techniques. Devices could
pursue a modular design and could be shared between users by thedhternet.

sealing (PDMS)

3D printed microfluidic chip

Figure 13: A series of pictures shows the assembly of a fixation frame for a 3D printed micr
device(A). The frame contains a sealing made of PDMS and iatedrtube fittings, which establish a ti
connection between the device and the tubings feeding the fluids (B). This setup was usedparnire
of a continuous alginate fibers (indicated by an arrow and a dotted line) (C). This microscopic inveg
the flow focusing of the redyed alginate solution at the cross junction of the channels (D).
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2.4 Smallangle xray scattering (SAXS)

2.4.1 Introduction to SAXS

Smallangle xray scattering (SAXS) is a powerful technique to characterize colloidal
systems regarding averaged particle size, shape and oriefifattesamples may be solid

or liquid matrices, which contain solid, liquid or gaseous domains of the @aam®ther
material in any combinatio.The contrast in SAXS arises from the differences of electron
density of the particles compared to the surrounding matrix.

The particle or structure size, that can be resolved, ranges from 1 tonli®Oa typical
SAXS setup and can be extended on both sides by measuring at even smaller angles (ultra
smallangle Xray scattering, USAXS) or larger angles (walggle Xray scattering,
WAXS, also known as Xay diffraction, XRD) than the typical 0.1° to 16°.

In trarsmission mode, the-Xays are sent through the sample and every particle inside the
beam can possibly interact with therys, so the measured signal is an average value of
all iluminated particles and gives information about the bulk material. In sbnstaface

near particles or thin layers can be selectively measured by GISAXS (gnacitence
smallangle Xray scattering), where the-bay beam hits the surface almost parallel at a
very small angle and is reflected.

2.4.2 Interaction of Xrays with mater

When Xrays hit a sample, themre several options: A fraction of the radiation passes
through the sample without interacting, a fraction is absorbed and transformed into other
forms of energy like fluorescence radiation and heat, and a fractioriteredan different
directions?’

The scattering of Xays can be distinguished in elastic (Thomson scattering) and inelastic
scattering (Compton scattering). Compton scattering occurs when a photon hits an electron,
which is bounced away. A part of thesggy of the photon is transferred to the electfon.
Thomson scattering happens when photons collide with strongly bound electrons without
transferring energ{’. The electrons start to oscillate at the same frequency as the incoming
wave and emit sphericvaves themselve¥.

While Compton scattering is incoherent and has no particular phase relationship with the
incident radiation, Thomson scattering is coherent and carries structural information of the
samplet’ Coherent waves can interfere with eadheot because all waves have the same
wavelength and amplitude, and only differ in their phase relationship. Whether these waves
show constructive (in phase) or destructive interference (out of phase) can be judged by
Br agg’ s (28)awhich desgribethe angle of incidence-at which a constructive
interference exists between two planes of the disténoa which the scattering centers

are arranged®
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tt_ ¢QiOEH c Y
where_is the wavelength of the incident wave a&nid apositive integer

Bragg' s | aw can easily be deduced from ge
Fig. 14A. The path for the wave, scattered at the lower plane, is longer than the path for the
upper pane. The path differencg , which is highlighted in red, can be calculated
trigonometrically

1 QtOEF Cw

Since constructive interference occurs when the path difference is a multplée
wavelength_, eq.(28) can be derived.

detector

Figure 14: (A) When two waves of identical wavelength and phase are scattered of two atoms
crystalline structure, one wave travels an extra distahcelf the path difference is a multiple of t
wavelength, constructive interference occurs. (B) Spherical waves are emitted from two atoms in ¢
particle and produce a 2D interference pattern on the detector plane.

Fig 14B shows two atoms, which emit spherical waves, wheayX are scattedeat these
atoms. As the outgoing waves from the Thomson scattering are coherent, they produce 2D
interference patterns at the position of the detector. Whether this interference is
constructive, destructive or somewhere in between depends on the-aadlebservation
and the distancé between the lighemitting atomg/
The detector only measures the inten€ily of the wave, which is proportional to the
squared amplitud&’l of the wave.

Ol 8 21 s oT

Thus valuable information about the sign or the phase of the electric field is lost, and a
structural analysis is only possible with additional knowledge about the sample.

A wave vectoil in incident direction and a wave vecior of the scattered Xays in

direction of observation are defined, which have the same absolute value due to elastic
scattering.

33



2 Fundamentals

- o CA
Q 98¢ 98 — Gp

Since the angle of the scatteredrays changes with the wavelengththe scattering
vector| is introduced, which is independent of the wavelengtFihe scattering vectdr
is defined as the difference between the scattered wave Vecémd the incident wave
vectorl

T 1 1 O
Simple geometric considerations show that
n
YEF o
O ) (oe)
Thus the magnitude of the scattering vector¥s
, TA . .-
n sls —tOE+ oT

2.4.3 Form factor and structure factor

As one particle consists of many scattering centers, the scattering of the particle can be
explained as the interference pattern of all scatt¥redys, send in the direction of the
detectot” Summing up all wave amplitudes at each observation angle and squaring this
sum gives the scattered intensity as a function of the angle, respectively the scattering
vector. This scattering pattern shows anikkation, which is characteristic for the shape of

the particle and is described by the-cadled form factod | . The form factoris
proportional to the square of theurier transform of the electron densityl in the
particle

W

The observed scattering pattern only corresponds to the form factor in a dilute system,
where the distances between the particles are large compared to the wavelength, and if all
particles are idntical in size and shaf®In this case, the scattered intensity of a single
particle can be calculated from timensity of the incident beai®@multiplied by the form
factord 1 , the squared particle volunde, and the squared the electron density
differenceY” :

Ol ot Y tw to (o0
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Theelectron density differenc® represents the contrast ofr&y scattering and describes

the difference of the electron densities between the particles and the matrix material.
Particles are only visible in-Xay scattering, if their electron density differs from that of
the matrix matrial, otherwise the particles cannot be distinguished from their
surroundings$’

If the interparticle distance is in the same order of magnitude as the distances inside the
particle,the interference pattern not only represents the particle shapdsbwupatains
contributions from neighboring particlésThis additional interference pattern multiplies
with the form factor of the single particle and is called structure fa¢tor, as itcontains
all the information about the spatial arrangement eptrticles
Consequentlythe scattering intensity of the whole sami@le is acquired by multiplying
the scattering intensity of a single particle by the number of particlaghe sample and
by the structure factoiy’l .
Ol 6to1 tl o X

o ottt Y tw fto1 tUyl oy

When the particles show a highly ordered and periodic arrangement, the digbstaeen
the particles can be calculated frore favalue of the corresponding peak in the scattering
pattern®’

N
Q C_ ow
n

Particles with an anisotropic shape can be orientated and show an alignment in a preferred
direction. This can be recognized in the 2D scattering patterns, when the intensity measured
along concentric circles around the primary beam is not constant, but instead shows a
modulation*’ For example, fibers exhibit partially orientated structuraiiess, as they are
produced under substantial elongational and shear strésses.
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3 Thesis Overview

3.1 Cutline

After an introduction tomicrofluidics andthis thesis(chapterl), an overviewof the
fundamentalgchapter2), on which this thesis is builthe later chapter4-6 will present

the experimental findings and their interpretation form of three peereviewed
publications, which are reprinteds a whole These publicatins contribute to the
methodical advancement oficrofluidic devices for the purpose of spinning microfibers
and the fundamental understanding of structure formatitmeprocesf fiber spinning

The present chapt8rgives short summaries of the aforementioned publications and
elucidates their role in the superordinate theme of this thesis.

3.2 Synopsis

The primary aim of this thesis wasidentify andexploit the potentialof usingmicrofluidic
devicedor spinning of nicrofibers

Microfluidics already showed ifgotential in different research ardike modern medicine,
biology, and chemistryMoreover,microfluidics found its way into various applications
due to its key benefits, which come along with the laminar.f@@side the small sample
volume neededdefined and controlled conditions space and time are obtainethis
allowsnot onlyto fabricate fibers ofiniform diameter and endless lengtha steady and
controlled procesdut also tggain insighton the formation of fibrous microstructuiog
applying suitable methods.

Two different methods of conventional fiber spinning were identifigdich could be
adaptedor a microfluidic approach and make use of the key advantages micraslakc

to offer. Both spinning methods aseibvariants of solution spinning, namely wet and dry
spinning. Theseprocesses have in common that the natural or synthetic polymer, which
should be spun, is dissolved in a solvent. The spinning solution istjatbeidh a spinneret

in a surrounding mediupthereupon, the macromolecules orientate, the solvent is removed,
and a solid fiber is formed.

In wet spinning, thepinning solution is extruded into a bath of a4sofvent, which forces

the polymerto preciptate by solvent exchangelternatively, gelation or crosnking

could be triggered by a stimullike achange of the pH value or ionic concentratien
transferring this process to microfluididke formation of the fiber happens inside the
microfluidic device by hydrodynamic flow focusinghe spinning solution i®cusednto

a flow of defined sizéy usinga secondiquid, which induces precipitatioiraving control
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over channel desigandflow ratesmeans having also control over fiteze, shear forces,
concentrationand pH valuewithin the channelwhich are important parameters tbe
formation of fiberswith excellentmechanical properties.

The second approach for microfluidic fiber spinnia@ special variant of dry spinning,
which is called solution blow spinninglere, the surrounding mediuis pressurized air.
The spinning solution is ejected from a nozzles solventevaporatesand the polymer
fiber remainsIn our variant, he nozzlewassubstituted by a microfluidic notez device
accompanied byhe aforementioned benefits of a highly controllable procBssfast
flowing stream of air confines the spinning solution and acts as a virtual nozzle, which can
be adjusted by the air pressule.contrast to wet spinninghe fiber formation happens
outside of the microfluidic device.

The first publication, presented in chaptedemonstrategvhat microfluidic wet spinning

is capable of It was shown for thdirst time, that it is possible to produce endless
microfibers made from pureollagen typd with diameters down to @m by usingour
microfluidic approachlrreversible clogging of thessembling collagen could be prevented
by reducing wall adhesiowith our elaborate channel geometrgsultingin a continuous
and adjustable procesBhus, thefabricated fibers had themallest diametemvhich had
been reported for wet-spun collagen fibs and showed extraordinary mechanical
properties exceeding the stability of previous watun collagen fibers as well as even
natural tendonAdditionally, due to thenontoxic, allaqueousconditions, the collagen
fibers could be potentially useful foirdcted axonal growth of neuronal cells.

In the second publication, presented in chaptaricro solution blow spinninguSBS)was
establishedas a technique for spinnirg ultrafine fibers with precise diameter control.

This spinning technique is a further development of dry spinmihich uses a stream of
pressurized air not only to solidify the jetted polymer solytlmut also to control the
diameter and velocity of the liquid jeAccordingly, equations could be dededfrom
hydrodynamics and mass balance, which relate the fiber diameter to the controllable system
parameters, in particular to volume flow rate and pressure differéhgs, it is possible to
quantitatively predict the final diameter of the fiber asndestrated by using the
fluoroplastic terpolymer THV as a model systarproduce uniform fibers with virtually
endless length.

The third publication, presented in chafiemade use of the previously established
technique of micro solution blow spinninggBS)in order to control polymer microfiber
structure. By combining fiber spinning experiments with siretid wideangle xray
scattering (SAXS, WAXS) the macmspic spinning conditions could lvelateddirectly

to the molecular structure of the resulting fibdfer this purpose, the orientational order
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parameter was determined by simulating theSAXS patterns and comparittftemto the
measured one$he elongational ratef the jetted fibewas found to ba crucialparameter
which impacts the internal macromolecular alignmen®dditional tensile testg
experiments revealed that the wedifined shiskkebab crystal structure of the microfibers
evolves into an extended chain crystal structure upon plastic deformation.

3.3 Content of individual publications

3.3.1 Summary othapter4

Microfluidicsproduced collagen fibers show extraordinary mechanical properties

In chapted, a micofluidic device is used fowet spinningof collagen fibers. Collagen
microfibers are in the focus of biomedical research, since this biodegradable,
biocompatible, and hypoallergenic biomaterial can be used indélidery and tissue
engineering applicains. Thus, researchers have great interest in producing collagen
microfibers of small diameter and with good mechanical properties in a stable and
continuous process. This can be achieved by this microfluidic approach.

The microfluidic device wa&bricated using established lithography technigbast, a
master structure is produced via photolithography in a clean themthis master acts as

a mold for uncured poly(dimethylsiloxan&hich is crosdinked afterwardsThe finalized
microfluidic device contains a cross junction of two microchanfiéiis. cross junctiohas

three inlets and one outlet aoan be used for hydrodynantlow focusing

The central channel delivers the spinning solution, consisting of collagehdigsolved

in diluted acetic acid at pBl. The spinning solution is focusdm the side channelsy

an aqueousuffer solution(pH 8), which consists ofLl12mM phosphate, 3thM TES,
135mM NaCl, and10% (w/v) polyethylenglycol (PEG) When bothsolutions come in
contactat the cross junction, the acidic collagen solution is neutralized, water is removed
by the hygroscopic PEG and consequently, the formation of fibrils is triggered, which align
in the elongational flow and form microfibeis special threadlimensional chanel design

is used at the cross junction to avoid sticking of the assembling collagen to the channel
walls, which is usually followed by irreversible clogginghe buffer solution forms a
sheath flow around the inner collagen solution and prevents thge&olfrom wall contact.

The produced microfiber is rinsed by pulling through a water bath and collected on a
rotating spool (see FigA).
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Figure 1: (A) A microfluidic device is connected to three syringe pumps, which deliver the collagen
buffer solutions for spinning. The collagen microfiber is produced by hydrodynamic flow focusing
cross junction of the microchannels and extruded in a water bath afterwards, from where it is coll¢
poststretched by a rotating spool. (B) Thandeter of the fiber can be adjusted by varying the buffer

rate at a fixed flow rate of 50L/h for the collagen solution. (C) Diameters of the fibers depend ¢
volumetric flow rates of both the collagen and the buffer solution. The box indibategt of paramete
where collecting the fiber by the automated spool is feasible. (D) The final diameter of the dried fib
further reduced by changing the collection rate of the spool.

As the flow rates of the individual channels canadgused by usingsyringe pumpsit is
possible to control the diameter of the resulting filreFig. 1B, the influence of the buffer
flow rate can be sedn the microscopic images fibw profile atthe cross junction and
the corresponding images thie find fibers before spoolingThe graph of FiglC shows
the range of diametershatcan be achieved by varying the buffer flow rate between
30puL/h and 100QuL/h at three fixed collagen flow rate of 50uL/h, 250uL/h and
500puL/h.

Collecting the fiber on eotating spool causes poststretching, which leads to even smaller
diameters.For example, the diameter of the microfiber decreases fropml@ithout
poststretching ta minimum diameter of-8 um above a collection rate of 1.82hat flow
rates of 5QuL/h for the collagen solution and 3QQ/h for the buffer solution (see graph

in Fig. 1D).

Optical microscopy and scanning electraicroscopy allow to measurbe diameters of
the fibersexactly, moreover, SEM reveals small aligrgr@doves along the fiber axis
indicating an orientation of collagen fibrils within the microfibler.order to gain further
information about the molecular alignmetite microfibers were examined by polarized
Fouriertransform infrared spectroscolTIR). The ratis of the amidd/amidell peak
aread in perpendicular and parallglolarization also indicate a good collagen fibril
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orientation.So, the mechanical properties of the microfibers were investigated by tensile
testing at 30% humidity in more ddtand it became apparent that the produced collagen
microfibers are superior tassical wespun collagen fibers and even to natural fibers of
tendon. The tensile strength of 3885MPa and t he YoungSl2advMPanodul u
of the microfluidicsproduced collagen fibers exceétke respective ones of previous wet
spun collagen fibers. Howeverit has been shown thatollagen fibers with better
mechanical propertiesan beproducel, butit requires chemical crosdinking, which may
come along with disagntages like cytotoxicityn contrastthis microfluidic setup allows

the continuous spinning of mechanically stable microfibers of pure collageh ayypka
diameter obnly 3.7+ 1.2 um under nontoxic, alaqueous conditions.

As further characterization, the thermal stability of the-cited microfibers was tested
using differential scanning calorimetry (DS@phd thermogravimetric analysis (TGA)
confirming the suitability for biomedical applications at human body temperature.
Additiondly, some initial cell culture experiments were performed by incubating cells of
the neuronal cell line NG1685 in contact to the microfibers for R2As the cells migrated
directionally along the longitudinal axis and showed axonal growdirection d the fiber,

these collagen microfibers could be potentially useful in peripheral nerve.repair

3.3.2 Summary of chapteb

Microfluidic nozzle device for ultrafine fibeolsition blow spinning with precise
diameter control

In chaptel5, a new technique farontrolledcontinuous spinning of uniform microfibers is
presented, which is Bad micro solution blow spinninguSBS). Ultrafine fibers of
virtually endless length and with diameters smaller thaim2can be produced in a
continuousand steadyrocess. In comparison to electrospinnithgs method imposdsss
requirements concemy the spinning setup and the properties of the spinning sollitien

key elementn uSBSis the microfluidic nozzle, which adds high control over processing
parameters and nozzle geometry to the prooesslution blow spinningTherefore, the
diameter of the fibers can be controlled precisely and even predicted quantitatively.

The microfluidic nozzle devicesan befabricatedfrom PDMS by using established
photolithography and soft lithographgchniquesThis allows to freely anstruct a flow
optimized nozzle design and set width and height of all microchamn®BMS deviceis

shown in Fig2A, which contains an array of four identical nozzles next to each other.

The gas dynamic virtual nozzle (GDVAgJinciple is applied to eate a liquid jet by
focusing the spinning solution using pressurized air. The air pressure influences the size of
the liquid jet and the jet velocity. The scheme in BH.illustrates how the polymer
solution is focused perpendicular from the sides bypttessurized aiilhe layered three
dimensional architecture of the nozzle ensures that the air encloses the jetted polymer
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solution from all sides and herehtypreventssticking of the polymeto the channel walls.

The virtual nozzle, which is creatdsy the fastflowing air, is much smaller than the
physical channel dimensionallowing to fabricate ultrafine fibers of even smaller
diameter.

As spinning solutions, a fluorinated terpolymer, called THV, dissolved in acetone and
poly(caprolactone) dissolved in hexafluoroisopropyl alcohol (HFIP) were u&ed.
important aspect for the polymer solution is, that the solvent should exhibit a fast
evaporation time. When thelgent evaporates from the jetted polymer solution, a solid
fiber is formed in miehir, which is collected on a rotating cork spool afterwards @&gy.

By changing the rotational speed, the fiber can be stretched additionally during the spinning
process.The microfibers camot only be collected as a filament yaxfig. 2D) but also
deposited aa nonwoven mesldirectly on a substratéFig. 2E).

The fiber sampleswere examined by scanning electron microsc@pigM) in order to
analyze and evaluatiee dianeters of the fibers statisticallf narrow size distribution was
observed for THV fibers proving a steady spinning process (se2mig.

The SEM images also reveal that therphology and the surface structure of the fibers
depend on the evaporating time of the solvent and can be influenced by adjusting the
process parameters.

diameter
control

spooled fiber

narrow size
distribution

filament

2.09+0.22 pm
yarn

TN

14 16 1.8 20 2.2 24 2.6 2.8 3.0 3.2

Figure 2: Inside of a microfluidic device made of PDMS (A) the polymer solution is focused by pres
air into a liquid jet (B). When the solvent evaporates from the spinning solution, a microfiber is fol
mid-air, which can be collected on a rotating cork spool (C). This ultrafine fiber is either bundle
filament yarn (D) or can be applied directly @substrate as namoven mesh (E). The histogram shows
narrow diameter distibution of THV fibers at process parametarsof.0mL/h, 3 = 2.0bar,0 = 7.7m/s
‘Q =8cm, 20% (v/v) THV in acetone (F).

A major advancement @fSBS is that théiber diameteiQ can be calculated bsg. (1):

0 T Jbo D
A QD) P

The fiber diametedepends onlpn the flow rata) , the volume fraction of THWo in the
polymer solution andthe fiber velocityy , which is either equal to the jeelocity b or

the drawing speed of the span| depending on which is the faster one
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¢« 3¢

The velocity of the jeth is determined by therpssure drop) of the compressed air
which arebothc onnected by Bernoul |l i’ s .Eeneeat i on
equation for the fiber diameter without poststretching of the fiber can be derived:

o W3 The D
A BN °

A correction factor accounts for a systematic deviation since the pressure difference was
not measured directly at the nozzle in this spinning setup.

The evaluation of the SEM imagesrified that thefiber diameter is proportional t

I as shown in the graphs in F&.The dashedlines

and0 | | respectively teH)

indicate the calculated fiber diameter accordingedo(1), which match quite well the

measured values.
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Figure 3: The graphs show the measured mean diana# THV fiber samples as a function of (A) the f
rate and (B) the drawing speed of the spool. The dashed lines display the theoretical proportiona

fiber diameter, calculated by €d.).

The diameter of the jet and the fiber exhibit the same proportionaltty'ofandv | |

since both differ just in the factéo I dueto evaporation of the solvemhis was proved
by measuring the diameter of the liquid jet when it exits the nozzle.

An important parameter is thistance between timzzle and the spoasthe spool needs
to be positioned beyond a certain distance from the nozzle to &lowufficient solvent
evaporationOtherwise, the wet fibers fuse andindividualfibersare obtained.

The velocity of the liquid jet, which is equal to the velocity of the fibeula only be
measured by usinglagh-speed camerd hat way, it was verified thahe velocity is, for
example, 6.13n/s at a volume flow rate ofrhL/h. At this production rateover 22km of
microfiber can be produced inhlL
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3.3.3 Summary of chaptes

Controlling polymer microfiber structure by micro solution blspmning

In chapte6, the previously established technique of micro solution blow spinning is
combined withsmall and wideangle Xray scattering (SAXSWAXS) to relate the
spinning conditions to the bulk and molecular structure of the resulting filler®xcellent
adjustability of all relevant process parametens3BS allows to control not only the fiber
diameter, but also the internal crystalline alignmevtiich determines the mechanical
properties.lt became apparent that tlebongational rate is thdecisive parameter that
transduces the nozzle flow conditions to the local macromolecular structure and orientation.
For this study, therior introducedmicrofluidic nozzle devices were used, which were
fabricated from PDMS by lithographic techniquesd rely on the gas dynamic virtual
nozzle principle to produce micresized fibers in a continuous and stable procAss.
spinning solution, théluorinated tepolymer THV was dissolved in acetoneith 20%
(w/w). The polymer solution is focused by pressurized air insfdiee nozzle and forms a
liquid jet, which upon evaporation of the solvent solidifies and turns intc@fiber. The
ejected fiber is collecteby a rotating spool, which can stretch the filaasrthe rotational
frequency is adjustable.

The process of fiber formation can be divided into fcharacteristicsections The most
important parameters are the velocities and diameters of (i) theosolgide the nozzle,

(i) the liquid jet, (iii) the emerging fiber before, and (iv) after drawifige equations for
these sections are listed in Table

Table 1: Equations for the diameter and the velocity at the four relevant sections of fiber forndation.
volumetric flow rateaf): pressure differencé, : density of spinning solutiofie : volume fraction of THV,
"Q proportionality factorQ  : diameter of spool) : rotational frequency.

section diameter velocity remarks
_ o 0 diameter set by nozzI
nozzle exit v ,Q - .
0 3Q design
13 : velocity set b
free jet Q — v QO Rl Sl Y Y
A K pressure
) , — assuming complete
free fiber Q %0 N V] V] .
evaporation
. o , .
spooled fiber |Q T—Z‘) O Q) velocity set by spool
A
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Theevaporation time of the solvent defines lgnegth of thesection, in which th&eefiber
is still susceptible for stretchingconsidering this, the elongational rate should depend
the volumetric flow rate anthe velocities of the jet and the spool.
Yo 0O 0 L
- =8 — O
Yo v UL U

= -1
simulated measured R

(1)

@ o

1nm?

Figure 4: (A) Simulated and measured ZEAXS pattern of THV fibers: (1) meridional Bragg peaks
equatorial scattering; (B) Definition of the parameters of the skétyab model, which is proposed for
semicrystalline THV polymer fibers.
The influene of the spinning parameters on the microstructure of the THV fiber was
studied by smalangle xray scattering. Therefore, 2BAXS patterns were simulated
using the softwar&catter that matches the measured scattering patterns of various fiber
samplegFig. 4A). The proposed model fdne semicrystallin polymer is ahish-kebab
structure consistingof thin cylinders, representing the shishkich are orierdted in fiber
direction, and stacks of disks representing the ke{féigs4B). The equatorial scattering
arises from cylindrical or primary fibril structures, which are aligned atbediber axis
and the meridional Bragg reflexes originate from the stacks of lamellar disks, which
represent folded chain crystalom the orientatioal distribution function of the shish
kebabs the@rientational order parametean be derived:

Y g oAl & p v
In the experiments, an increasing alignment of the crystalline domains was observed for
high draw ratiosu 70 , which should have a maximum atfu ~2.4. At draw ratios
0 U > 2 values of the orientational order parameter of upy4d.95 were achieved.
In Fig.5A, the quantitative relation between the macroscopic f@mameters and the
degree of molecular orientation of the microfibers is shown, as the orientational order
parameterYis plotted against the extensional ratgiven byeq. (4).
For0 U, the orientational order increases until it reaches ayneamktant plateavalue.
For0 U, there is no additional acceleration and thereby extension of the jetted fiber,

causing the orientational order parameter to stay on a constant baséhesshows that
the extensional rate is the central parametbich determines the molecular alignment.
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Figure 5: (A) Plot of the orientational order parameter versus the extensional rate; (B) Engineerin

strain curves for THV filament yarns together with the corresponding SAXS patterns at the selectet

A requirementfor fibers with high orientatios orderis an adequate distance between
nozzle and spoolThe solventneeds enouglime to evaporateompletely, while the
extensional forcelast, whichsetsthe orientation of the aligned microfibrils in the fiber.
Stressstrain curves were measured to @og the mechanical data of THV fiber bundles.
The values are in a typical range for rubbery materfafsparticular interest were the
microstructural changes during deformation, that could be derived from the measured 2D
SAXS patterns at different straualues(Fig. 5B). Upon deformation, the intensity of the
meridional Bragg peaks decreases, while the peak position shifts torfjoWss increase

in disk-spacingtogether with a disappearance of disks results from a transformation of the
lamellae of fdded chains within the disks into fibrils of extended chains. Simultaneously,
the amorphous layers between the crystalline lamellae get extended. At even higher strains,
the shiskkebab structure transforms into an extended chain crystal structure, ahibk c
plastically deformed up to high elongationk 10061200%. The increasing crystalline
orientation along the fiber axis is also confirmed by WAXS measurements.
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3.4 Individualcontributions tojoint publications

The results presented the scientific papersf this thess are based on the collaborative
work with other scientistand havebeen publishedn peerreviewed journals The
contribution ofeachco-authoris specified in further detail belowl'he correspoding
authoris indicatedby an asterisk (*).

Chapter 4

AR e 4

Gai ONBENEREZDOCSR Oz2ff3Sy FTAOSNER akKzg SEGNI 2
by Christian Haynl, Eddie Hofmann, Kiran Pawar, Stephan Forsktbomas Scheibel*

This paper is published Mano Lett, 2016 16 (9), 59175922

| carried outvariouspretests with spider silk and alginateof@timize microfluidic channel
designs and select a suitable draesigned and fabricated the microfluidic devices for the
mog partandsupervised the fabrication of the other part. | introduced Christian Haynl
microfluidic wet spinning supported him by scientific discussions and preedd the
manuscript. Christian Haynl performed faflal experiments, analyzed the datal amote

the manuscript for the papd€iran Pawar conducted the cell culture experiments, which
included cultivating, staining and microscoping the nerve c8tephan Forster was
involved in scientific discussions and praefding of the manuscriptThomas Scheibel
supervised the project and corrected the manuscript.

Chapters

GaAONRPFEdARAO y211tS RSOAOS F2NJ dzf GNIF FAYS
RAFYSGSNI O2y G NRT €

by Eddie Hofmann, Kilian Kriiger, Christian Haynl, Thomas Scheibel, Martinblmgb

Stephan Forster*

This paperis published irLab Chip 2018 18, 22252234,

| performed all experimentsanalyzed the dataprepared the figureand wrote the
manuscriptfor the paper. Stephan Forster supervised the prgepportedoy scientific
discussionsand proofread the manuscriptKilian Kriiger performed firstpretests and
supportedy scientific discussiondlartin Trebbingave the initial idea for this projeand
proofread the manuscript.Christian Haynlgave the idea for spinning PCL fibers
performed first pretesend provided the spinning solutiothomas Scheibelas involved
in scientific discussions argroofreadthe manuscript.
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Chapter6

¢Controlling polymer microfiber structure by micro solution blow spinniaig
by Eddie Hofmann, Kilian Kruger, Martin Dulle, Xiaojian LigAndreas GreinerStephan
Forster*

This paper is publisheth the special issu€100 Years oMacromolecularChemistry of
thejournalMacromolecular Chemistry and Physics
Macromol. Chem. Phys2020,221, 1900453.

| performed all experiments fiber spinning and SAXS measuremerasalyzed the data
prepared the figuresind wrote thananuscript for the papeBtephan Foérster supervised
the project,helped withscientific discussions anslipplementedhe manuscriptKilian
Kruger supportedby scientific discussionsand performedcomplementaryrheological
testing of the spinning solutioMartin Dulle conductedthe WAXS measurements and
helpedto discussthe results. Xiaojian Liagerformedthe tensile testing of the fibers.
Andreas Greiner proatad the manuscript.
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4.1 Abstract

Collagens are widely used as biomaterials in dfelivery and tissue engineering
applications due to their biodegradability, biocompatibility and hypoallergenicity. Besides
gelatinbased materials, collagen microfibers are in the focus of biaaled@search.
Commonly, marmade fibers are produced by vagtinning yielding fiber diameters higher

than 8um. Here, assembly and continuous production of single collagem tyjoeofibers

were established using a microfluidic chip. Microfluidm®duce microfibers exhibited
tensile strength and Young’'s modul us- exceedi
spinning devices and even that of natural tendon and they showed lower diameters. Their
structural orientation was examined by polarized Fourasrsform infrared spectroscopy
(FTIR) showing fibril alignment within the microfiber. Cell culture tests using the neuronal
cell line NG10815 showed cell alignment and axon growth along the microfiber axes
inaugurating potential applications in, for exale, peripheral nerve repair.

4.2 Body

Protein fibers in nature are used for a great diversity of tasks including motility, scaffolding,
stabilization, and protectionOne of the most abundant structural proteins is collagen

mainly contributing to the extraiular matrix of vertebrates® So far, more than 20

distinct types of collagen have been described. Thereof, collagen typihe major

collagen of tendon, ligament, skin, and bone and therefore the most studfe@momiee

molecular level, collagetypel forms a characteristic triple helix consisting of three

pol ypept i dcehsaitnesr nfeedwoa a1 [ | ] and one a2[1]).
that a high amino acid homohaiggsexhswsvéetwe
chain comprises aolwe r hydrophobicity cofpakhad t o t he
exhibits a helical core domain mainly consisting of the repeating amino acid motif Gly

XaaYaa (Xaa and Yaa could be any amino acid, but mostly proline and hydroxyproline

residues are found) dnflanking nonrepetitive sequencd®® These triplehelical

molecules selassemble into fibrils and fibers in an entrapywen process including the

reduction of the contact area to the surrounding Wat&e cause of coll agen
mechanical stabtly, biocompatibility, biodegradability, low immunogenicity, and ability

to promote cellular attachment and growth, collagenous materials, especially fibers, are

used in medical and biomedical applications such as-deligery, wound healing, and

tissue agineering:®

Up to now, numerous publications reported the processing of soluble collagen into fibers
using wetspinning device$>!>!°® Here, collagen microfibers were fabricated using a
microfluidic system. In general, microfluidics deals with ginecessing of small amounts

of fluids in channels with dimensions of tens to hundreds of microrffatéich are mostly
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embedded in small chips regularly consisting of polydimethylsiloxane (PDMS). Besides
analytical applications, microfluidic systems wet®wn to be suitable to fabricate fibers

of synthetic polymers, polysaccharides such as chitosan or alginate aftf%siNith

regard to collagen typle previous studies dealt with microfluidic channels acting either as

a mold for the discontinuous catjen fibril formatio?® or as an environment for in situ
analysis of collagen gelatidfiNevertheless, up to now microfluidic spinning did not allow

to continuously fabricate collagen fibers due to its significant longer gelation/assembly time
(minutes to hours)®® which is in contrast to the very fast ionic crdisking of
polysaccharides such as chitosan and alginate. However, microfluidic fiber spinning
methods were already used to incorporate collagen within polysaccharide fibers. Usually,
chitosan oralginate have been used as a scaffold in which collagen was embedded, for
example, as blended fibét®r as tubular fibers with a collagen hydrogel ooz simply
coated onto the fiber surfaéeNevertheless, the production of endless, plain collagen
fibers would be highly desirable due to a better performance in comparison to blended
fibers including an expected higher mechanical stability, better biocompatibility, and less
complexity n processing compared to polysacchaadiagen blend fibers.
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Figure 1: (A) A microfluidic chip is connected to three independent syringe pumps that allow simult
pumping of a collagen solution at @H(red) and two PE@ontaining buffer solutions at p8l (blue)
Microfiber formation takes place at the cross junction within therafluidic chip upon an increase of -
pH and in the presence of PEG, and microfibers are extruded into a water bath and drawn by an
spool. (B) Using a constant collagen flow (here,u5th-1) and varying buffer flow rates enables
extrusionof microfibers into water with adjustable diameters. (C) Diameters of extruded fibers de|
buffer and collagen flow rates. Collection of collagen fibers using a rotating spool is possible for a
flow of 50y Lh-1and buffer flow rates in bewen 235 and 550 Lh-1 (shown by the box). (D) D
microfiber diameters could be adjusted by changing the collection rate using a constant collage
50 Lh-1 and a buffer flow rate of 300 Lh—1 yielding final diameters from 6 to|3 m.
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In this study, we introduce a microfluidic approach for the continuous production of
adjustable collagen microfibers yielding minimum dry diameters of oplyn3. Pol ari zed
Fourier transform iftared spectroscopy (FTIR) revealed fibril orientation along the
microfiber axis supposed to be in part responsible for the excellent mechanical stability
exceeding that of natural tendon fibers and previousspen collagen fibers. Cell studies

using theneuronal cell line NG1085 showed directional cell growth and even axon
elongation along the fiber axes. Therefore, we conclude that these fibers are of high interest

for biomedical applications, especially for the use in peripheral nerve repair.

In order to produce endless collagen microfibers, we used a microfluidic device featuring
one inlet channel for the collagen solution and two inlet channels for the sheath flows
joining at a cross junction (90° deg into one larger channel. A great challenge in
producing continuous fibers with microfluidic devices is to reduce wall adhesion of the
assembling polymer (here collagen) followed by irreversible clogging. Therefore, we
designed a microfluidic chip, sifar to Kinahan et af? which contained a tiered channel
geometry, thus enabling the circulation of the sheath flow around the protein stream. The
microfluidic chip, consisting of polydimethylsiloxane (PDMS), was fabricated by using the
softlithography echnology.

A) \ »3.693 pm

AN

R

SN\ 3603 pm

Figure 2: (A) Light-microscopy image of a microfluidigroduced collagen microfiber confirming a ho
geneous fiber diameter. (Insert) Marade knot within the microfiber. (B) SEM picture of a microfluié
produced collagen microfiber and higher magnifimatinsert) showing longitudinal grooves.
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For microfiber assembly, collagen typéwith triple-helical conformation) was dissolved

in diluted acetic acid at pB, and as sheath flows a buffer solution (i phosphate,
30mM TES, and 13mM NaCl, pH8) with 10% (w/v) polyethylene glyt (PEG) was

used. The interaction between both types of solution at the cross intersection induced a
neutralization of the collagen solution due to the high buffering capacity of the PEG
solution. Shifting an acidic collagen type | solution to slightlgibaonditions triggers the
formation of fibrils?8-2°As a result of the hydrodynamic focusing and the elongational flow
in the microfluidic chip, fibrils were aligned and assembled into microfibers. Surprisingly,
it was observed that the addition of petlyylene glycol to the surrounding buffer was
essential for continuous microfiber formation, likely depending on the high hygroscopicity
of PEG which contributes to protein precipitation by rapidly detracting water molecules
therefrom®:*2Microfibersat t he chi p’ s exit were pulled
spool to remove buffer components and PE®relA). Washingoff of PEG from the
microfibers was confirmed by Fourier transform infrared (FTIR) spectroscopy yielding
spectra lacking the emacteristic PEG signal at 110607 (Figure 3B). Furthermore, water
extrusion avoided the formation of spinddeotted fiber morphologies, usually occurring
when outer fiber layers are still liquid and breakup due to Rayleigh instabifiteand
microfibers exhibiting a homogeneous diameter along their longitudinal axes were
generated (Figur2). Because fiber morphology usually depends on the hydrodynamic
focusing of the core solution within microchannels, we were able to extrude microfibers
with varying diameters by changing the collagen and/or the buffer flow rates. As shown in
FigurelB,C, the diameter of extruded microfibers decreased upon increasing the buffer
flow rates while applying a constant collagen flow. On the contrary, an s&cathe
collagen flow rate led to higher fiber diameters (Figl@. Using 250 or 500 Lh?
collagen flows in combination with buffer flow rates lower than 30 respectively 100
prevented the extrusion of fibers exhibiting a wifined fiber shpe with a homogeneous
diameter. Furthermore, it was noticed that the microfiber diameter after extrusion differed
from the diameter of the hydrodynamically focused collagen stream at the cross
intersection. This could be attributed to the low fibrillogénesate of collager®
supposedly inhibiting immediate hardening of the forming microfiber at the -cross
intersection. For instance, by applying a constant collagen flow pf %0t and 30, 300,

and 8@ Lh! buffer flows, the relative decline in microéib diameter between the
focusing zone and the outlet was 36, 74 and 74%, respectively. Collection of microfibers
using a rotating spool was feasible for a collagen flow qf 38 and buffer flow rates in
between 235 and 5530 Lhl. Applying lower bufferflow rates than 23f Lh (and/or
collagen flow rates higher than BOLh?) resulted in a loss of the hydrodynamic focusing

of the collagen solution that hindered complete collagen assembly and reduced the shear
forces necessary for fabrication of meaitally stable fibers. On the other side, rising the
buffer flow rates to values higher than §5Qh (at a collagen flow rate of 50 Lh%) led
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to lower reaction times of collagen with the surrounding buffer solution, thereby inhibiting
fiber collection too. We observed that the collagen fiber collection by the rotating spool
caused poststretching leading to even lower diameters. To investigate the effect of the
collection rate on microfiber diameter, we used a1 30 collagen flow and 30Q Lh

buffer flows (which turned out to be the most robust processing condition for continuous
fiber production) and varied the speed of the collecting spool (FigyeWe noticed that
microfibers were stretched even with the lowest collection rate ofr@ii3, and their
diameters decreased from original (i.e., no poststretching)m6 ( s e €lC)Roi6g mnr e
during collection. The high standard deviation at slow collection rates could be explained
by undirected agglomeration of extruded fibers hindering collection of untangled fibers
(FigureS1 in Suppding Information). Microfibers drawn at a collection rate above
1.92mh! resulted in fiber diameters of-8u m, which obviously indi
maximum stretching capacity was reached. Continuous microfiber production was possible
up to 19m ht,
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Figure 3: (A) Polarized FTIR spectroscopy of a microfluidigeoduced collagen microfiber. The ratio:
the amide I/amide Il peak area change up@osure to IR radiation polarized perpendicular or in paral
the microfiber axis and under nonpolarizing conditions (shown in boxes). (B) IR spectrum of a micre
produced collagen microfiber in comparison to that of polyethylene glycol (PE®@aimg that no PEG ¢
be found within the microfiber.
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Formicrofiber characterization, we investigated microfibers producedjait 53 collagen

flow, 300uL h' buffer flows and at a collection rate of 1.8¢h? (if not otherwise
indicated). Light microscopy of collagen microfibers revealed thatiltee diameter was
constant at 3.jm (Fgure2A). Scanning electron microscopy (SEM) allowed identifying
small aligned grooves along the microfiber axis indicating amtati®n of collagen fibrils
within the microfiber (kgure 2B).

In order to test the molecule alignment as well as the structural integrity of the microfibers,
polarized FTR spectroscopy was used. Polarized FTIR is a technique to get information
concerning orientation and/or ordering of molecdfeBormer studies indicated that the
ratio of the amide &nd amiddl peak area of collagenous tissues changes when examined
using polarized infrared light from different angles due to the molecular dichf§i&m.
Here, it was observed that microfibers exposed to polarized radiation exhibited a ratio of
the amidd to amidell peak area of 2.7 when polarized perpendicular to ther faxis,
whereas the amidéamidell area ratio was 1.1 upon polarization in parallel to the fiber
axis, and it was 1.7 at nonpolarizing conditions, thereby indicating good collagen fibril
orientation along the microfibers ifare3A). In comparison, natural fibers of tendon
possess values for perpendicular, parallel and nonpolarized conditions of 4, 1 and 1.8,
respectively?’

Because the obtained microfibers couldebsily hand knotted {§ure2A, insertion), the
mechanical stability of the fibers collected at a rate of %2 was obviously quite good.

Therefore, the mechanical jerties of collagen microfibers were investigated by tensile

testing at 30% humidity in more detaligure4A shows a representative strestsain

curve of the obtained miofibers at the detected optimal processing conditions. Tensile
strength of microfluidicgproduced collagen microfibers was 3885 MPa and superior to

that of tendon as well as of classically yvsptn collagen typkfibers. Moreover, the

Y o u nrgodutus was also significantly higher (418812MPa) in comparison to that of

tendon and artificial collagen fibers, while the extensibility of 25307% was similar

between all fibers (@blel). Fiber toughness was calculated to be 321¢.7MJ m=.

Importantly, the average microfiber diameter was3172 ym denoting the lowest fiber

diameter ever published for wetpun col | a gBem)3¥i%bColtagen ( =
microfibers collected at nonoptimal conditions, for example, at a rate of onlynthtled

to lower tensile strength (3G1126MP a ) and Young' =1026MPd)ul u s (
(FigureS2 in Supporting Information Although Yaariet al. recently produced wetpun

collagen fibers achieving a tensile strengthofBMBa and a YoungGPs modul
additional glutaraldehyde crefisking of these fibers was requirédl. However,
glutaraldehyde crodinking is markedly cytotoxi¢>3 and therefore, only EDC/NHS
crosslinked fibers exhibiting 31MPa tensile strength were used in Yaatrial. for cell

culture application$’ In contrast, we did not need any chemical sioking to yield
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mechanically stable fibers. In addition, our microfluidic setup allowed the spinning of low
concentrated collagen solutions with as little asggmL™. Such concentrations lead to a
decrease in viscosity enabling enhanced fibril movéraed more distinct alignmeht.

It can be assumed that the smaller diameters of our microfibers led to increased mechanical
stability due to better longitudinal orientation of collagen fibfiésd less defect structures

like voids, entanglements, fregain ends, and foreign particles in contrast to the situation

in bigger diameter fiber¥. To confirm this, we had a closer look at the mechanical
properties of collagen microfibers with varying diameters ranging from 5 ponl@ith an
average diameterf &.8 um (collected by 0.1in h). Actually, 6.8um diameter fibers
showed a tensile strength of 28402MPa and a Young '£4100M&a ul us
both being significantly lower than the mechanical properties ofur®.7ibers (for
comparison of thenechanical properties see Fig@® in Supporting Information The

high mechanical stability of our microfibers makes them accessible to the fabrication of
textile scaffolds for tissue engineering and sutorewounddressing materials, whereas

the adapon of the final mechanical properties to its environment could be controlled by
the specific textile structure and the type of processing, for example, knitting, weaving, or
braiding.

Table 1. Mechanicalproperties anddiameter ofmicrofluidics-producedcollagen microfibers 1= 36) in
comparison tdhat ofcollagenfibers aftemwetspinning andhat oftendon

material modulus strength extensibility diameter
O[MPa] , [MPa] - [%] Q[um]

microfluidics-produced microfiber 4138 +512 383+85 25.0+3.7 3.7x1.2

wet-spun fibers:

Dunnet al, 19938 - 200 - 20
Cavallaroet al, 1994 - 224 - > 2!
Zeugoliset al, 20083 1580 208 27.0 119
Siriwardaneet al, 2014° 1265 262 18.4 46.5

fibers of tendon:
Hepworthet al, 2002° 2410 180 25.6 254
Goslineet al, 20024 1200 120 13 -

Next, the thermal stability of atried microfluidicsproduced microfibers was
characterized using differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). DSC measurements of the microfibers showed an endothermic peak at
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59 °C refering to helixto-coil transition Figure4B).4>*?> TGA revealed a residual internal
water content of 3%, which was indicated by weight loss updC9&nd the microfibers

were thermally stable up to 178 before further weight loss occurred in a multistage
decomposition mannerFigure4C). As a result, the microfluidigsroduced collagen
microfibers were suitable concerning biomedical or tissue engineering applications usually
only requiring human body temperature stapili

Because the microfluidiggroduced collagen microfibers exhibited explicit mechanical
stability and thermal characterisgiand because collagen is known to be biocomp#sle
with biochemical cues allowing cell attachméhiye tested our microfibers in initial cell
culture experiments. Exemplary, the neuronal cell line NGlI®&as analyzed in contact

T 400
o
=, 350
o
@ 300
[}
Q 250
7
- 200
o
g 150
(=1
‘& 100
c
® so
0 =
0 5 10 15 20 25
strain € [%]
L 1
i
g 2
g
— 4
o
E 5
t 1 59 °C
® 7
o
£ 30 10 10 30 50 70 90
T[°C]
100 98°C  178°C
¥\46 -
80
)
£ o
=y
-g w0 354 °C
20
0
30 130 230 330 430

T[C]

Figure 4: Representative stresstrain plot, (B) DSC analysis, and (C) TGA of dry microfluidmeduce
collagen microfibers.
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to our microfibersafter 72h of incubation. Lowmagnification fluorescence images of cell

nucl ei mar k ed wi t h DAPI showed cel | alignr
longitudinal axesKigure 5A). To get more detailed information about the cell morphology,
highermagnification phase contragtigure5B), and fluorescence imageSiqure 5B—F)

were taken. DARktained cell nucleiRigure5C) and phalloididabeled actin filaments

(Figure5D) revealed the general cell morphology in contact to microfibers. Cells were
additionally labeled with an antibody against flibulin, which is almost found

exclusively n neuronal cell structures. Interestingly, we observed that cells exhibited axon

growth. Axons were up to 1Q@m in length and were aligned in microfiber direction

(Figure5E, white arrows)Figure5F depicts merged fluorescence of all three channels.

Figure 5: Cell culture analysis of neuronal NG1@8 cells on microfluidicgproduced coigen microfibel

after 72 h of incubation. (A) Fluorescence image of Dafined cells. Cells align along the microfit

axes. (B) Phaseontrast image of cells on microfibers. Fluorescence images of (C}RA&(D) phalloidir

stained cells in the presce of microfibers. (E) Immurstaining of neuronaspecific BIIHubulin indicate

axon growth in direction of the microfiber axes (white arroWis).Merged fluorescence image of (C), |

and (E).

Although recently progress was made concerning theuptimoh of polysaccharide fibers
using microfluidics2>2>27 the microfluidic fabrication of collagen fibers has so far been
less manageable because of the slow gelling rate of collagen. Here, the continuous assembly
of acidsoluble collagen typkinto microfibers was performed by microfluidics with
asymmetric hydrodynamic focusing. The determination of appropriate assembly conditions
and flow rates allowed the production of microfibers under nontoxieagaléous
conditions, and a maximum production rafel9m ht. These microfibers exhibited good
mechanical properties exceeding the stability of previousspu collagen fibers as well

as even natural tendon without the need of chemical-tréssg, which could be harmful

to cells. The high mechanicsthbility of our microfibers facilitates fiber processing, which

allow textile fabrication and adjustment of the resulting mechanical textile properties to its
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respective application, for example, tendon repair. Neuronal NG20&lls migrated
directiondly along the longitudinal microfiber axes and showed axonal growth in direction
of the microfiber axis. Therefore, these microfibers could be potentially useful in peripheral
nerve repair to bridge long distance gaps allowing directional growth of nécesisafor
developing functional tissue. On the other side, according to little material consumption by
our microfluidic approach (ng collagenl 76 m microfiber using a collection rate of
19m hY), our setup is also of high importance fmreening different fiber additives, for
example, matrix proteins or polymers with regard to their functionality in collagen
microfibers including their influence on mechanical properties or biocompatibility.

Associated Content

The Supporting Informatiorsiavailable free of charge on tA€ES Publications website at
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4.4 Supporting Information
4.4.1 Materials and Methods

Microfluidic collagenmicrofiberproduction

Acid-soluble collagen typkextracted from calf skin was purchased from Sigma Aldrich
Life Sciences. Collagen watissolved in diluted acetic acid at [@Hfor 20hours. The
solution was centrifuged for Iiin at 1700 g, and the supernatant was removed for
further experimentation (418gml?t). For microfiber formation, a buffer solution was
prepared with 10%w/v) PEG20000, 4.14ngml? NaH,PQ;«2H,0O, 12.1mgml?
NaHPQy, 6.86mg mIt TES (2[(2-Hydroxy-1,1-bis(hydroxymethyl)ethyl)aminegthane
sulfonic acid) and 7.8tg mI't NaCl and adjusted to p8iusing NaOH. The microfluidic

chip device enabling asymetric hydrodynamic focusing of the collagen solution was
designed and produced similarly to Kinaledal., 20112 In brief, the chips consisted of a

top and a bottom layer each contributing to the microchannel structure. PDMS (8ylgard
184, Dow Corningjvas mixed in a curinggentto-base ratio of 1:10, poured onto a silicon
wafer acting as a microchannel stamp and degassedfdkfr incubation in an oven for

2 h at 75°C, holes were punched into the upper chip half for creating inlets for the tubes.
Subsequently, both halves were cleaned with isopropanol and dried in an air flow before
applying them to a plasma oven (MiniFIe&t®CG-MFC, Plasma Technology GmbH) for
30s, 0.5mbar, 64V and an air supply of 1€ccm. Small water droplets wepipetted onto

the two chip halves, and both were fitted to each other using a light microscope. Finally,
the bonded chips were dried in an oven over night &C35he inlet channel for the
collagen solution was 20@m wide and 6(um high. The inlet charel for the buffer was

50 um wide and 15@m high. The channel after the cross intersection possessed a size of
200pum in width and 21Qm in height.

FTIR spectroscopy

Polarized FTIR spectra of collagen microfibers were taken on a Bruker T2hdBr
spectoscope connected to a hyperion unit. Microfibers were produced addeairat
room temperature for @ays. Subsequently, microfibers were fixed to plastic frames and
were exposed either to nqolarized or polarized (parallel or perpendicular to longytald
microfiber axis) radiation. The resolution wasm!. Peak areas of the amibend
amidell bands were integrated, and the ratio of the arhideamidell peak area was
calculated. The IR spectrum of polyethylene glycol (PEG) was measured on e Bruk
Tensor27 using an ATR module and a resolution @i
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Tensile test

Mechanical measurements of-diied (3days) microfibers, fixed to plastic frames (gauge

length of 2mm) with a highviscosity acrylate glue, were carried out at 30% humidity on a

tensile testing machine (Bose Electrofo8@20 equipped with a 0.49 load cell) using an

extension rate of 0.8im mint. Engineered stregswas calculated as the force divided by

the crosssectional area assumed to be circular. The €essonal areavas calculated

upon measuring the microfiber diameter at ten different positions. Stveas defined as

the change in microfiber |l ength dOwasded b
determined as the slope of the streain curve in the lirer elastic deformation range

(2% strain). Microfiber toughness was assessed by integration of thestte@agplot using

Origin 8.1G.

Microscopy

Microfibers were ahdried for 3days at room temperature and SEM pictures of platinum
sputteredmicrofibers (2nm platinum coating) were taken using a Zeiss 1540 EsB
CrossBeam. Light microscopy was carried out using a Leica Microscope DMI 3000B.

Thermal characterization

Microfibers were audried for 3days at room temperature. Differential scanning
calorimetry (DSC) was conducted on a DSC1 (Mettler Toledo) by applyimgd.¢f fibers
under nitrogeratmosphere conditions and a heating rate df@min®. Thermal weight

loss was examined using thermogravimetric analysis (TGA) (TGA/SDTA 851e System).
Curves were generated under oxygemosphere conditions at a heating rate of
10°C mint using 3.9mg of sample.

Cell culture

Microfibers for cell culture testing were continuously collected on metal frames as aligned
fibers and sterilized with UV lighteéatment for 3@nin. The neuronal cell line NG1aEb

was obtained from the European Collection of Cell Culture (ECACC) and grown in
compl ete Dul becco’s Modified Eagl e (Medi um |
fetal bovine serum (Biochrom), @M GlutaMAX (Gibco) and 1% gentamicin in a
humidified atmosphere with 5% G@t 37°C. Cells were trypsinized for experiments after
they became 8®0% confluent and cells were seeded directly on microfibers at a density
of 104cellscm?in a small amount of compkemedium without serum in order to induce
axon growth®* After 30 min of incubation, additional medium was added lacking serum.
At day three (72) of incubation with 5% Cgat 37°C, the culture medium was removed,
and cells were fixed with 4% paraforrdehyde (PFA). Fixed cells were permeabilized
using 0.1% Triton X100 (Sigma Aldrich) in phosphate buffered saline (PBS) (Sigma
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Aldrich) followed by blocking with 5% bovine serum albumin (BSA) (Sigma Aldrich) in
PBS. The primary rabbit antibody ad#f#ill-tubulin (polyclonal) (abcam) for detection of
neuronalspecific cell structures was diluted 1:1000 in 0.1% Triteh30 in PBS, and cells

were incubated for B at room temperature. Subsequently, the secondary antibody Alexa
fluor 488 goatantirabbit (1:1000 dilution in PBS with 0.1% Triton-200) (Invitrogen)

was applied for further B to detect the primary antibody. In order to detect actin filaments
and cell nuclei, phalloidin (TRITC) (Sigma Aldrich) and Hoechst 33258 pentahydrate
(Invitrogen) were used. Samples were imaged by using a fluorescence microscope (Leica
DMi8). Experiments were carried out in nteated culture plates (Thermo Scientific).
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Figure S1: Light-microscopic image of theollagen fiber extrusion from the microfluidic chip outlet (bl
area) without collecting them on a rotating spool. Extruded fibers form agglomerations/entanglemel
absent (or slow) collection rates.
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5 Microfluidic nozzle device for ultrafine fiber solution blow spinning with precise diameter
control

5.1 Abstract

We present a microfluidic nozzle device for the controlled continuous solution blow
spinning of ultrafine fibers. The device is fabricated by soft lithography techniques and is
based on the principle of a gas dynamic virtual nozzle foriggebreedimensional gas
focusing of the spinning solution. Uniform fibers with virtually endless length can be
produced in a continuous process while having accurate control over the fiber diameter.
The nozzle device is used to produce ultrafine fibéedluorinated copolymers and of
polycaprolactone which are collected and drawn on a rotating cylinder. Hydrodynamics
and mass balance quantitatively predict the fiber diameter which is only a function of flow
rate and air pressure, with a small cor@ttaccounting for viscous dissipation during jet
formation which slightly reduces the jet velocity. Because of the simplicity of the setup,
the precise control of the fiber diameter, the positional stability of the exiting ultrafine fiber
and the potentiato implement arrays of parallel channels for high throughput, this
methodology offers significant benefits compared to existing soHs@sed fiber
production methods.

5.2 Introduction

Solution blow spinning is a technique that is used to produce fraawnanofibers-?
Especially ultrafine fibers and nanofibers have widely gained interest because of their
unique mechanical properties and high surface to volume ratio, with applications in
protective clothing,air filtration,* the controlled release of dmsigjas wound dressings for

skin regeneratioh,and for tissue engineerifg. Solution blow spinning combines
concepts from melt blowing, solution spinning and electrospinning. It makes use of a
concentric nozzle with two coaxial channels to inject a pelysolution through the inner
channel into a high velocity gas flow from the surrounding outer chamreksurized air
confines the polymer solution to generate a fine liquid jet. During jetting, the solvent
evaporates and a solid polymer fiber formsakhian be collected on a tardet.

As the main parameters, which influence the spinning process, are very similar for solution
blow spinning and electrospinning, the micand nanofibers produced by these two
techniques are equivalent in size amorphology! Electrospinning uses electrostatic
forces, while solution blow spinning uses pressurized gas to generate a lidUBLigace
tension is the main driving force for jet instability and breakup. It reduces the surface area
per unit mass by @ansforming the jet into spherical droplets with a smaller overall surface
areat! Conversely, viscosity resists rapid changes in shape, so that an increasing viscosity
slows down the deformation and breakup of the polymer jet and thus favors formation of
continuous fibers! The viscosity of polymer solutions is strongly influenced by both
concentration and molecular weight which affect the number of chain entangléATdres.
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entanglement number eventually determines whether a spray, a dgintted fibe or a
uniform fiber is obtained? Further, a solvent with high vapor pressure is necessary as
during fast solvent evaporation there is less time for flow instabilities to develop that
deform the jet while spinning. For electrospinning specific additipagameters are the
electric voltage and the net charge density, whereas for solution blow spinning flow rate
and air pressure define fiber diameter and morphotdgit

Solution blow spinning is an inexpensive technique that can be realized in a amdple
compact setup. Compared to electrospinning, a higher rate of fiber production is possible,
and there are fewer restrictions on the electrical properties of the polymer solution such as
conductivity and dielectric constaht>!® Scalingup by the useof multiple nozzles is
possible, and the method has already demonstrated unique possibilities as for the
fabrication of noAvoven meshes that can be directly formed on tissue cultures or living
tissuel® or for the coating of the internal side of tubulascular prosthesi<.

Electrospinning has gained wide attention due to its versatility in spinning a large variety
of polymeric fibersi® such that the influence of solution properties, electric potential and
spinning parameters have already been walestigated3'41%24 Since solution blow
spinning is a much younger technique, there are much fewer studies dealing with the
predictionand control of fiber diameter and morpholdgy2’ Oliveiraet.al. showed a
strong influence of flow rate, air pressure, concentration and viscosityereas

Wo | a s etal diknbt observe any influenoéprocessing parameters other than solution
concentration in their study.SinhaRayetal. developed a complexe¢oretical model of

the solution blowing process showing that reasonable agreement with the experimental data
could be observed for the predicted fisire distributior?® Thus, there still is a
considerable lack of knowledge to predict and control ter filiameter in solution blow
spinning, and experimental results are partially contradiétthd®°

Microfluidic technology has not yet been used for solution blow spinning. The key element
of the spinning process is the nozzle, for which microfluidichnology offers the
possibility to use design principles based on the gas dynamic virtual ‘pozlele
(GDVN) which would for the first time allow a precise control of the jet and thus the fiber
diameter. The physics of the GDVjiinciple to generat capillary jets was developed by
GafnanCalvoetal. This study used a simple pladeifice geometry to create liquid jets and
formulated a predictive model for the jet diaméfe¥In the model, the pressure difference
imposed in axial direction, transited to the liquid stream by normal surface stress, is
converted into kinetic energy to accelerate the fluid. With the assumption that viscous and
capillary forces are sufficiently small compared to the liquid inertia, the jet diameter can be
calculated m very good approximatioff. The nozzle shape determines the boundaries of
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the stability and can be used to decrease jet diamétafisile GananCalvoetal. started
their investigations with the platifice geometry?'3334 |ater on, the converging
diverging nozzle made of glass capillaries was examih&and Trebbiretal. developed
a microfluidic nozzle device for generating liquid jéts.

Here we demonstrate that microfluidic nozzle devices based on the GDVN principle can
be used for continuowsolution blow spinning with excellent prediction and control of the
fiber diameter. The microfluidic device was made of poly(dimethylsiloxane) (PDMS),
which enabled a fast and easgproduction by replica molding. In an alteration of
Trebbinetal. * s lendesigi£® the air flow focuses the polymer solution from an
orthogonal direction. We demonstrate continuous stable spinning conditions at rates of 5
10m/s for perfluorocopolymer and polycaprolactone solutions to produce ultrafine fibers
with endless legth and narrow size distribution. Thus, for the first time the fiber diameter
can be precisely controlled by air pressure and solution flow rate in very good agreement
with theoretical predictions, which now enables a rational, controlled and reproducible
fabrication of endless fibers of the desired diameter by solution blow spinning.

5.3 Results and discussion

5.3.1 Fabrication and design of the nozzle device

The microfluidic nozzle devices for fiber spinning were fabricated by using established
photolithography ash soft lithography techniqué&° In the first step of this sequence, a
micro-structured master was created which acted as a molding template for
poly(dimethylsiloxane) PDMS subsequently. Multiple microfluidic chips could be
produced from one single PDM&st, which was divided into individual parts. After
cutting, punching inlet ports and thorough cleaning with prepah two matching parts

were treated with air plasma, aligned accurately and permanently bonded. A schematic
overview of the fabricatioprocess is shown in Fid. The final microfluidic chip contained

a nozzle array with four separate nozzles side by side. Each nozzle had two inlet ports. One
was connected to pressurized air, whereas the other was connected to a syringe pump
containing tle polymer solution.
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Figure 1: Microfluidic nozzle devices for solution blow spinning are fabricated by using st¢
photolithography and soft lithography techniques. At first, a structured master is produced, which

casting template for polyohethylsiloxane (PDMS). After curing, a microfluidic device is prepare

bonding two precisely tailored PDMS halves. Water is used as a lubrication agent to facilitate th
alignment.

As shown previously® the GDVN-principle can be well used to focus a polymer solution
into a liquid jet and encase it with a highlocity air flow. In contrast to solution blow
spinning with a concentric nozztethe inner nozzle, delivering the polymer solution, is

not protuding with respect to the outlet of the compressed air. Within the microfluidic
nozzle, the air stream is approaching perpendicularly from the sides. To ensure a complete
threedimensional focusing from every direction, also from above and below, th&eenozz
design is composed of multiple stacked layers to mimic a concentric nozzle. Therefore, two
individually structured PDMS halves need to be combined into one microfluidic nozzle
device. A precise alignment of these two parts is crucial for accurate genziestry, but

can easily be accomplished by integrated orientation structures, which hold both halves in
place. The multiayer architecture of the microfluidic nozzle device is shown in ZEig.
where all relevant design parameters, listed in Thpéeealso depicted.

The nozzle design can easily be adapted, since master fabrication is a rapid prototyping
process. In combination with PDMS, replica molding has a high reproducibility because
the same master can be used repeatedly. As all nozzles are idientisal and also fast

and simple to produce using soft lithography, the microfluidic chips are disposable
consumables. The use of PDMS as chip material has benefits like transparency in UV
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visible regions, compatibility with aqueous and polar solvents ghemical inertness.
However, if polar solvents are used, the PDMS needs a surface modification or toating.

2D CAD

SEM of PDMS

Figure 2: The microfluidic device contains an array of four identical nozzles. Each nozzle is construc
multiple layers on two indidually structured halves, which need to be aligned precisely. Only this
layer architecture enables a complete thtiseensional focusing of the spinnisglution by a surroundit
air flow. Black arrows indicate the inlets of the pressurized airaandhite arrow denotes the inlet of
polymer solution. Relevant design parameters are indicated in the SEM images of the nozzle
Tablel).
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Table 1: List of relevant design parameters for the nozzle layout along with the target size in CABrsoft
and the actually measured size in SEM.

parameter target size measured size (SEM)
nozzle widthé 30 pm 32 um
nozzle height 30 pm 28 um
air channel width 30 um 34 pm
aperture widtho 30 um 31 um
aperture lengti 50 um 45 pm

5.3.2 Spinning process and sample collection

In order to quantitatively investigate the conditions for continuous solution blow spinning,
areliable and steady jetting of the polymer solution was necessary. For this study, a special
grade perfluorocopolymer (TH221 from 3MDyneon, abbreviated as THV) was used,
which is soluble in acetone because of the relatively high amount of vinylidene fitisfide.
Due to its fluorinated components, THV has greatsticking properties to PDMS, which
leads to a very stablpinning process. Acetone is wsllited as a solvent because of the
high vapor pressure (240Pa at 20C).*® This results in a high evaporation rate of the
solvent from the jetted polymer solution preventing jet instabilities to develop, which would
lead to nonuniform fibers or alternatively to spraying or to discontinuous fibers. For
comparison, a poly(caprolactone) (PCL) solution was spun using the microfluidic device
in a similar manner but with heftaoroisopropanol (HFIP) as a solvent.

High-precision syringe pumps were used to ensure a constant flow ratéhe spinning
solution. The pressure differengg between the compressed air and atmospheric pressure
was adjusted by a pressure controller with a manometer. Employing suitable values for
these parameters, uniform fibers could be produced by jetting the polymer solution out of
the nozzle device in a steady process. While jetting through the air for a certain distance,
the solvent evaporates, the fiber solidifies and could be collectedark apool. Both the
working distancé& between the nozzle and the spool and the rotational speed of the spool
were adjustable. By changing the rotational speed, differentirfyaspeed® could be
applied during the spinning process. Bghows lie spinning proces8A) and the setup

for sample collection3B). The jetted fiber exits in a very narrow cone of only a few degrees
and can be collected on a spool, where it forms a strand of parallel fibers forming a torus
(Fig. 3C). All fiber samples wre investigated by scanning electron microscopy (56M
determine the quadratic mean (root mean square, RMS) and the standard deviation (SD) of
the fiber diameter by evaluating multiple images statistically (se8.ESI
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jetted fiber
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0 1 2 3 4 5 6 7 8cm

Figure 3: Photosllustrating the process of spinning and collection of the fiber samples. The polymer ¢

is jetted out of the microfluid device (A). While the jet travels through the air, the solvent is evapc

and a solid fiber is forming, which is collected a rotating cork spool (B). Afterwards, the fibers are bui

into a strand by carefully pushing them together (C).

Under stable spinning conditions, continuous fibers of kth3ength (5min) and of
narrow size distribution could be produced. Thedgsim in Fig4D confirms the narrow
size distribution. The evaluation of 36Bgle fibers resulted in a mean diameter of
2.1+ 0.3pum for the following processing parametebs= 1.0mL/h, 31 = 2.0bar,0 =

7.7m/s,Q =8cm, 20% (w/w) THV in ac@ne.

This successful application of a microfluidic nozzle design for the continuous production
of fibers could, in principle, be extended to-biased nanofibrils which have recently been
demonstrated to be a promising material in fiber spinning tecgynéiarhis would only
require a flowfocusing section prior to the gas virtual nozzle section, which has been
recently demonstrate.

5.3.3 Surface structure of fibers

The SEM images also reveal the morphology and surface structure of the THV fibers for
all different sets of parameters. In HgA, the fiber sample is collected as a wveoven

mesh on a plate, and in FBC as a strand of fibers on a spool. As shownign4B, the

fiber surface texture exhibits small cavities with almost circular shape which emerge during
solventevaporation through the outer shell of the fiber, similarly as for electrospun fibers.
Fibers with smooth surfaces are obtained when usingmsislwith lower vapor pressure.
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Figure 4: SEM images of a newoven mesh collected on a plate (A) and clopeimage of the surfa
structure of the fiber (B) fa2.0mL/h, 2.0bar, 8cm, 20%(w/w) THV in acetone, 3.% 0.7 um; strand ¢
fibers after collection on a spool (C) and histogram shgwitre distribution of fiber diameters (
for 1.0mL/h, 2.0bar, 7.7m/s, 8cm, 20%(w/w) THV in acetone, 2.% 0.2 um.

Figure 5: Different morphologies of polycaprolactone fibers that can be achieved: SEM image of (A)
fiber (0.5mL/h, 2.5bar, 5.5m/s, 10cm, 20% (w/v) PCL in HFIP, 2.8 1.1 um) and (B) spindlénotted fibe
(2.0mL/h, 2.0bar, 10.3m/s, 10cm, 15% (w/v) PCL in HFIP).

Fig. 5A shows an example of a fiber with smooth surface structure, which was spun from
a 20% (wi/v) solution of poly(caprolactone) (PGh hexdluoroisopropanol (HFIP).

Using a 15% (w/v) solution of PCL in addition to the slower evaporation rate caused by the
lower vapor pressure of HFIP of 16@a (20°C)*’ leads to a varying fiber diameter
showing spindl&knotted fiber morphology (g 5B) since there is more time for jet
instabilities to develop. In general, as for electrospun fibers, spmaiged fibers could

be useful for water collection technical processé8°° As a remedial measure, the overall
evaporation time can be neckd by generating smaller jets which reduces the diffusion

79



5 Microfluidic nozzle device for ultrafine fiber solution blow spinning with precise diameter
control

distance or by increasing the temperature. When the drawing speed was increased, the
cavities on the THV fibers became more elongated, confirming that the fiber is stretched
during jetting while érming between nozzle and spool.

5.3.4 Control of fiber diameter

A major aim of our investigation was to quantify the influence of the main spinning
parameters on the fiber diameter to develop a fundamental understanding of the spinning
process, and to estalilis precise prediction of the fiber diameter. Therefore, an equation
for calculating the fiber diamet& was derived, based on the conservation of volume of

the THV polymer in the spinning solution and the final fiber.

The fiber diameter is only depding on the flow raté®, the fiber velocityy and the
volume fraction of THV%o in the polymer solution. A detailed derivationegf (1) can be
found in the ESL

o T Jho D )
A

For a given polymer solution with a certain concentration, the fiber diameter is only
proportional tad ! andd ! . The velocity of the fibeb is supposed to be equal to the
velocity d the jet0 , which is determined by the pressure dsgpof the compressed air.
Alternatively, if the drawing speead applied to the fiber by the rotating spool is even
faster, the final diameter is determined by the drawing speed while colldatifipér.

. O h VE A

0 R EM E

A connection between the jet velocityand the pressure differengq can be established

by Bernoul |l i’ s e ¢lefiows bp comdaring the twmocstatespnsideshe i
nozzle and inside the liquid jet.

0 —_ o

Eq.(3) shows,that the velocity increases in proportionat) ! . If we assume that the
acceleration of the jet and the evaporation of the solvent happen successively, the mass
density” of the polymer solution stays constant while the jet is accelerated. We riote tha

in this consideration, the loss of kinetic energy due to viscous dissipation and shear stress
is neglected! As a resulteg. (4) connects the fiber diameter to the pressure difference,

showing a proportionality affy | .
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GananCalvo postulated an equation for the diameter of &jeh the plateorifice

geometry using the GDVAgrinciple3! Trebbinetal. showed that this model can also be
applied to microfluidic nozzle devicés.

U)o

,Q i '?‘j
Y, )} v

The comparison betweex. (4) andeq. (5) illustrates that the fiber diameter differs just by

the term %o from the GafarCalvo’! equation for the jet diameter. The factd%o takes

account of the evaporation of the solvent causing the shrinkage in diameter
Q% M ®

The main spinning parameters were varied systematically to verify the proportionalities of
flow rate, pressure difference and drawing speed. Therefore, different combinations for a
20% (w/w) solution of THV221in acetone were tested with flow rates betweenilLh

and 4.0mL/h and the drawing speed ranging from /s to 15.5m/s at a constant pressure
difference of 2.ar and a working distance ot&. Additionally, the flow rate and the air
pressure werearied between 1.6L/h and 3.0mL/h, respectively between kar and
2.5bar at a constant drawing speed of M/8 and a working distance ofcé. The fiber
diameter was ranging from 1pén to 4.2um, as shown in Figp.
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Figure 6: Graphs showing the ean diameter of the THV fiber samples as a function of the invesi

process parameters (flow rate (A,C), diregvspeed (B) and pressure difference (D)). Dashed lines in

the predicted fiber diameters accordingego(7) andeqg. (8).

When performing a linear regression with the logarithmic values of the fiber diameter and
the varied process parameter, the slope should be equivalent to the exponent of the
corresponding parameter. The values for the linear regression are summarizei@ th Ta

The experimentally determined exponents coincided very well with the postulated power
laws ineq. (1) andeg. (4). This confirms that the assumed correlations are correct.

We noted above that the loss of kinetic energy due to viscous dissipatisuréate tension
were neglected in the derivationefs. (1) and(4). In this light we introduced a factd®
for the fiber diameter derived eq). (1), and a factoiQ in eq. (4) to account for systematic
deviations between calculated and meaddiber diameters.

~
¥
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A QD) X
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The values of the parameters were determined by linear regression with the slopes fixed to
the theoretical values. As shown in TaBleve thus obtained values '@ =0.91+ 0.04

and’Q =1.55+ 0.08. The correction facté® forQ Oh) is close tdl, confirming the
excellent applicability oéqg. (1), which is based on the conservation of volume.

Table 2: Results for the linear regressions of the fiber diameter support the power laws for the correlation
with the tested processing paraerst

first linear regression second linear regression

) expected calculated ) .

equation correction term correction factor
slope slope
(Mg TTAHFITH [0 m e o T 1@ metp
w 7 w 7 T 7 5 “Q T[&)p T[SIT
[ Mg TT[HH4TTH |6 ™ T8 ¢ T8t v| TP W
(Mg (i THEITH | ™ MY ol T ™ wg 9 &y Ty
4 v T 7 ;T 7 o L

(T TT=H+3 T e |0 ™ TH ¢ T8 Y| TBIG G P

The graphs in Figh show a very goodgreement between the measured fiber diameters
and the calculated values froms.(7) and(8). The determined exponent ®f) deviates
moderately from the theoretical one-6f25. We note that the drawing speeatan only

be used for the fiber velocity , if it is faster than the velocity of the jet exitingthe

nozzle. In this experiment, this is valid for all tested drawing speeds except the slowest one
with 5.5m/s. The jet velocity at the pressure diéiece of 2.(ar is 6.1m/s as shown with

a highspeed camera (see F8).

In contrast, when calculating the fiber diamé®er0 Fe} with eq. (4), based on pressure
difference and flow rate, the fiber diameter is around-1ir6Bs larger than the egpted

one. A larger fiber diameter is an indication for a slower jet and fiber velocity. As a
conseqguence, the specific internal energy is not completely converted into specific kinetic
energy and the jet is less accelerated. The finite energy loss disedas dissipation of

the polymer solution is determined in the subsequent section.

5.3.5 Measurement of jet diameter

If there is an incomplete conversion of specific internal energy to specific kinetic energy,
the measured jet diameters should dystematically larger than the calculated ones.
Therefore, the jet diameter was investigated by optical microscopy and the results are
reported in Fig7. The same trend as for the fiber diameter could be observed, which is
shown by the graph in Fi§.

83



5 Microfluidic nozzle device for ultrafine fiber solution blow spinning with precise diameter
control

As expected, a correction factéXin eq. (9) was necessary to scale the jet diameter in
eg. (5) appropriately. The correction factd®=1.79+ 0.10 is close to the corresponding
one’Q for the fiber diameter.

optical microscopy images

= e
: -
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Figure 7: Jet diameter of a 2@ (w/w) THV solution measuredirectly after passing the nozzle at va
flow rates and pressure differences. The diameters of the jetafideh exhibit the same correlation, si

both differ just in the factor %a due to evaporation of the solvent. Images of the jet from optical micrc

(A); graph showing measured values (B) and predictions accordeg (8) andeq. (9) as dasheddes.

5.3.6 Measurement of fiber velocity

Using a highspeed camera, the velocity of the polymer solution inside the nozzled

the velocity of the polymer jeét could be measured directly. Therefore, an aqueous
dispersion of polystyrene particles wasmped through the microfluidic device to
determined by measuring the travel distance of multiple particles between two images at
a frame rate of 3700#s. The determined velocity of 0.2/#3s is equal to the velocity of
0.268m/s, which can be calculated by dividing the flow rate (iLGh) by the crossestion

of the nozzle (103@m32). The measurement of the jet veloaitywas performed with the
THV solution, complying exactly with the spinning conditions for sample collection.
Infrequently occurring beads in the jet were used to calculate the jeityedd 6.13m/s
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(see Fig8B). This measured velocity is also equal to the expected velocity for a jet with a
diameter of 7.um at 1mL/h. In conclusion, it could beshown by using a highpeed
camera that the jet velocity can be calculated by dividiadlow rate by the crossectional

area. This confirms that the jet velocity is slower than expecteql (3).

Figure 8: The velocity of the stream (hL/h, 2bar) was measured inside the nozzle by tracking of po
particles (A) or inside the jdiy following occasional beads (B) with a higheed camera (frame r¢
37004fps (A); 31019%ps (B)).

5.3.7 Influence of other working parameters

As shown above the fiber diameter is completely determined by the flow ratel the
pressure differencer), with a slight correction to account for viscous dissipation which
reduces the velocity of the jet exiting the nozzle. We additionally examined the influence

of the distanc& between the nozzle and the spool, which showed that the spool needs be
postioned beyonda certain distance from the nozzle to allow for sufficient solvent
evaporation to obtain fully developed fibers. Furthermore, we studied the influence of
polymer concentration. In order to generate continuous fibers, the concentrationoneeds t
be in a range where it is sufficiently large to obtain continuous fibers, but still being low
enough to have a viscosity where the solution can be pumped through the central channel.
Finally, also conditions for narrow fiber diameter distributions weterdhined. Details of
these additional studies are given in the

5.4 Conclusion

In conclusion, we present a microfluidic nozzle device for solution blow spinning of
ultrafine fibers offering significant benefits compared to existing approaches. Usiesthe
dynamic virtual nozzlgrinciple, uniform fibers with virtually endless length can be
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produced in a steady process while having precise control over fiber diameter and
morphology. The fiber diameter can be quantitatively predicted and depends didwthe

rate andair pressure, with a small correction accounting for viscous dissipation which
reduces the jet velocity. Thus, for the first time the fiber diameter can be precisely
controlled by air pressure and solution flow rate in very good agreemeémntharetical
predictions, which now enables a rational, controlled and reproducible fabrication of
endless fibers of the desired diameter by solution blow spinning. Because of the simplicity
of the setup, the positional stability of the exiting ultraffiieer and the potential to
implement arrays of parallel channels for high throughput this methodology is a versatile
alternative to established solutibased fiber production methods.

5.5 Materials and methods

5.5.1 Photolithographic master fabrication

By using plotolithography, a microstructured masteas produced and afterwards cast

with polydimethylsiloxane (PDMS). The whole procedure of fabricating microfluidic
devices with multlayered channel structures is shown in EigAt first, the desired
microfluidic nozzle structures were designed with AutoCAD (Autodesk Inc.) and printed
on a highresolution film photomask by JD Photo Data. The following steps were
performed in a cl ean r ecoated(Cek 20X, Brewel Sciencen waf e
Inc.) with a ngative photoresist (S8 25 and SU8 50, MicroChem Corp.). The structures

on the photomask were transferred to the photoresist by exposing this thin layeBof SU
through the photomask and hereby cHirsising the photoresist at the exposed areas. For
this purpose, a contact mask aligner MJB4 (SUSS MicroTec SE) with UV light afir865

was used. The previous steps of spaating and exposure were repeated to build up two
additional layers. Precise alignment of photomask and substrate was necessary. In the
subsequent development step, the uncured photoresist was removedmeathaky2-
propanyl acetate (ridev 600, micro resist technology GmbH). The resulting lithography
master featured the channel design as inverted microstructure. The values of alligeometr
design parameters, which are shown in Bjgare listed in Tablg.

5.5.2 PDMS device fabrication

The following steps of soft lithography and finalization of the microfluidic device were
performed in a dudtee environment. For replication of the migtuctured master, a

10: 1 mixture (monomer curing agent) of PDMS (SylgadB4 kit, Dow Corning ©rp.)

was poured onto the microstructured master, degassed and curell &r72°C. After
demolding, the PDMS replica was cut with a razor blade along predefined grooves into
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individual parts. For later connection of the tubing, inlet ports were punaieetitie PDMS

with an Integr& Miltex® biopsy punch with plunger (hm, Integra LifeSciences Corp.).

Two individual structured halves had to be combined, to create a 3D nozzle device.
Therefore, the surfaces of two matching halves of PDMS were activsiteglair plasma
(MiniFlecta®, plasma technology GmbH). In addition, a small drop of ultrapure water
(Milli -Q, Merck KGaA) was added to generate a thin film of water, which enabled the
alignment of the two individual parts prior to the final bonding. Bngdioth parts in close
contact allowed the integrated orientation structures to snap in and align the microstructures
automatically. If necessary, fine adjustments were performed under a microscope.
Removing the water in an oven at ¥5 for 12h resultedn a permanent bonding of the
microfluidic device.

5.5.3 Spinning solution

Microfluidic solution blow spinning requires a polymer solution with a volatile solvent. For
most experiments, a 20% (w/w) polymer solution of 3Ryneon” THV 221GZ (3M
Deutschland GmbH) in acetone was used. THV is a flexible and transparent fluoroplastic
composed of tetfaioroethylene, hexfuoropropylene and vinylidene fluoride. Acetone
has a high vapor pressure of 2#@a (20°C),****which resultsn a fast evaporation rate of

the solvent from the jetted solution. In addition, a solution of polycaprolactone
(Mw = 45,000g mol?, Sigma Aldrich Chemie GmbH) in hexaflue2epropanol, which has

a vapor pressure of 16@Pa (20°C),*’ was tested.

5.5.4 Microfluidic solution blow spinning and sample collection

The microfluidic nozzle device was connected via LDPE tubing (@u38l.D., 1.09mm

O.D., Science Commaodities Inc.) to a syringe pump (neMESYS 290N, Cetoni GmbH) and
pressurized air. The spinning solutiwas filled into glass syringes (InGL, Gastight 1000
Series, Hamilton Company) for precise pumping at flow rates betweamlL@®band
4.0mL/h and at constant air pressures betweerb&.5and 2.%ar. For the stamp
procedure, the pressurized air wasnmected first and set to the desired value.
Subsequently, the flow of the spinning solution was started, and the tubing plugged into the
nozzle device to start the spinning process. The fiber spinning was conducted at ambient
conditions of 23 C room temprature and a relative humidity in the range 66%86. The
spinning process was examined with an inverted optical microscope (IX71 and 1X73,
Olympus Corp.) and in combination with a DSLR camera (D7000, Nikon) high resolution
images of the jetted spinnisglution were taken.

Fiber samples were collected by means of a cork cylinder on a rotary tool (Proxxon GmbH),
which was mounted in an adjustable distance to the nozzle device. The rotational speed was
monitored with an optical revolution counter (UT372NIJT) and could be changed
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steplessly. Thus, it was possible to apply different drawing speeds to the fiber while
collecting the sample. The drawing speed could be calculated from the rotational speed by
using the perimeter of the cork cylinder (6iné). The benefit of using a cork spool was

that the fibers didn’'t adhere to it. After
carefully pushed together to form a strand of fibers.

From each fiber sample, several representative images were takensadthning electron
microscope (JSMb510LV, JEOL GmbH) and statistically analyzed with ImageJ software
(National Institutes of Health) to determine the quadratic mean of the fiber diameter (root
mean square) and the standard deviation.

5.5.5 Velocity measuremerwith high-speed cinematography

The liquid jet of spinning dope exited the nozzle at a very high velocity in relation to its
small scale. This fast process could only be observed by sspegd camera (Phantom
v1610, Vision Research Inc.). A highly ing= focused light source (halolux LED,
STREPPEL Glasfasédptik GmbH & Co. KG) was used to get sufficient light for short
exposure times down tols. In combination with a londistance microscope (Model K1
CentriMax”, Infinity Photo-Optical Company) rd a UPlanFLN 10x/0.30 objective
(Olympus Corporation) the setup allows to measure the velocity of the solution inside the
nozzle and the velocity of the jet directly after the nozzle outlet. The flow inside the nozzle
was tracked using monodisperse polyesne particles in aqueous dispersion (4169

SD = 0.08um, microParticles GmbH).
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5.7 Supplementarynformation

5.7.1 Analyzing the fibr diameter

When analyzing the fiber samples via scanning electron microscopy, the quadratic mean
(RMS) and the standard deviation (SD) were determined. For each parameter set, an
adequate number of single fibers was measured. Since later calculatissisrae volume
constancy, the arithmetic mean of the fiber voluete (S2) is needed, and the RMS of

the fiber radius€g. (S5) was used instead of the arithmetic mean. The fiber volume is
approximated by the volume of a cylinder:

w i “a 3p
[0 BO W 3¢
€
™ é—:) | ) 30
. P
1 éC) I 31
. Y .
[ é:) I 3v

5.7.2 Deviation of an equation to predict the fiber diameter

The flow rated states which volume of polymer solutidnis jetted by the nozzle in a

predefined time.
W

0 = 3¢
The created fiber volum@ equals the volume of THV in the jet, gien by the volume
fraction %o .
[\ T B
— U3+~ U Do 3 X
0 W

As the cross section of the fiber is almost circular, the fiber volume is approximated by the
volume of a cylinder. Length per imeo determines the velocity of the fiber
respectively of the jet, since we assume that the speed is constant, when the solvent
evaporates and only the diameter reduces.
Q ‘

6 T Moo

- —— — A 3y

0 0 C

Combining eqg. (S7) and eg.(S8, we achieve an expression to calculate the fiber
diameterQ .
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For a given concentration and hence, a predefined volume fré@tiai THV in the
polymer solution, He fiber diamete) is only depending on the flow rabeand the fiber

velocity U .
0 2 5 3
D PP
, T Jbo . :
Q — QD ! 3p¢

The \elocity of the fiber is caused by the extensional gas flow of the compressed air
accelerating the polymer solution inside the nozzle or by the drawing speed of the rotating
spool stretching the fiber depending on which one is faster.

A connection betweenhé jet velocity and the pressure difference can be made by

Bernoulli’'s equation. For incompressible
arbitrary point along a stredime.

: 0 n ,

Q ? — Qx constant B o
n: pressure

density of solution
C acceleration due to gravity
o height (zcoordinate)

Two statesare distinguished: one inside the nozzle and the other inside the liquid jet.
Q Q 3prt

"Gy 3p0

—_— o = 3p0Q
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n n 0 U
Y 3pX

The velocity inside the nozzle is much smaller than the velocity of the jet.

O LU 0 U e 3puyY
3 P,
— —=U 3pw
” c p
3N SQ) 3¢m

3Nn: pressure difference betweerzate and jet$, 1 n)

The pressure difference determines the velocity of the jet.

0 — 3¢p

We assume that the polymer solution is accelerated by the préeg$emence first, while

the density remains constant, and just afterwards, the evaporation of the solvent starts. Also,
the loss of kinetic energy owing to viscous dissipation and surface tension is neglected.
Combiningeg. (S21) andeq. (S10 giveseq. (S22, which describes the fiber diameter in
dependence of the flow rate and the pressure difference applied to the nozzle device.

o PT o D 3
A BN ¢S
W3 Jbo -
Y 9)] 3Cco
, PI o D o
Q - > ! 3¢t

Eq. (S22 differs just in the term %o from the Gafi&Calvo equatioh(eg. (S26) for the
jet diameteiQ when using the gas dynamic virtual nozphenciple.

__ o

Q %o O - > Q) 3¢u
du
: Yo -
Q Y D 3¢
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The connection between the diameter of the jet and the fiber can also be shown by another
simple consideration. The volume of thedetiminishes due to evaporation of acetone.

W 0 Tho 3¢X
Q . Q .
? A ? A D Tho 3CL|J

The length of the jet stays constant when the solvent evaporates; just the diameter decreases
@ .

Q %0 0 3¢cw

5.7.3 Nozzle deformation during operation

For the calculation of the velocity inside the nozzle, it was necessary to determine the cross
sectional area of the nozzle. The microfluidic channel was rthibgonally to the flow
direction; subsequently, the width and the height-oof the nozzle were measured by
SEM (see Tabléd). However, as seen in Fi§l, the PDMS channels are expanding when

a pressure difference or flow rate is applied. The wadtthe nozzle could be measured
during operation by means of an optical microscope. By applying the same expansion
coefficient of the nozzle width to the nozzle height, the esessional area during
operation could be approximated (1Q8%?).

0.0 mL/h 0.0 mL/h 1.0 mL/h

Figure S1: The microchannels of the nozzle are deforming during operation, since the device is
PDMS elastomer. (A) Idle state, (B) withb2r pressure applied, (C) during operation withlh and 2bar

5.7.4 Influence of working distances between nlezand spool

The working distanc® influences the fiber morphology rather than the fiber diameter.
The distanc& between the microfluidic chip and the spool for reeling off was reduced
from 8cm in steps of tm. For a flow rate of inL/h the mininal distance, where a steady
fiber with a round crossectional shape could be spooled, wam2 At a distance of @ém,

the fibers fuse and build a network rather than individual fibers (se&EigEmploying

the velocity of the jet measured with higpeed cinematography, 3m3s are sufficient for

the acetone to evaporate from the jetted solution. At flow ratesrdf/R and 3mL/h a
distance of £m was needed, which equals a minimal jetting time ofr&5
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A

-

Q=1mL/h Q=2mi/h  Q=3mL/h

Figure S2: SEM images of bunches of inddual fibers (top) and networks of fused fibers (botton
different flow rates. The working distance was reduced stepwise until the collected fibers fuseuok
network. The minimal travel time to form individual fibers could be estimated.

5.7.5 Influence & polymer concentration

The findings of other groups about the influence of polymer concentration on fiber
morphology could be confirméed For a solution of a given polymer of a certain molecular
weight, a continuous fibrous structure is only obtaineml/ala critical concentratioir At

low polymer concentrations, the formation of beaded fibers is faored.driving force

is the surface tension, which causes oscillations within the jet due to Rayleigh instability.
Since the viscosity is too low dithe chain entanglement density is poor, these oscillations
cannot be attenuatéd.ow surface tension and high evaporation rate would reduce the
formation of beads. Higher concentrations also promote the formation of smooth fibers with
uniform diameter,as viscoelastic forces retard the deformation of thé When the
concentration was increased even more, the viscosity got too high to produce fibers by
solution blow spinning. Since uniform fibers were desirable for studying the fiber diameter,
a reasoable high concentration was used.

Exemplary images for both morphologies can be found inSRighere the conditions are
compared for making beaded and smooth polycaprolactone fibers. The THV fibers showed
the same behavior when a solution of less th&b @@/w) was used. For example, beaded
fibers with thin segments of just a few hundred nanometers were obtaired % (v/w)

THV in acetone.
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5.7.6 Size distribution of fiber diameter

The uniformity of the fibers is also influenced by varied progasameters. An indicator

for the degree of the fluctuation is the standard deviation (SD). Moreover, the relative SD
is normalized to the fiber diameter, better illustrating a potential trend since the SD is
naturally bigger for thicker fibers.

A close lak at Fig.S3 reveals that the size distribution becomes wider when flow rate or
drawing speed increases. The histograms confirm this trend which is in accordance to
literature? As mentioned before, the solvent needs more time to evaporate from bigger jet
allowing the instabilities to deform the developing fiber in the meantime. An unusually
high relative standard deviation was noticed when the pressure difference was quite small
being just lbar.

A fiber diameter [um] standard deviation [pm] rel. standard deviation [%]
| E— —]
10]22 20 17 16 16 10[03 0403302 03 1012 20317515 20
% 15(27 22 21 19 18 % 15|04 06 ._'_E}';f;_'_. 03 04 % 15[ 14 25 20 15 20
€ 20|33 25 22 22 19 E 20|04 08i04:05 04 £ 20013 30:17:23 23
E 25|34 27 27 23 19 E 2505 08 08 06 05 E 25|14 31 30 27 27
§ 3.0/35 28 29 27 20 g 30[06 05 08 08 0.4 g 30|16 19 29 30 20
2 35(40 33 33 23 27 2 35[08 07 11 06 08 2 35[20 20 33 28 29
40|42 34 36 29 27 40|08 08:13:09 08 40|18 233137:31 28
55 7.7 103 129 155 55 7.7 103 129 155 55 7.7 10.3 12.9 155
drawing speed [m/s] drawing speed [m/s] drawing speed [m/s]
e e e
= 1023 21 20 19 = 1.0[1.1 04 04 04 = 10|48 19 20 19
J 15|25 26 25 24 3 15|04 05 05 04 0 15|17 19 21 18
% 20|32 32 27 28 % 20|15 1.0 07 04 % 20|47 31 26 14
S 25|34 29 30 31 T 25[05 05 09 07 s 25|15 18 29 22
£ 30[38 36 32 35 2 30[08 04 06 06 2 30|21 42 20 17
= 1.0 15 20 25 = 10 15 2.0 25 = 10 15 20 25
pressure [bar] pressure [bar] pressure [bar]
B|: 1.0mL/h |} i 20mL/h| i 30mL/h | i 4.0 mL/h

.. ||| ||l. |
01 2 3 45 6 7 8 9 12 3 4 5 6 7 8 9 4 5 6 7 8 9 3 4

(17403)pm i | (22404)pm : : (29+08)pm : i (3.6+13)um

.IIIHhI..I. A ||||‘||||||| il 1
01 2 3 = s0 1 2 SSTSQE

Figure S3: (A) Fiber diameter, standard deviation (S&)d relative SD of the THV fiber samples
presented in colecoded tables. Grey wedges indicate assumed trends in the data. (B) Histograi
exemplarily that the size distribution becomes wider when the flow rate increases. The color code &
as a guide to the eye to visualize the general trends.
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5.7.7 Practical guide for solution blow spinning

Microfluidic solution blow spinning may show similar difficulties as electrospinning since
both techniques use a thin liquid jet of polymer solution. fBlewing table lists some
hints how to solve typical problems.

Table S1: Some typical problems of solution blow spinning and possible adjustments are summarized in this
table.

Problem Possible solution

Spraying / no fiber at all Increase weightoncentration or molecular weigh
of the polymer

Formation of a beaded chain Increase weight concentration

Fluctuating fiber diameter Increase air pressure and decrease flow rate;

decrease drawing speed; increase weight
concentration; use anotheslvent with higher
vapor pressure

Fusing of fibers / formation of  Increase working distance between nozzle and

network or film collection spool; use another solvent with highe
vapor pressure

Polymer solution extrudes from Decreasaveight concentration of the polymer

the nozzle

Wetting and clogging of nozzle Incompatible materials; try to switch polymer,

solvent or chip to at least one fluorinated
component
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6.1 Abstract

Recent progress in microfluidic technology allows fabricating microfluidic devices to
produce liquid microjets witbinprecedentedontrol of the jet diameter and velocity. Here

it is demonstrate that microfluidic devices based on the gas dynamic virtwazle
principle can be excellently used for micro solution blow spinning to continuously fabricate
microfibers with excellent control of the fiber diameter and the intecnadtalline
alignmentthat determines the mechanical properti@ber spinning exeriments with
small and wideangle Xray scatteringare combinedo directly relate the macroscopic
spinning conditions to the bulk and molecular structure of the resulting fibhBes.
elongational rate ishown asthe relevant parameter that transdudes rtozzle flow
conditionsto the local macromolecular structure and orientatma thus the mechanical
properties of the resulting fibelt is observedhat the spinning process results in very
uniform microfibers with a weltlefined shishkebab crystastructure, which evolves into

an extended chain crystal structure upon plastic deformation. Thaspresented
microfluidic spinning methodologyhas great implications for @recisely controlled
production of microfibers using miniaturized spinning desic

6.2 Introduction

Solution blow spinning (SBS) was introduced by Medegt. in the year 2009.By
combining conceptual elements from dry spinning, melt blowing and electrospiS&Sg,
produces micrescale fibers in a simple orstep process using a small, compactd
portable spinning device In the device, the polymer spinning dope solut®stirrounded

by a highvelocity air flow and thereby focused into a thin liquid jet. After the evaporation
of the solvent, the resulting fiber can either be spooled or collected asmen fabrict

The produced nanofiber mats and scaffolds are of oresést for biomedical applications

like drug delivery and tissue engineerfn§with the possibility of direct application onto
wounds or tissue's’

Previous investigations o8BS have focused on empirical and qualitative relationships
between spedif process parameters (gas pressure, flow rate), solution parameters (solvent,
polymer solution concentration, molecular weiglathd fiber diametetr>®'! In a more
detailed study, Xay diffraction was employed to determine crystallindyspacing and
crystallite size of SB®roduced fibers in comparison to electrospun fibers and casted
films.” However, a complete and quantitative relation between the main blow spinning
parameters and the structure of the resulting fiber is still lacking.

In this stug, we use a lithographically produced microfluidic nozzle device to produce

fibers at controlled spinning conditions. The design of the microfluidic device was
introduced recently? It allows controlling the velocity and diameter of the exiting liquid
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jet with high precision. Here we demonstrate using continuous microfluidic solution blow
spinning (1ISBS) together with smaland wideangle Xray scattering SAXS, WAXS)

that this microfluidic device enables unique quantitative control of the spinningioasdit

to suitably tailor the microfiber diameter and its internal macromolecular alignment. It thus
has great implications for a quantitatively controlled production of microfibers using highly
miniaturized spinning devices.

6.3 Experimental Section

6.3.1 Fabricationof microfluidic devices

The nozzle devices fquSBS were produced using standard photolithography and soft
lithography techniques. The complete procedwes described in detail in a previous
publication!? By using photolithography, a microstructured masteis producedand
afterward casted with padlgimethylsiloxang (PDMS, Sylgard184 kit, Dow Corning
Corp.).Two individually structured PDMS halves were combined to create-fo@xing
nozzle device. Theazzle design is schematically showrFigurel.

6.3.2 Microfluidic solution blow spinning and sample collection

For the spinning process, a 20% w/w polymer solutioBMfDyneonTHV 221GZ(3M
Deutschland GmbHn acetone was usesl € 1.0 Pas). This concentradn was sufficiently

high to achieve stable fiber spinning conditions. The macromolecular structure and thermal
properties of the polymer have already been charactéizédccordingly, the polymer

has a chemical composition of 43.8 mol% tetrafluordetig/(TFE), 46.0nol% vinylidene
fluoride (VDF), and 10.2nol% hexafluoropropylene (HFP), a molecular weight of
4100g mol?, and a broad melting temperature range between 365 arki ZB@ spinning
solution was filled into a glass syringe (i, Gastight 1000 Series, Hamilton Company),
which was connectedvia LDPE tubing (0.38mm [|.D., 1.09mm O.D., Science
Commodities Inc.xo the microfluidic nozzle device. Precise pumping of the sp@ni
solution at constant flowates between 0.5 and 41l h't was ensured by using a syringe
pump (neMESYS 290N, Cetoni GmbH)nside the nozzle, the spinning solution was
focused by a constant air flow, which was adjusted by a pressure controller with a
manometer to a value between 0.5 ando@uOThefiber spinning was conductedamnbient
conditionsof 23 °C room temperaturand a relative humiditin the range of 45%5%.

Fiber samples were collected on a cork spool driven by a rotarfPiax{xon GmbH. The
distance between nozzle and spool as well as the rotational speed were continuously
adjustable. The drawing speed could be calculated by using the diameter of the cork spool
(61.8mm). The advantage of the cork material was that the fibdrsotadhere to it and

could be bundled easily into a strand of fibers. Several representative images, taken by a
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scanning electron microscop&EM, JSM-6510LV, JEOL GmbH) were statistically
analyzed using ImageJ softwaiational Institutes of Healjito detemine the quadratic
mean and the standard deviation of the fiber diameter for each sample.

6.3.3 SAXS measurement and tensile testing

The SAXS measurements were performéahouse at a GANESHA (SAXSLAB)
instrumentequipped with amicro-focusng rotating anodedpopper anode} =0.154nm,
MicroMax 007HF, Rigaku) and a Pilatu800K detector (DECTRIS)The fiber samples
were measured at a samyletector distance of 0.44.

Using a custonbuilt tensile apparatus, fiber samples were manuallycsieetto a certain
strain value and fixed for SAXS measurements at constantsstfai9%, 100%, 150%,
200%, 300%, 400%@and 600%. The tensile tests of strands of fibers were performed by
using auniversal testing machine Zwick/Roell Z0.5 (BFR0.5TN.D14 Zwick GmbH &

Co. KG) equipped with a load cell KAFTC (nominal load200N, Zwick GmbH & Co.

KG).

6.4 Results

6.4.1 Principle of microfluidic solution blow spinning

In this study, we investigated the correlation between the spinning parameters and the
microstructue of THV fibers obtained from SBS. THV is fluoroplastic terpolymer,
poly(TFE-co-HFP-co-VDF) composed ofTFE, HFP, and VDF. uSBS utilizes thegas
dynamic virtual nozzI¢GDVN) principle'® to produce microssized fibers from a polymer
solution in a continuous and stable process. Inside the nozzle of a microfluidic device a
steady flow of pressurized air focuses the polymer solution from orthogonal directions so
that a fine liquid jet is pruced FigurelA). A complete3Dfocusing is achieved by using

a multilayer architecture of the PDMS device as schematically showigimel B, where

the upper half of the microfluidic device is masked out for the image. The pressurized air
approaches fronall sides and encase the liquid jet entirely. The fabrication of the
microfluidic device and the spinning process is described in detail in a previous
publication!? An SEMimage of the spun THYibers is shown irFigure1C.

6.4.2 Fiber spinnindiydrodynamics

With the developed microfluidic nozzle device, it is possible to uniquely control all
parameters that define the molecular and macroscopic fiber properties. The most important
parameters are the velocitiesand diameterQof i) the soluton inside the nozzle, ii) the

liquid jet, andiii) the emerging fiber before and iv) after drawing. In the following, we
outline the basic equations that relate the velocities to the jet and fiber diameters.

102



6 Controlling polymer ricrofiber structure by micro solution blow spinning

pressurized air

polymer
solution

Figure 1: A) Microscopic image an@) 3D model of the nozzle which is used to produce a liquid j
polymer solution. Due to different focal planes image (A) is composed of two photos indicated by
line. To reveal th&D architecture of the microfluidic dewdg just the lower half of the device is show
image (B). C) SEMmage of the produced fibers.

For incompressible fluidglow volume conservation relates velocitiesind diameter§
to the volumetric flow raté as

0 0 Q' P

T

whereo is the crossectional area, which is assumed to be circular with a diai@eter
the experiment the three variable control parameters that determine jet and fiber formation
are the volumetric flowrate 0, the pressure difference, and the spooling rotational
velocity U .
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We consider four positions that are relevant for jet and fiber formafiagheiflowing
polymer solution in the microfluidic channel just before the channel exit with flow velocity
0 and channel diamet&? , ii) the free fluid jet after exiting the nozzle with a jet velocity
0 and a jet diameteR, iii) the free fiberafter evaporation of the solvent with a fiber

velocityv and a diamete® , and iv) the spooled and thereby stretched fiber with a velocity
0 and a final diameteq .

i) The flow velocityy of the polymer solution in the microfluidic chairexit can be
calculated from the channel dimensions as
0
0 3Q
where0 is the width andQ the height of the channel. Their values are fixed for a
given microfluidic devie. In the present example the values @re o ®A | and
Qo BtA | (Tablel).

C

i) The velocity of the free et is determined

v QO ﬂ c
where” isthe density of the solution amel) the pressure difference. In our setup, the
pressure difference could not be measured at the nozzle directly. Experimentally, by
using high speed cameras to measthe jet velocity? we found that the free jet
velocity is lower due to pressure losses in the tubing, internal friction in the
microfluidic device, andigcous dissipation dumg jet formation, which all redudee
jet velocity. Yet, we found that foa given microfluidic device there is a constant
proportionality factorQfor all pressure differences), which in the present case has
a value ofQ=0.29. The jet diameter can then be calculated fEgumationl as

Y3 o
A 0Q B

i) The volumetric flow rat®” after evaporation of the solvent is given by the volume
fraction of the polymer in the polymer solution
62 %o j 0)

This leads to a reduction of the diameter of the free fiber

Q %0 0 ®
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iv) The spool accelerates the fiber to the new velacityhich results in a final diameter
of the spooled fiber

o T D*
“ :):) X
where the velocity is given by the radius and rotation speed of the spiat is
v Q “W U
whereQ is the diameter of the spool and  the rotational frequency (cycles

per second). The relevant equations are summarized in T.able

Table 1: Relations between jet and fiber diameters to the flow velocity in each of thedatimns relevant
for fiber formation.

Section Diameter Velocity Remarks
_ 0 o ®WAI . 0 Diameter set by nozzle
Nozzle exit . . V) ; ;
Q o #BA v 0Q design
_ T Bt .
Free jet Q T U QO u Velocity set by pressure
_ . . Assuming complete
Free fiber Q %0 N2 v U J . P
evaporation
Spooled fiber | Q % v Q “ Velocity set by spool
A

The factor that greatly affects the molecular orientation and the resulting macroscopic fiber
properties is thextensional rate

Yo 0 U
Yo Yo
which influences crystallization and crystal orientational ortfésis the distance over
which the emerging, mechanically still susceptible fiber is accelerated, which corresponds
to the distance over which solvent evaporates and a solid fiber is formed. It can be

calculated as

w

Yo D p T

whereo is the evaporation time. For spherical droplets it is given by
Q

A
whereAis a constant given by the evaporation rate obtieent as (se8l)

0 pp
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g YD D WCDHL PG

"2 JY O
whereM is the molecular weight of the solvent (acetanes 58.1g mol?),” is the density
of the solvent (aceton&:= 0.784g mL™), 2 is the gas constan? & 8.314J K mol?), Y
is the temperaturéY= 298K), andO is the diffusivity of the solvent vapor (acetoit®:=
1.24-10° m? s1). This results in a constaA® 8.8-10% m? s*. For cylindrical jets we expect
the constant to be smaller, yet still of the same order of magnitude. Thus, for jet diameters
in the range of a few micrometers evaporation times are in the millisecond range and with
jet velocities in the range of up to B®s? the orientational distancéwis of the order of
tens to hundreds of micrometers and therefore in a relevant range for the experiments.

In terms of the control parameters that are varied in the experifentj( U ) the
extensional rate according Emuations9-12is given by

Yu v U
- < o
Yo 0 0 Q P
G : A
Taking into account the proportionalitie® © < (Equatiord) and U © i
(Equaton 3), we obtain the relation
O L U
-8 - — O pT
O U U

which will be considered in the experiments. It shows that for kjge ratios and small
jet diameters the extensional rates are lakgeshown in the Supporting Information, from

z

Equation14follows an opimal ratio U j 0 i N p ¢&, for which the

extensional rate has a maximum. We expect that under this condition macromolecular
chains will alignwell along the fiber axis, which should lead to high values of the
orientational ordeparameter of the resulting polymer fiber.

6.4.3 Smallande Xray scattering

SAXSwas used to study the influence of the spinning parameters on the microstructure of
the THV fiber. For the measurements, the fibers were assembled into a filament yarn and
were aligned vertically with respect to theray beam. Webserve that the obtained 2D
scattering patterns show two distinchtiegres® an owal-shaped pattern along the equator,
and two diffuse reflections along the meridian, as caseke inFigure2A.

106



6 Controlling polymer microfiber structure by micro solution blow spinning

n 1
E simulated measured [

(1)

filament yarn single fibers microstructure
2 p
Shlsh\ |<—>| —

Figure 2: A) Simulated and measured 2BAXS pattern for THV fibers § =1 mL h?, 0 =7.7ms?,
Yf=2.0bar, Q =8cm); 1)meridional reflection due to lamellar disks perpendicular to fiber axi:
2) equatorial scattering due to cylindrical structure in fiber direction. The maximumrsaattector i
n = 1.0nm. B) The shishkebab model is proposed as morphology of the semicrystalline THV pc
fibers. C)Designation of the structural parameters for the shisbab model, which are describec
TableS1, Supporting Information

The equatorial pattern arises from cylindrical or primary fibril structures, which are aligned
along the fiber axis. The meridional reflexes originate from stacks of lamellar disks, which
are orientated perpendicular to the fiber axis accordinpgoweltknown shiskhkebab
model. The dimensions and orientation of the cylinders and disks are determined by
simulating 2D scattering patterns that match the measure8A2{5 patterns. For the
calculation of the simulated scattering patterns the freedyladte softwareScatterwas
used:”1®

The proposed model for the semicrystalline polymer is a skesiab structure as
schematically showin Figure2C?!° The scattering patterns ftite shish-kebab structure
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were calculated by assuming a model congistifthin cylinders, representing the shishs
which are omented in fiberdirection, and stacks of diskepresenting the kebabs. The
scattering intensity is then calculated as the sum of the contribution from the cylinders and
from the disk stacks as

(o] 30 " %01 %0l "YI p U

wherea®is the scattering length difference between the crystalline and the amorphous
phase;O 1 is the scattering amplitude of the cylindé€3,1 is the scattering amplitude

of the disks%. and%. are the volumeréctions of the cylinders and disks, 0 fwis

the number density of the particle¥,| is the lattice factor describing the spatial
distribution of the disks, arilis the scattering vector.

S W0 R

I

€x

Figure 3: Different shapes used for SAXattern calculation together with definition of directions
cylinders and disks to calculate the longitudinal emasssectional formfactors.

The scattering amplitud® ‘I Al for cylindrical particles of crossectional radius
and lengthx can be factorized int®

O TR, O T, 0 THI, PO

where'O I i+ is the longitudinal contribution parallel tioe cylinder axis, an®©® I Hla
is the contribution from the cros®ction of the cylindef:;x & t& is a vector with length
a and a direction given by the unit vector parallel to the cylinderéaxiy, 1 t€ isa
vector with length and a direction given by the unit vector perpendicular to the cylinder
axis € . The directions are shown iRigure3. The longitudinal and crossectional
contributions for cylinders are given by

O 1y OENtd ¢

| tly C

ct* 1ty
T

where* U is the Bessel function of the first kind

P X

O Ihly oY
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The structure of disks can be described by their lateral radiaad the thicknes€ as
shown inFigure3. The longitudinal and crossectional contributions fothe disksare
given by

"O 1H Ak O THEK t°O 1H 5 P w

where™O- I il is now the contribution in the lateral direction ai@ ‘1 » is the
contribution from the crossection of the disk.The normal and crossectional
contributions for disks are

i gy GEF TR
(O hlA T cn
g OEINtiy ¢
'O Ih~ —_—
A Tt C CPp
The structure factor is given by
YI p Tl ®1 pON ¢ C
wherel 'l §0'1 Oj 60 I Q"ON is the Debyewaller factor, andd 1 is the lattice
factor. For a simplé&D periodic stacking of diskshe lattice factors given by
v B C N
wlhKH —= 0 ThH O
W
where®is the repeat distance of the disk sté@e Miller index, andf  —'H , where

'H is the reciprocal lattice vector in the stack direction.

For the calculation of the scattering pattethe form factors were averaged over the
distribution of lengthsr and radiii the for the cylinders, and over the distribution of the
disk radiii and thicknesse®) for the diks. The form fators and structure factors were
further averaged @r an orientational distribution with the mean direction parallel to the
fiber direction. Details of the calculations are outlined in the Supporting Information and
in ref. 18. From the orientational distribution function that describes the scattering patterns
guantitatively we derive the orientational order paramaterhich is defined as

Y g oAl & p T

The experimentally detmined values of the order parameter can then be directly related
to the flow conditions during fiber spinning. The measured and simulated PAXSns
together with a table of fit parameters is providethenSupporting Information.
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6.4.4 Fiber spinning andrientational order

In the experiments we clearly observe increasing alignment of the crystalline domains for
high draw ratio® j U . This is observed in the measured SA¥éHerns shown iRigure4,

and summarized in Tab® where for a constant jeebocity U the drawing speed was
varied.At draw ratiosb j U ¢ values of the orientational order parameter of ugto

0.95 can be achieved. This draw ratio value is in good agreement with the vélee204,

for which a maximum elongational rate is calculat€de full set of scattering patterns
together with the simulated patterns is compiled (FigBieS$4, Suppding Information).

For draw ratios slightly below 1, the orientational order is clearly decreasing, since the fiber
is only stretched fob U . Similarly, in Table8 and 4 results are reported for constant

drawing speed, where the pressure differemgand thus the jet velocity was varied.
Also, here the highest draw ratios resulted in the highest orientational order.

Figure 4: Measured SAXS patterns at increasing drawing speedwdicated at the upper left of each imi
at a flow rateof 0 = 1.5mL h' and a pressure differenceasf = 2.0bar. The increasing drawing speed ¢
to an increasing anisotropy in the equatorial scattering and the appearance of two broad meridional
due to formation of a shiskebab crystal structure. The maximum scattering vectgr is = 1.0nm? for
all scattering patterns.

Table 2: Ovrientation parametef¥of fiber samples at varied drawing speédsind flow rates) (pressure
differenceYn = 2.0bar, corresponding to jet velocily of 6.1 m s, nozzlespool distanc& = 8cm).

drawing speed 5.5 m/s 7.7m/s 10.3m/s 129m/s 155m/s
draw ratioU j 0 0.9 1.3 1.7 2.1 2.5
1.0 mL/h 0.79 0.91 0.92 0.94 0.93
1.5 mL/h 0.77 0.90 0.91 0.86 0.92
2.0 mL/h 0.76 0.90 0.90 0.88 0.86
2.5 mL/h 0.77 0.88 0.90 0.92 0.93
3.0mL/h 0.76 0.90 0.89 0.92 0.94
3.5mL/h 0.74 0.88 0.88 0.92 0.93
4.0 mL/h 0.74 0.89 0.86 0.93 0.95
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Table 3: Orientation parameterd of fiber samples at varied flow ratdsand pressure differenc¥g
(drawing speed =7.7ms?, nozzlespool distanc& =8 cm).

pressure differencen 1.0 bar 1.5 bar 2.0 bar 2.5 bar
jet velocity 0 4.3 m/s 5.3 m/s 6.1 m/s 6.8 m/s
draw ratiov | v 1.8 1.5 1.3 11
1.0 mL/h 0.92 0.92 0.93 0.90
1.5 mL/h 0.90 0.90 0.86 0.85
2.0 mL/h 0.90 0.89 0.84 0.84
2.5 mL/h 0.89 0.86 0.84 0.84
3.0 mL/h 0.89 0.86 0.84 0.84

Table 4: Orientation parameterd of fiber samples at varied flow ratdsand pressure differenc¥§
(drawing speed =5.5ms?, nozzlespool distanc& =8 cm).

pressure differencen 1.0 bar 2.0 bar 3.0 bar
jet velocity 0 4.3 m/s 6.1 m/s 7.4 m/s
draw ratiob j U 1.3 0.9 0.7
1.0 mL/h 0.85 0.82 0.79
2.0 mL/h 0.85 0.80 0.75

The nozzlespool distanc&® has a majomfluenceontheorientation parametélvand the

fiber morphology, because it needs to be sufficiently long to allow solvent evaporation.
Below a critical distance of @n for 1.0mL h'l, respectively £m for 20 mL h'* and
3.0mL h', the fibers fuse and form a netwadkher than individual fibers, because there

is insufficient time for the solvent to evaporate from the jetted polymer solution
(Figure5c).*? Table5 shows the orientation parametérfor varied nozzlespool
distance’Q at a constantiraw ratiow of 1.3. If extensional forces are absent while the
fiber solidifies, the polymer chains partially lose their orientation.

Table 5: Orientatiog parameter®of fiber samples at varied flow ratdsand nozzlespool distance®
(pressure differenc¥n = 2.0bar, drawing speed =7.7ms?).

nozzlespooldistanceQ 8cm 6cm 5cm 4cm 3cm 2cm  lcm

1.0 mL/h 093 0.89 0.89 0.89 0.79
2.0 mL/h 0.86 0.86 086 082 0.79
3.0 mL/h 08 086 086 079 0.79

Figure5 illustrates schematically the solidification and orientation process during solvent
evaporation and fiber formation. Orientation occurs in the liquid jet state indicated by the
light blue cone inFigure5. Once the fiber solidifies, it moves withe velocity of the

spoolu and is no longer accelerated. At higher flow rates it takes more time for the solvent
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to diffuse to the surface of the bigger jets, as illustratdeigare5a—c. Consequently, the
distanceY between the nozzle and the solidification point of the liquid jet increases,
leading to a decreasing strain rateThis effect can be observed for the fiber samples in
Tables2—4, when the nozzlspool distance stays constant and the flow rate is vdtied
known that high strain rates promote the formation of microfibrils of extended chain
crystals, whereas lamellar kebabs of fold@ain crystals are less develog@d@rhis can be
observed by a less pronmed meridional scattering for highej 0 -ratiosin FiguresS1-

S3, Supporting Information.

nozzle liguid jet / solid fiber @
Uj Vg
jet fiber
|
a) Q4
«— Ax — v,
b) Q2
< Ax >
vS
— 0%
c) 03 '
D
“ Ax »

Figure 5: The theoretical progression of the diameter of the jet and subsequently the fiber is shov
schematic diagram. The initial velocity of thejetand the velocity of the spool remain constant while tl
flow rate0 is changedd{ 0 0 ) causing a shift of the solidification of the jetted polymer solt
c) The nozzlespool distanc® is not sufficient for a complete evaporation of the solvent at flowrate

The quantitative relation between the macroscopic flow parameters that determine the
extensional rat@Equation14) and the degree of molecular orientation of the microfibers is
shown inFigure6. There, the values for the order paramé¥etermined from the

scattering patterns are plotted against-t — which is proportional to the elongation rate

- as given byEquationl4.We observe that despite noticeable scatter of the data, they seem
to indicate a systematic relation. This idicated by the solid line which shows a constant
base level of the orientational order, when there is no additional stretching of the fiber (
0).Foro U, the orientational order increases until it reaches a nearly constant plateau

value of S=0.94 above a value ef—t— p. This shows that the extensional rate is the

central parameter that relates the macroscopic flow parameters to the local macromolecular
alignment. This furthermore shows the excellent control of the fiitegrerties by variation
of the three flow parametebs, 0 , and0 .
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Figure 6: Plot of the orientational order parameter S versus t —, which is proportional to the elongat

rate - (Equationl4). The values are taken frorables 24. We observe a systematic increase o
orientational order parameter for>0 until —t— p, above which a nearly constant plateau val

reached. The line is a guide to the eye.

So far, there have beemly a few studies on the structypeoperty relation of THVS:?

The extensional flovinduced changes of the local macromolecular orientation appears to
be very similar to the welhvestigatedultra-high molecular weight polyethylefe
polycaprolactae?® isotactic polypropylen& and poly(vinylidene fluoride) (PADF).28
Chain orientation, crystal nucleatioand growth first lead to the formation of a shish
kebab structuré’2°:30

6.4.5 Mechanical and microstructural properties duriagpngation

The fluorocopolymer THV was selected as a model polymer system because it could be
well spun into microfibers from an acetone solution by contini8BS using the newly
developed GDNV microfluidic nozzle device. We observed that elongationrgpantant

factor controlling the macromolecular assembly and alignment of the emerging fiber. We
therefore studied the correlation between macroscopic elongation and mechanical response
to molecular scale alignment by tensile stigtsain experiments acmpanied bySAXS

and WAXS For the tensile experiments, fiber bundles were producédeaiptimum
spinning conditions to achieve high macromolecular orientathmat, is, a flow rate of

0 =1.0mL h, apressure differencef ¥ = 2.0bar,adrawing spedof 0 =7.7ms?, a
working distanceof ‘Q =8 cm, with a collection time ob =300s. Every fiber bundle
consists of about 3300 single fibers The SAXS and WAXS measurements were
performed with the fiber bundles fixed at selected strainegl
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stress ¢ [MPa]
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0 ™. 200,400 600 "800 1000 1200
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Figure 7: Engineering stresstrain curves for four different fiber bundles together with the SAXS pa
(right: experiment, left: simulation) measured at selected strains. All fiber bundles were produced at
experimental conditions agscribed in the main text, leading to high macromolecular orientation.

Fig. 7 shows the measured strsigin curves for four different fiber bundles together with

the SAXSpatterns measured at selected strains. From the initial slope we oahie af
Young’' s molMRalwhish isanfa tyBidal range for rubbery materials. At strains
>50% we observe a pronounced yielding and plastic deformation behavior, until for strains
between 10081200% the fibers rupture. The maximum tensile streisgtqual to 2 MPa,

which is in the typical range of fluoropolymetbat is,between 10MPa for PTFE and

46 MPa for PVDF. These and further measured mechanical properties are summarized in
TableS3, Supporting Informatio. The mechanical properties areal for applications as

seal tapes.

Of particular relevance are the observed microstructural changes during deformation,
which can be derived from the measured24AXS patterns. The measured SAp&terns
together with the simulated SAXstterns are shin in the lower panel ifrigure7. The
parameters used to simulate the SAXEterns are summarizen TableS2 Supporting
Information. Befoe elongation, the fibers are characterized by a weak anisotropic
equatorial lown scattering, together with tworBgg peaks located on the meridian and
correspondi ng t o lamehae spatings Wponoetongdtidned 50%,” the
intensity of the Bragg peaks decreases, while the peak position shifts torjowbis
indicates an increase in the dggacing togther with a disappearance of disks. This results
from a transformation of the lamellae of folded chains within the disks into fibrils of
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extended chain®? The increase of the disk spacing is ascribed to the extension of the
amorphous layers between the crystalline lamellae of the ké&babs

Further elongation of the fibers to XI®50% leads to a further low shift of the Bragg
peaks, until they completel/anish. From the model calculations we conclude that the disk
spacing increases from 9.8 to 121 (TableS2 Supporting Informatiop until the disks

have completely disappeared. Concomitantly, the equatorial)lseattering becomes
highly anisotropt and elongated along the equator. This can be related to a reduction of the
primary fiber diameter. According to simulations of thed@wcattering, the primary fiber
diameter decreases from 62 tor86 with a concomitant increase in the order parameter
from 0.840.99. This indicates that during elongation the skebab structure is
transformed into an extended chain crystal structure, which can be plastically deformed up
to high elongations.

5 0 5 10nm! 5 0 5 10nm?

Figure 8: Comparison of WAXS reflex at 11@m? for A) an unstretched fiber sample aBdthe same samg
at a strain of 500%. The reflex on the equator gets more defined. Horizontal black bars result from i
between detector modules.

The crystallinity in the fibers is apparent by IW&XS. FHgure8 compares the scattering
pattern of an unstretched fiber sample (A) to the same sample at a strain of 500% (B). The
circular arc af] = 13nm corresponds to structural features at a length scde of A1) =

0.5nm, which correspondeell to the crossectional dimension of the fluoropolymer
backbone. Upon stretchinghe arc scattering intensity sharpens toward the equator,
indicating an increased crystalline orientation along the fiber axis.

6.5 Conclusions

We developed a microfluidic nozzle device 8BS to produce uniform microfibers in a
highly controlled manner. The method benefits from the GDVN principle, which offers a
precise control of the liquid jet diameter and velocity. We performed fiber sginnin
experiments together withRAXS and WAXSto relate macroscopic spinning conditions to
the bulk and molecular structure of the resulting fibers. In our experimantemonstrate
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that the control provided by the GDViNicrofluidic device enables a precisantrol of the

final fiber diameter and the fiber properties. We show that the elongational rate is the
relevant parameter that relates the macroscopic flow properties to the local macromolecular
structure and orientation and thus the mechanical propeftibg fiber. We observe that

the spinning process results in a wadfined shishkkebab crystal structure of the fiber,
which evolves into an extended chain crystal structure upon plastic deformation, similar to
well-investigated crystalline polymer fitse
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6.7 Supporting Information

6.7.1 Derivation of the optimum velocity ratio

We start byEq. (14) which describes the proportionality between the elongation, ridie
spool velocityy , and the liquid jet velocity as

o Tu o 3
0 U 1 P

Taking the derivative with respectboyields

t. 0 U0 O
— — 3C
Tu 020 O

Setting the derivative to zero yieldset solutiorb; 0 W¢ p , from which the
optimal ratiocan be calculated:

i - ‘_p X ¢8 p 30
¢ P

6.7.2 Evaporation times

The solvent evaporation time is a decisive parameter. The rate of decrisaesgiafetelO
of a spherical drop in air due to evaporation can be described by

AO 1 30 3
B 00 2JY T

wherel is the molar mass of the evaporating liqtids the density of the ligd, O is the
diffusion coefficient for the solvent vapd?,= 8.3144J/K-mol is the gas constaritythe
temperature (29K), andat) the difference of the vapor pressure between drop surface
and ambient atmosphere. For acetobe=0.05808kg/mol, ” =784kg/m?, O =
1.24-10° m?%/s. The vapor pressurg of pure acetone is IPa. Thus, we have for the
constant

13D 0 B i
" v 18pm 5 3v
assumingn ~n .
Eq. 4) can be solved to obtain the lifetime of the droplet to be
. O
0 C_A 30

which givesEq. (11) forA ¢ A
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Thus, for a 160m diameter droplet we would expect an evaporation time aing.1\e
will see that due to the presence of solvent vapor around thefib& reduced by a factor
of ~10, which givesvith Eq. (11) a consistentlescription of the solvent evaporation times
under all experimental conditions.

6.7.3 Calculation okcattering patterns

As outlined in the main text, the scattering intensity is calculated as the sum of the
contribution from the cylinders and from the disk stacks as

(o] 30 " % GO T & % 6O 1 Yl & 3 X

Where the averagé Odenotes the average over the particle size distribuf®y
denotes the average over the orientational distribution.

For the calculation of the averages over the size distribution of lengttiscknesse¥) ,

and radii andi , the scattering amplitudes can be factorized and integrated with respect
to each of the variabléd & RQRA H . In many cases, the Schulimm distribution is

a useful size distribution function. Then the measuraderages of the function®r

are given by

donhd O QAR O Q0 AD 3y

with
g o o
0 —P 9 Rgpg p2 30
o 30 a4 p 1)

with & the weighting factor for the variabtg, the averagey, and the relative standard
deviation, & p ! . The distribution is normalized such that®d Q¢ A  p.

The weighting factor relates to the measured intensity being-éverage, such that for
spheresd @, for cylindersd ¢ for the length, andi T for the crosssectional
radius, and for disk& ¢ for the thickness and 1 for the lateral disk radius.

The orientational distribution of the particles can be obtained by averaging the sgatterin
amplitudes 80 THAR, Of , 60 1AL Or , 00 1H »fily O and

80 'If »fity O ; over a distribution of anglds between the cylinder axis or lateral
direction of the disks , and the scattering vectbr The elevant scalar products aré,

alé AAATIOT, 118 Al OBT T1ia Q18 AQATTOand 17

i 18 ni OE 1 The orientational averages are then calculated as:
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80 "I Hpfily O
j
60 Ra AT 060 ni OEN O OE 3pm
60 I AAfily O';
j
60 na At G860 ni OBl O OE 3pp

80 '1H »fity O
j
00 ni 0BT 060 NQAITQ O'Q OEWA 3p ¢

60 'If »fil O j
j
60 ni 0BT 000 NQAITQ O'Q OEWA 3po

Details of this calculation are outlined in R&6 of the main publication.

For the calculations we need to specify the orientational distribution of the cylinders and
disks,"Q , which is defined by the anglebetween a director given by the unit vedtor

and the directio® . For the distributiori] simple approximations cabe made which
involve Gaussian, Onsager, Boltzmann, or M&8aupe distribution functions. These
functions are given by

AopOE T , Onsager

, "R gp T , Boltzmann

« [rA gRATIQl p ,  Ms&Siaampe et
:\J,PA@E)‘]H'._ , Gaussian

withtt 1 [ Ho A value ofrtcorresponds to a uniform orientation of all cylinders in the
direction of the directoii , whereas a value 4ff0 H corresponds to an isotropic
distribution If the distribution function is known, the orientational order parani#isr
defined as
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GET T
Y # 3pu

For most of the scattering patterns a combination of a Gattygianand exponential
orientation distribution of the cylinders gave the best agreement between experiment and
simulation. An isotropic orientation distribution was assumed for the lamellar disks.

6.7.4 Measured and simulated SAE&terns

Table S1: Relation betweestructural parameters and scattering features.

Structural parameter ~ Symbol Scattering feature

Length of cylinder a Width of equatorial scattering along the meridi
Diameter of cylinder Q Guinier slope of equatorial scattering
Thickness oflisk Q Height of meridional reflection

Radius of disk i Azimuthal width of meridional reflection
Lamellar spacing @ Position of lamellar meridional reflection
Volume fraction %0, %0  Intensity of the respective feature
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fiber

v,=5.5m/s 7.7 m/s 10.3 m/s 12.9 m/s 15.5 m/s
I axis

Q=1.0mL/h

1.5 mL/h

2.0 mL/h

2.5 mL/h

3.0 mL/h

3.5mL/h

4.0 mL/h

Figure S1:Measured (right) and simulated (left) SAXS patterns to Table 2, pressure difféferc0bar
jet velocityd = 6.1m/s, nozzlespool distanc& = 8cm.
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v;=4.3m/s 5.3 m/s 6.1 m/s 6.8 m/s

I fib.er Ap = 1.0 bar 1.5 bar 2.0 bar 2.5 bar
axis

Q=1.0mL/h

1.5 mL/h

2.0 mL/h

2.5 mL/h

3.0 mL/h

Figure S2: Measured (right) and simulated (left) SAXS patterns to Table 3, drawing speed.7m/s
nozzlespool distanc& = 8cm.
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fiber|  Ap=1.0bar 2.0 bar 3.0 bar

axis
Q=
o ===

Figure S3: Measured (right) and simulated (left) SAXS patterns to Table 4, drawing spee8.5m/s
nozzlespml distanceéQ = 8.0cm.

I v;=43 m/s 6.1 m/s 7.4 m/s

Ifmer d,=8cm 6cm

5cm 4cm 3cm 2cm lcm
axis
Q=1.0mL/h
o ==.==..
o ====-..

Figure S4: Measured (right) and simulated (left) SAXS patterns to Tappressure differencé) = 2.0bar
drawing speed® =7.7m/s.
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6.7.5 SAX®atterns during tensile deformation

£ =0% 50% 100% 150% 200% 300% 400% 600%

Figure S5: Measured (right) and simulated (left) SAXS patterns duiemgile experiments.

Table S2: Parameters for simulation of 2BAXS patterns in Figs, which is showing tensile testing of
bunches of THV fibers (flow rate) =1.0mL/h, pressure differencé/n) =2.0bar, drawing speed
0 =7.7m/s, working distanc® =8 cm).

strain:- [%0] 0 50 100 150 200 300 400 600
Phase 1 (Gaussian ODF)] 05 10 10 10 10 10 10 10
Phase 2 (lamellar disks) | 0.011 0.007 0.004 0.000 0.000 0.000 0.000 0.000
Phase exponential ODFf 05 00 00 00 00 00 00 ©0.0
cylinder diameterQ [nm] 62 47 44 42 40 38 36 36

cylinder lengthtx [nm] 125 300 400 400 450 500 600 600
orientation parametetyY | 0.835 0.955 0.978 0.981 0.981 0.984 0.986 0.991
unit cell: w[nm] 98 105 120 00 00 00 0.0 0.0
disk thicknessQ [nm] 4 4 4 0 0 0 0 0
disk diameterQ [nm] 62 47 44 0 0 0 0 0

6.7.6 Mechanical properties of THV fibers

Table S3: Mechanical parameters of tensile testathches of THV fibers(( = 1.0mL/h, ¥f = 2.0bar,
U =7.7m/s,Q =8cm,0 =3005s).

Young's modulus max. strain  toughness tensile strength

GPa % mJ MPa

mean value 0.0309 1190 332 33
standard deviatiol 0.0003 27 12 3

125






Acknowledgements Danksagungn

An dieser Stelle mochte ich all denjenigen danken, die mich wéahrend meiner
Promotionszeit unterstitzt haben und somit zum Gelingen dieses Vorlmdigesagen
haben.

Zuallererstgilt mein Dank meinem DoktorvatdProf. Stephan Foérsteder mir die
Moglichkeitgegeben hain einem so interessanten Thembereichzu arbeiterund dabei

viele Freiheiten zu geniel3en Durch seine Erfahrung schaffte er esbei jedem
wissenschatftliche Problem einen hilfreichen Ratschag zu geben undmit Ruhe und
Gelassenheit wieder neue Zuversicht zu verbreiten,

Bei dlen Mitgliedern ded.ehrstuhlsder PCl(einschliel3lich der Retselund der Karg
Gruppe)modite ich mich fliden guten Zusammenhalt und diggenehme Atmosphéaaen
LehrstuhlbedankenDie gemeinsamen Veranstaltungen haben immer zur Auflockerung
des Arbeitsalltags beigetragen.

Namentlichhervorheben mdchte iatie Mitglieder der MikrofluidikGruppe, mit denen

ich zahlreiche Messzeiten durchstehen und einige mikrofluidische Herausforderungen
I6sen durfte Maria Michaelis,Miriam Humme| Sebastian WithKilian Kriiger, Susanne

Seibt Cardin Furst und insbesonder#artin Trebbin der mir dieEinfihrung in die
Disziplin der Mikrofluidik gab und immer fur interessante Diskussionen und hilfreiche
Ratschlage auVerfugung standEin ganz besonderer Dank gilt meinem Buumd
Laborkollegen Mathias Schlenk, der mit mir gemeinsam den langen uresoftvierlichen

Weg der Promotion von Anfang bis Ende gegangenuisl mit dem ich immer
partnerschaftlich zusammenarbeiten konnte.

Dr. Stephan Hauschildabe ich aldilfsbereien freundlicken und kreativen Menschen
kennengelernt. Vielen Dank fir deine fdiindein stets offenes Ohr

Die PCI ohne KarHeinz Lauterbach ist fir viele unvorstellbar, denn neben den
zahlreichen Aufgaben, die er am Lehrstuhl zuverlassig erledigt hat, hat er vor allem durch
seine unbeschreiblich kommunikative Art zum Wohlbefindigr beigetragen.

Bei Elisabeth Dungfelder, Jennifer Hennessy und Laura Diart bedanke ich mich fur die
Hilfe beiallenorganisatorischen Angelegenheiten.

Des Weiteren bin ich sehr dankbar fur all die wunderbaren Menschen, die ich in meiner
Zeit in Bayreuth kennenlernen und zu meinen Freunden z&hlen durfte und ich hoffe, dass
wir den Kontakt nicht verlieren bzw. unsere Wege sich wieder kreuzen werden. Hierzu
zahlen meine beiden Mitbewohner Andreas Schedl und Christoph Stemdéne, Freunde

und ehemaligen KommilitoneBernhard Glatz, Tobias Honold, Cathrin Smikhartin
Pocher,Chr i st oph *“ Hansin Trauzdwe ldubetins rBurchafdtfaute und
seineFrauLena Tofaute, die Mitglieder der CSG und des JCF Bayreuth, misicletennis

127



Acknowledgements / Danksagungen

Mannschaftskammeraden vom SCR Bayreuth, meine Noobs GamingClan de
Hardcore Noobsind alle anderemie mich unterstiitzt haben und die an dieser Stelle nicht
namentlicherwahnt sindVielen Dank auch fir euer Verstandnis, wenn ich mal keine Zeit
hatte, etwas mit euch zu unternehmen.

Zum Schlussméchteich mich beimeiner Familie meiner Mutter Carmen, meinem
verstorben Vater Roland, meiner Schwester Billie und meiner rart@r Waltraud
bedanken, die immer fur mich da geweserd, mich bei allen Vorhaben unterstitzt und
immer an mich geglaubt han

Mein innigster Dank gilt meiner Frau Isabel fur ihwreRickhalf ihr Verstandnisihre
Nachsichtund die mir entgegengebrachitiebe. Ich freue mich darauf, nun die nachsten
Kapitel in meinem Leben mit dir gemeinsam anzugehen.

128



Declaratiors/ Erklarungen

(8 8 Satz 2 Nr. 3 PromO Fakultat)

Hiermit versichere ich eidesstattlich, dass ich die Areibstandig verfasst und keine
anderen als die von mir angegebenen Quellen und Hilfsmittel benutzt habe (vgl. Art. 64
Abs. 1 Satz 6 BayHSchG).

(8 8 Satz 2 Nr. 3 PromO Fakultat)
Hiermit erklare ich, dass ich die Dissertation nicht bereits #&nfangung eines

akademischen Grades eingereicht habe und dass ich nicht bereits diese oder eine
gleichartige Doktorprifung endgultig nicht bestanden habe.

(8 8 Satz 2 Nr. 4 PromO Fakultat)

Hiermit erklare ich, dass ich Hilfe von gewerblichen Promotioreteen bzwi vermittlern

oder ahnlichen Dienstleistern weder bisher in Anspruch genommen habe noch kiinftig in
Anspruch nehmen werde.

(8 8 Satz 2 Nr. 7 PromO Fakultat)

Hiermit erklare ich mein Einverstandnis, dass die elektronische Fassung der Dissertatio
unter Wahrung meiner Urheberrechte und des Datenschutzes einer gesonderten
Uberpriufung unterzogen werden kann.

(8 8 Satz 2 Nr. 8 PromO Fakultét)

Hiermit erklare ich mein Einverstandnis, dass bei Verdacht wissenschaftlichen
Fehlverhaltens Ermittlungenudch universitatsinterne Organe der wissenschaftlichen
Selbstkontrolle stattfinden kénnen.

Ort, Datum, Unterschrift

129



	Abbreviations
	Symbols
	Summary
	Zusammenfassung
	1 Introduction
	1.1 Introduction to microfluidics
	1.2 References

	2 Fundamentals
	2.1 Hydrodynamic fundamentals for microfluidics
	2.1.1 Navier-Stokes equation
	2.1.2 Dimensionless numbers
	Reynolds number
	Péclet number
	Deborah number
	Weissenberg number

	2.2 Fundamentals of microfluidic fiber spinning
	2.2.1 Hydrodynamic flow focusing
	2.2.2 Significance of chain entanglements

	2.3 Fabrication of microfluidic devices
	2.3.1 Fabrication using lithography techniques
	2.3.2 Recent trend: Fabrication using 3D printing

	2.4 Small-angle x-ray scattering (SAXS)
	2.4.1 Introduction to SAXS
	2.4.2 Interaction of X-rays with matter
	2.4.3 Form factor and structure factor

	2.5 References

	3 Thesis Overview
	3.1 Outline
	3.2 Synopsis
	3.3 Content of individual publications
	3.3.1 Summary of chapter 4
	Microfluidics-produced collagen fibers show extraordinary mechanical properties
	3.3.2 Summary of chapter 5
	Microfluidic nozzle device for ultrafine fiber solution blow spinning with precise diameter control
	3.3.3 Summary of chapter 6
	Controlling polymer microfiber structure by micro solution blow spinning

	3.4 Individual contributions to joint publications
	Chapter 4
	Chapter 5
	Chapter 6


	4 Microfluidics-produced collagen fibers show extraordinary mechanical properties
	4.1 Abstract
	4.2 Body
	Associated Content
	Author Information
	Acknowledgements
	4.3 References
	4.4 Supporting Information
	4.4.1 Materials and Methods
	Microfluidic collagen microfiber production
	FTIR spectroscopy
	Tensile test
	Microscopy
	Thermal characterization
	Cell culture
	4.4.2 References


	5 Microfluidic nozzle device for ultrafine fiber solution blow spinning with precise diameter control
	5.1 Abstract
	5.2 Introduction
	5.3 Results and discussion
	5.3.1 Fabrication and design of the nozzle device
	5.3.2 Spinning process and sample collection
	5.3.3 Surface structure of fibers
	5.3.4 Control of fiber diameter
	5.3.5 Measurement of jet diameter
	5.3.6 Measurement of fiber velocity
	5.3.7 Influence of other working parameters

	5.4 Conclusion
	5.5 Materials and methods
	5.5.1 Photolithographic master fabrication
	5.5.2 PDMS device fabrication
	5.5.3 Spinning solution
	5.5.4 Microfluidic solution blow spinning and sample collection
	5.5.5 Velocity measurement with high-speed cinematography

	Conflicts of interest
	Acknowledgements
	5.6 References
	5.7 Supplementary Information
	5.7.1 Analyzing the fiber diameter
	5.7.2 Deviation of an equation to predict the fiber diameter
	5.7.3 Nozzle deformation during operation
	5.7.4 Influence of working distances between nozzle and spool
	5.7.5 Influence of polymer concentration
	5.7.6 Size distribution of fiber diameter
	5.7.7 Practical guide for solution blow spinning
	5.7.8 Literature


	6 Controlling polymer microfiber structure by micro solution blow spinning
	6.1 Abstract
	6.2 Introduction
	6.3 Experimental Section
	6.3.1 Fabrication of microfluidic devices
	6.3.2 Microfluidic solution blow spinning and sample collection
	6.3.3 SAXS measurement and tensile testing

	6.4 Results
	6.4.1 Principle of microfluidic solution blow spinning
	6.4.2 Fiber spinning hydrodynamics
	6.4.3 Small-angle X-ray scattering
	6.4.4 Fiber spinning and orientational order
	6.4.5 Mechanical and microstructural properties during elongation

	6.5 Conclusions
	Supporting Information
	Acknowledgements
	Conflicts of Interest
	Keywords
	6.6 References
	6.7 Supporting Information
	6.7.1 Derivation of the optimum velocity ratio
	6.7.2 Evaporation times
	6.7.3 Calculation of scattering patterns
	6.7.4 Measured and simulated SAXS patterns
	6.7.5 SAXS patterns during tensile deformation
	6.7.6 Mechanical properties of THV fibers


	Acknowledgements / Danksagungen
	Declarations / Erklärungen

