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Summary

This thesis deals with the preparation and characterization of longitudinal polymer gradient
materials (PGMs). The inspiration for this work comes from nature: mussel byssus threads are
soft-hard gradient biomaterials. These gradient threads are formed by a polyaddition process,
show unique mechanical properties and demonstrate how nature solves the engineering
problem of connecting two materials of different modulus. Therefore, the adaptation to
synthetic polymer gradient materials is very interesting in terms of the development of
materials with unique properties. In this thesis, the prepared PGMs were systematically
prepared and studied concerning the influence of the gradient structure on the tensile
properties. Furthermore, the preparation of biopolymer gradient materials was envisioned for
biomedical applications. PGMs were also utilized to continuously change the surface
topography. In summary, this work reveals how bulk, longitudinal PGMs can be prepared,
analyzed, and adapted to obtain materials with unique mechanical properties, biomedical

relevance or tailored topography.

In the ‘Introduction’, the structure, composition and outstanding mechanical properties of
mussel byssus threads are summarized to frame the background for this work and to show
where the motivation originates from. The unique mechanical properties are a consequence of
the gradient composition of the mussel byssus. Therefore, explanations for the advantage of
structures with gradually changing compositions are compiled and mechanical properties of
polymer gradient materials are summarized. In nature, cell motility and attachment depends
on the stiffness of the surface. Surfaces with continuously changing stiffness are thus an
interesting tool to direct cells. Therefore, examples for blend films of biocompatible
(bio)polymers are presented to give a background in view of the prepared protein gradient
films. Surface-wrinkling of poly(dimethyl siloxane) substrates is a powerful tool to prepare
patterned surfaces. If gradient substrates of poly(dimethyl siloxane) are utilized, surfaces with
continuously changing topography are accessible. Hence, background information for the
controlled wrinkling of poly(dimethyl siloxane) substrates is compiled as the last section of

the ‘Introduction’.

The ‘Objective of this Thesis’ was the preparation and characterization of polymer gradient
materials. Therefore, a straightforward approach and process to reproducibly prepare PGM
had to be developed. Most of the reported preparation methods are relatively complex in
terms of efficiency, effort, and costs and sometimes lack reproducibility. In addition, methods
for the characterization of the gradient structure had to be established. Another major goal
was the investigation of the influence of the gradient structure on the mechanical properties of
PGMs. Furthermore, protein gradient films with biomedical relevance should be prepared and
characterized. Finally, poly(dimethyl siloxane) gradient substrates were to be applied to a
wrinkle formation process to study the influence of the substrate’s modulus on the wrinkle

wavelength.
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The ‘Synopsis’ gives an overview of the thesis and summarizes the achievements of the PhD

and major results of the five attached ‘Publications and Manuscripts’.

For the first time, longitudinal, bulk polymer gradient materials with high reproducibility on
the centimeter scale (up to 14 cm length) could be prepared by using a specially designed
precision syringe pump setup. The reproducibility of this approach is key requirement to
prepare a large number of samples required to statistically evaluate tensile testing
experiments. Two characterization methods were developed, specifically compressive
modulus testing, as destructive method, and UV/Vis spectroscopy, as non-destructive method,
in order to probe the sample at different positions. The latter one is based on the addition of a
dye to one component, allowing the precise determination and visualization of the gradient
structure within the sample before tensile testing. With this setup, longitudinal, macroscopic

PGMs could be prepared and systematically studied.

We aimed for crosslinked polyaddition polymer systems to prepare gradient materials. The
precision syringe pump setup was used to prepare longitudinal polymer gradient materials
based on poly(dimethyl siloxane). This approach was extended to three other polymer systems,
specifically poly(urethane), poly(acrylate) and poly(mercaptopropyl siloxane). In this way,
both thermally and photochemically curing polymerizations were carried out. PGMs with
different Young’s modulus ranging from about 1 MPa (poly(dimethyl siloxane)) up to 1 GPa
(poly(acrylate)) could be prepared. PGMs based on poly(urethane), poly(acrylate) and
poly(mercaptopropyl siloxane) can easily cover the Young’s modulus range of mussel byssus
threads (50-500 MPa). By variation of the syringe pump flow profiles different gradient
structures were realized, specifically soft-hard, soft-hard-soft and hard-soft-hard PGMs. Using
the absorbance of the added dye, the gradients could be visualized. Moreover, gradient
samples could be compared to non-gradient samples with the same overall composition. The
tensile properties of PGMs were systematically studied as function of the gradient structure.
Tensile testing of different gradient structures revealed a significant increase of the specimen
toughness of hard-soft-hard PGMs in comparison to non-gradient samples. This demonstrates

that PGMs can be used to prepare materials with improved mechanical properties.

Aqueous protein solutions of fibroin and gelatin, both proteins that contain structural motifs
similar to those in byssal threads, were processed what transferred the bioinspired approach to
the next level in terms of the adaptation of mussel byssus threads to biopolymer films. The
obtained hard-soft protein gradient films of fibroin and gelatin were mechanically, thermally
and optically characterized. This macroscopic biopolymer gradient material covers a modulus
range of about 150 to 950 MPa. As mentioned above, surfaces with continuously changing
stiffness are an interesting tool to direct cells. Therefore, the fibroin gelatin protein gradient
films with suitable modulus range, biocompatibility and -degradability but thermal stability at
body temperature are envisioned for biomedical applications such as the treatment of tendon
(natural gradient) rupture, a process that requires the immobilization of the right cell in the

right spot.
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Finally, the expertise with poly(dimethyl siloxane) gradient materials was used to prepare
wrinkled surfaces with continuously changing topography. A poly(dimethyl siloxane)-based
longitudinal PGM was prepared and subjected to an oxygen plasma treatment. For the first
time, the change in crosslink density was transferred in a continuously changing wrinkle
wavelength along the length of the sample (14 cm). The key element for the realization of the
continuously changing topography was a novel method that consists of the embedment of the
poly(dimethyl siloxane) gradient material in a homogeneous matrix to provide an uniform
strain field over the whole gradient sample. In this way, the wrinkle wavelength on the surface
of the poly(dimethyl siloxane) substrate could be continuously changed from about 700 to
1200 nm. This lithography-free approach is a powerful tool to prepare gradient surfaces with
tailored topography.
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Zusammenfassung

Die vorliegende Doktorarbeit umfasst die Herstellung und Charakterisierung von
longitudinalen polymeren Gradientenmaterialien (PGM). Inspiriert wurde diese Arbeit von
der Muschelseide, dem sogenannten Muschelbyssus. Dieses weich-harte Gradienten-
biomaterial wird in einem natiirlichen Polyadditionsprozess hergestellt, zeigt einzigartige
mechanische FEigenschaften und meistert die Herausforderung, zwei Materialien mit
unterschiedlichem Modul miteinander vorteilhaft zu verkniipfen. Deswegen ist die Nach-
ahmung dieser natiirlichen Gradientenmaterialien im Hinblick auf die Entwicklung von
neuartigen Materialien mit einzigartigen mechanischen Eigenschaften sehr interessant. In
dieser Arbeit wurden eine Vielzahl von synthetischen PGM systematisch hergestellt und
untersucht beziiglich des Einflusses der Gradientenstruktur auf die Zug-Eigenschaften der
Probe. Dariiber hinaus wurden Gradientenmaterialien auf Basis eines Biopolymer-Systems
hergestellt, das fiir biomedizinische Anwendungen interessant sein konnte. Ausserdem
wurden PGM verwendet, um die Oberflaichentopographie kontinuierlich zu veridndern. Die
vorliegende Doktorarbeit beschreibt, wie longitudinale PGM hergestellt, charakterisiert und
angepasst werden konnen werden kdnnen, um Materialien mit einzigartigen mechanischen

Eigenschaften, biomedizinischer Relevanz oder maf3geschneiderter Topographie zu erhalten.

In der Einleitung werden zuerst die Struktur, Zusammensetzung und auflergewohnlichen
mechanischen Eigenschaften von Muschelbyssusfidden zusammengefasst, um Hintergrund-
wissen zu liefern, welche flir das Verstandnis und die Motivation dieser Arbeit wichtig sind.
Die einzigartigen mechanischen Eigenschaften der Muschelseide sind eine Folge der
Gradientenzusammensetzung der Fdden. Daher werden Vorteile von Materialien mit
kontinuierlich verdndernder Zusammensetzung zusammengefasst und eine Literaturiibersicht
iiber PGM zusammengestellt. In der Natur spielen Gradientenmaterialien aber noch eine
andere Rolle. So ist bekannt, dass die Bewegung und Ablagerung von Zellen auf Oberflichen
von der Steifigkeit (=Modul) der Oberfliche abhidngt. Daher sind Oberflichen mit
kontinuierlich verdnderbarer Steifigkeit ein interessantes Werkzeug zur Steuerung der
Zellablagerung. Folglich werden in dieser Arbeit die hergestellten Proteingradientenfilme vor
dem Hintergrund geblendeter Filme aus biokompatiblen (Bio)polymeren vorgestellt. Die
kontrollierte Faltenbildung auf Oberflichen von Poly(dimethylsiloxan)-Substraten ist ein
effizienter Prozess flir die Herstellung von strukturierten Oberflichen. Falls
Poly(dimethylsiloxan)-Gradientenmaterialien verwendet werden, dann sind Oberfldchen mit
kontinuierlich verénderlicher Topographie zugénglich. Daher ist Basiswissen fiir die
kontrollierte Faltenbildung auf Poly(dimethylsiloxan)-Substraten im letzten Abschnitt der

Einleitung zusammengestellt.

Das Ziel der vorliegenden Dissertation war die Herstellung und Charakterisierung von
polymeren Gradientenmaterialien. Daher musste zuerst eine Methode entwickelt werden, um
PGM reproduzierbar herstellen zu konnen. Die meisten der aus der Literatur bekannten

Herstellungsmethoden sind relativ kosten- und zeitintensiv und teilweise nicht reproduzierbar.
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Ausserdem mussten Methoden fiir die Charakterisierung von PGM entwickelt werden. Ein
weiteres Ziel stellte die systematische Untersuchung des Einflusses der Gradientenstruktur auf
die mechanischen Eigenschaften der PGM dar. Weiterhin sollten Proteingradientenfilme mit
biomedizinischer Relevanz hergestellt und charakterisiert werden. Abschlie3end sollten Poly-
(dimethylsiloxan)-Gradientenmaterialien einem kontrollierten Faltenbildungsprozess unter-
worfen werden, um den Einfluss des Substratmoduls auf die Faltenwellenlénge untersuchen

zu konnen.

Die Sypnose gibt einen Uberblick iiber die vorliegende Doktorarbeit und fasst die
wesentlichen Errungenschaften und Ergebnisse der angehdngten Publikationen und

Manuskripte zusammen.

Zum ersten Mal konnten longitudinale polymere Gradientenmaterialien mit hoher
Reproduzierbarkeit auf der Zentimeterskala (bis 14 cm Linge) hergestellt werden. Dafiir
wurde ein speziell entwickeltes Prizisionsspritzenpumpensetup verwendet. Die
Reproduzierbarkeit dieser verldsslichen Methode ist die Voraussetzung, um eine grof3e
Anzahl an Proben herzustellen, was fiir die statistische Auswertung von Zug-
Dehnungsexperimenten unabdingbar ist. Weiterhin wurden zwei Charakterisierungsmethoden
entwickelt: eine destruktive (Kompressionsmodulmessung) und eine nicht-destruktive
(UV/Vis Absorptionsmessung) in Abhingigkeit der Probenposition. Die letztgenannte, nicht-
destruktive Methode basiert auf der Zugabe eines Farbstoffes zu einer der Komponenten und
erlaubt so, die Gradientenstruktur visualisieren und bestimmen zu konnen, bevor die Proben
Zug-Dehnungsmessungen unterzogen werden. Mit diesem experimentellen Aufbau konnten

longitudinale, makroskopische PGM systematisch hergestellt und untersucht werden.

Wir verwendeten vernetzte Polyadditions-Polymersystemen um PGM herzustellen. Die
Hochprizisionsspritzenpumpe wurde zuerst verwendet, longitudinale PGM auf Basis von
Poly(dimethylsiloxan) herzustellen. Der experimentelle Autbau wurde dann auf drei weitere
Polyadditions-Polymersysteme iibertragen, um neben Poly(dimethylsiloxan) auch
Poly(urethane), Poy(acrylate) und Poly(merkaptopropylsiloxane) verarbeiten zu kénnen. Auf
diese Weise konnten sowohl thermisch als auch photochemisch aushirtende Polymerisationen
sowie sehr unterschiedliche Modulbereiche von ungefiahr 1 MPa (Poly(dimethylsiloxan)) bis
zu 1 GPa (Poly(acrylate)) abgedeckt werden. PGM auf Basis von Poly(urethanen),
Poly(acrylaten) und Poly(merkaptopropylsiloxanen) konnen sehr leicht den Modulbereich
von Muschelseiden (50-500 MPa) abdecken. Durch Variation der Flussprofile der
Spritzenpumpe konnten unterschiedliche Gradientenstrukturen realisiert werden, im Detail
weich-harte, weich-hart-weiche und hart-weich-harte PGM. Durch Messung der Absorption
des hinzu gegebenen Farbstoffs konnten die Gradientenzusammensetzung visualisiert werden.
Weiterhin konnten Gradientenmaterialien mit Nicht-Gradientenmaterialien mit gleicher
Zusammensetzung verglichen werden. Die Zug-Eigenschaften von PGM wurden systematisch
untersucht in Abhdngigkeit ihrer Gradientenstruktur. Zug-Dehnungsmessungen von Proben

unterschiedlicher Gradientenstruktur zeigten eine signifikante Erh6hung der Reillenergie von
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hart-weich-harten Gradientenmaterialien im Vergleich mit Nicht-Gradientenpriifkorpern. Dies
verdeutlicht, dass PGM verwendet werden konnen, um Materialien mit verbesserten

mechanischen Eigenschaften herzustellen.

Wissrige Proteinlosungen von Fibroin und Gelatine, Proteine mit strukturellen Elemente
dhnlich denen der Muschelseide, wurden ebenfalls zu Gradientenmaterialien verarbeitet, was
die Herstellungsmethode noch niher an das natiirliche Vorbild brachte. Die erhaltenen, hart-
weichen Proteingradientenfilme aus Fibroin und Gelatine wurden dann mechanisch,
thermisch und optisch charakterisiert. Dieses makroskopische Biopolymergradientenmaterial
deckt einen sehr groen Modulbereich von 150 bis 950 MPa ab. Wie bereits erwihnt konnen
Oberflachen mit kontinuierlich verdnderlichem Modul die Bewegung und Ablagerung von
Zellen auf Oberflidchen steuern. Daher konnten die hergestellten Proteingradientenfilme aus
Fibroin und Gelatine mit passendem Modulbereich, Biokompatibilitdt und -abbaubarkeit und
thermischer Stabilitdt bei menschlicher Kdrpertemperatur interessant sein fiir biomedizinische
Anwendungen wie z.B. die Behandlung von Sehnenrissen: ein Prozess, der die

Immobilisierung der richtigen Zelle am richtigen Ort erfordert.

Zum Abschluss der Arbeit wurde die erworbene Expertise bei der Herstellung von
Poly(dimethylsiloxan)-basierten Gradientenmaterialien verwendet, um Oberflichen mit
kontinuierlich verdnderlicher Topographie herzustellen. Dazu wurden longitudinale
Poly(dimethylsiloxan)-Gradientenmaterialien hergestellt und eine Sauerstoffplasmaoxidation
durchgefiihrt. Zum ersten Mal konnte so die Variation der Vernetzungsdichte in eine
kontinuierlich verdnderliche Faltenwellenldnge entlang der Probenlénge (14 cm) {ibertragen
werden. Dabei spielte eine entwickelte Einbettungsmethode der Poly(dimethylsiloxan)-
Gradientenmaterialien eine entscheidende Rolle, um ein homogenes Kraftfeld auf den
Gradientenpriifkdrper wirken lassen zu konnen. Auf diese Weise wurde die Faltenwellenldnge
an der Oberfliche des Poly(dimethylsiloxan)-Substrats kontinuierlich von 700 auf 1200 nm
verdndert. Dieser lithografiefreie Ansatz stellt eine michtiges Werkzeug dar, um Oberfldchen

mit kontinuierlich verdndernder Topographie herstellen zu kdnnen.
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1 Introduction

The exploration and application of natural principles is a challenging yet promising approach
for the development of new biomimetic materials.!"! In this work, bioinspired longitudinal
polymer gradient materials (PGMs) were prepared and characterized. The inspiration for this
project comes from nature: submarine mussels use their so-called mussel byssi, a gradient
biomaterial, for the attachment onto rocks. Therefore, the introduction covers the structure
and properties of mussel byssus threads (section 1.1). Gradient materials are assumed to
improve the mechanical properties what has already been exploited for the preparation of
PGMs. Hence, advantages of gradient materials in general and examples from literature are
presented in which PGMs show improved mechanical properties (section 1.2). Biocompatible
polymers are relevant for biomedical applications. Furthermore, gradient substrates are able to
direct cell motility and attachment. Thus, blend films of biocompatible (bio)polymers are
presented (section 1.3) to put them into context with the prepared protein gradient films. The
controlled wrinkling of poly(dimethyl siloxane) is a powerful tool for the preparation of
patterned surfaces. This well-established approach was applied to poly(dimethyl siloxane)
gradient substrates to prepare surfaces with a continuously changing topography. Hence, the
theoretical background for the wrinkling process is summarized (section 1.4). All these

sections are given to frame the background of this work.

1.1 Mussel Byssus Threads: Gradient Biomaterials

Submarine mussels possess a tough yet elastic appendage called byssus that attaches the
mussel’s soft interior to hard surfaces in the rocky intertidal zone for most of their life.!) The

byssus is a bundle of extracorporeal threads, each of which consists of a stem, a proximal and

distal part and is glued to the surface by an adhesive plaque (Figure 1)./”

Figure 1. (a) Submarine mussels such as Mytilus californianus use their byssi to attach themselves onto rocks.
(b) Each byssus consists of a stem, a proximal and distal part and a plaque, gluing the thread to the rocky
surface. (Reprinted with permission from [4]; Copyright 2009 Elsevier Limited)

These threads are longitudinal gradient biomaterials, e.g. the composition changes

continuously along the length of the fiber.”) Each thread of the mussel byssus shows an
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excellent combination of stiff and soft mechanical properties, resulting in a high toughness
similar to that of Kevlar® (50 MJ/m’ ).[6’7] However, modulus (Egis.=0.87 GPa;
Eproximai=0.02 GPa) and ultimate stress (Ggisa=0.08 GPa; Gproxima=0.04 GPa) are rather low in
comparison to Kevlar® (E=130 GPa; c=3.6 GPa). Mussel byssi are able to withstand harsh
conditions such as crushing waves with velocities up to 25 m/s.®! Moreover, the byssus

49 and is formed in about 5 minutes.!'”’

possesses remarkable self-healing properties
Furthermore, such soft-hard gradient biomaterial solves the engineering problem of
connecting soft tissues with hard surfaces (Figure 9).!'"" All these features make the mussel

byssus an ideal for polymer materials science and thus justify a closer look.

As shown in Figure 1b, each byssal thread consists of the stem, the proximal and distal thread

231281 and is coated by a cuticle (2-5 pm thickness).!"* The thread is
[s

and the plaque!
composed of around 95% proteins and 5% water.'"”) The major protein content of the
proximal and distal thread is contributed by three different collagen-like proteins (so-called
preCols), specifically preCol-P, preCol-D and preCol-NG (for proximal, distal and no

4,15-18

gradient, respectively).. ] These precollagens are distributed over the thread (2-5 cm in

length, 100-200 pm diameter)™™ along a compositional gradient!'**" (Figure 2).

preCol gradient

P : =]

stem

coating distal

Figure 2. Structural features of a byssal thread. The stem connects the mussel’s soft interior to the thread that is
attached to the rocky surface via an adhesive plaque. TEM images illustrate the different morphologies of the
structural features. In the case of the proximal and distal part of the thread, the changing morphology can be
attributed to a continuously changing ratio of preCol-P and -D while -NG remains constant. (Reprinted with
permission from [2]; Copyright 2008 Landes Bioscience)

Each preCol is a monomer that can be polymerized. However, every single preCol in itself
already consists of a modular structure, resembling a blockcopolymer with a kinked triple-

helical collagen core, variable flanking domains and terminal histidine-rich domains (Figure
3).[15,21-23]
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His-rich
20% His \

Flanking

Collagen D: dragline silk
Gly-Xaa-Yaa NG: Gly-rich
P: elastin

His-rich
20% His

Figure 3. Schematic of a preCol collagen triple helix with flanking domains and his-rich termini. The different
collagens preCol-D, -NG, and -P differ only in their flanking domain. (Adapted with permission from [5];
Copyright 2009 Wiley-VCH)

The stiff collagen core with the triplet amino acid sequence Gly-Xaa-Yaa (Gly=Glycin;
Xaa/Yaa= (modified) Prolin) is the largest region, main load-bearing element in each preCol
and adjacent to the flanking domains.”**! The flanking domains differ significantly and are the
distinctive feature among preCol-NG, -P and -D, resulting in very different mechanical
properties."! PreCol-NG™*! is uniformly distributed over the thread and is similar to glycin-
rich plant wall proteins. PreCol-P** with primarily o-helical structure possesses flanking
domains that resemble elastin and preCol-D*”! has flanking regions with B-sheet like
structures reminding of spider dragline silk."'* The elastin-like preCol-P and the silk-like
preCol-D render flexible and stiff mechanical properties, respectively. PreCol-NG is predicted
to have a stiffness between preCol-P and preCol-D. The terminal histidine-rich domains are
able to form covalent crosslinks.!'"*"**! An amount of 2-4 mol% of the overall precollagen
composition consists of histidine but they are concentrated in the precollagen termini,
resulting in local concentration of about 20 mol% histidine.!'”! This amino acid is known to
form reversible coordination complexes with Zn(II), Cu(Il) and Fe(III), which are present in

significant amounts in each byssal thread?”**

and are assumed to play a role in crosslinking
the collagens." More to the point, the histidine-rich domains also contain residues of
tyrosine that are known to undergo a translation to 3,4-dihydrophenylalanine (DOPA).*"
DOPA is a very reactive agent and able to form covalent crosslinks between nearby

preCols.*”!

Trimers of these preCols form anisotropic bundles in granules inside of the secretory cells

1130321 On demand, these

near the mussel groove, stored as a smectic liquid crystal phase.!
granules can be transfered into the rim of the mussel foot protein mfp-l[lo’m where the
collagens are crosslinked and then externally secreted by the mussel foot, an extendable
mussel organ.!'®*%! This crosslinking process is controlled by the pH-value, allowing
processing of the preCols while maintaining control over the crosslink formation.!'>**! The

[10

fiber formation takes about 5 minutes!'® and this polyaddition process reminds of reaction

injection molding.!"” Furthermore, the use of a liquid crystal phase is similar to the
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® [34,35

manufacturing process of Kevlar". I The smectic morphology®*®

of the preordered preCol
trimers is retained in the final byssal thread though the crosslinking process holds the preCols
in place.”” This results in a solid tensile element with embedded, anisotropic fibers in a

. . C g . . . 15
proteinaceous matrix, reminding of a fiber-reinforced composite material.!'”!

It is worth mentioning that most collagens function in tissues that are wholly enclosed within
the body of the organism."”! Apparently, that is not the case with extracorporeal mussel byssal
threads.!'®
conditions. Specifically, the byssus provides the mussel with the ability to dissipate up to 70%

! Therefore, nature adapted these threads to cope with environmental, harsh

of the applied wave energy.l'™ The origins of these outstanding mechanical properties are
assumed to arise from the load-bearing cuticle!®”! the fiber-composite-like structure!'” and the

"1 as well as the domain unfolding to prevent rupture!**”!

gradient composition of the thread!
(see below). Particularly, the compositional gradient of preCol-P and -D is intimately
associated with the mechanical gradient from the proximal to the distal part of the thread.!"”!
Though, it is difficult to precisely attribute each feature to a specific element of the thread
what complicates the understanding of the structure-property relationship. The most
convenient way is the comparison of the stiff, distal with the soft, proximal part of the byssal
thread. In the distal part, the fiber is stiff (E-modulus of up to 500 MPa) and thus less elastic
(strain at break of 60%-100%). The proximal part is more elastic, indicated by an E-modulus
of only 50 MPa and a strain at break of 160%-200%, rendering a material with relatively low

stiffness and strength but high extensibility (Figure 4).

200,
F "™ Distal
< ista
» 100+
&
@ 50- Proximal
N\
0 ; : . ]
0 50 100 150 200

Strain [%]
Figure 4. Stress-strain curves of the distal and proximal part of the byssal thread. The distal part is stiff with a
Young’s modulus of 500 MPa, undergoes yielding at approximately 15% and strains until about 100%. The
proximal part is soft with a Young’s modulus of 50 MPa and an ultimate strain about 200%. (Adapted with
permission from [5]; Copyright 2009 Wiley-VCH)

The Young’s modulus increases continuously from the proximal to the distal part of the
thread but 80% of the thread consist of the distal region.”® By application of a soft-hard
mechanical gradient, the mussel’s soft interior (Epusce=0.2 MPa) is mediated to the stiff
surface of the rock (Erock=25,000 MPa). This soft-hard gradient is a major design principle in

nature when it comes to the attachment from soft to hard tissue (Figure 5).%



Introduction 11

byssal retractor __ Emuscie™ 0.2 MPa

muscles
I
stem
proximal Estem = 10 MPa
thread g ANy
Eprox = 50 MPa
distal thread
AN
o E, = 500 MPa
plaque
N

Figure 5. Schematic of the distinctive parts of the byssal thread (stem, proximal thread, distal thread, plaque)
and their Young’s modulus in tension. (Adapted with permission from [11]; Copyright 2004 American Chemical
Society)

At low strains, the distal part of the thread resembles tendon with a stiffness of about 1 GPa
and a very high resilience (above 90%).”) However, mussel threads do not show the very low
ultimate strain values typical for tendon (about 12%) but undergo yielding by extending until
twice of their initial length. In this way, up to 70% of the applied excess energy is dissipated
B9 of the B-pleated

in the distal regions. Unlike semicrystalline polymers*”, the major part of the

without rupture of the thread'”! what is realized by domain-unfolding
sheets! '™
energy dissipation in byssal threads does not take place in the soft (here:proximal) but stiff

(here:distal) parts. Similar to most biomaterials'*"), the distal part of the byssal thread does not

loose its functional utility after being taken beyond the yield point. Domain unfolding!®***!

[15,17

and both types of crosslinks''>'” provide sacrificial bonds in yield (Figure 6).
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Figure 6. (a) Schematic stress-strain curves of dehydrated and hydrated parts of the distal thread. The
dehydrated thread lacks a distinct yield plateau and possesses a lower ultimate strain. This demonstrates the
importance of aqueous conditions to reach the best mechanical properties. (b) The mechanisms during tensile
testing on a molecular level. The unstretched fiber is strained, leading to extension of molecule kinks (1). With
increasing stress, the collagen triple helix, the his-rich regions and the alanine-rich parts are stretched (2).
Breaking of histidine metal crosslinks and domain unfolding after the yield point permits load dissipation (3).
Interchain hydrogen bonds in the triple helix break apart during strain hardening (4). Once the ultimate strain is
reached the triple helix ruptures. In the hydrated form, water might act as an lubricant, enabling higher ultimate
strains (5). (Reprinted with permission from [39]; Copyright 2011 Elsevier Limited)
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Mussel byssus threads also possess remarkable self-healing properties.””) After domain
unfolding and breaking of sacrificial crosslinks such as chelate complexes, there is typically a
rapid recovery dependent on the presence of sea water. These mechanisms to reverse a loss in
yield strength make sure that the thread is able to recover initial material properties even after

straining beyond the yield point though it can take months for complete recovery (Figure
7).

200
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& 120 A
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40
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Figure 7. Cyclic stress-strain curves for the distal part of the thread. The thread is strained to 70% and then
unloaded to the initial length. Between 10-20% strain, the material is stretched beyond the yield point and thus
non-elastically deformed (cycle 1). A consecutive cycle clearly shows the decrease of the Young’s modulus
(cycle 2). After 1h, the thread is strained again and prove that the self-healing mechanisms have already started.
(Reprinted with permission from [27]; Copyright 2001 American Chemical Society)

As shown in Figure 4, the mechanical properties in the proximal part of the thread are
significantly different. The Young’s modulus is about ten times lower than in the distal part.
Accordingly, also the ultimate stress is lower with a higher ultimate strain (see above).
However, the proximal region is composed of only 66% of precollagen. Therefore, the other
34% protein cannot be neglected when it comes to the impact on the mechanical gradient. For
example, the granular, proteinaceous cuticle plays an important role for the half-life of byssal
threads due to their high breaking strains.!*"! Collagens used in the mussel byssus are highly
interesting for biomedical applications because of their biocompatibility but are not yet

available in sufficient amounts for materials research.*”

The mussel byssus’ outstanding mechanical properties are partially attributed to the gradient
composition of the threads, rendering a hard-soft material. Therefore, this design paradigm is
interesting for engineering polymer materials. The application of a gradient solves the
classical engineering problem of connecting hard and soft materials. All these features make
the biomimetic adaptation of the mussel byssus’ basic design principles interesting for the

preparation of longitudinal polymer gradient materials which is the core element of this thesis.
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1.2 Mechanical Properties of Polymer Gradient Materials

This section will give a literature overview regarding the investigated mechanical properties
of polymer gradient materials (PGMs). A compositional gradient has to be established in a
sample in order to obtain a PGM. As shown in Figure 8, the compositional gradient can be
either created in the y- (lateral), x- (longitudinal) or z-axis (cross-sectional). Note that gradient
copolymers, i.e. a gradients of monomers along a single polymer chain, are not in the scope of

this introductory section and are covered later (section 4.3).[45 471

z

Lateral Longitudinal Cross-sectional

Figure 8. Dimensions of polymer gradient materials. The compositional gradient can be established in the y-
(lateral), x- (longitudinal) or z-axis (cross-sectional). (Adapted with permission from [53]; Copyright 2012
Wiley-VCH)

Gradient materials in general possess several mechanical advantages such as a high resistance

481 (4930 smaller crack-jump

to contact deformation and damage'™, crack-tip shielding
distances®" and lower local stress concentrations."” Furthermore, a continuously changing
Young’s modulus was postulated to hinder crack propagation.”” The best way to understand
the advantages of gradient materials is the comparison with butt joint materials, i.e. a material
with a sharp interface instead of a continuously changing composition.!"!) Interfaces between
materials of different stiffness tend to be the point of structural failure upon application of a
longitudinal load. Specifically, the longitudinal load gives rise to a stress in the contact zone
between material A with the stiffness value Ex and material B with Eg, respectively. This
interfacial stress is called radial stress o;. The magnitude of the arising radial stress o, reflects

the degree of mismatch and increases with increasing ratio Eg/E4 (Figure 9).
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Figure 9. Radial stress o, in dependency on the stiffness ratio Eg/E, at a constant Poisson ratio and axial stress
o,. Upon application of a longitudinal force F, o, in the butt joint increases with increasing stiffness mismatch of
material A and B, i.e. the stiffness ratio Eg/E4. (Reprinted with permission from [53]; Copyright 2012 Wiley-
VCH)

Since gradient materials do not posses a sharp interface but a continuously changing
composition they are not susceptible to radial stresses.>>! Therefore, gradient materials gained
interest long before the investigation of mussel byssus threads and potential applications for
(PGMs) were envisioned already in 19725°% but initially prepared about 15 years later due to
the lack of preparation methods.” According to the mussel byssus example, hard-soft PGMs
are of special interest for this thesis. However, hard-soft PGMs with a continuously changing

>¢>Tand not accessible by the broad variety

ratio of two polymers are quite rare in literature!
of gradient Interpenetrating Polymer Networks!®**" (g-IPN) due to their preparation process
(section 4.3).

Most of the time, hard-soft polymer gradients were prepared by addition of (inorganic) fillers

162641 Cross-sectional talcum/poly(propylene) gradients, i.e. a compositional

or porosity.
gradient along the thickness of the sample, were prepared and analyzed concerning their
bending properties.®” More to the point, it was shown that the gradient structure within the

sample significantly affects the bending properties.

The investigation of the overall mechanical properties of the entire polymer gradient sample
is not common. Instead, researchers concentrated on the analysis of cut sections of the
gradient material. As a consequence, they rather analyzed samples with a discrete
composition than an entire gradient specimen.!®’ Nevertheless, there are a few examples
where entire polymer gradient specimens were analyzed - with remarkable findings. PGMs
based on a g-IPN made of poly(2-chloroethyl acrylate) and poly(methyl methacrylate) were
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reported to have enhanced fracture strain and toughness'°*®” Several other g-IPNs of different

polymer systems reached highest yield stress and a high fracture strain, resulting in a

(8721 However, g-IPN in general lack reproducibility and the

[73,74

remarkable toughness.
accessibility of longitudinal PGMs (section 4.3). Better damping!”>™*! properties were found
with vulcanized styrene-butadiene rubber in a rather uncontrolled process. Interesting

[75

relaxation””) behavior was observed with poly(urethane-isocyanurates) in a challenging

preparation process with high synthetic effort.

In summary, reproducible preparation methods for longitudinal PGMs and systematic studies
of the effect of gradient structures on the mechanical properties still lack what justifies the

investigation of this unique class of materials in the presented work.
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1.3 Blend Films of Biocompatible (Bio)Polymers

Biocompatible polymer gradient materials might qualify the already complex class of gradient
materials for biomedical applications such as curing of damaged tendon (see below). This
section will introduce the utility of gradient materials for cell-interface investigations,
biomedical applications and summarize literature-known blend film systems of biodegradable
(bio)polymers that can be adapted to prepare polymer gradient materials (PGMs). In this way,
the given literature displays the background of the prepared biocompatible fibroin-gelatin
gradient materials.

Cell motility, i.e. the cell movement, is directed by the stiffness of the surface and this

[76

phenomenon is called Mechanotaxis.’® Cells migrate to surfaces whose stiffness match the

cell’s tissue stiffness!’”]

. For instance, cells forming stiff tissue migrate from soft to stiff
surfaces (Durotaxis).”®! More to the point, even the differentiation of stem cells depends on
the stiffness of the surface. Specifically, stem cells differentiate into soft cells on soft surfaces
and vice versa.l’”” Thus, the control of cell attachment and movement is of high relevance for
biomedical applications such as tissue repair because theoretically any cell can be guided to

the right spot just by application of a suitable surface with a stiffness gradient.

Tendons are gradient biomaterials™” with a Young’s modulus about 300-350 MPa!’”). Similar
to mussel byssus threads, nature uses again a gradient (tendon) for the attachment of soft
tissue (muscle) to hard surfaces (bone).®'*?) Although the gradient in the tendon-bone

[ [84]

insertion site is limited to a few centimeters®, tendons can reach lengths up to 25 cm'™™.

Spontaneous tendon rupture occurs relatively often in sports.*>! Apparently, biocompatible

gradient surfaces can help to provide a template or to direct cells because tendon healing!®®

depends on cell proliferation and migration.™®”"

Most researchers used microfluidic devices to prepare biocompatible gradient surfaces for the
investigation of the cell-material interface!’”*” but the gradients are usually realized on the

(9092 This stems from the fact that macroscopic surfaces are not necessary for the

microscale.
investigation of cell-surface interactions although the microfluidic technique itself can indeed
be used to prepare gradients up to 5 cm length®"! as recently shown with gelatin chitosan

1] Another disadvantage of the cell-material research field

gradients by Khademhosseini et a
is that it is usually populated with soft hydrogels that cannot cover the modulus range of
tendon.””! Interestingly, the tendon-bone insertion site has already been addressed by gradient
surfaces. Specifically, low modulus poly(acrylamide) hydrogel gradients (3 cm stripes) were
prepared by a gradual irradiation technique, covered with cell-signalling proteins and
analyzed regarding the differentiation of seeded stem cell on the substrate.””! A smiliar
approach was used to prepare surfaces with a steep gelatin gradient over a microscale distance
of 100 um."”*! Although cell-matrix signaling affected the differentiation of seeded stem cells,
these soft microscale gradient surfaces are limited to providing a template exclusively for the

short tendon-bone insertion site.
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There are also other techniques which were used to prepare gradient surfaces. For instance,
scientists focused on an approach where biocompatible polymers are modified and covalently
attached to bioactive molecules in a graded fashion. For example, poly(ethylene glycol)
microspheres with different densities and attached heparin and protamine were prepared.
Upon centrifugation, the functionalized microspheres self-assembled according to their
densities into gradients of heparin and protamine.” Furthermore, a poly(L-lactide)
membrane surface was gradually functionalized with free amino groups using a microinfusion
pump. Then, collagen brush density gradients were prepared by exploiting the amino group

B7] These gradient surfaces

gradient on the surface for the gradual attachment of collagen.
were then subjected to cell motility studies.!”® In the same way, gradient surfaces of fibrin are
accessible.”” In another example, standard electrospinning technique was used to prepare a
high-porosity nanofiber of poly(methylglutarimide). Then, they gradually deposited labeled
fibronectin via time- and position-dependent immersion of the nanofiber in a fibronectin
solution. The incorporated protein gradient qualified the material for cell culture studies.!”!
A similar diffusion-dependent process was used to prepare protein gradients on fibroin

surfaces.'’!

Although all these methods and systems allow the preparation of biocompatible gradient
surfaces they do not allow to prepare macroscopic bulk gradient materials over a wide range
of high modulus that could be relevant, for instance, for tendon replacement. However, a

[102]

miscible fibroin-gelatin blend system was described in literature and structurally and

1193} This biodegradable system

mechanically analyzed in dependency on the composition.
deserves closer attention because it can cover a broad modulus range and both the
components are readily available in larger amounts. Furthermore, gelatin is a partially
hydrolyzed and denaturated collagen and it was already shown that its addition can improve
the performance of polymer blends for biomedical applications.!'*"! Moreover, silk fibers of
fibroin are an interesting candidate for biomaterials research due to their excellent mechanical
and biological properties.'™ However, this system has not yet been used to prepare
macroscopic gradient materials. Therefore, the investigation of biocompatible fibroin-gelatin
gradient materials able to cover the Young’s modulus of natural tendons on the macroscopic

scale is part of the thesis.
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1.4 Controlled Wrinkling of PDMS Substrates

Patterned surfaces play an important role in nature for several interesting phenomena such as

55[106 107]

the self-cleaning “lotus effect”!'®® the decrease of hydrodynamic friction of shark skin!

and the broad variety of colors of butterfly wings!'®. This design principle can be adapted to

technology due to the potential impact on structure-related properties. Most of the structuring

principles for the preparation of periodically structured substrates!'””! is based on conventional

"0 UV-nanoimprint  lithography!"'", hot embossing!''¥, microcontact

[114] [115]

lithography'

printing!'"*!,  film deposition"'¥, etching and illumination of azobenzene-containing

[116

holographic materials, rendering well-defined surface relief gratings.''” However, there is

another lithography-free structuring principle which relies on the introduction of surface
instabilities in thin films for the spontaneous formation of patterned surfaces.''’''®
Specifically, wrinkle formation is introduced in thin hard films that are coupled to elastic

(191200 The following

PDMS substrates in a well controlled and highly reproducible process.
section will provide a brief overview over buckling/wrinkling to frame the background for the

controlled wrinkling of PDMS gradient substrates which is a part of this thesis.

If a free-standing plate (or rod) is subjected to an external compressive force along the length
of the sample, it will spontaneously buckle at a certain critical stress. The buckle wavelength

depends only on the length of the free-standing plate (Figure 10).

compressive free-standing plate compressive

force l force

1
' buckle wavelength !

Figure 10. Buckling process. If a compressive force (grey arrows) applies a critical stress onto a free-standing
plate (red bar), spontaneous buckling occurs with a specific buckle wavelength.

The term buckle wavelength is used to describe larger wavelength whereas in the case of
smaller wavelengths the term wrinkle wavelength is used.!'"! If the external compressive
force is caused by a connected elastic medium, energetically favored wrinkling usually occurs

with smaller wavelengths (Figure 11).[1%2
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compressive free-standing plate and connected elastic medium compressive
force force

l wrinkle wavelength

Figure 11. Wrinkling process of a free-standing plate connected to an elastic medium. If a compressive force
(grey arrows) applies a critical stress onto a free-standing plate (red area) connected to an elastic medium (blue
cuboid), spontaneous wrinkling occurs with a specific wrinkle wavelength. The thickness of the wrinkled plate is
exaggerated for better visualization of the principle.

The wavelength is then a result of the bending energy of the plate and the deformation energy

[123 [124 [125]

of the surrounding elastic medium.'*) Wrinkle patterns!*" with complex kinetics are

accessible, depending on the material’s choice for plate and medium. The only prerequisite is

the prevention of the film delamination during the process.

Generally, a hard SiO,-like layer (plate) is coupled to a PDMS substrate (elastic medium),

[119,120

resulting in formation of sinusoidal wrinkles on the surface. ! As shown in Figure 12, the

standard procedure for the introduction of wrinkles comprises stretching of a soft PDMS

[126,127]

substrate and subsequent oxygen plasma treatment, resulting in a hard SiO,-like layer

1281291 Upon relaxation of the stretched PDMS substrate, sinusoidal wrinkles

on the surface.!
with a uniform wrinkle wavelength are formed perpendicular to the direction of stress. This
behavior can be attributed to the so-called buckling instability!*” that relieves stresses.

Although the observed wrinkle wavelength is usually very uniform, defects such as

energetically favored) junctions" and cracks due to brittle SiO,-like layer are common
g y J y
[119]

phenomena.

1. Stretching 3. Relaxation
2. Plasma Treatment
—_—p —_—p
A
PDMS substrate PDMS with thin SiO,-like film Surface-wrinkled PDMS

Figure 12. Wrinkling of a PDMS substrate. The PDMS substrate is stretched and subsequently treated with
oxygen plasma to form a thin SiO,-like film on the surface. After relaxation, sinusoidal wrinkles with a wrinkle
wavelength A and an amplitude A are formed due to the buckling instability.

Assuming a film (plate) on a semi-infinite substrate (elastic medium) (plane-strain
conditions), the wrinkle wavelength A!"*% and the amplitude A!'*! can be calculated according

to equation (1) and (2), respectively.
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E (1-v?
A =2mh.3|—F s 1
f\/?,ES!l—vf% W)

A=h |=-1 (2

Here, hy is the thickness of the SiO»-like film, € and €. are the (critical) strain and E and v are
the Young’s modulus and Poisson’s ratio of film (f) and substrate (s). Both the wrinkle

wavelength and the amplitude thus depend linearly on the film thickness.

There are critical parameters which represent the minimum values to induce wrinkling.

Specifically, wrinkles can only be formed if a critical stress . (3) or a critical strain g (4) is

121]
9o g ( E Y
%~ Ja (l—v?)((l—vi)j ©

3 (3ES 1-v? Jz @

applied onto the sample.!

Note that both the critical stress and strain only depend on the Young’s moduli and not the
thickness of the film. Beyond the critical values, non-linear contributions have to be taken
into account, resulting in a modified equation for the critical wrinkle wavelength A. (5) in the

case of high strains.!"*

A= 27-Ehf Ef 1- Vi (53 — 5[Spre (1 + Spre )]

° (1+gpreX1+§)%33Es(l—vf2) " 32 ©)

Here, e represents the prestrain and & the large deformation and nonlinearity in the

substrate.

In summary, the wrinkle wavelength A, mainly depends on the thickness of the thin SiO,-like
film hf and the Young’s modulus of the substrate Es. The continuously changing hy was
recently transferred in a continuously changing wrinkle wavelength.!"**! A wrinkled gradient
PDMS material was already postulated to show a continuously changing wrinkle wavelength
but no experimental evidence has been available.'** Therefore, the investigation of the
wrinkle behavior of a PDMS-based PGM is part of this thesis.
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2 Objective of this Thesis

The aim of this thesis is the preparation and characterization of polymer gradient materials
(PGMs) and to provide deeper insight into materials with a continuously changing
composition. The inspiration for this work comes from nature: mussel byssus threads are
gradient biomaterials and show outstanding mechanical properties. Apart from that, materials
featuring a soft-hard gradient in longitudinal direction solve an engineering problem of
joining two materials of different stiffness. This chapter describes briefly the five objectives of
this thesis.

The first objective is the compilation of literature-known structure, gradually changing
composition and properties of mussel byssus threads to frame the background of this work.
Furthermore, the mechanical advantage of a gradient structure in terms of stress distribution
should be explained. Examples from literature should be given where a gradient structure
indeed improved the mechanical properties. However, the commonly used preparation
methods are relatively complex, yield small sample sizes and often lack reproducibility which
is a drawback for systematic studies. Therefore, an important part of the first objective is the
implementation of a straightforward, reliable and highly reproducible preparation method for

longitudinal PGMs on the macroscopic scale.

The second objective is the preparation of longitudinal PGMs with different gradient
structures based on poly(dimethyl siloxane) as model system. The third objective is the
adaptation of this approach to three other polyaddition based polymer systems, specifically
poly(urethane), poly(acrylate) as well as poly(mercaptopropyl siloxane). A systematic study
of the impact of the different gradient structures on the tensile properties of PGMs should be
conducted.

It is known that biocompatible surfaces with a stiffness gradient are able to direct cell
movement and attachment. As a consequence, gradient materials are of relevance for
biomedical applications. Macroscopic biocompatible longitudinal PGMs covering a broad
modulus range are underrepresented. Therefore, the preparation and characterization of a
biocompatible and -degradable biopolymer gradient, specifically a fibroin-gelatin gradient
material, is the fourth objective of this thesis.

The controlled wrinkling of poly(dimethyl siloxane) surfaces is widely used as one of the
lithography-free structuring principles. This process is well-established. So far this approach
was not transferred to a gradient poly(dimethyl siloxane) substrate. Therefore, the last
objective of this thesis is the application of the acquired expertise with poly(dimethyl

siloxane) gradient materials to prepare structured surfaces with continuously changing

topography.
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3 Synopsis
3.1 Overview of the Thesis

The aim of this thesis is the preparation and characterization of polymer gradient materials
(PGMs) and to gain a better understanding of materials with a continuously changing
composition. This topic was addressed stepwise and resulted in four publications and one

submitted manuscript.

Scheme 1 illustrates schematically how the five topics are connected. A reliable preparation
method was developed based on a high precision syringe pump setup (Scheme 1, center). The
high precision syringe pump setup connects all the topics because it represents the
prerequisite for each individual topic. This preparation method allowed the preparation of
longitudinal polymer gradient materials on the centimeter scale with high reproducibility.
Characterization methods were established to precisely analyze the compositional gradient

within a sample before subjecting it to tensile testing.
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Scheme 1. Overview of the thesis. The high precision syringe pump setup allowed the highly reproducible
preparation of poly(dimethyl siloxane) (PDMS)-based polymer gradient materials. This method was extended to
other crosslinked polymer systems for the preparation of polymer gradient materials with a broad E-modulus
variation. In this way, the impact of the gradient structure on the mechanical properties of different polymer
system could be systematically studied. Then, protein gradient films were prepared what proved the adaptability
of the high precisions syringe pump setup even to aqueous, biological systems. Last, the expertise with PDMS
gradient materials was used to prepare tailored surfaces with continuously changing topography.
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The preparation setup and method was used to prepare longitudinal low-modulus PGMs based
on poly(dimethyl siloxane) (PDMS). The PDMS gradient materials were mechanically

characterized in dependency on the gradient structure (Scheme 1, upper left).

The expertise with thermally curing PDMS systems was extended to three thermally or
photochemically curing polymer systems, rendering high-modulus polymer gradient
materials. In this way, longitudinal PGMs with an E-modulus variation similar to that of
mussel byssus threads (50-500 MPa) were prepared and their mechanical properties

investigated as function of the gradient structure (Scheme 1, upper right).

The acquired know-how was transferred to process biodegradable and biocompatible protein
gradient films from aqueous solution, proving the adaptability even for biological systems

(Scheme 1, lower right).

Last, PDMS gradient materials were used to prepare tailored PDMS surfaces with

continuously changing topography (Scheme 1, lower left).

The following sections of the synopsis will give an overview of major findings and results of
each topic, even beyond the results reported in the publications and manuscripts without
making the lecture of the attached publications and manuscripts redundant. Literature
references are not given in the synopsis but can be found in the attached publications and

manuscripts.
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3.2 Polymer Gradient Materials: Can Nature Teach Us New Tricks?"

It was already pointed out that nature evolved longitudinal gradient materials such as the
mussel byssus with unique mechanical properties and the ability to mediate between soft and
hard materials. The provided excerpt of the literature overview illustrates that the few
reported examples of polymer gradient materials (PGMs) indeed showed improved
mechanical properties in comparison to non-gradient samples with discrete composition.
However, the presented preparation methods are relatively complex, complicated and

sometimes lack reproducibility.

Therefore, a reliable preparation method had to be established that allowed the preparation of
longitudinal PGMs with high reproducibility - a prerequisite for the study of tensile properties
in dependency on the gradient structure because the statistical evaluation requires a sufficient

number of identical samples.

Mussel byssus threads, among others, are introduced as natural examples for longitudinal
PGMs which attaches soft tissue to hard surfaces. The mechanical advantages of structures
featuring a gradient in one direction are summarized. In addition to basic terminology and
definitions, this review article gives a comprehensive overview of the most recent
developments in the field of PGMs and selected highlights of PGMs are presented.
Furthermore, common experimental techniques and characterization methods for PGM are
illustrated. All these informations frame the background for our developed experimental setup
for the reproducible preparation of longitudinal PGMs - a high precision syringe pump setup
illustrated by the use of a poly(dimethyl siloxane) (PDMS) system as an example (Figure 13).
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Figure 13. Scheme (left) and photograph (right) of the high precision syringe pump setup. The flow rate of each
syringe (a) can be controlled by the software (b). Disposable tubes (c) connect the syringes with the mixing head
(d). A disposable static mixer (e) is attached to the mixing head and is used to mix the components before
processing them into the mold (f). The mold is placed on a step motor (g) whose speed is synchronized with the
total flow rate of the setup. This allows uniformly filling of the mold. The polymer system (PDMS) in this
photograph consists of two different siloxanes (component A: red; component B: colorless) and a curing agent
(component C: colorless). (Reprinted with permission from [53]; Copyright 2012 Wiley-VCH)

"This part of the thesis was published as a review article in the journal Macromolecular Materials and
Engineering 2012 that can be found in section 4.3.
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This setup allows the preparation of longitudinal PGMs with different gradient structures in
dependency on the applied flow profile. For example, by application of a continuously
changing flow ratio of the “soft” and “hard” prepolymer at a constant flow of the curing
agent, soft-hard PDMS gradient material can be prepared with high reproducibility (Figure
14). The dye added to the soft prepolymer visualizes the compositional gradient.
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Figure 14. Flow profile for the preparation of a soft-hard PDMS gradient. An empirical combination of constant

(22.3 uL/s) and continuously changing (0-22.3 uL/s and vice versa) flow rates of the soft (red line) and hard
(blue line) prepolymers at a constant flow rate (2.7 pL/s) of the curing agent (green dotted line) allows the highly
reproducible preparation of soft-hard PDMS gradient. The total flow rate is 25 pL/s, realizing the processing of

1.4mL for each PDMS gradient sample (140x10x1 mm®) in 565s. (Reprinted with permission from [53];
Copyright 2012 Wiley-VCH)

Moreover, our preferred optical and mechanical characterization techniques are presented,
comprising UV/Vis spectroscopy of the added dye and compressive modulus testing in
dependency on the sample position (Figure 15).
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Figure 15. Characterization techniques for PGMs. Left: UV/Vis spectroscopy of a dyed PDMS gradient material
on a 384-well plate. A UV/Vis spectrum of each well is measured, allowing the correlation of the maximum
absorbance of the red dye (at 560 nm) with the sample position. Right: Compressive modulus testing of the
sample shown in the left photograph. Cylindrical specimens were punched every 10 mm and measured. Since the
soft siloxane prepolymer was dyed, the compressive modulus is low where the absorbance of the dye is high.
(Reprinted with permission from [53]; Copyright 2012 Wiley-VCH)
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Especially, UV/Vis spectroscopy (non-destructive method) is of high relevance because it
allows us to precisely analyze the prepared gradient structure within the sample before

subjecting it to tensile testing (destructive method).

With this setup in hand, longitudinal PGMs with different gradient structures within the
samples could be prepared in large quantities with high reproducibility. The gradient structure
within the sample could be analyzed by a non-destructive method. This is a requirement to
study the tensile properties of longitudinal PGMs as function of the gradient structure within

the sample.
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3.3 Learning from Nature: Synthesis and Characterization of Longitudinal Polymer
Gradient Materials Inspired by Mussel Byssus Threads

Marine mussels use their threads for attachment to any substratum and these biopolymer
gradient fibers show outstanding mechanical properties due to an excellent combination of
stiff and soft properties. The compositional gradient in each fiber is assumed to be responsible
for this distinctive behavior and is established by continuously changing the ratio of three
collagens along the thread. The collagens are crosslinked in a reaction similar to a
polyaddition polymerization while processing of the fiber reminds of reaction injection
molding. Both concepts are very well-known in polymer processing. Nature utilizes this
strategy of gradient materials to create materials with unique mechanical properties but
polymer science offers a tool to transfer these biological principles to material science. To
explore characteristics, potential, and applications of bioinspired polymer gradient materials
(PGMs), a reliable preparation method was needed. The described high precision syringe
pump setup was used for fabrication of bulk PGMs based on a commercially available
poly(dimethylsiloxane) system (PDMS), following the natural concept of a polyaddition
polymer system. For the first time, longitudinal PGMs based on PDMS with different gradient

structures were prepared on the macroscopic centimeter scale with high reproducibility.

PDMS is a suitable model system for the preparation of PGMs due to its commercial

availability and easy handling (Table 1).

Table 1. Poly(dimethyl siloxane) components for the preparation of bulk polymer gradient materials. (Reprinted
with permission from [Macromol. Rapid Commun. 2012, 33, 206.]; Copyright 2012 Wiley-VCH)

Component Description Viscosity®  Mixing ratio of components ~ Tensile modulus + STD
and name
[mPas] [viv] [MPa]?
A B C
A H-Sil-hard  H-Siloxane (hard) 10,500 10 0 1 0.76 £ 0.01
B H-Sil-soft H-Siloxane (soft) 2,700 0 10 1 0.19+0.01
C Vinyl-Sil Vinyl-Siloxane 1,050 - - - -

and Pt-Catalyst

“Manufacturer’s data sheet; ”See experimental section for testing conditions, STD: standard deviation.

In general, PDMS networks are formed by curing siloxane prepolymers via thermal cross-
linking. The reaction occurs between siloxane prepolymers with Si-H functionalities (H-
Siloxane) and the curing agent with vinyl groups (Vinyl-Siloxane) or vice versa. Specifically,
the Si-H is reacted to a vinyl group in a platinum-catalyzed polyaddition reaction. Hence, the

stiffness of the PDMS materials can be changed by application of H-Siloxanes with different

“This part of the thesis was published as a communication article in the journal Macromolecular Rapid
Communications 2012 that can be found in section 4.4.
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amounts of Si-H bonds while the Vinyl-Siloxane is kept constant. As a consequence, the
crosslink density is changed, rendering soft or hard PDMS-elastomers in dependency on the

chosen H-Siloxane.

Compositional gradients (dimensions: 14 cm x 1 cm x 1 mm) were realized by using the
already described high precision syringe pump setup (section 3.2) with three syringe pumps
feeding the components A (H-Sil-hard), B (H-Sil-soft) and C (Vinyl-Sil) (Table 1). By
application of a continuously changing flow ratio of component A and B at a constant flow of
component C, gradient mixtures were processed into a mold and thermally cured, rendering
PDMS-based PGMs. Within the obtained gradient samples, the stiffness between the hard and
soft parts could be varied up to a factor of four (Figure 16).

SYRINGE PUMPS MIXER GRADIENT MATERIAL
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Figure 16. Schematic illustration of the preparation of PDMS-based polymer gradient materials. Three
components (A, B: siloxane prepolymers: C: curing agent) were processed via a high precision syringe pump
through a static mixer and into a mold. The compositional gradients were generated by continuously changing
the flow rates of component A and B while component C was kept constant. B was stained with a red dye to
visualize the gradient structure. The photograph shows a PDMS gradient elastomer sample. The holes (¢=5 mm)
were punched along the sample to demonstrate the mechanical gradient while applying a strain of 10%.
(Reprinted with permission from [Macromol. Rapid Commun. 2012, 33, 206.]; Copyright 2012 Wiley-VCH)

Three different gradient structures within the sample were realized by application of different
flow profiles. Specifically, hard-soft, hard-soft-hard and oscillating gradients were prepared.
Then, the gradients were analyzed by UV/Vis spectroscopy to illustrate the different gradient
structures within the sample (Figure 17). Tensile testing revealed that the mechanical
properties strongly depend on the gradient structure of the sample. Specifically, soft-hard
PDMS gradients (Figure 17a) showed lower ultimate stress and strain values than comparable
non-gradient samples. Better mechanical properties were found with triangle-like hard-soft-
hard PDMS gradients (Figure 17b). The oscillating gradient (Figure 17¢) did not show any
significant change in comparison to a comparable non-gradient sample with discrete
composition whereas the mechanical properties of soft-hard and hard-soft-hard gradients were
highly affected. This was an interesting discovery that justified a closer look. Although this
work was focused on a PDMS system, the presented approach for fabricating gradient

materials was expanded to other polyaddition systems.
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Figure 17. The absorbance at 560 nm (solid red triangles) and the applied flow profile (solid green line) are
shown as function of the mold/sample position. The mold starts filling after passing the static mixer (dead
volume of 56 s). At a total flow rate of 25 pL/s the mold is filled within 56 s. a) A combination of flow plateaus
(100% and 0% H-Sil-soft) and a continuously decreasing flow rate of H-Sil-soft results in a soft-hard (85%-10%)
PDMS gradient. b) A sequence of flow plateaus (100%, 0% and 100% H-Sil-soft) generates a hard-soft-hard
(0%-60%-5%) PDMS gradient material. c) The application of an oscillating flow profile (from 100% to 0% H-
Sil-soft) yields a sinusoidal hard-soft (60%-40%-55%-40%-60%-40%) PDMS gradient. (Reprinted with
permission from [Macromol. Rapid Commun. 2012, 33, 206.]; Copyright 2012 Wiley-VCH)
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3.4 Longitudinal Polymer Gradient Materials Based on Crosslinked Polymers”

Gradient materials in general are known to reduce stress concentrations and to increase
fracture toughness. Furthermore, nature exploits longitudinal gradient structures to face
engineering problems of connecting tissue of different stiffness. Therefore, polymer gradient
materials (PGMs) have drawn researchers’ interest but systematic studies were limited by the
available preparation methods. The developed high precision syringe pump setup provides an
approach for a reliable and highly reproducible preparation of longitudinal PGMs on the
macroscopic scale. More to the point, the characterization by UV/Vis spectroscopy of an
added dye allowed the visualization of the gradient structure within the sample, enabling
systematic mechanical studies in dependency on the gradient structure. Polyaddition polymer
systems are the preferred systems for the preparation of PGMs. Within this thesis,
longitudinal PGMs were first prepared with a poly(dimethyl siloxane) (PDMS) system and
different gradient structures were realized within the samples, showing strongly different
tensile testing properties. As shown, the limitation of the presented PDMS system is the
narrow and low modulus range of about 0.2-0.8 MPa. The glass transition temperature Tg is
always below room temperature (RT), allowing an almost linear increase of the modulus but

only small variations are possible.

To enlarge the modulus range, the experimental setup was adapted to three other polymer
systems, covering a large modulus range from 10 up to 1300 MPa and having a jump of the
Tg from below to above RT (transition zone) in the analyzed concentration range. Here,
photochemically curing poly(ester/ether acrylates) and thiol-ene clicked poly(mercaptopropyl
siloxanes) (PMMS) and thermally curing poly(urethanes) were used to prepare PGMs in a
modulus range of 50-500 MPa for comparison, using the steep modulus variation in the
transition zone. For the first time, the tensile properties of longitudinal PGMs on the
macroscopic scale, covering a wide modulus range, were systematically studied as function of
the gradient structure within these samples. Furthermore, the mechanical properties were
compared to non-gradient samples with the same overall composition, illustrating the effect of

the gradient structure.

The analysis of PGMs followed a developed standard procedure that is exemparily shown by
looking at the thiol-ene polymer system. Thiol-ene-based polymer materials were accessible
by photo-initiated addition of PMMS, basically a thiol-functionalized PDMS-chain, to a
trifunctional ene-component (trimethylolpropane triacrylate, TMPTA) or a bifunctional ene-
component (tripropylenglycol diacrylate, TPGDA). Due to the different amount of vinyl
groups, the crosslink density of the polymer system can be altered, resulting in hard
(TPMTA=50%, TPGDA=0%) or soft (TMPTA=0%, TPGDA=50%) specimens (Figure 18).

“This part of the thesis was submitted for publication as a full paper in the journal Polymer 2013 that can be
found in section 4.5.
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Figure 18. Photograph of non-gradient samples with discrete composition based on thiol-ene click chemistry.
The thiol group of poly(mercaptopropyl siloxane) (PMMS) was added to the vinyl group of trimethylolpropane
triacrylate (TMPTA) or tripropylenglycol diacrylate (TPGDA) by photopolymerization. TMPTA had been
stained with a red dye. The numbers indicate the percentage (w/w %) of TMPTA in the TMPTA/TPGDA/PMMS
mixture. In all cases, PMMS was added in 50 w/w % to ensure crosslinking of the entire system.

First, non-gradient samples (dimensions: 14 cm x 1 cm x 1 mm) with different compositions
were prepared by the high precision syringe pump setup. It is worth mentioning that every
polymer system needed a specific mold material. On the one hand, the processed mixture is
required to wet the mold material in order to obtain well-defined specimens. On the other
hand, the resulting polymer materials are also desired to allow easy removal of the specimens
from the mold. Therefore, the choice of the mold material requires diligence. In this case, we
found that molds of poly(methyl methacrylate) suited best our purposes. After processing the
mixtures into the mold, they were irradiated for 30 s, obtaining non-gradient samples based on
the presented thiol-ene polymer system. ATR-FTIR spectroscopy proved that the samples
with a thickness of 1 mm were uniformly cured, meaning the absence of a cross-sectional
curing gradient. A major advantage of photochemically curing polymer systems is the fast

curing process which prevents blurring of the gradient structure due to diffusion.

A perylene-based, red dye was added to the triacrylate TMPTA what allowed the correlation
of each absorbance value with a composition by simply measuring UV/Vis absorbance
(Figure 19).



Synopsis 45

linear fit: y = 0.02x + 0.02

0'1IO'2I0'3I0'4IO'5I0
TMPTA content (w/w %)

Figure 19. Absorbance at 573 nm of the added dye in dependency on the TMPTA content. The dye is added to
TMPTA. Hence, the absorbance increases linearly with increasing TMPTA content. The linear fit allows the
correlation of each absorbance value to a TMPTA content.

The non-gradient samples were subjected to tensile testing and thermal characterization,
resulting in E-moduli and glass transition temperatures for each non-gradient composition
(Figure 20). In this way, the absorbance measurement does not only allow the correlation with

a discrete composition but also with mechanical and thermal properties.
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Figure 20. E-modulus (left, black squares) and glass transition temperature Tg (right, blue circles) in
dependency on the TMPTA content. The E-modulus increases steeply in the concentration range of 30-
50 w/w % TMPTA because Tg jumps in the transition zone from below to above room temperature. Therefore,
this concentration range (hatched box) was chosen to prepare PGMs covering a wide modulus range.

After having chosen the desired modulus range of the polymer system (hatched box in Figure
20), flow profiles were optimized for the preparation of PGMs. By application of these
optimized flow profile as examples, three different gradient structures within the samples

were realized (Figure 21).
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Figure 21. The hard and soft parts of the prepared thiol-ene gradient samples with uniform thickness are
highlighted to visualize the gradient structure. The absorbance at 573 nm (left, red triangles) is compared with
the applied flow profile (right, green line) in dependency on the mold/sample position. The dead volume of the
static mixer device causes a delay of about 31 s (dashed line) before the mold starts filling. According to the
linear fit in Figure 19, the amount of TMPTA (w/w %) within the gradients can be calculated. a) Hard-soft
gradient with up to 48 w/w % of TMPTA in the hard and 29 w/w % in the soft part. b) Hard-soft-hard gradient

with 49-34-49 w/w % of TMPTA. c) Soft-hard-soft gradient with 29-42-30 w/w % of TMPTA.
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Specifically, hard-soft, hard-soft-hard and soft-hard-soft thiol-ene-based gradient mixtures
were processed into the mold by a combination of flow plateaus with constant flow rates and
ramps with continuously changing flow rates. Then, the absorbance of the prepared PGMs
was measured as function of the sample position. The linear fit shown in Figure 19 allowed
the correlation of each measured absorbance value to one specific TMPTA content (and thus
mechanical and thermal properties). Furthermore, the area under the absorbance curve
(starting from absorbance = 0) of gradient and non-gradient samples can also be correlated
with a TMPTA content. Gradient and non-gradient samples with the same area (and thus the
same TMPTA content) can be compared. This allows the comparison of samples with even
complicated gradient structure to non-gradient samples. The developed method is a key

requirement for evaluating the impact of the gradient structure on the mechanical properties.

Gradient specimens were also subjected to tensile testing and compared to non-gradient
samples with almost the same TMPTA content (Table 2). Note that 2 cm of each end of the

gradients shown in Figure 19 were clamped for tensile testing.

Table 2. Tensile properties of hard-soft, hard-soft-hard and soft-hard-soft thiol-ene-based polymer gradient
materials as shown in Figure 21 in comparison with non-gradient samples with discrete composition. Gradient
and non-gradient samples with almost the same area value can be compared because they posses the same
overall TMPTA content.

Sample Area® E-modulus Stressat break Strain at break Strain energy

(MPa) (MPa) (%) (MJI/Im?)
Hard-soft gradient 59 72+7 14+0.2 22+0.2 0.016 = 0.003
Comparable non-gradient 57 78+5 2.7+0.3 50+£0.8 0.079 + 0.020
Hard-soft-hard gradient 69 158+4 6.2+0.7 7.1+1.1 0.262 + 0.064
Comparable non-gradient 70 263+ 16 62+04 41+0.3 0.161 +£0.023
Soft-hard-soft gradient 54 78 +3 2.0+0.1 3.1+£0.2 0.032 £ 0.004
Comparable non-gradient 57 78+5 2.7+0.3 50+0.8 0.079 +0.020

“The area under the absorbance curve (starting from absorbance = 0) of gradient and non-gradient samples
determined by UV/Vis spectroscopy can be correlated with a TMPTA content, allowing the comparison of non-
gradient and gradient samples with the same area and thus the same overall composition.

The E-modulus of hard-soft and soft-hard-soft gradients is not significantly affected by the
introduction of a gradient structure whereas the E-modulus of hard-soft-hard gradients is
decreased by approximately 40%. All the gradient samples always break in the softest parts
what is attributed to stress concentrations in the soft parts, reaching their ultimate strain
whereas the hard parts have not yet completely strained. Furthermore, radial stress arising in
the interface between the soft parts and the hard clamps is assumed to lead to the early

breakage. As a consequence, a higher ultimate strain and a higher strain energy was found
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with the hard-soft-hard gradient in comparison with both the soft-hard and soft-hard-soft
gradients. Intriguingly, the strain energy of hard-soft-hard gradients was found to be even
higher than their comparable non-gradient samples. The same tendencies are found with all

the analyzed polymer systems, including PDMS.

In summary, the approach for the preparation of PGMs was successfully adapted to three
additional high modulus polymer systems. Tensile properties could be improved by
application of a hard-soft-hard gradient structure within the sample. Due to the jump of the
Tg, the mechanical properties are also a function of the temperature, opening up a pathway to

thermoresponsive materials.
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3.5 Protein Gradient Films of Fibroin and Gelatin”

Mussel byssus threads are only one natural example where the mediation of soft to hard tissue
is achieved by a gradient structure. For instance, the muscle (soft) to bone (hard) interface in
humans also relies on a gradient, specifically in tendons. Though, this natural design principle
of using compositional gradients is not limited to solving the engineering problem of joining
two different materials at an interface. In literature, it is well known that the cell motility on
substrates and the entire cell-material interaction depends on the match of the stiffness of the
cell tissue and the surface it is attached to. Therefore, surfaces with a stiffness gradient can
have a large impact on directing cell movement and attachment. This circumstance makes
gradient surfaces interesting for biomedical applications such as wound healing via

immobilization of cells.

As a consequence, scientists put a lot of effort into the preparation of biocompatible gradient
surfaces. However, most approaches are limited to gradients on the microscale, limiting their
potential in biomedical applications. Furthermore, the field of biocompatible gradient surfaces
is usually populated with soft hydrogels which cannot cover the Young’s modulus range of
tendon, for instance. A natural biopolymer system that can fulfill this requirement was
described in literature and consists of fibroin and gelatin, both readily available. Therefore,
we modified this system for our purposes, prepared in collaboration with E. S. Lintz from the
group Biomaterials (Prof. Dr. T. Scheibel) of the University of Bayreuth longitudinal
biopolymer gradient materials on the macroscopic scale and analyzed them mechanically,

thermally and optically.

A longitudinal fibroin-gelatin gradient biomaterial with a length of 14 cm and a large modulus
range was prepared out of aqueous protein solutions of fibroin and gelatin* (Figure 22) via the
high precision syringe pump. Please note that gelatin* denotes gelatin containing 20 w/w % of

glycerin.
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Figure 22. Macroscopic fibroin/gelatin* biopolymer gradient material (photograph of a specimen with a length
of 14 cm). This hard-soft gradient from 40% fibroin (and thus 60% gelatin*) to 100% gelatin* covers a large
variation of mechanical properties, specifically a modulus range of 160-570 MPa. Gelatin* contains 20 w/w %
of glycerin as plasticizer. Position-dependent spectroscopic analysis visualizes the continuously changing protein

interaction.

“This part of the thesis was published as a full paper in Macromolecular Bioscience 2013 that can be found in
section 4.6.
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The addition of 20 % w/w of glycerin is necessary to plasticize the gelatin component.
Furthermore, glycerin stabilizes moisture what makes gelatin materials less dependent upon

the relative humidity. The water content has an impact on the mechanical properties.

The gradient structure of this biocompatible hard-soft gradient was visualized via UV/Vis
spectroscopy, attesting the material a gradient ranging from 40 w/w % of fibroin to 100 w/w
% of gelatin*. The protein gradient could also be demonstrated by the changes in the IR-
absorbance in dependency on the sample position. More to the point, physical interactions
between fibroin and gelatin®* were reasoned from attenuated total reflection Fourier transform
infrared spectroscopy of non-gradient samples with discrete composition. Scanning electron
microscopy confirmed that both the proteins were well mixed and the transparency of the

blend films excluded a macroscopic phase separation.

In contrast to usually soft hydrogels, the fibroin/gelatin* blend system from 0 % w/w (FO0) to
50 % w/w (F50) of fibroin covers a large, high modulus range of 160-960 MPa (Figure 23).
However, gradients from a fibroin content of 0 % w/w (F0) to 40 % w/w (F40) were chosen
as the best compromise in terms of the material’s toughness and the modulus range (160-
570 MPa) that is still able to cover the modulus of natural tendons (300-350 MPa) on the

macroscopic scale.
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Figure 23. E-modulus of the fibroin/gelatin* blend system. Gelatin* denotes gelatin including 20 % w/w
glycerin. With increasing amount of fibroin the E-modulus increases, ranging from 160 up to 960 MPa.

Furthermore, the blend films were subjected to thermal analysis. Thermogravimetric Analysis
(TGA) showed that all the non-gradient samples contained about 8 w/w % water, independent
of the actual composition (Figure 24a). This is beneficial for the comparison of the performed
tensile testing since the mechanical properties of protein films are usually a function of the
water content. Moreover, TGA attested the fibroin/gelatin®* blend system a thermal stability

up to 200°C, slightly increasing with increasing amount of fibroin. Differential Scanning
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Calorimetry (DSC) of the blend films showed two peaks (Figure 24b). The first endothermic
peak around 65°C was attributed to the melting of gelatin®*. As a consequence, the
fibroin/gelatin* blend films loose their structural integrity by heating above 65°C. The second
peak at 90°C corresponds to the helix-to-coil transition of gelatin in the presence of glycerin.
Since this peak shifted and decreased with increasing fibroin content, physical interactions
between fibroin and gelatin®* were confirmed. In summary, fibroin and gelatin* blend films
are stable under human body temperature conditions although the blend systems itself can

withstand temperatures up to 200°C.
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Figure 24. Thermal characterization of fibroin/gelatin blend films. a) Thermogravimetric Analysis revealed a
water content of about 8 w/w % (first weight loss) and a thermal stability (second weight loss) of the blend
system up to 200°C. The shoulder at 290°C matches well with the boiling point of glycerin. b) The 1. heating
curves of Differential Scanning Calorimetry confirmed physical interactions between fibroin and gelatin because
the peak (#) attributed to the helix-to-coil transition of gelatin in the presence of glycerin shifts and decreases
with increasing fibroin content.

Due to the control of the stiffness over a wide range as well as the biocompatibility and -
degradability the fibroin-gelatin* gradient is envisioned to act as a supporting or replacement
material that directs cell motility in biological tissues - to have the right cell with suitable
stiffness in the right spot. This is of special interest for biomedical applications such as the

treatment of tendon ruptures but requires further investigation.
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3.6 Towards Tailored Topography: Facile Preparation of Surface-Wrinkled Gradient
Poly(dimethyl siloxane) with Continuously Changing Wavelength”

Controlling the wrinkle process opens up pathways for the formation of structured surfaces. In
this active research area, scientists recently exploited wrinkle formation in layers coupled to
elastic substrates, specifically poly(dimethyl siloxane) (PDMS). This well understood and
very reproducible process is based on a phenomenon called buckling instability which is
introduced by a combination of stretching the elastic substrate, subsequent oxygen plasma
treatment and a relaxation step, rendering well-defined wrinkles on the surface. The wrinkle
wavelength depends on a couple of parameters but can mainly be influenced by the thickness

of the thin film and the Young’s modulus of the substrate.

We had shown that longitudinal polymer gradient materials (PGMs) based on PDMS can be
prepared with high reproducibility. According to theoretical considerations, the wrinkle
wavelength was assumed to change continuously with a continuously changing Young’s
modulus along the PDMS substrate. To confirm theory, a longitudinal PGM based on PDMS
was prepared, subjected to the wrinkle formation process and analyzed in collaboration with
M. Tebbe from the group Physical Chemistry II (Prof. A. Fery) of the University of Bayreuth.

PDMS with a compositional gradient was fabricated by continuously changing the ratio of a
stiff PDMS (PDMS-hard) and a soft PDMS (PDMS-soft) prepolymer mixture via the high
precision syringe pump setup. The processed mixtures were thermally cured, rendering a

PDMS gradient specimen with a compositional and thus mechanical gradient (Figure 25).
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Figure 25. Macroscopic PDMS gradient specimen. The compositional gradient is visualized by the continuously

decreasing PDMS-hard (and thus increasing PDMS-soft) content (section 4.7). (Adapted with permission from
[RSC Adv. 2012, 2, 10185.]; Copyright 2012 Royal Society of Chemistry)

“This part of the thesis was published as a communication article in RSC Advances 2012 that can be found in
section 4.7.
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Notably, this PDMS gradient specimen cannot be subjected to the common wrinkle formation
process where the sample is uniaxially stretched and subsequently treated with oxygen
plasma. The applied longitudinal load does not distribute uniformly across the gradient
specimen what causes significantly higher strains in the softer regions. This prevents the
transfer of the continuously changing modulus into a stepless varying wrinkle wavelength.
Therefore, the wrinkle formation process had to be modified. Specifically, a method was
developed that ensures the application of a constant force field onto the gradient specimen.
The embedment of the prepared PDMS gradient substrate in a stiffer PDMS matrix was a
milestone in this work because it allowed the uniform stretching of hard-soft gradients.
Stretching of the embedded gradient PDMS substrate and subsequent oxygen plasma
oxidation resulted in a continuously changing wrinkle wavelength on the surface upon

relaxation (Figure 26).

I-0
1. Stretching of the sample
2. Plasma treatment

Lo

IB. Relaxation

Figure 26. Wrinkling of embedded PDMS gradient specimens. a) A PDMS gradient specimen is embedded into
a stiffer PDMS matrix and thermally cured. b) The entire sample with the initial length L, is stretched by 25%
and subsequently subjected to oxygen plasma treatment. ¢) After relaxation, the gradient specimen shows a
continuously changing wrinkle wavelength according to its compositional gradient. The wrinkle wavelength of
the surrounding PDMS matrix is uniform and smaller due to its homogeneous composition and higher stiffness.
The thickness of the SiO,-like layer is exaggerated for better visualization of the principle. (Reprinted with
permission from [RSC Adv. 2012, 2, 10185.]; Copyright 2012 Royal Society of Chemistry)

The wrinkle wavelength of the embedded PDMS specimen structure was analyzed by

scanning electron microscopy as function of the sample position and correlated with
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compressive modulus testing of the unwrinkled PDMS specimen. As illustrated in Figure 27,
we were able to transfer the continuously changing E-modulus of the PDMS gradient

substrate into a stepless varying wrinkle wavelength of the SiOy-like surface, ranging from
700 to 1200 nm.
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Figure 27. Correlation of the compressive modulus (blue squares) of the unwrinkled PDMS gradient specimen
with the wrinkle wavelength (black dots) of the surface-wrinkled PDMS gradient specimen as function of the
sample position. The SEM images show exemplarily the different wrinkle wavelength at the sample positions 0.5
(A), 6.5 (B) and 13.5 cm (C). The white scale bar in the left corner represents 1000 nm. (Reprinted with
permission from [RSC Adv. 2012, 2, 10185.]; Copyright 2012 Royal Society of Chemistry)

As mentioned above, the wrinkle wavelength mainly depends on the thickness of the SiO-
like layer and the Young’s modulus of the substrate. The thickness of the SiOy-like layer was
calculated to be constant at about 6 nm along the entire gradient specimen. This confirms that
the variation of the wrinkle wavelength, as shown in Figure 27, is exclusively attributed to the
continuously changing modulus of the PDMS substrate.

Since the change in wrinkle wavelength results in a continuously varying surface pattern, this
new lithography-free tool was envisioned to be interesting for the preparation of PDMS
gradient surfaces with tailored topography and their potential application for diffraction

gratings, microlenses, microfluidics and cell adhesion studies.
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4 Publications and Manuscripts
In this chapter, a list of publications and manuscripts is given, the individual contributions of

each author are specified and the publications and manuscripts are attached.

4.1 List of Publications and Manuscripts

1. K. U. Claussen, T. Scheibel, H.-W. Schmidt, R. Giesa
,Polymer Gradient Materials: Can Nature Teach Us New Tricks?*
published in Macromol. Mater. Eng. 2012, 297, 938.

2. K. U. Claussen, R. Giesa, T. Scheibel, H.-W. Schmidt
,Learning from Nature: Synthesis and Characterization of Longitudinal Polymer
Gradient Materials Inspired by Mussel Byssus Threads”
published in Macromol. Rapid Commun. 2012, 33, 206.

3. K. U. Claussen, R. Giesa, H.-W. Schmidt
,Longitudinal Polymer Gradient Materials Based on Crosslinked Polymers*

submitted for publication in Polymer 2013.

4, K. U. Claussen, E. S. Lintz, R. Giesa, H.-W. Schmidt, T. Scheibel
,,Protein Gradient Films of Fibroin and Gelatin®

published in Macromol. Biosci. 2013, DOI: 10.1002/mabi.201300221.

5. K. U. Claussen, M. Tebbe, R. Giesa, A. Schweikart, A. Fery, H.-W. Schmidt
,»lowards Tailored Topography: Facile Preparation of Surface-Wrinkled Gradient

Poly(dimethyl siloxane) with Continuously Changing Wavelength”
published in RSC Adv. 2012, 2, 10185.
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4.2 Individual Contributions to Joint Publications

In the following section, the individual contributions of each author to joint publications are
specified. Work contributed by myself was carried out at the chair of Macromolecular
Chemistry I at the University of Bayreuth in cooperation with Dr. Reiner Giesa under the
supervision of Prof. Dr. Hans-Werner Schmidt. The publications 1 and 2 were written in
cooperation with Prof. Dr. Thomas Scheibel (Biomaterials, University of Bayreuth).
Manuscript 4 was written in cooperation with Eileen S. Lintz and Prof. Dr. Thomas Scheibel
(Biomaterials, University of Bayreuth). Publication 5 was written in cooperation with with

Moritz Tebbe and Prof. Dr. Andreas Fery (Physical Chemistry II, University of Bayreuth).

Publication 1: Polymer Gradient Materials: Can Nature Teach Us New Tricks?
Macromolecular Materials and Engineering 2012, 297, 938-957

Kai Uwe Claussen, Thomas Scheibel, Hans-Werner Schmidt and Reiner Giesa

The first manuscript was published as a review article on polymer gradient materials and
highlights also our developed system for the reproducible preparation of longitudinal polymer
gradient materials on the centimeter scale. The experimental setup was developed in stages
jointly with Dr. Reiner Giesa. System parameters were optimized in several runs for different
viscosities of the various liquid components. Mixing heads and molds made of different
materials suitable for the different polymer systems were custom-designed and produced from
the machine shop of the University of Bayreuth. The commercially available syringe pump
setup was combined with a commercially available linear motion slide which was controlled
by a programmed software. Characterization methods for the gradient composition within the
samples were established. Specifically, a Jena Analytics UV/Vis reader was used to measure
the absorbance of an added dye in dependency on the sample position. Furthermore,
compressive modulus testing of cylindrical specimens punched along the length of the sample
was utilized to show the gradient structure.

The first draft of the manuscript was equally written by myself and Dr. Reiner Giesa. Prof.
Dr. Thomas Scheibel contributed to the introduction and the epilog. Prof. Dr. Hans-Werner

Schmidt and Prof. Dr. Thomas Scheibel were involved in finalizing of the manuscript.
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Publication 2: Learning from Nature: Synthesis and Characterization of Longitudinal
Polymer Gradient Materials Inspired by Mussel Byssus Threads
Macromolecular Rapid Communications 2012, 33, 206-211

Kai Uwe Claussen, Reiner Giesa, Thomas Scheibel and Hans-Werner Schmidt

The second manuscript was published as a communication article describing the reproducible
preparation of longitudinal polymer gradient materials on the centimeter scale based on
poly(dimethyl siloxanes). All the experimental work presented in this manuscript was
performed by myself. I used the developed high precision syringe pump setup and adjusted
the flow profiles for the poly(dimethyl siloxane) polymer system. I prepared a large number
of non-gradient and gradient samples with different gradient structures and analyzed them
optically by UV/Vis spectroscopy and mechanically by compressive modulus and tensile
testing. The evaluation of the data was also done by myself. Dr. Reiner Giesa and Prof. Dr.
Hans-Werner Schmidt were involved in scientific discussions of the results.

I wrote the first draft of the manuscript. Dr. Reiner Giesa, Prof. Dr. Thomas Scheibel and

Prof. Dr. Hans-Werner Schmidt were involved in finalizing of the manuscript.

Manuscript 3: Longitudinal Polymer Gradient Materials Based on Crosslinked
Polymers
Submitted to Polymer 2013

Kai Uwe Claussen, Reiner Giesa and Hans-Werner Schmidt

The third manuscript was submitted for publication as a full paper article and describes the
extension of our developed preparation approach on three additional thermally or
photochemically curing high modulus polymer systems. All the experimental work presented
in this manuscript was performed by myself. I used the developed high precision syringe
pump setup and adjusted the flow profiles for the additional polymer systems. I prepared both
the non-gradient and gradient samples with different gradient structures and analyzed them by
ATR-FTIR and UV/Vis spectroscopy, DSC and tensile testing. The evaluation of the data was
also done by myself. Dr. Reiner Giesa and Prof. Dr. Hans-Werner Schmidt were involved in
scientific discussions of the results.

I wrote the first draft of the manuscript. The manuscript is currently peer-reviewed.
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Publication 4: Protein Gradient Films of Fibroin and Gelatin
Macromolecular Bioscience 2013, DOI: 10.1002/mabi.201300221

Kai Uwe Clausen, Eileen S. Lintz, Reiner Giesa, Hans-Werner Schmidt and Thomas Scheibel

The fourth manuscript was published as a full paper article describing the preparation of
longitudinal protein gradient materials of fibroin and gelatin. The experimental work
presented in this manuscript was performed by myself and Eileen S. Lintz. I optimized the
flow profiles, prepared a large number of gradient and non-gradient samples and characterized
them by UV/Vis spectroscopy, TGA, DSC and tensile testing. Eileen S. Lintz prepared the
protein solutions, measured FTIR and took SEM images. The evaluation of the data was
equally done by myself and Eileen S. Lintz.

The first draft of the manuscript was equally written by myself and Eileen S. Lintz. Dr. Reiner
Giesa, Prof. Dr. Thomas Scheibel and Prof. Dr. Hans-Werner Schmidt were involved in

finalizing of the manuscript.

Publication 5: Towards Tailored Topography: Facile Preparation of Surface-Wrinkled
Gradient Poly(dimethyl siloxane) with Continuously Changing Wavelength

RSC Advances 2012, 2, 10185-10188

Kai Uwe Claussen, Moritz Tebbe, Reiner Giesa, Alexandra Schweikart, Andreas Fery and

Hans-Werner Schmidt

The fifth manuscript was published as communication article and describes the transfer of the
continuously changing modulus of a poly(dimethyl siloxane) gradient substrate into a stepless
varying wrinkle wavelength of the surface. The experimental work presented in this
manuscript was equally performed by myself and Moritz Tebbe. I optimized the flow profiles,
prepared a large number of gradient and non-gradient samples and characterized them by
compressive modulus and tensile testing. Alexandra Schweikart developed the method to
embed the samples. Moritz Tebbe embedded and wrinkled the samples and characterized
them by SEM. The evaluation of the data was equally done by myself and M. Tebbe.

The first draft of the manuscript was written by myself. Dr. Reiner Giesa, Prof. Dr. Andreas
Fery and Prof. Dr. Hans-Werner Schmidt were involved in scientific discussions and in

finalizing of the manuscript.
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4.3 Polymer Gradient Materials: Can Nature Teach Us New Tricks?"

Nature offers interesting examples of structures with a gradually changing composition
providing unique mechanical properties. Concepts and methods in polymer science enable the
creation of polymer gradient materials. This paper gives a first comprehensive review on the

most recent developments in the vastly growing field of these special materials.

Reprinted with permission; Copyright 2012 Wiley-VCH

"Kai Uwe Claussen, Thomas Scheibel, Hans-Werner Schmidt, Reiner Giesa
Macromol. Mater. Eng. 2012, 297, 938-957
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Kai U. Claussen, Thomas Scheibel, Hans-Werner Schmidt, Reiner Giesa*

Nature offers interesting examples of structures with a gradually changing composition that
provides unique mechanical properties. Today, the transfer of biological principles to technical
applications is gaining increasing attention. One prominent example of the transfer of

biomimetic principles to materials science is the .
mussel byssus. Byssus threads possess gradually chan-
ging mechanical properties from soft to stiff in order to
efficiently attach the mussel to the rock. This design is
the basis for polymer gradient materials. Herein, we
give a comprehensive overview of the most recent
developments in the field of PGMs. In addition to basic
terminology and definitions, selected highlights of
PGMs are presented, followed by experimental tech-

niques and characterization methods.

1. Introduction

Mimicking biclogical designs in man-made structures
seems to be a viable pathway to structurally and
functionally optimized materials”! The adaption of
biomimetic principles for materials research renders new
and improved structures.>? In nature, stiff-soft gradient
biomaterials are often used to connect soft tissues to a stiff
surface (bone, rock, etc.). One prominent example is tendon,
which efficiently links soft muscle tissue with stiff and hard
bone.** Often, the principle of forming natural gradients is
gradual mineralization ' and mineralization processes play
an important role in natural high performance materials
such as nacre!”! and bone structures, where the gradient is
created by a hierarchical porestructure.'® Noteworthy is that
there are also non-mineralized biopolymer gradients suchas
tendon or mussel byssus®'® and squid beaks,™ both of
which will be discussed in this review,

K. U. Claussen, Prof. H.-W. Schmidt, Dr. R. Giesa

Department of Macroemolecular Chemistry |, University of
Bayreuth, gsqq0 Bayreuth, Germany

E-mail: reiner.giesa@uni-bayreuth.de

Prof. T. Scheibel

Biomaterials, University of Bayreuth, 95440 Bayreuth, Germany

Macromol. Mater. Eng. 2012, 297, 938-557

F — : _ Sample Pu]'licn

A key requirement for the preparation of gradient
materials in the laboratory is the possibility to combine
materials with different optical or mechanical properties
without interfaces or layers. This feature can be achieved
via a continuous change of composition. Most simply, a
continuously increasing amount of inorganic additives,
such as pigments and fillers, can be added to a conveying
polymer matrix, generating an optical (pigment content)
and mechanical (higher stiffness) polymer gradient mate-
rial (PGM). More sophisticated are diffusion and dissolution
techniques, where one compound penetrates the majority
phase, and the time dependence of diffusion governs the
gradient architecture. Recently, procedures were developed
that permit the fast and reproducible fabrication of PGMs
by utilizing optimized pumping and feeding techniques.*?

Since the last review of gradient polymers and copoly-
mers," significant development of new gradient polymers
has occurred. Details about gradient polymer surfaces for
biomedical applications can be found in a recent, exhaus-
tive review."¥ Furthermore, the concept of improved
material properties via porous gradient structures was
recently reviewed concerning the replacement and reger-
eration of human tissues and biological composites.**!
Here, we intend to provide an overview of selected
interesting examples of PGMs and of recent developments
in employing a biomimetic approach.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhei il

y.com DOl 10.1002/mame. 201200032
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1.1. Definition and Basic Principles and dimensions can be found in literature, and the
individually used terminology is far from standardized. A
A polymer material that continuously changes its composi-  particular case is that of gradient materials based on
tionalonganaxisiscalledaPGM. AsillustratedinScheme1,  diffusion or also interpenetrating networks (vide infra);
graded and gradient materials can be distinguished.'®
Graded materials consist of alayered structure where the
layer composition changes stepwise along one axis.
However, the transition from a graded to a gradient
structure can be smooth and depends on the thickness of

the individual layers. ]
As shown in Scheme 2, a compositional gradient can be

created in a longitudinal, lateral, or cross-sectional dimen-
sion. Most polymer gradients exhibit a defined direction the Scheme 1. Difference between graded and gradient materials
gradient is following, and perpendicular to thisdirection no according to ref.*) Top: a graded material consists of multiple
gradient is present. In terms of Scheme 2, this means x £y discrete sections. Properties are stepwise different from the

) X adjacent sections. Its infinitesimally small sections lead to a
and x>y or even x>>y. Generally, the thickness of the gradient material. Bottom: In a gradient material no distinct

sample is much smaller than the other dimensions, sections exist. The same is true for interfaces, layers, and other

meaning z< y< x. However, many other combinations features where two different properties are joined.

Mﬂhﬂi‘s {acromolecular
ui&v‘_s Macromol. Mater. Eng. 2012, 297, 938-957 Jour
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lengitudinal

lateral

Scheme 2. Possible geometries of compositional gradient materials. For geometries with
aspect ratios larger than one, a continuous change in composition can either be realized
along the x-(longitudinal) or y-{lateral) axis. Gradients along the z-axis should be

denoted as cross-sectional gradients.

v B

cross-sectional thickness

Scheme 3. Difference between a cross-sectional and thickness
gradient.

there, all gradient directions can be found in the sample
according to Scheme 2 (see also Figure 8).

In literature, the term “thickness gradient” is used in
an ambiguous manner,*? describing a cross-sectional
gradient (z-axis) with constant sample thickness.*”2°
Confusingly, the term thickness gradient is also used in
combinatorial libraries®*) but there it means a different
thickness of the structure along one axis.*? This matter is
illustrated in Scheme 3.

In our opinion, the term “thickness gradient” should be
used only for a changing thickness (and not composition)
along one axis. Consequently, we will use the term cross-
sectional gradient for compositional gradients along the
z-axis and a constant thickness along the x- and y-axes. In
the case of a macroscopic, compositional polymer gradient,
the gradient structure is realized on the centimeter scale.
We call such materials bulk PGMs in contrast to basically
two-dimensional gradients, where z < x =~y and z is in the
range of some pm, Bulk PGMs can be classified into cross-
sectional, filler, and porosity gradients or interpenetrating
polymer networks (IPNs). However, this classification is
also ambiguous to some extent since the gradient geometry
and the route how the gradient was realized are two
different criteria. For instance, cross-sectional gradients can
berealized by establishing a filler or porosity gradient along
the z-axis (see Scheme 3) of the sample. Also, IPNs can be
prepared along the z-axis of the sample. To overcome this
problem, PGMs should be solely classified according to their
gradient geometry (longitudinal, lateral, or cross-sectional)
as shown in Scheme 2.

1.2. Advantages

There was an interest in synthesizing gradient materials
long before the characterization of biopolymers such as

cross-sectional

Macromol. Mater. Eng. 2012, 257, 938-957
@ 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

K. U. Claussen, T. S5cheibel, H.-W. Schmidt, R. Ciesa

mussel byssus threads. First interests in
gradient materials originated in the field
of aeronautic research. A continuous
change in composition was suggested
tobeafeasible route to high-performance
thermal barrier materials,®*! and such
functionally graded or gradient materials
were mainly based on inorganic com-
pounds such as ceramics or metals.
However, such materials, and also gra-
dient foams, fibers, composites, and electrophoresis mate-
rials are not subject of this review. Here, we exclusively
review PGMs, including some interesting examples of
polymer gradient composites.

Interest in PGMs already rose in 1972 and potential
applications were envisioned,®" such as poly(urethane)
integral skin foams with a porosity gradient for instrument
panels or head rests in cars.**! In the last two decades the
interest in PGMs increased, reflected by many publications
in that field. Graded materials are known to show
remarkable resistance to contact deformation and
damage and crack propagation.”®?* In particular, the
relaxation properties of PGMs differ greatly compared to
other polymers.*” Also in this context, a periodically
varying Young's modulus was postulated to hinder crack
propagation

To understand the unique mechanical properties of
gradient materials, a comparison to bilayer materials is
advised (Scheme 4). Interfaces between materials of
different stiffness tend to fail upon application of a
longitudinal force. The magnitude of the radial stress o;
reflects the degree of mismatch and increases with the
difference of both materials (Figure 1)1*?! Gradient
materials do not possess a sharp interface as in bilayer
materials. They have acontinuously changing composition.
Therefore, gradient materials are not susceptible to radial
stress, which is the major advantage compared to bilayer
materials. This phenomenon could also explain the

gradient bilayer

Scheme 4. Comparison of a gradient and a bilayer material. The

gradient material shows a continuous variation of composition,
whereas the bilayer material mediates the change in composition

via a sharp and defined interface,
Mabels
VierS
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Figure 1. Magnitude of the radial stress o, as a function of the
ratio of the Young's modulus Ep/Ex. When two materials with
different elastic moduli are brought into contact via an interface
the material is called a bilayer material. By application of a load in
the longitudinal direction a certain o, builds up at the interface.
The radial stress o, increases with the ratio E4/E, and its magni-
tude reflects the tendency to fracture at the contact zone.
(Adapted with permission from ref.%%); Copyright 2004 American
Chemical Society.)

improvement of stress dissipation in PGMs. Specifically,
stress/strain experiments revealed an enhanced fracture
strain,***1 and vibration damping properties can be
improved using PGMs.[3¢]

2. Selected Highlights

2.1. Natural PGMs

Gradient materials are not a human invention and play an
important role in nature. Tendons are a very effective
biological solution to attach a compliant, structural soft
tissue (muscle) to a stiff, structural hard tissue (bone)."*® In
these connective tissues, a gradient in stiffness serves to
transfer loads across joints by avoiding a focus of stress at
any point.*”) On the one hand tendons transmit tensile
forces generated by muscle cells. On the other hand they are
subjected to compression and shear at the bone interface.
Tendons are typically not mineralized, rendering them a
classical PGM.

Another example of natural PGMs is the mussel byssus
which is used to attach the mussel to rocks.*®! While the

MekeeS
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|| Figure 2. Schematic attachment of a submarine mussel to a stone
via the mussel byssus. The proximal part (50 MPa) is more elastic
whereas the distal part (sooMPa) is stiffer. A continuously
changing composition mediates the soft interior of the mussel
(0.2 MPa) to the hard surface of a stone (25 coo MPa). (Adapted
with permission from ref.l*); Copyright 2004 American Chemical
& Society.)

proximal part of the thread (connected to the soft tissue of
the mussel) is elastic, the distal part is stiff and ensures a
strong attachment to the surface, e.g,, rocks. The gradient
threads show an excellent combination of mechanical
properties due to a continuous alteration of E-modulus
along the fiber (Figure 2).1°*?*~% The unique mechanical
properties of mussel byssus threads initiated their
detailed analysis. The alteration of E-modulus in a range
of 50-500 MPa can be attributed to a continuous change
of composition of different collagens.*”! These so-called
preCols consist of a central triple helical collagen building
block, flanking domains, and terminal histidine-rich
regions.*®%°) The preCol collagenous core domains are
the main load-bearing elements until rupture. The domains
flanking the collagenous core, however, playa crucial role in
load dissipation. The flanks are able to elongate by
domainunfolding, resulting in an increase in the toughness
of the material, and silk-like structural moieties like beta-
pleated sheets increase stiffness in the distal region of the
thread.*"!

Trimers of preCols form anisotropic bundles already
in granules inside of secretory cells. The granules are
secreted into a rim of the mussel foot where the proteins
are cross-linked, yielding a fiber in a process akin to
molding."***! The entire fiber can be classified as a
composite material and the compositional gradient in
the fiber is suggested to minimize interfacial stresses,
improve energy dissipation, and increase mechanical
toughness.*?!
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Figure 3. Tensile testing of differently tanned hydrated parts of

the squid beak wing (shown as insert). The tensile stress

decreases along the compositional gradient from strong heavily
" tanned to the weaker untanned parts. (Adapted from ref.!")

The attachment of mechanically mismatched objects by
a gradient material is another example of basic design
principles in nature. Squid beaks represent one of the
hardest and stiffest organic materials.™"! Interestingly, the
stiff material is anchored in soft tissue. To avoid interfacial
stresses predominantly present in bilayer materials at the
interface,*?! a stiffness gradient over two orders of
magnitude is employed. The mechanical gradient is caused
by the change in the macromolecular composition and is
visible by the pigmentation of the squid beak's wing.

The chemical gradient is realized by complex mixtures of
chitin, water, and histidine-rich proteins capable of cross-
linking. Tensile testing of specimens along the pigmenta-
tion (and the compositional) gradient confirmed the
mechanical gradient (Figure 3). Alkaline peroxidation
removed all proteins and pigments and showed a very
low tensile stress, confirming minimal structural integrity
of the chitin scaffold with the mechanical properties
attributed to the hydrated proteins.

2.2. Cell Growth Substrates

Cell migration is guided by the rigidity or stiffness of the
substrate’s surface, and matrix elasticity directly influences
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With increasing elastic modulus the area covered with cells

H Figure 4. Cell area as function of the poly(acrylamide) film width.
increases. (Adapted from refs7)

cell growth and directs stem cell differentiation *#°3
Therefore, controlling the surface rigidity allows the study
of cell/biomaterial interactions.!**! For this purpose, the
preparation of gradient surfaces is the preferred
a1._‘.1._..1.‘_‘.3‘:],]I[14.s5.5&]

In general, as will be discussed in detail in the following
chapters, there are two major methods for the fabrication of
cell growth substrates with varying elastic properties:
microfluidic and gradual photopolymerization of hydro-
gels. Microfluidic techniques have been employed to
prepare gradient surfaces to manipulate cell responses.
Specifically, the area covered with cells was measured as a
function of the film width (Figure 4).°”) With continuously
increasing film stiffness, the area covered with cells
increases.*?! Gradients in surface elasticity were prepared
via gradual photodegradation of a hydrogel and the
gradient was analyzed concerning cell movement and
differentiation.”"* Hydrogels were synthesized by means of
gradual polymerization, allowing directed cell migra-
tion.**! This approach was also used to rapidly investigate
protein adsorption and cell adhesion.?!

2.2.1. Photopolymerization

Irradiation polymerization is a common technique to
crosslink and thus permanently preserve a gradient
structure. This method was applied for gradient IPNs
(g-IPNs) (Table 1,entry 1, 2,4, 5 and 7), as well as to gradients
generated by microfluidic devices, as discussed in detail in
the next chapter. The main interest has been focused on
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E Table 1. Examples of gradient IPNs. Polymer 1 was swollen with a mixture of monomer 2 and a crosslinker. The radical polymerization was

initiated in the non-equilibrium state.

Entry Polymer 1/2 Polymerization Characterization® IPN type Ref.
b PS/PAN® photopolymerization combustion, tensile testing pseudo [77]
PMMA/PMMA®!
2 PMMA/PCIEA™ photapolymerization combustion, microscopy, pseudo [33,34]
PCIEA/PMMAY rheology, tensile testing
3 PEUR/PAAM” thermal polymerization swelling properties, TEM, pseudo (78]
tensile testing
4 PUR/PBMA-co- photopolymerization DMTA, tensile testing pseudo [78]
PDMTEG"
5 PS/PMMAY photopolymerization DMTA, tensile testing pseudo [79]
6 PUR/PVE tedox polymerization DMTA, EDX, TEM simultaneous [36]
7 PUR/PVP photopolymerization DMTA, miscibility, IR, SEM, pseudo [80]
tensile testing
8 NC/PDMEG” thermal polymerization SEM, swelling, pseudo [81]
tensile testing
9 PUR/PVE redox polymerization AFM, DMTA, EDX, simultaneous [82]

tensile testing

“ps: poly(styrene), PAN: poly(acrylonitrile), PMMA: poly(methylmethacrylate), PCIEA: poly(2-chloroethyl acrylate), PEUR: poly(ether
urethane), PAAM: poly(acrylamide), PUR: poly(urethane), PDMTEG: poly[dimethacrylate trijethylene glycol]], PEMA: poly(butyl metha-
crylate), PVC: poly(vinyl chloride), PVE: poly(vinyl ester), PVP: poly(vinylpyrrolidone), NC: nitrocellulose, PDMEG: paoly(ethylene glycol

dimethy]:lcry]ate): BITEM: transmision electron microscopy, DMTA: dynamic mechanical thermal analysis, EDX: energy-dispersive X-ray
scattering; “Crosslinker ethylene dimethacrylate; “Crosslinker ethylene glycal dimethacrylate; “!Crosslinker tetra(ethylene glycol)

dimethacrylate; "Crosslinker trifethylene glycol) dimethacrylate.

gradient surfaces (and not bulk samples) for cell growth
studies, meaning that according to Scheme 2 the thickness
of the sample is much smaller than the lateral and
longitudinal dimensions (z< x=y).

Tofabricatea gradient by photopolymerization, the time
of exposure governs the direction of the gradient, and
also in most cases the crosslinking density and hence the
E-modulus. As shown in Figure 5, a two-dimensional
gradient was realized by irradiating discrete compositions
of two dimethacrylates cast into a poly(dimethylsiloxane)
(PDMS)/glass mold on a translation stage!®” Thus, a
correlation of composition, conversion, and mechanical
properties was established. The conversion determined by
near IR spectroscopy in transmission was in the range of
40-85%, whereas elastic moduli, determined by nanoin-
dentation, ranged from 0.1 to almost 3 GPa.

Another irradiation technique was realized by using
gray shade masks, thus reducing the UV light dosage
as a function of location by keeping the irradiation time
constant.**®!! First, a correlation of gray shade and
tensile modulus for discrete poly(acrylamide) hydrogel
samples was established, followed by exposure through
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a circular gray shade mask as depicted in Figure 6.
A mask technique was also used for gradient structures
made by crosslinking of mercapto terminated poly(vinyl-
methylsiloxanes).!**!

In contrast, a recent work uses photolabile moieties in
the crosslinker, generating soft (or less crosslinked) areas
by longer irradiation time.*® Kloxin et al. developed a
system where a poly(ethylene glycal) (PEG) monoacrylate
was crosslinked using a PEG-based macromonomer
(Scheme 5) containing photolabile groups that cleave
upon irradiation. The substrate was then irradiated via a
shutter and, as shown in Figure 7, locations with
longer irradiation times generated a lower modulus
material as determined by atomic force microscopy
(AFM). The gradual photodegradation of a poly[ethylene-
co-(carbon monoxide)] by UV irradiation was also used to
prepare gradient polymers. Here, the mechanical properties
were studied as a function of irradiation time, which
lasted up to 120 h. The material becomes stiffer, stronger,
and more brittle with increasing irradiation time due to
crosslinking and average molecular weight degradation
by chain scission.[®?!
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Mowing direCtion s

Figure 5. Five channels (W xLx T 15 x 55 % 1.5 mm?) were filled
with discrete mixtures of two dimethyacrylates and camphor
quinene initiator system. By moving the substrate stage under a
shield the irradiation time was gradually increased. (Adapted
from ref.1*)

2.520.5 kPa
5+1 kPa

B8+1 kPa

111 kPa

micro-indentation technique. The irradiated diamater of a grey

I Figure 6. Young's modulus values for a radial-gradient gel using a
shade mask was 18 mm. (Adapted from ref [s9l)

N_

H
Scheme 5. A crosslinker containing two nitrobenzyl photolabile
ether groups was thermally polymerized with PEG monoacrylate
to form a light-sensitive hydrogel. Upon increasing irradiation of
the sample (WxLxT: 9xg9xo2smm’) PEG was released,
decreasing in return the modulus of the hydrogels.
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Figure 7. Blue triangles: Young's modulus at surface points across
the hydrogel; red line: rheometric measurements of discrete
thin films at corresponding irradiation times and conversion of
G'into £ by the rubber elasticity theory, confirming the elasticity
gradient. (Reprinted from ref!*® with permission from Elsevier.)

2.2.2, Microfluidic Setups

Microfluidic techniques have proven to be very useful for
the synthesis of materials with defined composi-
tion***752°%5] nicrofluidics allow the generation of
gradients in solution or on surfaces. PDMS-based substrates
were used to create a microchannel network by rapid
prototyping/photopolymerization. This method is based on
controlled diffusive mixing of species in compatible
solutions that flow laminarly through the network.®
Gradient hydrogels were prepared using this kind of
approach.***7%3%1 Tp reduce the fluid volumes and
produce reproducible gradient profiles, microfluidic tech-
niques were employed. The main purpose of these
experiments is the fabrication of two-dimensional gradient
surfaces on substrates for cell growth studies (vide supra).
Consequently, crosslinked hydrogels such as poly(acryl-
amide)*”) or crosslinked PEGs!®! were the most common
polymers used. PDMS-based gradient generators with
twol®4) or three*”®°) inlets were used to create a
microchannel network by rapid prototyping or soft
lithography.

Each inlet is connected to a syringe, and the pumped
streams flow down the microchannel network, where they
are repeatedly split, mixed, and recombined (Scheme ).
After one generation of branches each branch contains
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Qutlet

Scheme 6. Schematic design of a gradient-generating microflui-
dic network. The width of the outlet channel and total number of
branches determine the width and resolution of the steps form-
ing the gradient. (Adapted from ref.[s))

different proportions of the infused solution. By combining
the branches into a single channel a gradient is established
across the channel and perpendicular to the flow direction.
Gradient structures were visualized by adding a fluorescent
dye to the component.****! However, only low viscous
monomer solutions can be processed.

2.3, Dissolution/Diffusion Methods

By subsequently casting blend solutions of different
polymers with variable compositions onto a substrate,
layers of different compositions are obtained after evapora-
tion of the solvent. This approach is called the dissolution/
diffusion method (Scheme 7). For thin individual layers, this
graded structure can be described as a compositional
gradient material. Following dissolution/diffusion meth-
ods, a series of biodegradable blends/PGMs were prepared
by Inoue and coworkers, such as poly(e-caprolactone)/
chitin and poly{s-caprolactone)/chitosan,’®® poly(3-hydro-
xybutyric acid)/poly(vinyl alcohol),®”%® gelatine/poly-
(ethylene oxide)(®? and poly(ethylene oxide)/poly(3-hydro-
xybutyrate),”® and ever immiscible polymer blends
consisting of poly[(butylene adipate)-co-(butylene tere-
phthalate)]/poly(ethylene oxide) could be achieved. ™!
When applying the described dissolution/diffusion
process for a miscible two-layer blend system, steep
concentration gradients can be obtained.” In another
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Scheme 7. Polymer 1(P1) and polymer 2 (P2) are dissolved in a low-
boiling solvent such as hexafluoroisopropyl alcohel (HFIP). Then,
the mixture P1—100% is cast onto a substrate, HFIP starts to
evaporate at RT, then the next composition P1 = 67% is cast onto
the first film, Since the solvent of the first layer is at this point not
yet completely evaporated, diffusion takes place. Subsequent
application of different mixtures allows the preparation of poly-
mer graded materials with a diffuse interface.

study, solution blends of poly(i-lactid acid) and poly(p,.-
lactid acid) were cast as strip-shaped gradient films.”*!
Diffusion of sulfur into an elastomer based on a styrene/
butadiene rubber followed by vulcanization was utilized to
prepare elastomeric polymer gradients. This compositional
cross-sectional gradient was found to provide wide
damping temperature ranges.”*!

2.4, Gradient Interpenetrating Polymer Networks

IPNs have been reviewed previously,™ especially with
focus on g-IPNs.”®! They are a special class of polymer
blends and can be synthesized by three routes!”®
(i) Sequential IPN: diffusion of monomer 2 into polymer
1, causing swelling of polymer 1. Then monomer 2 is
polymerized and additionally crosslinked with pelymer 1.
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Figure 8. Analysis of PS/PAN gradient pseudo-IPN. Layers were
sliced along an axis and the nitrogen content was analyzed by
combustion (open circles). Curves were computed by Fick's
equation for swelling times of 57,168, and 283 h and the diffusion
constant given. (Adapted from ref.77l)

(ii) Pseudo-IPN: polymerization of monomer 1 renders
polymer 1. This is swollen with monomer 2 and polymer-
ized, but in contrast to a sequential IPN, it is not crosslinked
with polymer 1 (Scheme 8). (iii) Simultaneous IPN: mixing
of (prejpolymer 1 with (pre)polymer 2 followed by
independent crosslinking of each (pre)polymer.

K. U. Claussen, T. Scheibel, H.-W. Schmidt, R. Giesa

In the case of simultaneous and pseudo [PNs there are no
chemical bonds between the networks of polymer 1 and
polymer 2. g-IPNs usually consist of a compositional
gradient along all axes of the sample. These cross-sectional
gradients can be considered as a series of layers of
immiscible polymer mixtures with a continuously chan-
ging composition from the surface to the core. As shown in
Scheme 8, the diffusion of the monomer/crosslinker
mixture is the key process for the preparation of g-IPNs.
The application of non-equilibrium swelling of polymer 1
and rapid radical polymerization of monomer 2 leads to the
generation of compositional gradients of polymer 1 and 2,
and in most cases pseudo-IPNs are formed. In Table 1 some
examples of g-IPN systems and some details about their
synthesis and characterization are listed.

Shen and coworkers observed already in 1976 that g-IPNs
show a higher yield stress and a similar fracture strain
compared to non-gradient structures.”””] These results were
confirmed later, and mechanisms for the enhanced
mechanical properties were discussed.****) In summary,
the stressdistributionin gradient polymers was assumed to
cause the material to yield rather than break.

Water-absorbing g-IPNs with mechanical properties
superior to hydrogels were prepared via swelling of a
poly(ether urethane) network by diffusion of monorer 2,
initiator and crosslinker. After polymerization, the forma-
tion of the second polymer network resulted in a
thermoplastic elastomer with hydrogel properties.”®
Poly(urethane)/poly(methacrylate) g-IPNs were realized
via photopolymerization of the swollen network of
polymer 1 and analyzed via DMTA.”® The toughening
effect of the gradient structure was assumed to be
dependent on the choice of polymer systems for the
gradient g-IPN."*! The damping properties of g-IPNs were
found to improve as a function of the morphology of the
g-IPN microstructure!**! IPNs with a compositional
gradient showed broader glass transitions and enhanced
moduliin contrastto non-g-1PNs.®% Although twodifferent

Diffusion Polymerization
of of
—
Monomer 2 Monomer 2
and and
Crosslinker Crosslinker
Polymer 1 Polymer 1, Polymer 1,
Monomer 2 Polymer 2

and Crosslinker

and Crosslinker

Scheme 8. Preparation of a pseudo IPN. Diffusion of monomer 2 and the crosslinker into polymer1 leads to a swollen network. The IPN is
formed via subsequent polymerization of monomer 2 and the crosslinker.
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Il Table 2. Methods for the characterization of polymer gradient, blend, and IPN materials.

Method Ref.

mechanical

adhesive strength [72]

AFM [16,21,36,57,58,64,82 98]

bending properties [19]

compression [12,30,87-91]

DMTA [30,33,35,36,60,61,69,71,72,78-80,82,95,96]

fracture toughness
microindentation
nanoindentation
stress relaxation
tensile testing
thermal shock resistance
spectroscopic
(FT)-IR

N-IR
UV-Vis/fluorescence (dye)
XPS

microscopy

optical

polarized optical
SEM

TEM

thermal properties
Dsc

rheology

TGA

thermal dilatability
other

contact angle
density

elemental analysis

polymer networks are formed, g-IPNs with enhanced
mechanical properties can be prepared with almost
single-phase morphology dependent on the ratio of chosen
polymer systems. This can be attributed to additional
hydrogen bonding interactions between both networks.®?
A dissolution approach was employed to simultaneously
form a poly(urethane)/poly(vinyl ester) gradient semi-IPN
with enhanced mechanical properties.*!

To analyze the compositional change in gradient g-IPNs,
the sample has to be cut into small layers along the cross-
section of the sample. Mainly, two techniques are applied
forthe determination of the gradient composition of g-IPNs:
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[95]

[59,62,96]
[22,26,57,60,61,64,73,115]
[87-91]
[12,18,33,34,59,62,69,72,76-82,95,99)
[72]

[54,61,64,66-73,80,93,100,114]
[60,64]
[12,21,54,57,58,63,65,85,86,92,97]
[54,92,93]

[19,26,33,59,92,94,98]
[66,69]
[20,35,36,54,62,63,66,80,81,99)
[18,36,76,98]

[17.20,30,67,68,70-72,80,92,98,99]
[33,58]
(19]
(19]

[64]
[83,95,96]
[17,18,33,34,77]

elemental analysis and IR spectroscopy (see also Table 2). As
an example of characterization by elemental analysis, thin
sheets of a poly(styrene) (PS)/poly(acrylonitrile) (PAN)
gradient pseudo-IPN were machined off layer by layer
and analyzed for nitrogen content.”” In this way, the
acrylonitrile content of each layer could be calculated and
plotted wversus the position the sample was taken from
Figure 8.

Although diffusion and g-IPNs are the oldest examples of
PGMs, their major drawback is that diffusion is a time
controlled process and thus the fabrication can take more
than 100 h in some cases.

romolecular
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2.5. Extrusion Techniques

A common technique to fabricate smaller amounts of
gradient polymers is the use of a twin screw extruder
equipped with one or more attached gravimetric feed-
ers.**#¥ The gradient is generated by adding a second
component through the feeder, and the residence char-
acteristic of the particular extruder configuration causes a
delayed but predictable distribution of that component.
Thus, the residence time distribution (RTD) and the
residence volume distribution (RVD) are common descrip-
tors for the physics of this process. RTD and RVD, which can
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Figure 9. Top: Different input conditions for a third-order RVD
characteristic. These input wvariations generate different
responses regarding the gradient polymer of the particular
twin-screw extruder system, (Adapted from ref.!®l) Bottom:
ement of an impulse input (blue solid line)
and of a step input (red solid line). Also shown is the prediction
according te a first order convolution process model (green
dashed line). (Adapted from ref.[®3!)
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be measured and modeled, are functions of ingredients,
operating conditions, and screw configuration. As shownin
Figure 9a, a step or impulse input can be applied when
feeding fillers or dyes, for instance. Also, using smaller and
increased numbers of steps can generate a ramp. To
visualize the gradient, dyes, and pigments are commonly
added. InFigure 9b, anin situ optical contrast measurement
within the extruder is shown to evaluate the gradient
architecture. For a step input, steady state is reached after
755, whereas an impulse input generates an asymmetric
gradient material for ~200s. Similar techniques were
applied in combination with a microextruder to generate
one-dimensional polymer arrays for the accelerated
weathering test of UV absorber in poly{carbonate),!*2¢!
Poly(propylene)/poly(amide) 6 (PP/PA6) cross-sectional
gradients were prepared by extrusion techniques.*”*#l
Here, the authors fed an extruder equipped with a
rectangular dyewith PP/PA6 batches of increasing amounts
of PAG in a step-ramp fashion over a time in the range of
8min. The resulting flat extrudate with gradually varied
weight fractions of PA6 was cut into segments, rearranged,
and additionally molded in alaminate press. Depending on
the sequence of arrangement or folding of the segments, the
gradient shape and direction of the resulting sheet was
varied. The same technique was used to prepare PP/talcum
powder gradient materials.**!

A different approach for the production of a
poly(ethylene)/poly(styrene) (PE/PS) blend cross-sectional
gradient was realized via co-extrusion®" As shown in
Scheme 9, two extruders feed two different polymersintoa
device, the gradient distribution unit, featuring two

Gradient mixing equipment
/'—“\ =
Gradient )
disirbution zﬁm:"ﬂ'm" Dl ]

Al
V-

Schematc macroscopic gradient

Schematic microscopic gradient

Scheme 9. Flow chart of the co-extrusion processing unit. Two
extruders A and B feed into a gradient distribution unit, consist-
ing of two separate channels for each polymer, followed by a
mixing unit. The die has the dimensions 6o mm wide by 15mm
thick and a cross-sectional gradient is generated. (Adapted

from ref.[22)
N ,H' 1S
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separate channels. Then it is fed througha two-dimensional
mixing unit and finally through the die. In this way a
continuous cross-sectional gradient plate is obtained.

2.6. Poly(urethane isocyanurate)s

Askadskii et al. have been working on gradient polymers
based on poly(isocyanurate)s for many years. This research
is documented in numerous publications and only some
can be considered here**#”~?*! [n summary, they define a
gradient polymeric material as a material in which the
elastic modulus and all other physical characteristics vary
gradually within the sample and which contains no
interfaces or intermediate layers. Also the mechanical
behavior at all positions of the gradient must be elastic but
not viscoelastic. This stems from the fact that the modulus
of a polymer in the glassy state remains high. Then,
depending on the composition of the material, the glass
transition temperature (T,) reaches room temperature (RT)
and consequently the elastic modulus decreases rapidly. For
a T, below RT the elastic modulus remains low and varies
insignificantly with the composition. Thus, the tempera-
ture rangein whichthe gradient is retained mustbe wide. In
common polymers the transition region from the glassy to
the rubbery state can be found ina 20-30 Krange around T;;
thus heating a polymer in this range around the T, will
cause a drastic change in the elastic modulus, which is
undesirable in gradient materials where the T, varies with
composition and thus position.

As schematically shown in Scheme 10, Askadskii
developed gradient polymers fulfilling these requirements
by linking bulky junctions with short flexible subchains
based on theoretical considerations.®® The flexible chains
are formed by diols such as poly(propylene glycol)
oligomers,® hydrogenated hydroxy-terminated 1,2-buta-
diene rubber,®"! or oligomeric tetrahydrofuran/propene-

Schere 10. Schematic illustration of a network structure contain-
ing bulky rigid cross-linked network points in combination with
short, flexible linear chains. Theoretically, the resulting gradient
pelymers should possess an elastic modulus over a wide range
and retain the predetermined gradient of properties over a wide
temperature range. (Adapted from ref. 1281}
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Scheme 1. Realization of such gradient structures by using the
cyclotrimerization reaction of isocyanates to form crosslinked
poly(urethane isocyanurate)s. These bulky and stiff network
points (gray circle) are linked by flexible, short fragments.

oxide copolymers 7 As illustrated in Scheme 11, the bulky
junctions are formed by urethane/isocyanurate cycles,
which are formed in a two-stage reaction. First, the diols are
transformed into oligomeric diisocyanates by reaction with
tolylene-2,4-diisocyanate. In the second step, additional
diisocyanate is added (see also Figure 10) and the network is
formed by cyclotrimerzation of all isocyanate groups at
elevated temperatures aided by a catalyst.'®”) To fabricate
poly(urethane isocyanurate) materials as monolithic blocks
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Figure 10. Modulus of elasticity as a function of the content of
tolylene-z,4-diisocyanate (G) in a mixture with the oligoether
diisocyantes. The samples were taken at different positions along
the sample length |. (Adapted from ref.153])
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with a continuous gradient of properties along the block
length, feeding devices were developed.®!) The calculated
compositions containing the catalyst are fed into a heated
screw mixer from two vertical water-heated feeders
(60-80 "C), and then the mixture is fed into a block mold
and thermally cured. First, the composition with the higher
density is fed, which results in a stiffer material, then
successively the (less dense) elastic composition. The
polycyclotrimerization reaction begins vigorously at tem-
peratures above 100 °C. The crosslinking reaction is then
completed at 160-180 °C, as shown by extraction!®*”** and
IR spectroscopy.l*0#72051]

The existence of an elastic modulus gradient was
demonstrated via micromechanical compression modulus
testing®”) The cylindrical samples were cut from the
monelithicblock at various positions. As shownin Figure 10
the modulus linearly increases with higher content of
added tolylene-2,4-diisocyanate.

2.7. Other Methods

In addition to the standard techniques for the fabrication of
PGMs mentioned so far, a few special methods will be
summarized. Polymer blends consisting of pely(acrylic
acid) (PAA) and its copolymers with acrylamide (PAAmM)
were prepared featuring a gradient by the application of an
electric field.*?) Sodium salts were added to mixed aqueous
solutions of PAA and PAAm copolymers to force complexa-
tion of carboxylate groups. This mixture was placed
between two platinum electrodes aligned in parallel. The
applied potential decreased linearly between the electrodes
and caused cation and anion redistribution. Specifically,
carboxylate groups were attracted to the anode and thus its
concentration changed continuously between the electro-
des. The resulting carboxylate group concentration could be
controlled by both the electric field strength and the
electrolyte composition. After evaporation of water,
lateral polymer gradient blend films were obtained. The
gradient composition was analyzed by X-ray photoelectron
spectrascopy (XPS) (Figure 11).

PEG polymer gradients are accessible by plasma tech-
niques.®?) The vapor of the monomer diethylene glycol
dimethyl ether was fed into a custom-built plasma reactor
at a continuous flow rate. After evacuation of the reaction
chamber at continuous radio frequency, glow discharge
was generated between two electrodes. Since a knife-edge
top electrode was used, a non-uniform plasma glow
discharge was generated around the upper electrode,
resulting in the deposition of a cross-sectional gradient
on the lower electrode. This was attributed to spatial
variation of the monomer fragmentation rate and plasma
polymer deposition conditions. Gradients could only be
generated at an electrode separation distance of 1 mm. The
gradient was analyzed using a number of techniques, such
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I Figure 11. O/C atomic ratio and Na content as a function of the
mission from ref.!%; Copyright 2009 American Chernical Society.)

as profilometry, to determine the film thickness, and XP§
elemental analysis was used to visualize the presence of
both oxygen and carbon.

2.7.1. Filler

Obtaining PGMs by adding continuously changing
amounts of filler, for instance in an extruder, was already
mentioned above."**#1 Klingshirn et al. created compo-
site PGMs via centrifugation."¥ The starting mixture
consisted of an expoxy resin, the curing agent, and short
carbon fibers. They systernatically varied the centrifugation
time and speed to obtain a continuous variation of fiber
content along the length of the sample. After cutting
specimens perpendicular to the sample length, the filler
content was determined as a function of the specimen
position by density measurements.

Filler/based composite PGMs were prepared using a
polyester resin, and hollow spheres were filled with inert
air or gas (cenospheres).”"*! The different densities of the

05
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0.3

02

0.1

Cenosphere volume fraction

0.0

0 5 10 15 20 25
Location / cm
I Figure 12. Cenosphere volume fraction as a function of the

location on the gradient sample. The different symbols represent
several independent samples. (Adapted from ref.[95])
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components were exploited to establish a continuously
varying cenosphere volume fraction over the cross-section
of the sample (Figure 12).

Microhardrness studies were carried out with composite
PGMs based on an epoxy resin matrix and silicon carbide
filler particles. The filler particles were gradually distributed
over the cross-section of the specimen via centrifuga-
tion.*®) These examples illustrate the transition from pure
PGMs to composite PGMs to functional gradient materials
by adding functional additives.

2.7.2. Temperature

A frontal polymerization technique was used to create
PGMs based on tri(ethylene glycol) dimethacrylate
(TGDMA).®"! Two pumps were used to feed the mixing
chamber and the reactor. One pump fed TGDMA with an
initiator, the other one TGDMA with a dye. The temperature
gradient applied to the mixture created a longitudinal
gradient whose composition was monitored by the dye
distribution. Polymethacrylate/epoxy resin blends are
another example of longitudinal PGMs being prepared by
application of a temperature gradient curing process.
The gradient was confirmed by the transparency of the
sample due to the formation of homogeneous or hetero-
geneous zones.'”® One/component composites as gradient
materials were prepared by using thermotropic and highly
anisotropic commercially available copolyester fibers of
4-hydroxybenzoic acid and 6-hydroxy-2-naphteic acid."”*!
The fibers were oriented in parallel by flament
winding. By applying the proper heat and pressure,
the degree of anisotropy was tailored across the
laminate thickness, leading to functionally graded lami-
nate properties. In particular, these cross-sectional gradient
materials revealed high energy absorbing capacities.
Amis and coworkers developed a technique to prepare
two-dimensional libraries possessing a compositional and
temperature gradient. The temperature gradient was used
to induce phase separation of a PS/poly(vinyl methyl ether)
blend film 9%

2.8. Molecular Single-Chain Gradients

A single copolymer chain that changes its composition, ie.,
the ratio of co-monomers continuously along the chain, is
called a gradient copolymer.®Y! Gradient copolymers can
be distinguished from random, alternating, and block
copolymers (Scheme 12). However, since no macroscopic
compositional gradient material can be obtained with a
gradient along single polymer chains, these materials are
obviously not suitable for the preparation of bulk polymer
gradient material PGMs on a macroscopic centimeter scale.
Nevertheless, they are mentioned here to elucidate the
difference of these single chain gradient copolymers to
PGMs,
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Scheme 12, Architecture for molecular single chain copolymers. In
gradient copolymers the composition continuously varies from
head to tail of the chain. {Adapted from ref.""))

The gradient structure of gradient copolymers is realized
on the scale of a single polymer chain via (controlled)
copolymerization techniques. In general, there are two
techniques: the spontaneous'**?) and the forced polymer-
ization method.*®* In the case of spontaneous polymer-
ization, the gradient structure is controlled by the
copolymerization parameters and initial feed ratios,
whereas in forced polymerizations the gradient along the
backbone is achieved by varying the amount of co-
monomer added; atom-transfer radical polymerization
(ATRP)[043%¢] and reversible addition/fragmentation
chain transfer polymerization (RAFT)**"~*°) are commonly
employed. Obviously, properties of gradient copolymers
were often compared to those of block copolymers.
Gradient copolymers show broader glass transition and
melting temperatures, broader relaxation time distribu-
tions of melt rheology, and broader temperature regions for
the separation of micellar and non-micellar regions.
Therefore, these materials could be of interest in applica-
tions as compatibilizers of immiscible polymer blends, as
stabilizers for dispersed systems or shock absorbing, or as
vibration-damping materials.**! Furthermore, the effect
of the molecular structure of gradient copolymers on
morphology and mechanical properties was investi-
gated **¥ In summary, no effect on the Young's modulus
was found, although both free and controlled radical
polymerization techniques were employed. The ultimate
stress of the copolymer prepared by free-radical polymer-
ization was highest, whereas its ultimate strain was lowest.
This can be attributed to microphase separation, which is
minimized with uniform gradient copolymers prepared by
controlled techniques.**?!

3. Experimental Methods

Most of the PGM preparation methods described above are
relatively complex in terms of experimental effort, costs,
and/or energy efficiency. Although many researchers
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employ different methods for the fabrication of PGMs, the
use of pumping devices to feed into a mixer is a general
experimental principle. Typical examples, such as the twin-
screw extruder setup by Fu and coworkers,?® the feeding
device described by Askadskii et al,”*") or the gradient film
coating procedure by Amis and coworkers,"* have been
summarized herein. Noteworthy is that the realization of
linear gradients of a viscous, saturated sucrose solution
employing a custom designed pumping apparatus was
already presented in 1962. This machine was based on two
cylindrical chambers with motor-driven plungers and a
rotating screw pump. By adding a water soluble dye, the
gradient was determined spectrophotometrically and a
high linearity was demonstrated.***!

Figure 13. Scheme (top) and photograph (bottom) for the high-
precision syringe setup employed for the preparation of longi-
tudinal PGMs. The flow rate of each syringe (a) is set and
controlled by software (b). The syringes are connected via luer-
lock ports and disposable tubing (c] to a custom-made mixing
head (d). A static mixer (e) is used to mix the components before
casting them into the mold (e) on a moving platform (g). The
mold movement is synchronized with the flow rate, resulting in
uniform and reproducible filling of the mold. The shown PDMS
system in the syringes consists of two different siloxane pre-
polymers (component A: red; component B: colorless) and a
curing agent (component C: colorless).
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However, a lot of methods lack the control and hence
reproducibility of the desired gradient structure. In our
research group we developed and optimized a method to
prepare PGMs using high precision syringe pumps.*?! The
setup consists of a computer, three syringes, an adapter, a
static mixer, and a mold on a moving platform (Figure 13).
The software and syringe setup (cetoni GmbH, Germany)
allows precise control of the flow rates. Although poly-
addition systems are preferred which circumvent foaming
and condensation products, solutions can also be processed
with this setup. While mixing the continuously changing
composition in the static mixer, the gradient structure is
blurred. Here, a compromise must be made between
intense mixing of the components in the mixing element
and maintaining the component ratio during migration
through the static mixer. For each targeted gradient
composition the particular flow profile must be optimized
according tothe different viscosities of the components and
the dead volume of the disposable static mixer.

To actually obtain a particular soft-hard gradient, a
combination of constant flow plateaus and a steadily
decreasing flow rate of one component has to be used, as
illustrated in Figure 14.

Three components were employed to realize a thermally
cured PDMS gradient material: A prepolymer rendering a
softer PDMS elastomer after crosslinking ("soft” prepoly-
mer), a prepolymer forming a stiffer PDMS elastomer
("hard” prepolymer), and thirdly a vinyl siloxane cross-
linking agent containing also the Pt catalyst™ As
shown in Figure 14 the flow of the first “soft” PDMS
component is kept constant initially. Then, the flow rate

2‘
"soft" "hard"
20 prepolymer prepolymer
- (dyed)
w
3 15¢
&
]
3 10}
i
5}
cuting agent
0 10 50 60

Figure 14. Flow profile for the preparation of a soft-hard PDMS
gradient. After an initial constant flow (22.3pL.5 ") of the “soft”
component containing a dye (red solid line), the flow is continu-
ously reduced to opl-s . Concurrently, the flow rate of the
“hard” component (blue dashed line) is increased up to a con-
stant flow plateau. The flow rate of the curing agent (green

dotted line) is kept constant at 2.7pl-5 "
M,\-hlj
\]iw‘_s
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is continuously reduced. In the same way, the flow rate of
the second “hard” prepolymer component is increased.
Thus, the combined flow rate of both components and
curing agent is constant. The mold movement is synchro-
nized with the constant total flow rate, assuring repro-
ducible and uniform filling. This setup can be adapted for
various other systems, such as acrylates, urethanes, ureas,
or thiol-ene addition polymers, enabling the preparation of
PGMs covering a wide range of E-moduli. A flow profile as
depicted in Figure 14 renders a gradient PDMS polymer as
shown in Figure 16 and 17(vide infra).

4, Characterization Methods

Table 2 summarizes the characterization methods applied
for the polymer gradient, blend, and IPN gradient materials
presented in this paper. There are two classes of character-
ization methods: destructive and non-destructive. For
instance, tensile testing leads to the breakage and thus
destruction of the sample, whereas Fourier-transform
infrared (FT-IR) spectroscopy or AFM indentation normally
does not damage the sample during the measurements
(non-destructive). Obviously, non-destructive methods are
preferred, because several characterization techniques can
be carried out with the same specimen at different
locations. Most of the materials listed in Table 1 represent
polymers with discrete compositions rather than contin-
uous PGMs. However, in most cases the characterization
technique for discrete compositions can also be transferred
to gradient materials. PGMs exhibit a combination of the
mechanical properties of their components. To understand
experimental data, reference values have to be available.
Therefore, discrete mixtures are prepared and measured,
i.e, mixtures with a certain ratio of components that are
homogeneously distributed over the sample. Then, their
properties can be compared to those measured in a PGM,
and a correlation, for instance, between composition and
position, is possible.

4.1. Spectroscopy

4.1.1. FT-IR Spectroscopy

FT-IR spectroscopy as a non-destructive method can be used
to easily map blend compositions.'**] In general, first a
calibration curve has to be established, relating the
absorbance ratio of two peaks to the different fractions
of the blend. Then, the gradient structure of blends with a
compositional gradient can be easily visualized following
the absorbarnce ratio along a certain sample axis. In this
way, many polymer blend films with a compositional
gradient have been analyzed.**] A recent example is the
characterization of gelatin/chitosan gradient materials
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(Figure 15).°%) The gelatin- and chitosan-rich regions of
the gradient material could be visualized by the absorbance
of the amide 1 and amide II bands, which decrease with
increasing amounts of chitosan. Moreover, the absorbance
of the amide II band shifted to higher wavenumbers
(Figure 15a). The absorbance ratio of the amide II and
amide I bands was then correlated to the gelatin content.
The gelatin content could be correlated to the sample
position simply by measuring the IR spectra asa function of
the sample position (Figure 15b).
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Figure 15. FT-IR characterization of gelatin/chitosan gradient
materials. Top: In the gradient sample, the absorbance ratio of
the amide | and Il peak (H,g,5/Hy,;) increased with increasing
amount of gelatin. Bottom: Discrete compositions of gelatin and
chitosan showed an increase of Hgye/Higy; with increasing
gelatin content. Measuring the absorbance ratio at different
positions of the gradient sample allowed the determination of
gelatin content as a function of the sample position. (Adapted
from ref [54))
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4.1.2. UV/Vis

If one component contains a dye, the polymer gradient
composition can be analyzed as a function of the position
along the specimen length via UV/Vis spectroscopy. This
approach was used to follow solution®®! and film!*”!
gradients by fluorescence.**! Furthermore, the perfor-
mance of a combinatorial microextruder system for the
preparation of gradient polymer compositions was con-
firmed by tracking the fluorescence of the added dye.!***°!
The dye concentration in the gradient is directly propor-
tional to the amount of the dyed component. Advanta-
geously, this optical method is non-destructive. In our
recent publication, Lumogen F Red 300 was used as dye %!

Important requirements for the suitability of a dye are its
solubility, chemical and thermal stability, and a high
molecular extinction coefficient. The dye acts also as a
mixing indicator, since insufficient mixing results in dye
streaks. By using a combinatorial UV/Vis reader the optical
characterization was facilitated. The sample is placed overa
384-well plate, and the absorbance (at 560 nm) of each well
(distance between measuring spots &5 mm) is automati-
cally measured (Figure 16). When the plate dimensions are
known, each well (and therefore each absorbance value)can
be correlated to a position. In this way, the absorbance can
be measured as a function of the sample position.

The accuracy and reproducibility of the absorbance
measurement is very high. In Figure 16, the PGM covers two
well rows. Thus, the absorbance values of two vicinal wells
can be compared atthesame sample position. The deviation
between the two vicinal wells of the same sample position
(and therefore the same sample composition) is below 0.5%.
However, small variations in thickness can cause signifi-

Sample Position / cm
3 4 5 6 7 8

g 10 1"

Figure 16, Dyed PDMS polymer gradient sample on a 384-well
plate. An UV/Vis spectrum of each well is automatically
measured, and the absorbance maximum at séonm of the
dye can be detected as a function of the sample position.
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cant deviations because they affect the absorbance linearly
according to the Lambert-Beer law. For comparison of
samples with different thicknesses, the measured absor-
bance has to be corrected to a standardized thickness.

4.2, Modulus Testing

To mechanically characterize the continuity of PGMs,
measurements are required on a much smaller scale than
typically used for tensile testing. Therefore, high-resolution
and miniaturized indentation or compression methods are
of special interest for the mechanical characterization of
PGMs.

4.2.1. Indentation

Kaufman et al. reviewed nanoindentation and unconfined
compression methods for hydrogels.***! Obviously, these
techniques can also be exploited to analyze PGMs. For
instance, nanoindentation by AFM was employed to follow
the continuous change of modulus along hydrogels!®#=
(Figure 6) and other PGMs.'**** However, a fit is required to
correlate the AFM (tapping mode) measurements to a
modulus value.*”% Microhardness studies were demon-
strated to be sensitive enough to indicate even slight
changes of amaterial’s properties after short irradiation.'*?)
Moreover, they can also be employed for stiff graded
polymer composites.”®! Furthermore, indentation tests
were used to understand the resistance of graded materials
to contact deformation and damage.”*”!

4.2.2. Compression

Polymer gradient specimens can be analyzed via compres-
sive modulus testing, and mechanical properties are

8 9 10 11 12 13 14

Z205F T

7] " l, UNIVERSITAT
2 BAYREUTH
S04+ .

- .

Figure 17. Compressive modulus testing of the sample shown in
Figure 16. Cylindrical specimens (5smm diameter, 1mm height)
were punched every 10mm along the length of the sample and
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obtained as a function of the position.***” Since the
testing specimen has to be punched with a defined
geometry, it represents a destructive method. The
principle of the measurement is illustrated in Figure 17.
Cylindrical specimens (5mm diameter, 1 mm thickness)
were punched along the length of the sample. Then, an
unconfined compression test*®l was carried out in a
mechanical analyzer capable of measuring small forces and
deflections. The plates were wetted with silicone oil to avoid
perpendicular shear forces. Then, the Young's modulus
was determined in compression as a function of the
position along the sample length. The compressive
modulus increased with the sample position.

Compared to UV/Vis spectroscopy (Figure 16), compres-
sivemodulus testing has alowerresolution due to the much
larger distance of 10 mm between two punched testing
specimens. Furthermore, the deviation among several
samples increases, because the cylindrical specimen con-
sists of a gradient not reflecting a discrete mixture.

5. Epilog

Clearly, nobody needs to be convinced that nature provides
very promising strategies for novel material design,
development, and optimization. Inspired by nature, bio-
mimetics reflects a vastly growing research field for man-
made materials. This paper focused on PGMs, and gradients
are found plentiful in nature forareason. The joining of two
different materials at an interface is a common cause of
failure in many engineered parts. Nature typically gen-
erates gradient transitions, thus aveiding problematic
interfaces such as weak-strong or most notably hard/soft.
Oftentime is amajor factorin nature's design, and what has
grown for years might not be perfectly copied in hours. A
prominent and often cited example is mussel byssus, which
features a meanwhile well-understood mechanical gradi-
ent fromsoft at the muscle tissue end (proximal) and hard at
the rock end (distal). The mussel grows its byssus in
minutes. Beneficially, in the case of many artificial PGMs
the targeted gradient is present right after fabrication or
synthesis. However, many sophisticated man-made PGMs
are just not available in larger amounts or dimensions.
Thus, it is not known how they will perform, for example,
under tension compared to mussel byssus until they can be
made in larger numbers in combination with high
reproducibility and thus comparable performance. Indeed,
nature can teach us new tricks.
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4.4 Learning from Nature: Synthesis and Characterization of Longitudinal Polymer
Gradient Materials Inspired by Mussel Byssus Threads

A straightforward approach is presented for the preparation of bioinspired, macroscopic
polymer gradient materials based on poly(dimethyl siloxane) (PDMS). Compositional
gradients are realized using a specially designed mixer and three syringe pumps feeding
different prepolymers capable of crosslinking. The stiffness within the gradient sample can be
varied up to a factor of four. By addition of a dye to one component, the gradient structure can
be visualized.

GRADIENT MATERIAL

Reprinted with permission; Copyright 2012 Wiley-VCH

*Kai Uwe Claussen, Reiner Giesa, Thomas Scheibel, Hans-Werner Schmidt
Macromol. Rapid Commun. 2012, 33, 206-211
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Learning From Nature: Synthesis and
Characterization of Longitudinal Polymer
Gradient Materials Inspired by Mussel
Byssus Threads

Kai U. Claussen, Reiner Giesa, Thomas Scheibel, Hans-Werner Schmidt*

Marine mussels use their threads for attachment to any substratum and these biopolymer gra-
dient fibers show an excellent combination of stiff and soft mechanical properties. A straight-
forward approach for the preparation of macroscopic longitudinal polymer gradient materials
on the centimeter scale based on a poly(dimethyl siloxane) system is presented. Compositional
gradients are realized by using three syringe pumps feeding different prepolymers capable to
undergo thermal cross-linking. Within the gradient samples, the stiffness between the hard

and soft part can be varied up

to a factor of four. The gradients

are analyzed by UV-Vis spectros-

copy as well as compressive and Tom
tensile modulus testing.

1. Introduction

The exploration of natural materials and understanding
the underlying principles are challenging but a promising
approach for the development of new biomimetic mate-
rialst! An example of the ingenious design of natural
gradient materials is the marine mussel byssus. Mussel
byssi have adjusted to harsh and continuously changing
conditions encountered in the marine environment and
provide optimized mechanical and elastic properties based
on a compositional gradient along the thread #-¢ The part
of the byssus directly attached to the mussel stem (prox-
imal region) is more elastic indicated by an E-modulus
(Young’s Modulus) of 20~50 MPa and a strain at break of
160%-200%. Thus, the proximal portion possesses high
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extensibility, but relatively low stiffness and strength.
Toward the end of the thread (distal region), the fiber is
stiffer (E-modulus of 150-800 MPa at a strain at break of
60%—100%) to ensure a strong attachment to the rock via
the plaque.l’) The mechanical gradient along the byssus is
able to compensate the difference of the modulus of the
mussel’s soft tissue and the very hard rock surface.”?!
Differences in the chemical nature of distal and prox-
imal segments are the origin of the distinct mechanical
properties. Waite and co-workers™ 2 extensively inves-
tigated the composition as well as the resulting struc-
tural and mechanical properties of the mussel byssus,
and comprehensive reviews have been written on this
subject.-1°] In summary, three different precollagen
types, preCol-P, preCol-D, and preCol-NG (for proximal,
distal, and no gradient, respectively), form the thread.
Each preCol consists of a modular structure resembling a
block copolymer, with a stiff collagen core domain, vari-
able flanking domains, and two terminal histidine-rich
domains. Gradients of elastin-like preCol-P and silk-like
preCol-D flanking domains are combined along the thread
axis with uniformly distributed preCol-NG, the latter
resembling glycine-rich proteins found in silk or plant
cell walls?l The histidine-rich terminal regions are able

y.com DOI: 10,1002/ marc, 201100620
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to form both covalent cross-links through 3,4-dihydroxy-
phenylalanine residues and metal coordinate complexes
providing sacrificial bonds in yield and self-healing.[*-810]

Gradient materials possess several advantages, for
instance they flatten stress distribution, eliminate stress
singularities, reduce stress concentration, improve
bonding strength, and increase fracture toughness.[512:¢!
Polymer gradient materials were also investigated fortheir
enhanced fracture strain and energy to breakl*’ as well
as their better damping properties.** Design and prop-
erties of polymer gradient materials have been reviewed
in a few papers,**%! Polymer gradient materials consist
of either a gradient across the specimen cross-section, or
longitudinal/lateral gradients along/perpendicular to the
main axis of the sample, respectively. Many cross-section
gradient polymers are based on interpenetrating polymer
networks,**2 dissolution methods,**2*! and extruding!**!
and coextrusioni*! techniques. Microfluidic techniques
were employed to synthesize soft—stiff polymer gradient
materials with defined gradient compositions on a small
scale, and the obtained sample was used to manipulate
cell adhesion as a function of the elastic modulus.[5.26]

Polymer materials featuring a gradient in the longi-
tudinal direction, mimicking a mussel byssus, are not
available on a centimeter scale and in larger quantities.
To explore characteristics, potential, and applications of
such gradient polymers, a versatile, reliable, and repro-
ducible fabrication method is required. In this Commu-
nication, we report on the first preparation of a longitu-
dinal polymer gradient material based on a poly(dimethyl
siloxane) (PDMS) system. The presented straightforward
fabrication method is applicable to other cross-linkable
polyaddition-based systems such as polyurethanes and
polyacrylates.

2. Experimental Section

2.1. Sample Preparation

PDMS components were purchased from Alpina, Germany
(component A, H-Sil-hard: Alpha Sil-EH; component B, H-Sil-
soft: Alpha Sil-Classic; component C, Vinyl-Sil: Alpha Sil-
Classic Hardener containing a Pt-Catalyst). Three 10 ml glass
syringes with Luer lock connectors were mounted on a high-
precision syringe pump system (Cetoni Nemesys) and con-
nected by tubing to a custom-designed mixing head into an
attached disposable static mixer, PDMS was cast into Teflon
molds mounted on a linear motion slide. As an example, at
a total flow rate of 25 pL 5%, a rectangular mold (140 x 10 x
1 mm? was uniformly filled in 56 s using a mold movement
of 2.5 mm s71. The samples were cured first at room temper-
ature for 20 min and postcured in the mold at 70 °C for 3 d.
The thickness of the samples was measured with a caliper and
ranged from 0.90 to 1.00 mm. Over each individual sample, the
thickness was uniform.

\}iwf) Macromeal. Rapid Commun. 2012, 33, 206-211
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2.2. Optical Characterization

UV-Vis absorption was measured using an Analytik Jena (Jena,
Germany) reader FLASH scan 530. Lumogen” F Red 300 (CAS-Nr.:
123174-58-3; Kremer Pigmente, Germany; 4.,, in acetone at
580 nm) was added at 0.01 wit% to H-Sil-soft. The uniform distri-
bution of the dye indicated by the absence of any streaks proved
the thorough mixing of all the compenents. Cured samples were
placed on a 384-well microplate. The distance between each
measuring spot was 4.7 mm and each spot was scanned from
375 to 650 nm. For comparison, the spectra were set to zero at
650 nm. The reported absorbance values are standardized to a
thickness of 1 mm.

2.3. Mechanical Characterization

The Young's in comp was 1in an uncon-
fined compression test!”’! using a Rheometric Scientific DMTA IV
with 17 mm compression plates. Cylindric samples (5 mm diam-
eter, 1 mm thickness) were placed between the plates, and at
a strain rate of 5 = 10°* 57, the compressive force was recorded
versus deflection. Tensile tests were carried out on an Instron
5565 universal tester with pneumnatic clamps and a 100 N load
cell. Rectangular samples of 140 x 10 x 1 mm? (clamping distance
Ly = 100 mm) were subjected to tensile tests at a strain rate of
200 mm min* (see 1SO 37:2005), and the moduli reported were
calculated from the initial slope. The average of five samples is
reported, the standard deviation of the reported averages was
always below 10%.

3. Results and Discussion

As illustrated in Scheme 1, the experimental setup is
inspired by the mussel using three components to form a
gradient. In the present design, up to three components A,
B, and C are filled in glass syringes and placed in a syringe
pump setup. Then, as controlled by a given flow profile, the
monomer liquids are pumped at different volume ratios but
at a constant total flow rate. The liquids are transferred into
a disposable static mixing device via an adapter. The mix-
ture is then filled directly into the mold, which is moved at
a speed synchronized with the flow profile. In this way, the
meld is uniformly filled. The compositional gradient is sub-

quently fixed via cross-linking, resulting in a longitudinal
polymer gradient material. Repeating this process permits
the fabrication of many samples with high reproducibility.

For the selection of suitable chemistry and compo-
nents, volatile reaction products or solvents are unwanted
to avoid foaming and excessive shrinkage. Therefore,
polyaddition systems are preferred. The composition of a
bulk gradient is primarily controlled by the applied flow
profile, but also by monomer viscosity, mixer volume
and efficiency, and sample geometry. Also, components
should exhibit similar reactivities to avoid the depletion
of one compound during curing, which would result in

207
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large deviations between programmed and achieved
mixing ratio. In addition, the curing reaction should be
fast to prevent blurring of the gradient by diffusion of the
components after casting.

In this contribution, PDMS? was used to optimize
the setup as well as various processing parameters. To
establish correlations between gradient composition,
position, time, and also optical and mechanical proper-
ties, a commercially available PDMS system is of great
advantage. In Table 1, significant data of the three
employed PDMS components A (H-Sil-hard), B (H-5il-
soft), and C (Vinyl-Sil) are summarized. This PDMS
system is thermally cured at room t ture and

setup, pumping and mixing proceeded without prob-
lems. The tensile E-moduli data of H-Sil-soft/Vinyl-Sil and
H-sil-hard/Vinyl-5il represent a low-modulus elastomer
in the range of 0.2-0.8 MPa.

To measure the gradient composition as a function of
the position along the length of the sample, a nondestruc-
tive optical as well as a destructive mechanical characteri-
zation method was developed. The dye Lumogen” F Red
300, which is sufficiently soluble and chemically stable,
was dissolved at 0.01 wt% in H-Sil-soft. The dye concen-
tration in the gradient sample is directly proportional to
the amount of H-Sil-soft, and hence an optical gradient is
obtained with one dyed (red) and one almost colorless end

requires a postcuring process at elevated temperatures.
Although, the difference in viscosity of component
H-Sil-hard and Vinyl-Sil is large and viscosities around
10 000 mPa s reflect the upper limit for the employed

as visualized in Scheme 1. The optical characterization
was greatly facilitated by using a combinatorial UV-Vis
reader (see Experimental Section), which automatically
measures the absorption as a function of the position. As

W Table 1 Paly | siloxane) comy employed for the preparation of bulk polymer gradient materials.
Component Description Viscosity”  Mixing ratio of components  Tensile modulus + STD
and name [mPas] [w/v] [MPpa]®!
A B C
A H-5il-hard H-Siloxane (hard) 10500 10 0 1 0.76 £0.01
B H-5il-soft H-Siloxane (soft) 2700 0 10 1 019+0.01
C Vinyl-Sil Vinyl-Siloxane and 1050 - - -
Pt-Catalyst

AIManufacturer’s data sheet. Y'See Experimental Section for testing conditions, STD, standard deviation.
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Figure 1. (a) Absorption at 560 nm (solid red triangles) of a PDMS
gradient sample as function of the position. Young's modulus in
pression (solid blue ) for 14 cylindrical test specimen
punched along the sample, The modulus increases and correlates
with the amount of hard component H-5il-hard (no dye). (b) Cor-
relation of the absorbance {open red triangles) and H-5il-soft
content in discrete compesitions permits the calculation of any
ratio in the gradient by simply ing the absorb-
ance. Compression (open blue sq ) and tension {open black
di ds) blish a correlation between com-
position and medulus. The blue and the black curves represent
the theoretical slope according to the logarithmic mixing law.*%!

shown in the photograph in Scheme 1, the mechanical
gradient can be visualized by straining a punched sample
to 10%. The ellipticity of the holes changes with the posi-
tion because the stiffness varies along the specimen.

In Figure 1a, the results of the optical (absorption at
560 nm) and mechanical (Young's modulus) characteriza-
tion of a PDMS gradient are plotted as a function of the
position of the sample. For measuring the Young's modulus
in compression, cylindrical specimens were punched along
the length of the sample. Each cylinder consists of a gra-
dient itself and the unconfined compression test measures
the average modulus over the sample diameter (p = 5 mm).
The modulus increases with higher amounts of the hard
component H-5il-hard, proving the existence of a mechan-
ical gradient. To correlate absorption and mechanical data
to a component ratio within any position of the gradient,
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six discrete compositions with a constant ratio were also
prepared using the syringe pump setup (Figure 1b). The
red open triangles show the correlation of absorbance and
composition, and a linear fit validates the rule of Lambert-
Beer in the applied concentration and thickness range.
This linearity also demonstrates that the absorbance is
not affected by the PDMS component ratio but only by
the amount of dye. The fit permits the calculation of any
mixing ratio in a gradient sample by measuring the absorb-
ance. In the same way, a correlation between content and
compression and tensile modulus can be established. Note
that here the solid lines do not represent fits but calculated
values according to a logarithmic mixing law.[*!

Different applied flow profiles generate particular gradi-
ents as shown in Figure 2. A combination of constant flow
plateaus and continuous flow alteration created a soft-hard
polymer gradient (Figure 2a). Because of the dead volume
of the static mixer, the mold starts filling at a delay of
56 s. Component H-Sil-soft was fed from 100% to 0%, and
the resulting gradient is very similar to the one shown in
Scheme 1 and in Figure 1a. Using the fit shown in Figure 1b
(red dashed line), the absorption was converted into a real
composition ratio ranging from 85% to 10% H-Sil-soft. To
realize steeper gradients, optimized on-off flow profiles are
necessary (Figure 2b). By using a flow plateau of 0% H-5il-
soft interrupted by a short period of 100% H-Sil-soft, a hard—
soft-hard PDMS polymer gradient material with real 0%
to 60% to 5% H-5il-soft was realized. The gradient is asym-
metric because of the different viscosities of the components
(see Table 1). The experimental setup allows the realization
of even more complex polymer gradients as illustrated in
Figure 2¢. By applying a sawtooth flow profile from 100% to
0% H-5il-soft, a sample with a sinusoidal oscillating optical
and mechanical gradient in the range of real 60% and 40%
H-5il-soft was obtained. This kind of oscillating profile
can be used to produce infinite samples. It is evident from
Figures 2a—c that the minimal and maximal content of a
component set in the flow profile is not directly mapped
in the gradient. The component profile in the gradient is
smoother compared with the flow profile and also the
absorbance at the end is not exactly zero (Figure 1a). This
impairment can be attributed to the dead volume of the
static mixing element, which flattens and blurs the gradient.
Here, a compromise between intense mixing of the compo-
nents in the element and maintaining the component ratio
during migration through the static mixer must be made.

Besides investigations on noncellular tissues®! and
a more general view on the performance of graded
materials,* very little is known about the mechanical
properties of longitudinal bulk gradient polymers.'?]
Therefore, preliminary results on mechanical properties
obtained with tensile tests are included in this Communi-
cation. In Figures 3a-—c, stress—strain curves of the PDMS
gradient samples presented in Figure 2 are plotted, with
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Sample 1 (being a soft-hard; see Figure 2a), Sample II (a
hard-soft-hard; see Figure 2b), and Sample I1I (an oscil-
lating soft-hard gradient material; see Figure 2c). The
average content of the dyed component in a polymer
composition was calculated by integrating the absorb-
ance over the length of the gradient sample. Conse-
quently, the average content of H-Sil-soft of Samples 1, 11,
and 11T was computed to 38%, 29%, and 54%, respectively.
As shown in Figures 3a—c, the stress—strain curves of Sam-
ples 1-111 were then compared with discrete composition
samples with the closest matching amount of H-Sil-soft,
40%, 30%, and 50%, respectively. The moduli of all gradi-
ents are comparable to the corresponding discrete sam-
ples. Sample I ruptures at lower strain than H-Sil-soft 40.
Sample 11 shows increased strength at comparable elon-
gation, and a higher strain energy of 1.55 Nmm™ than
H-5il-soft 30 (1.23 Nmm?). This is not the case for Sample
111, which shows no significant differences to the compa-
rable discrete mixture H-Sil-soft 50. These preliminary
investigations demonstrate that the sequence and length
of segments (hard-soft, hard-soft-hard, oscillating) in a
sample have a major impact on the mechanical properties
of gradient PDMS and thus tension experiments and data
evaluation require a very careful diligence.

4. Conclusion

We presented a straightforward experimental method for
the reproducible fabrication of bulk gradient polymers. A
gradient in mechanical properties was created by using
different components rendering hard or soft elastomers.
Although this Communication is focused on a PDMS
system, the presented approach for fabricating gradient
materials can be expanded to other polyaddition systems.
For instance, our research activities currently include
poly(urethanes) available in a wide variety of soft and
hard modifications, resulting in a much higher Young's
modulus range (6-700 MPa) compared with the soft PDMS.
Other potential systems are based on photopolymerizable
acrylates and thiol-ene click chemistry.*” Mechanical
properties and the prospective potential of these mate-
rials acting as cell scaffolds!?®! or providing templates for
surface structuringP! are of special research interest.
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45 Longitudinal Polymer Gradient Materials Based on Crosslinked Polymers”

Polymer Gradient materials (PGMs) are known to reduce stress concentrations and to increase
fracture toughness. In this study, macroscopic longitudinal PGMs based on thermally and
photochemically curing polymer systems are prepared on the centimeter scale. Tensile
properties of gradient and non-gradient samples are compared and reveal an improvement in
dependency on the gradient structure within the sample. The steep modulus variation is
realized by using the rubber to glass transition zone, envisioning the preparation of
thermoresponsive materials because the mechanical properties depend on both, temperature

and position.
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Abstract

Polymer gradient materials (PGMSs) are known to reduce stress concentrations and to increase
fracture toughness. The first system we reported for the preparation of longitudinal PGMs was
based on poly(dimethyl siloxanes). covering a relatively low Young’s modulus range. In this
study, we used two photochemically and one thermally curing polyaddition systems, enabling
us to cover a much larger modulus range up to 1300 MPa. Three different gradient structures,
hard-soft, hard-soft-hard, and soft-hard-soft, were realized and confirmed by position-
dependent UV/Vis absorbance measurements. Tensile testing in dependency on the gradient
structure was performed. A comparison with non-gradient samples with discrete composition
revealed a significant improvement, specifically in the case of hard-soft-hard gradients.
Hence, PGMs are a promising approach for the development of materials with a special
mechanical property profile particularly at different temperatures, leading to novel

thermoresponsive materials.

Keywords: Polymer Gradient Materials. Bioinspired Materials, Crosslinked Polymers,

Elastomers, Mechanical Properties
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1 Introduction

Understanding biological structuring principles is a key requirement for their adaptation to
bio-inspired engineering materials.[1,2] One principle comprises the application of
compositional gradients for joining two materials of different stiffness to avoid stress
concentrations in the contact zone.[3] Furthermore, gradient materials increase tough-
ness.[4.5] A natural example for a gradient material is the mussel byssus that attaches the
mussel in their environment and mediates the mussel soft tissue to the hard surface of
rocks.[6] These biogradient fibers possess high strain energies comparable to that of aramid
fibers.[7.8] The adaptation of this biological gradient to polymer materials was already
envisioned i 1972 [9] but their systematic investigation was limited by the lack of
preparation methods.[10,11] Gradient-Interpenetrating Polymer Networks exhibited enhanced
fracture strain and energy to break [12,13] as well as better damping properties [14]. Research
was also performed in the field of biological and artificial longitudinal gradient materials,
meaning a compositional gradient along the length of the sample which was recently
reviewed.[15]

In general for a polymer gradient material (PGM) a polymer system is required with
continuously changing composition accompanied by a changing property such as optical,
morphological, and mechanical along the length of the sample. The mechanical properties of
polymer networks, such as elastomers or thermosets, can be adjusted by the crosslink density,
1.e. the number of active network chain segments per unit volume.[16] In this model, the
crosslink density decreases with increasing molecular weight (M) segments between

crosslinks (Scheme 1).
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high crosslink density low crosslink density

high modulus low modulus
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Scheme 1. Conecept for the preparation of longitudinal polymer gradient materials. A high crosslink density
renders a material with mgh modulus whereas a low crosshink density confers a low modulus. The continuously
changing colour shade reflects a compositional gradient on the centimetre scale 1 whach the crosshink density

and thus the modulus continuously changes along the sample length.

Askadskii et al. reported on PGMs based on crosslinked poly(isocyanurate) networks with
rigid bulky crosslink points, short flexible linking chains and a continuously changing
crosslink density. These materials are able to cover a large range in Young’s modulus of 3 to
2000 MPa.[17] However, the reproducible preparation is inflicted by the application of a
complicated two-step procedure with different prepolymers, catalysts, and curing steps up to
crosslink-temperatures around 180°C. Furthermore, the density controlled process is limited
to a single gradient structure, rendering only soft-hard PGMs.[18]

Recently, we reported on PGMs based on poly(dimethyl siloxane) (PDMS) with high
reproducibility on a centimeter scale. As a special feature of the experimental setup, in
addition to hard-soft gradients even much more complex gradient structures were realized
such as hard-soft-hard or oscillating PGMs. However, the restrictions of PDMS systems are
the narrow and low modulus range of 0.2-1.8 MPa. Furthermore, the Tg remains in the
rubberlike state around -120°C regardless the composition. [15,19,20]

To design more versatile longitudinal PGMs, we wanted (1) to explore longitudinal PGMs
made of other polyaddition svstems encompassing much higher modulus ranges. Specifically,
photocrosslinkable acrylate and thiol-ene systems, as well as thermally curing poly(urethane)s
were used for the preparation of longitudinal PGMs which were compared with PDMS-based

PGMs. In particular, we were interested in the impact of three different gradient structures
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(hard-sofl, hard-soft-hard, and soft-hard-soft) on the mechanical properties of PGMs, such as
overall E-modulus and strain energy. We restrict this study to commercially available
monomers and prepolymers because the statistical evaluation of tensile testing experiments
requires a sufficient amount of identical samples. Moreover, these starting materials are
readily available which facilitates the reproduction of all PGMs presented here outside our
lab. (2) Furthermore, photochemically curing polyaddition systems deserve a closer look
because the fast photoreaction curing step reduces blurring of the desired gradient structure
via diffusion. This allows steeper gradients as well as a better controlled over the resulting
gradient structures. (3) In continuation of our work on PDMS, we wanted to prepare now
PGMs with a rubber to glass transition zone along the sample which might be of mterest for

thermoresponsive materials, 1.e. materials with temperature-dependent mechanical properties.
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2 Experimental

2.1 Materials

In this study, we focused on commercially available starting materials which were used as
received and listed in Table 1. Here, also details, such as supplier, density, and viscosity, are

compiled.

2.2 Sample preparation

Specimens were prepared on a high precision syringe pump system (Cetoni Nemesys) with up
to three dosing units.[13,19,20] Each 10 mL glass syringes with luer lock connecilors was
filled at room temperature (RT) with the liquid components (Table 1). The syringes were
mounted and connected by disposable tubing to a custom-designed mixing head with an
attached disposable static mixer.[15] PUR components were evacuated at 60°C overnight
prior to use. Due to the differences in the viscosity of each polymer system, different static
mixers had to be used.[21] Static mixers with the smallest dead volume but vet sufficient
mixing performance were used (Laromer”, PUR, PDMS: Sulzer Quadro™ 15.3/16, dead
volume: 1.4 mL: thiol-ene: Sulzer Statomix'™ MA 3.0-17-8, 0.3 mL). Gradients were
prepared by application of a continuously changing flow rate ratio and constant flow plateaus
(Figure 3, Figures 82, 84, and 86) whereas discrete composition were obtained in the same
apparatus by constant flow ratios. The mixtures were cast into rectangular molds of different
materials to minimize wetting and demolding problems (Laromer® and thiol-ene: PMMA:
PUR: poly(propylene), PDMS: PTFE). The mold (140x10x1 mm‘l) was mounted on a linear
motion slide (Misumi Europe GmbH) whose motion rate was synchronized with the flow
profile. At a total flow rate of 25 ul/s, the mold was uniformly filled in 56 s using a mold

movement of 2.5 mm/s. The different offset in time is caused by the combination of mixer
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type and component viscosity. In the case of butt joint materials, the mold was divided into
two sections by a thin Teflon” film divider. After filling each half of the mold, the divider
was immediately removed allowing the two mixtures forming a sharp interface by diffusion
only (Figure 5). In the case of photopolymerization, Lucirin®-TPO (from BASF SE, CAS-Nr.
75980-60-8, 2.4,6-trimethylbenzoyldiphenylphosphine oxide) was added at 2-4 wt.% as
specified in Table 1. After processing, the mixtures were immediately UV-irradiated for 60 s
(],ammu:r:@) or 30 s (thiol-ene) using a Hoenle UVAHAND 250 BL lamp (250 mW/em® UVA
with black light filter) at 40 mm distance. The other mixtures were cured first at room
temperature (RT) and post-cured in the mold for 4 h (PUR) or 3d (PDMS) at 70 °C. All

component concentrations are given in weight percent.

2.3 Optical Characterization

Lumogen F300 Red (perylene-based red dye, CAS-Nr. 123174-58-3, Kremer Pigmente,
Germany, Apgy in acetone at 580 nm) was added at 0.02 wt.% to Desmophen@ P2249 (PUR)
and LR9007 (Laromer™), and at 0.03 wt.% to TMPTA (thiol-ene) for a final maximum
relative UV/VIS-absorbance around 1. UV/Vis absorbance (375 to 650 nm) of cured samples
was measured placing the stripes on a 384-well microplate in a Jena Analytics (Jena,
Germany) reader FLASH scan 530.[15] The distance between each well is 4.7 mm, each well
18 measured at four different spots, averaged, and repeated for 16 times. For comparison, the
spectra was sel to zero at 650 nm. The reported maximum relative absorbance values at 576
nm (Laromer”™), 573 nm (thiol-ene), and 578 nm (PUR) are standardized to a thickness of

1 mm (Figure 1. Figures S1, and S3).
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2.4 Mechanical Characterization

Tensile tests were carried out on an Instron 5563 universal tester with pneumatic clamps and a
100 N load cell (PDMS) or with metal clamps and a 1kN load cell (Laromer”, thiol-ene,
PUR). The thickness of the samples was measured with a caliper and ranged from 0.90-
1.00 mm. Width and length are governed by the mold dimensions at 10 and 140 mm,
respectively. The stripes were clamped 20 mm from each sample end, resulting in a clamped
length Lo=100 mm. The samples were tensile tested at a strain rate of 1 mm/min (Laromer”,
thiol-ene) and at 5 mm/min for PUR to avoid chain alignment and crystallization. The moduli
were calculated from the initial slope and the average of at least four samples is reported. The
strain energy (toughness) is the area under the stress-strain curve up to the ultimate strain and

expressed in MJ/m®,

2.5 Thermal Characterization

Differential scanning calorimetry (DSC) was performed on a Perkin Elmer Diamond DSC
equipped with a cryostat. All measurements were carried out from -50 to 150°C under
nitrogen (60 mL/min) at a heating/cooling rate of 10 K/min. The glass temperature (Tg) was

evaluated from the first heating curve.
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Table 1. Compilation of systems, components and properties for the preparation of polymer gradient materials.

System Component Supplier Description” Density”  Viscosity”
(/L) (mPas)
Al Poly(ether acrylate)
Laromer®® LR9007 BASE (hard) 1.10 1,150
1 SleT ACTY
LR8907 BASF Poly(ester acrylate) 110 1,250
(saft)
TMPTA BASF “Ej';?;}am 1.10 130
Thiol-ene® Dincrl
T / AQE racrylate
2 IPGDA BASE (soft) 1.04 11
PhMS SMS-992 Gelest Thio-Siloxane 0.97 75-150
Desmophen” Polyol
VP LS 2249/1 Bayer (hard) 1.05 1,900
PUR" Desmophen® Polyol
smophen olyo
3 VP LS 2378 Bayer (soft) 1.06 800
Desmodur” _ T
N 3600 Bayer HMDI-Cyclotrimer 1.17 1,200
A'ii‘;"l Alpina H-Siloxane (hard) 1.10 10,500
PDMS# a-Si
s "Sﬂi:;l Alpina H-Siloxane (soff) 1.10 2,700
Alpa-511 Alpina Vinyl-Siloxane and 105 1.050

Curing agent

Pt-Catalyst

a) The exact composition 15 not disclosed by BASF, Gelest, or Baver.

b) Manufacture data sheets.

¢) See experimental part for testing conditions, STD: standard deviation.

d) Photoinitator; Lucirin®-TPO, 4 wt.%;

¢) Photeinitator: Lucirin®-TPO, 2 wt.%; TMPTA trimethylolpropane triacrylate; TPGDA: tripropylenglycol

diacrylate; PMMS: poly[(mercaptopropyl) methylsiloxane] (M~4000-7000 gmol ™), CAS-Nr. 102783-03-9,

) PUR: poly(urethane); Desmophen™ VI LS 2249/1, aliphatic highly branched short chain poly(ester) polyol,

equivalent weight 110, OH content 15.5 %; Desmophen” VP LS 2328, aliphatic linear short chain poly(ester)

polyol, equivalent weight 218, OH content 8%; Desmodur” N 3600, polyfunctional aliphatic poly(isocyanate)

resin based on hexamethylene-1,6-diisocyanate (HMDI), equivalent weight 183; 0.14 wt.% (VP LS 2249/1) and

0.12 wt.% (VP LS 2328) dibuty] tin dilaureate (CAS-Nr. 77-58-7) was used as catalyst, resulting n a total

concentration of 0.05 wt.% n the final polyol/isocyanate mixture. See supporting information for specific

mixing ratios.

) PDMS: poly(dimethy] siloxane)
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3 Results and Discussion

Polyaddition systems are the best choice because they lack volatile reaction products or
solvents that could cause foaming and high shrinkage. Components should exhibit similar
reactivities to avoid depleting of the more reactive component from the mixture. Also the
curing reaction should be fast to prevent blurring of the gradient by diffusion.

The method to prepare PDMS-based (gradient) materials[15,19] can be adapted with
slight modifications to other polyaddition systems. Photochemically curing systems requires a
yellow light room in which the experiments are performed. In the case of the thermally cured
poly(urethane)-based PGMs, the amount of catalyst has to be optimized (Table 1). Also, each
polymer system requires an optimized flow profile due to viscosity of the prepolymers and
the mixing performance of the static mixer. The mold material was also adapted to avoid
dewetting of the prepolymers and demolding problems after curing.

Our approach for the preparation of PGMs based on polyaddition systems consisted of
the following steps: First, mixtures at fixed composition ratios, for instance 0:100, 20:80 etc.,
rendered non-gradient (discrete) samples (Table 81). Here, one component was dyed hence
permitting the correlation of optical and mechanical properties to the individual composition.
Based on this modulus/composition correlation and to permit better comparison among the
mvestigated systems, a composition in a specific modulus range was selected in the second
step. Thirdly, gradients of the polyaddition systems were prepared by applying optimized
flow profiles governing the composition at each position of the gradient (Table 2). Then, the
optical and mechanical properties of the gradient samples were determined which then can be

compared to data obtained from non-gradient samples fabricated in the first step.
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Table 2. Compilation of prepared polymer gradient materials with specified gradient composition.

System Sample Gradient Type  Gradient Composition”

[wt.%]
LaroTcr"'h' LRO0OT
1Ga hard-soft 65-26
1Gb hard-soft-hard 66-41-62
1Gc soft-hard-soft 27-45-128
Thiogcncﬂ TMPTA
2Ga hard-soft 48-29
2Gc hard-soft-hard 49-34-49
2Gc soft-hard-soft 29-42-30
Pl ;Rm VP LS 2249/
3Ga hard-soft 28-14
3Gb hard-soft-hard 36-18-28
3Ge soft-hard-soft 16-25-14
PT)I:{S“‘ Alpa-Sil EH
4Ga soft-hard 15-90
4Gb hard-soft-hard 100 - 40 - 95
4Ge soft-hard-soft 10-40-20

a) The numbers denote the continuously changing amount of the given component in the gradient sample
(Figure 3, 4, 52, 54, and S6).

b) LR9007: poly(ether acrylate).

¢) TMPTA: trimethylolpropane triacrylate.

d) PUR: poly(urethanes), Desmophen” VP LS 2249/1 aliphatic highly branched short chain poly(ester) polyol.
¢) PDMS: poly(dimethyl siloxane); Alpa-Sil EH: H-Siloxane (hard).

For descriptive reasons and as outlined in Table 1, monomers and prepolymers rendering
stiffer polymer materials, indicated by a higher E-modulus in Table §1, are called "hard" and

the reverse for "soft” components. We are aware of the problems these terms might imply

10
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since the monomers and prepolymers are themselves neither hard nor soft, however we feel
that the reader comprehends much faster the direction of the mechanical gradient in the
resulting crosslinked polymer. To distinguish samples according to their polymer nature,
sample type, and composition, we use unambiguous abbreviations. First, the bold number
according to Table 1 specifies the polymer system. Then, the following letter indicates
discrete (D) or gradient (G) samples. The number after the letter denotes the amount of the
hard component (see Table S1) in wt.%, the unit for all component concentrations. For
instance, 1D60 means a discrete sample of the Laromer” system with a composition of 60 %
of the hard component LR9007 (and thus 40 % of the soft component LR8907). For gradient
samples we use instead of a rather lengthy composition a simple letter, for instance 1Ge

instead of 1G27-45-28 (Table 2).

3.1 Photocured Polyaddition Systems

Photopolymerization provides a major advantage for the preparation of PGMs. After
processing the gradient mixtures into the mold, a fast photopolymerization in the presence of
a photoinitiator upon irradiation preserves the gradient structure which is otherwise
additionally blurred by diffusion in thermally curing systems. In this work, Lucirin-TPO was
used as photoinitiator (see experimental part). The first system, Laromer® (Table 1), is based
on commercially available poly(ether acrylates) and poly(ester acrylates) marketed by
BASF SE that contain photopolymerizable vinyl groups.[22] In dependency on the
functionality (= amount of wvinyl groups per mol) the crosslink density of the obtained
polymer gradient materials can be systematically varied. Poly(ether acrylate) LR9007
(functionality = 4) and poly(ester acrvlate) LR8907 (functionality = 2.5) were chosen as

"hard" and "soft" component, respectively.[22,23]
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Another photopolymerization reaction is the addition of the S-H bond of
poly(mercaptopropyl methylsiloxane) (PMMS) to ene-components. This photoinitiated thiol-
ene click-reaction [24,25] was used by Hawker er al. for the fabrication of microstamps for
soft lithography. In their work the choice of ene-components with varying functionality
rendered crosslinked materials differing in elastic modulus.[26,27] However, their monomer
triallyl cyanurate is solid at RT (mp 26-28°C), and thus not suitable for our syringe-based
setup designed right now to work at ambient conditions with (viscous) fluids. Therefore, we
focused on the combination of PMMS with trifunctional short-chain ("hard” component,
TMPTA: trimethylolpropane triacrylate) and bifunctional long-chain ("soft” component,

TPGDA: tripropylenglycol diacrylate) acrylates (Table 1) which are liquid at RT.

3.1.1 Poly(ether/ester acrylates)

First, non-gradient samples of the Laromer” system with discrete composition were prepared
as outlined in detail in the experimental section. For each discrete sample at 0, 20, 40 wt.%
LR9007 and so on (1D0, 1D20, 1D40, ... see Table S1), the absorbance values (at 576 nm)
were measured and hence the absorbance could be determined in dependency on
LR9007/LLR8907 ratio. With increasing amount of dyed component LLR9007 the absorbance
increases linearly following the law of Lambert-Beer (Figure 1). The obtained linear fit
permits the correlation of a measured absorbance value to a certain concentration of the dyed

component LR9007 in any sample of comparable thickness.
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Figure 1. Absorbance at 576 nm n dependency on the LR9007 (Table 1) content contaiming a red perylene dye.

The linear fit allows the correlation of a measured, thickness corrected absorbance value to a corresponding

LR9007 content at any location of the gradient sample.

Samples 1D0 to 1D100 were also analyzed concerning their mechanical properties and Tg. In

Figure 2. the E-modulus and Tg is plotted as function of the LR9007 content. The plot of Tg

and E-modulus versus the content of the "hard” component of the discrete samples was used

to select a suitable component ratio for the gradient materials in the following experiments.
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Figure 2. E-modulus (black squares) of non-gradient samples with discrete compositions of the Laromer”

system (Table 1). Starting at 20 wt.% (1D20), the Young's modulus increases almost linearly with increasing

LR9007 content. The glass transition temperature Tg (blue circles) exhibits a steep increase from 1D20 to 1D40,

reflecting the transition from a rubbery to a glassy system. The hatched box represents the concen-

tration/modulus region that was chosen for the preparation of gradient materials. For this system a range from 20

to 60 % was targeted.
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The Tg shows between sample 1D20 and 1D40 a dramatic increase of about 45 K from below
(-2°C) to above RT (47°C). For 1D0 and 1D20, the Tg 1s below RT what can be attributed to
the high amount of the "soft" component LR8907. The E-modulus (left y-axis, black squares
in Figure 2) remains low for 1D0 and 1D20 at 10 MPa and 33 MPa, respectively. Then, for
sample 1D40 the E-modulus increases almost seven fold to 200 MPa. Now the Tg is above
RT, and the E-modulus further increases linearly to 1300 MPa for 1D100. There are three
regions of interest: The Tg is below RT (0 to 20 %), the Tg is above RT (40 to 100 %), and
the Tg is dramatically changing in the sample (20 to 40 %). This Laromer” system would
render gradient materials with a broad modulus range of 200 to 1300 MPa by selecting 40 to
100 % LR9007. However, in continuation of our work on PDMS (here the Tg was always
below RT) we wanted to investigate gradient materials which exhibit their Tg crossover
(meaning below and above RT) in the length of the gradient sample. This approach aims at
thermoresponsive PGMs since their mechanical properties are a function of temperature and
position. As a consequence, we selected a concentration range of 20 to 60 % for the Laromer”
system as indicated in Figure 2 by the hashed box above the x-axis covering an E-moduls
range of about 30-560 MPa.

After establishing a correlation of discrete composition and their optical (UV-Vis), thermal
(Tg), and mechanical (E-modulus) properties, and the selection of a modulus range for
gradient materials, the preparation and optimization of PGMs was tackled. To adjust the
desired composition and thus modulus range of PGMs, the flow profile had to be optimized.
In the case of Laromer”, the targeted composition was 20 to 60 % (see marked concentration
range in Figure 2). After adjusting the flow profile as shown in Figure 3, hard-soft (Fig. 3a),
soft-hard-soft (Fig. 3b), and hard-soft-hard (Fig. 4a) gradient stripes were prepared by
continuously varying the amount of LR9007 along the sample length indicated by the flow

profile depicted in the figures (solid green line). After curing, the gradient structure was
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analyzed by measuring the absorbance in dependency on the sample position. These
absorbance values then were correlated to a concentration of LR9007 at any position in the
gradient sample by using the linear fit in Figure 1. For instance, a flow profile set from 60 %

down to 20 % renders a real concentration gradient of 65 % and 26 %, denoted as 1Ga (Figure

3a, see also Table 2).
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Figure 3. Polymer gradient materials prepared with the Laromer” system (Table 1). A flow profile (green line) at
a specilic flow time 1s correlated to the absorbance at 576 nm (red triangles) along the position of the sample.
The dead volume of the static mixer causes a delay of 55 s (dashed black vertical line) before the mold starts
filling (position 0 mm}). Weight percentage values are given to show the corresponding amount of dyed LR90O7
in the sample and are calculated by correlating the absorbance to a concentration using Figure 1. Realization of a

(a) hard-soft gradient 1Ga and (b) soft-hard-soft gradient 1Gc.

Again, 1Ga refers to the material of system 1 from Table 1 and represents a longitudinal

gradient (G) from 65 % of the dyed component A (LR9007) to 26 % (listed in Table 2). In the

15
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same way, Figure 3b illustrates the formation of a 1Ge gradient applying the shown flow
profile of 20 %, than a short 60 % impulse, then back to 20 %. The relatively high viscosity of
the components (Table 1) leads to some blurring of the gradient flow profile due to the dead
volume and mixing performance of the static mixer.[19] This causes the deviation of the
obtained gradients from the preset flow profile.

After the preparation of at least four identical gradient samples, their mechanical properties
were determined by tensile testing. However, before a comparison to non-gradient samples 1s
possible, we developed a procedure for selecting comparable samples. Basically, the overall
dye content in the samples reflects the amount of the hard component LR9007. First, by
plotting the area under the absorbance curve (Figure 4b) for each discrete composition versus
the LR9007 content (Figure 4c¢). a correlation of area and content is established which is
evidently related to Figure 1. Note that the area under the absorbance curve is determined
between 20 to 120 mm only, reflecting the length Ly between the two clamps of tensile testing
(Figure 4a,b). In this way, only the unclamped part of a specimen is considered for its
contribution to the tensile properties. Now, two samples are considered comparable if the
calculated areas are similar regardless of the actual distribution of hard and soft components
in the gradient sample. In the presented example in Figure 4a, the hard-soft-hard gradient 1Gb
(area = 46) will be compared to the nearest matching non-gradient sample 1D60 (Figure 4b,

area = 50) using the {1t in Figure 4c.

16
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Figure 4. This higure illustrates the procedure chosen lo compare discrete and gradient samples. a) The area of
the gradient sample 1Gb under the absorbance curve was calculated to 46. The black rectangles indicate the
tensile testing clamp regions of 20 mm each which were not mcluded in the calculation. b} The area of the
discrete composition 1D60 (60 % LR9007) was accordingly determined to 50. ¢) The areas of all discrete

samples were plotted as function of the LR9007 content. In this way, each gradient sample can be compared to a

discrete sample with the closest match in area (blue dotted line). Thus, 1Gb is compared to 1D60 (Table 3).
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As shown in Figure 3b, it is not trivial to generate steep gradients which is due to the high
viscosity of the components and static mixing device used in the setup. To explore much
steeper gradients, called butt joint materials, we experimented with a diffusion approach
facilitated by the fast photochemical curing process of the components.[15,28] Here a high
viscosity of the components is advantageous because the resulting slow diffusion assists the
formation of a sharper interface. First, a mold was separated into two equal sections with a
thin divider and each half was filled with LR9007 and LR8907. The divider was removed,
allowing the mixing of both components by diffusion for 20 s. Then, the entire specimen was
immediately crosslinked by UV irradiation. As shown in Figure 5, the formation of the butt
joint sample with a pronounced step from 100 % to 0% LR9007 over only 20 mm was
achieved.
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Figure 5. Absorbance (red triangles) in dependency on the sample position of a Laromer” butt joint material 1Ja
(see photograph insert above). This sample was prepared by separating the mold with a PTFE divider. filling one
sechion with LR9007 and the other with LR8907. The divider was removed and crosslinked by UV irradiation

allowing the formation of a steeper mterface by diffusion

Finally, to evaluate and compare the mechanical properties of discrete (D), gradient (G), and

joint (J) samples, tensile tests were carried out on at least four independent samples. The
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results are compiled in (Table 3). The E-modulus of soft-hard gradient 1Ga is affected by the
gradient because it yielded twice the modulus than a comparable discrete composition 1D40.
However, the overall mechanical properties of 1Ga were significantly lower than 1D40. On
the one hand, the hard-soft-hard gradient 1Gb yielded an higher strain energy than the
comparable discrete 11D60. On the other hand, the soft-hard-soft gradients 1Ge showed a low

Young’s modulus and the same strain energy as 1Ga.

Table 3. Mechanical properties of gradient, butt joint, and discrete Laromer” samples. Also the calculated area
according to a procedure described in the mamn text 15 histed. Samples with similar area values are considered
comparable. Detailed testing condition and sample geometries can be found in the experimental section. The
given standard deviation was obtained by testing at least four independent samples. Individual compositions can
be found in Table 2 and S1.

Sample Area  E-modulus  Stress at break  Strain at break  Strain energy
(MPa) (MPa) (%) (MJ/m®)
1Ga 36 93+ 7 26+03 4.0+04 0.06 + 0.01
1Gb 46 231+ 7 8.1+05 8.4+ 0.1 0.45 + 0.08
1Ge 30 60+ 3 1.9+0.1 52+0.1 0.06 + 0.01
1Ja 46 21+1 0.65 + 0.06 32+0.2 0.010 + 0.005
1Jb 35 57+2 21+0.2 51+04 0.060 + 0.008
1D40 29 207+ 3 6.1+03 6.5+1.1 0.27 + 0.07
1D60 50 564 + 13 12+1 3.1=0.1 0.22 + 0.05

Notably, gradient 1Gc and discrete composition 1D40 contain almost the same average
amount of hard component LR9007 and differ only in the arrangement of the hard segments.
The butt joint materials 1Ja and 1Jb show significantly lower values for the mechanical
properties than comparable discrete compositions (1D40 and 1D60). The mechanical

properties of 1Jb are very similar to the hard-soft gradient 1Ga.
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3.1.2 Thiol-ene system

To investigate the potential of the thiol-ene system for PGMs, samples with discrete
composition were prepared by reacting TMPTA (trifunctional, E-modulus of 597 MPa,
"hard") and TPGDA (bifunctional, 8 MPa, "soft") mixtures with PMMS (Table 1). The ratio
of TMPTA to TPGDA increases from 2D0 to 2D50 and thus governs the crosslink density in
the samples (Scheme 2). The repeating unit of PMMS is functionalized with a thiol endgroup
ready for the thiol-ene click-reaction. In theory, the acrylate groups of TPGDA and TMPTA

can react with two or three thiol groups, respectively.
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Scheme 2. Non-gradient samples with discrete composition based on thiol-ene click chemistry (Table 1). The 5-
H bond of poly(mercaptopropyl methylsiloxane) (PMMS) 1s added to the vinyl groups of trimethylolpropane
triacrylate (TMPTA) and tripropylene glycol diacrylate (TPGDA) by photommtiated addition of the S-H to the
vinyl group, The numbers on the right end of the sample number indicate the weight percentage of dyed TMPTA
in the TMPTATPGDA/PMMS mixture used for the particular stripe at a constant PMMS content of 50 wt.%.
Therefore, the presence of a sufficient amount of vinyl bonds 1s required for reacting with all
thiol groups. Preliminary experiments showed that a mixture with 50 wt.% of PMMS and
50 wt.% consisting of TMPTA/TPGDA muxture provided sufficient crosslinking while
avoiding brittle specimens at higher acrylate contents. Consequently, for 2D0, there is a slight
excess of unreacted thiol groups whereas for 2D50 there is an excess of vinyl groups.

As explained in great detail for the Laromer” system (vide supra), the absorbance of the

discrete samples 2D0 to 2D50 of the thiol-ene system was plotted as function of the dyed

20
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TMPTA content (Figure $1). The mechanical properties and Tg were also determined as
function of the TMPTA/TPGDA ratio, as shown in Figure 6. Although the E-modulus
mncreases with increasing amount of TMPTA up to 2D30 (43 MPa), 1t only changes slightly

considering the maximum Young’s modulus of 597 MPa for sample 2D50.
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Figure 6. Discrete compositions of the thiol-ene system (Table 1). Up to sample 2D30 (30 wt.% TMPTA) the E-
modulus increases only slightly, A further increase of TMPTA in the sample results in a steep increase of the E-
modulus from 30 to 50 % (43-597 MPa). The hatched box represents the concentration region that was chosen

for the preparation of polymer gradient materials in the range of approx. 50-500 MPa.

In line with the argumentation in the chapter above, gradient materials could be certainly
produced from 0 to 30 % with the Tg always below RT. However, as indicated by the box in
Figure 6, we selected a range of 30 to 50 % TMPTA as intended gradient composition since
here the Tg changes along the position of the sample and the expected E-modulus range is
also more comparable to that of the Laromer” system.

PGMs were prepared by continuously varving the amount of TMPTA, hard-soft (2Ga),
hard-soft-hard (2Gb) and soft-hard-soft (2Gc). The achieved gradient composition along the
sample is visualized in Figure 82a-c by UV/Vis absorbance measurement. In Table 4 the
gradient samples were compared to their discrete composition with closest matching area

(Figure S1) under the absorbance curve
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Table 4, Mechamcal properties of hard-soft (2Ga), hard-soft-hard (2Gb) and soft-hard-soft (2G¢) thiol-ene
gradients in comparison with non-gradient samples with discrete composition. The areas under their absorbance
curves are given to compare samples with almost the same amount of dyed component TMPTA. Individual

compositions can be found in Table 2 and 51.

Sample Area  E-modulus Stress at break  Strain at break  Strain energy
(MPa) (MPa) (%) (MJ/m®)
2Ga 59 72+7 1.4+02 22402 0.016 + 0.003
2Gb 69 158 + 4 6.2+ 0.7 7.1+1.1 0.262 + 0.064
2Gce 54 78+ 3 20401 3.1+02 0.032 + 0.004
2D35 57 78+5 27+03 5008 0.079 + 0.020
2D40 65 136 + 50 48+1.0 6.1 +0.9 0.166 + 0.052
2D45 70 263 + 16 6.2+ 0.4 41+03 0.161 + 0.023

On the one hand, the hard-soft thiol-ene gradient 2Ga has almost the same E-modulus than
the comparable discrete composition 2D35. On the other hand, the values of 2Ga for stress
and strain at break are only half the values for 2D35, resulting in lower strain energy. The
strain energy of the hard-sofi-hard gradient 2Gb is significantly higher than both 2D40 and
2D45. The E-modulus of 2D45 18 dramatically increased mn contrast to the 2Gb. The E-

modulus of the soft-hard-soft gradient 2Gc is almost the same as for 2D35. However, the

lower stress and strain at breaks results in a lower strain energy.

3.2 Thermal polyaddition system

Besides PDMS[19], poly(urethane)s (PURs) are another example for a viable thermally
curing polymer system and are of special interest owing to their technological/industrial

relevance. The many commercial monomers for PURs represent a toolbox for a variety of
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materials with different mechanical properties in dependency on the nature of the polyol.[29]
Although the mechanical properties of PURs can be tuned over a wide range by selection of
the polyol component, their different physical-chemical properties such as polarity,
miscibility, viscosity. and mostly reactivity, are a major problem for the preparation of PUR-
based PGMs. For instance, the E-modulus of PURs can easily be altered over several orders
of magnitude by selecting a short polyol, such as 1.4-butanediol, instead of a long-chain
polyol.[29] However, these polyols are not miscible and thus cannot be combined easily in a
PGM. Differences in the polyol reactivity might result in the depletion of the more reactive
component during the polyaddition whereas the other component is not incorporated
accordingly. A catalyst must be added in the right concentration to obtain a fast reaction
which 1s also desired to prevent blurring of the applied gradient while curing. However, too
much catalyst will start crosslinking the components before they pass the mixing device or fill
the mold. The best results were achieved by chemically similar polyol prepolymers with

different OH-functionality and a curing agent as third component.

3.2.1 Poly(urethane)s (PURs)

We selected commercially available components, a trifunctional isocyanate (N 3600, curing
agent), an aliphatic highly branched short chain poly(ester) polyol (VP LS 2249/1, "hard”
component), and an aliphatic linear short chain poly(ester) polyol (VP LS 2328, "soft”
component) for our experiments (Table 1). Since VP LS 2249/1 and 2328 differ mainly in the
amount of branches, their chemical nature and viscosity is similar enough to ensure complete
miscibility. A total amount of 0.05 wt.% of dibutyl tin dilaureate was used as catalyst. First
non-gradient PUR samples were prepared (Table S1) with discrete composition by adding the

curing agent N 3600 to VP LS 2249/1 and VP LS 2328 polyol mixtures, followed by a
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thermal curing step. This system allows the preparation of hard and soft PUR materials by

variation of the crosslink density (Scheme 3).
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Scheme 3. A commercial PUR system was used for the preparation of PGMs. The isocyanate component

(M 3600) is trifunctional, rendering a crosslinked PUR with both the poly(ester) polyols VP LS 2249/1 and 2328.

However, VP LS 2249/1 possesses a higher functionality, reflected by a lower equivalent weight (Table 1) and

consequently resulting in a higher crosslink density of the PGM.

PUR chemistry in general requires stoichiometric mixing of isocyanate and polyol
components which is facilitated by equivalent weights given by the manufacturer.[29] All the
herein used PUR components differ in their equivalent weights and densities (Table 1) what
complicates the stoichiometric mixing of the isocyanate N 3600 (curing agent) with both the
polyols VP LS 2249/1 and 2328 in the syringe pump setup. The calculation of the flow
profiles for different mixing ratios of VP LS 2249/1 - VP LS 2328 requires diligence since the
isocyanate amount has to be adjusted for each polyol combination (Table S2). As a
consequence, the resulting weight percentages of VP LS 2249/1 in PUR specimens with
discrete compositions appear unfamiliar and are not a multiple of 10 as in the case of the other
polymer systems. For stoichiometric conditions, the sample with the maximum level of the
"hard" polyol is composed with 38 wt.% VP LS 2249/1 and 62 wt.% N 3600, thus labeled

3D38 (Table S1). In Table S2 all details about the stoichiometric mixing of the three PUR
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components are summarized. The absorbance of the discrete PUR samples was measured in
dependency of the amount of the dyed component VP LS 2249/1 as depicted in Figure S3.
Although both polvols are classified by the manufacturer as short chain poly(ester),
differences in equivalent weight indicate differences in functionality and thus crosslink
density. This is reflected by the E-modulus of the discrete samples as shown in Figure 7. The
E-modulus starting at 6 MPa for 3D0, is almost not affected by the increase of VP LS 2249/1
content up 20 % with a modulus of 8 MPa (3D20), and then steeply increases to 684 MPa in
sample 3D38. Up to 3D20, the low E-modulus of VP LS 2328, accompanied by a Tg clearly
below RT, governs the mechanical properties of the entire PUR system (Figure 7). At higher
load levels of VP LS 2249/1, the Tg steadily increases and for 3D28 it is at RT and then
above RT. Following the same line of argumentation as explained above, we selected for
gradient experiments a concentration range from 20 to 33 % (see box in Figure 7), where the

Tg at RT is to be expected along the position of the gradient sample.
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Figure 7. E-modulus and Tg of PUR in dependency on the content of VP LS 2249/1. The E-modulus is low and
barely alfected by the addition of VP LS 2249/1 up to 3D20. Here, the Tg 1s below RT. When the Tg reaches RT
at 3D28, the E-modulus increases dramatically. The hatched box represents the concentration region that was

chosen for the preparation of polvmer gradient materials in the range of 8-370 MPa.
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Figure 8. Mechanical properties of PURs with discrete composition 300, 3D6, 3D13, 3D20, 3D24, 3D28, 3D33
and 3138, a) Stress at break: b) Strain at break: ¢) Strain energy. As a consequence of the decreasing uliimate

strain starting from 3D28 (VP LS 2249/1 at 28 %). the strain energy decreases as well.
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For this system a full set of mechanical evaluated data obtained by tensile testing 1s depicted
(Figure 8). Similar to the tendency of the E-modulus shown in Figure 7, the stress and strain
at break significantly changes at 20 wt.% (3D20) and higher contents of VP LS 2249/1
(Figure 8a.b). As a consequence, the strain energy shows the same tendency with an optimum
in strain energy at 3133 (Figure 8c).

However, the sample 3124 shows an uncommonly high statistical deviation represented by
the large error bar which is attributed to 3D24 having a composition with a Tg very close to
RT. This illustrates that the mechanical properties dramatically change by slight temperature
fluctuations, pushing the material from the glassy state (RT below Tg) across the transition
zone to the rubbery state (R'T above Tg). As already mentioned, the steep E-modulus increase
was exploited to prepare PUR-based PGMs covering a modulus range of 8-370 MPa. Hard-
soft (3Ga), hard-soft-hard (3Gb) and soft-hard-soft (3Gc) PGMs were prepared and the
gradient was visualized by position-dependent UV/Vis measurements of the added dye in
VP LS 2249/1 (Figure S4). 3Ga and 3Gb yielded similar E-moduli but significantly lower
value for the stress and strain at break and thus the strain energy than the comparable discrete
compositions 3D20 and 3D28, respectively (Table 5). Unlike observed tendencies observed
with Laromer® and thiol-ene systems, strain energy of 3Gb was significantly lower than the
comparable 3D28. We attribute this observation to the almost linear plateau of a high
VP LS 2249/1 content in the samples 3Gb from 80 to 120 mm (Figure S4b). We assume that
this renders a gradient material with a rather more butt joint-like than continuously increasing
characteristic. The small concentration range of 20-33 % and the higher viscosity of
VP LS 2249/1 did not allow the preparation of more triangle-like gradients which we assume
to be responsible for a better stress distribution as observed for the thiol-ene and

Poly(ether/ester acrylate) systems.
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Table 5. Mechanical properties of PUR-based hard-soft (3Ga). hard-soft-hard (3Gb) and soft-hard-soft (3Gc)
PGMSs. The areas under their absorbance curves are given to be able to compare to discrete samples (here 3020

and 3D28) possessing a similar value. Individual compositions can be found in Table 2 and S1.

Sample Area  E-modulus  Stress at break  Strain at break  Strain energy
(MPa) (MPa) (%) (MJ/m®)
3Ga 45 11+1 1.60+0.13 25+1 0.23 +0.03
3Gb 60 70+ 15 4.44 + 0.65 31+6 0.83 +0.23
3Ge 43 8.1+06 1.35+0.26 25+5 0.19 + 0.08
3D20 46 78+£05 3.0+05 61+9 0.99 +0.29
3D28 64 91+18 10+1 90 +7 4.64 £ 0.63

3.2.2 Poly(dimethyl siloxane) (PDMS)

PDMS is another thermal curing polyaddition polymer system which has been used to prepare
longitudinal hard-soft, hard-soft-hard. and oscillating PGMs described in a preceding
contribution.[19] Herein, denoted as system 4 in Table 1, we prepared additional samples,
specifically the soft-hard-soft gradient 4Ge (Table 2, Figure S6¢) and the discrete sample
4D64 (Table S1). In this way, PDMS gradients can be now compared to the other
polyaddition polymer systems presented in this work. The mechanical data obtained with the
PDMS system are compiled in Table 6. Note, that their Tg (-117°C) 1s always far below RT.
The Young’s moduli of PDMS gradient samples differ only slightly from their comparable
discrete compositions. However, the stress and strain at break (and as a consequence also the
strain energy) of gradient and discrete samples show large differences. 4Ga fails already at
half the stress of the comparable discrete composition 4D40, resulting in a lower strain energy

than 4D40. 4Ge also shows lower mechanical performance than the discrete composition,
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whereas the hard-soft-hard gradient 4Gb breaks at a significantly higher stress than the

comparable discrete composition, yielding an higher strain energy.

Table 6. Mechanical properties of hard-soft 4Ga, hard-soft-hard 4Gb, and soft-hard-soft 4G¢ gradients and their
comparable discrete compositions with "seft” component Alpa-Sil Classic. Individual compositions can be found

in Table 2 and S1, area calculation in Figure S5.

Sample Area E-modulus Stress at break  Strain atbreak  Strain energy
(MPa) (MPa) (%) (MJ/m’)
4D64 29 0.53 +0.02 1.06 = 0.21 199 +23 0.92+0.25
4D55 38 0.45+0.03 1.09 = 0.08 224+7 1.00 = 0.09
4D18 74 0.25+0.01 0.65+0.15 213+£24 0.61 = 0.16
4Ga 38 0.48 + 0.04 0.55 + 0.07 131 +12 0.34 + 0.06
4Gb 30 0.55 + 0.01 1.68 + 0.01 230+ 3 1.55 + 0.01
4Ge 635 0.28 + 0.02 0.23 + 0.05 102 £18 0.12 + 0.04

4. Comparison of all four systems

The four different polymer systems presented in this work (Table 1) are commercially
available materials facilitating the preparation of larger number of samples without the
complex synthesis of specialized monomers. Furthermore, the experimental setup based on a
precision syringe pump setup results in a high reproducibility. Both these factors are
important for any prospective application and mechanical evaluation because a sufficient
number of identical samples is required to assess the statistical variation of the obtained data.

The major advantage of photochemically curing systems (Laromer® and thiol-ene)

compared to thermally curing equivalents (PUR, PDMS) is indeed the fast curing process.
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This reduces blurring of gradient after casting, rendering a better control of the final gradient
structure within the sample as shown in Figure 3, Figure 4a and Figure S2.

Our selection of polvmer systems covers low to high modulus materials, enabling the
preparation of PGMs at different and flexible modulus ranges. For example, longitudinal
PGMs with a continuously changing Young’s modulus from 0.2-0.8 MPa (PDMS) and from
10-1300 MPa (Laromer™) can be prepared. Moreover, PGMs based on Laromer”, thiol-ene,
or PUR contain a transition zone along the sample in which the Tg changes from below
(rubbery state) to above R'T (glassy state) as shown in Figure 2, Figure 6, and Figure 7.

The investigation of the tensile properties of PGMs prepared from four different
polyaddition systems revealed some interesting common tendencies. Sample breakage of
gradient materials always occurs in the softest parts of the specimen. The soft parts strain
first, reaching their ultimate strain (and point of failure) when the hard parts have not yet
reached their maximum stress/strain values. Compared to non-gradient samples, the modulus
of the prepared hard-soft, soft-hard-soft, and hard-soft-hard PGMs is neither significantly
affected by the gradient structure (Table 4, Table 5, Table 6) nor was lower (Table 3).

However, the strain energy, calculated by using the stress and strain at break and
synonymous with toughness, is another important mechanical property. As it was already
pointed out by Carrington et al. for many biological based materials, distal mussel byssus
features a strain energy in the range of Kevlar” fibers.[8] Hard-soft-hard gradients show
significantly better strain energy values than comparable non-gradient samples with discrete
compositions, except the PUR-based 3Gb presumably owing to the different gradient
structure in the sample (Figure S4b). However, the strain energy of and soft-hard-soft
gradients are lower, emphasizing the impact of the gradient structure on the strain energy of

the prepared PGMs as summarized in Table 7.
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Table 7. Comparison of strain energies of hard-soft-hard and soft-hard-soft gradient samples with comparable

non-gradient sample. Individual compositions can be found in Table 2 and 51.

System Sample Sample Type Strain energy
(MY/m’)

1Gb hard-soft-hard 0.45 + 0.08
L"'“’;“‘“:y 1Ge soft-hard-soft 0.06 = 0.08
1D60 non-gradient 0.22 +£0.05
2Gb hard-soft-hard 0.26 + 0.06
'I'hin;-cne 2Ge soft-hard-soft 0.03 + 0.00
2D45 non-gradient 0.16 £ 0.02
3Gb hard-soft-hard 0.83 +0.23
PI;R 3Ge soft-hard-sofi 0.19 + 0.08
3D28 non-gradient 4.64 £ 0.63
4Gb hard-soft-hard 1.55 4+ 0.01
PD4MS 4Ge soft-hard-sofi 0.12 + 0.04
4D64 non-gradient 0.92+0.25

We assume that this improvement in the strain energy can be attributed to a better stress

distribution in the hard-soft-hard gradients compared to the discrete compositions. However,

another contribution has to be taken into account when evaluating the tensile properties of

polymer gradient materials: It is known that the soft-hard interface (in our case the interface

between the softest part of the gradient and the hard clamp) is the point of failure when

applying a longitudinal load due to radial stresses.[3] This might explain soft-hard-soft

gradients already break at rather low ultimate stress and strain values. This clearly shows that

the arrangement of segments has a significant impact on the strain energy. Therefore,

improved mechanical properties of polymer gradient materials according to tensile testing

could only be obtained with hard-soft-hard gradients that presumably avoid radial stresses.
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5 Conclusion

We presented the fabrication and characterization of three new bulk longitudinal polymer
gradient materials (PGMs) based on commercially available polyaddition systems. The
existing experimental method based on a precision syringe pump setup developed for
thermally cured poly(dimethylsiloxane)s (PDMS), was recently applied for the preparation of
water-based protein gradient films.[30] and now utilized for poly(urethane)-based PGMs.
Furthermore, this set-up was modified and optimized for photo crosslinking polymers such as
poly(acrylate)s and thiol-ene click systems. The resulting samples cover a large modulus
range from 1 to 1300 MPa. The reproducible preparation of various types of PGMs is a
stringent requirement for the statistical evaluation of tensile test data. Mechanical analysis
revealed significant differences between hard-soft-hard, soft-hard-soft, or soft-hard PGMs.
Specifically, strain energy evaluations in dependency on the gradient structure demonstrated
that the toughness of PGM can be improved in comparison to non-gradient samples by the
introduction of a hard-soft-hard gradient structure. The investigation of PGMs which exhibit
their Tg crossover (meaning below and above RT) along the length of the sample envisions
the preparation of thermoresponsive materials since the mechanical properties are a function

of both, temperature and position.
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Supporting Information
Content

Figure S1.  System Thiol-ene. Absorbance at 573 nm (left) and area (right) as function of
the TMPTA content of samples 2D0 to 2D50 (Table S1). The linear fit allows

the correlation of any absorbance value to a specific TMPTA content.

Figure 82.  System Thiol-ene. Flow profiles (green line) at a specific mold position are
compared with the absorbance at 573 nm (red triangles) along the length of the
sample. The dead volume of the static mixer causes a delay of 31 s (dashed
line) before the mold is filled. Concentrations in percentage are given to show
the corresponding amount (wt.%) of TMPTA by using the fit shown in Figure
S1. a) Hard-soft thiol-ene gradient 2Ga. b) Hard-soft-hard thiol-ene gradient

2Gb. ¢) Soft-hard-soft thiol-ene gradient 2Gc.
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Figure S3.

Figure S4.

Figure S5.

Figure S6.

Table S1.

System PUR. Absorbance at 578 nm and area under the absorbance curve in
dependency on the content of poly(ester) polyol VP LS 2249/1 (3D0, 3D6,
3D13, 3D20, 3D28 and 3D38) (Table S1). The linear fit (Lambert-Beer) allows
the correlation of a VP LS 2249/1 content to each absorbance value. Note that
the maximal content of this polyol is reached at 38 % due to the required
stoichiometric mixing (Table S2).

System PUR. Flow profiles (green line) at a specific mold position are
compared with the absorbance at 578 nm (red triangles) along the length of the
sample. The dead volume of the static mixer causes a delay of 56 s (dashed
line) before the mold is filled. Concentrations in percentage are given to show
the corresponding amount (wt.%) of VP LS 2249/1 by using the fit shown in
Figure S3. a) Hard-soft PUR gradient 3Ga; b) Hard-soft-hard PUR gradient

3Gb; ¢) Soft-hard-soft PUR gradient 3Gc.

System PDMS. Absorbance at 560 nm and area under the absorbance curve in
dependency on the content of Alpa-Sil EH (4D0, 4D 18, 4D36, 4D55, 4D73 and
4D91) (Table S1). The linear fit (Lambert-Beer) allows the correlation of a

Alpa-Sil EH content to each absorbance value.

System PDMS. Flow profiles (solid green line) at a specific mold position are
compared with the absorbance at 560 nm (red triangles) along the length of the
sample. The dead volume of the static mixer causes a delay of 56 s (dashed
line) before the mold is filled. Concentrations in percentage are given to show
the corresponding amount (wt.%) of Alpa-Sil Classic by using the fit shown in
Figure S5. a) Soft-hard PDMS gradient 4Ga. b) Hard-soft-hard PDMS gradient

4Gb. c) Soft-hard-soft PDMS gradient 4Ge.

Mixing ratios, mechanical, and thermal properties of all non-gradient samples

with discrete composition.
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Table S2. Mixing ratios of polyols (VP LS 2249/1, VP LS 2328) and isocyanate (N 3600)
for the formation of poly(urethane)s. The ratio of -NCO and -OH-groups was
set to 1.0 to prevent side reactions by an excess of -NCO-groups. The total

flow rate, i.c. the flow rate of all the syringes, was set to 25 pL/s.
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Figure S1. System Thiol-ene. Absorbance at 573 nm (left) and area (right) as function of the
TMPTA content of samples 2D0 to 2D50 (Table S1). The linear fit allows the correlation of

any absorbance value to a specific TMPTA content.
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Figure S2. System Thiol-ene. Flow profiles (green line) at a specific mold position are
compared with the absorbance at 573 nm (red triangles) along the length of the sample. The
dead volume of the static mixer causes a delay of 31 s (dashed line) before the mold is filled.
Concentrations in percentage are given to show the corresponding amount (wt.%) of TMPTA
by using the fit shown in Figure S1. a) Hard-soft thiol-ene gradient 2Ga. b) Hard-soft-hard
thiol-ene gradient 2Gb. ¢) Soft-hard-soft thiol-ene gradient 2Gc.
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Figure S3. System PUR. Absorbance at 578 nm and area under the absorbance curve in
dependency on the content of poly(ester) polyol VP LS 2249/1 (3D0, 3D6, 3D13, 3D20,
3D28 and 3D38) (Table S1). The linear fit (Lambert-Beer) allows the correlation of a
VP LS 2249/1 content to each absorbance value. Note that the maximal content of this polyol

is reached at 38 % due to the required stoichiometric mixing (Table S2).
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Figure S4. System PUR. Flow profiles (green line) at a specific mold position are compared
with the absorbance at 578 nm (red triangles) along the length of the sample. The dead
volume of the static mixer causes a delay of 56 s (dashed line) before the mold is filled.
Concentrations in percentage are given to show the corresponding amount (wt.%) of VP LS
2249/1 by using the fit shown in Figure S3. a) Hard-soft PUR gradient 3Ga; b) Hard-soft-hard
PUR gradient 3Gb; c) Soft-hard-soft PUR gradient 3Ge.
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Figure 85. System PDMS. Absorbance at 560 nm and area under the absorbance curve in
dependency on the content of Alpa-Sil EH (4D0, 4D 18, 4D36, 4D55, 4D73 and 4D91) (Table

S1). The linear fit (Lambert-Beer) allows the correlation of a Alpa-Sil EH content to each

absorbance value.

Alpa-Sil EH content (wt.%)
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Figure S6. System PDMS. Flow profiles (solid green line) at a specific mold position are
compared with the absorbance at 560 nm (red triangles) along the length of the sample. The
dead volume of the static mixer causes a delay of 56 s (dashed line) before the mold is filled.
Concentrations in percentage are given to show the corresponding amount (wt.%) of Alpa-Sil
Classic by using the fit shown in Figure S5. a) Soft-hard PDMS gradient 4Ga, b) Hard-soft-
hard PDMS gradient 4Gb. ¢) Soft-hard-soft PDMS gradient 4Gc.
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discrete composition.

Table S1. Mixing ratios, mechanical, and thermal properties of non-gradient samples with

ESI 10

System Sample Components E- Stress at  Strainat = Tg*
modulus break break
(wt.%) (MPa) (MPa) (%) °C)
Laromer™ LR9007 LR890O7 -
1
1D100 100 0 - 1323477 201 1.8+0.2 47
1D80 80 20 - 999+77 18+1 24403 43
1D60 60) 40 - 564+13 1241 3.1+0.1 37
1D40 40 60 - 20743 6.1+0.3 6.5+1.1 34
1D20 20 80 - 3342 1.740.2 74207 8
1D0 0 100 - 101 0.640.2 6.2+1.6 -2
Thiol-ene™ TMPTA TPGDA PMMS
2
2Ds0 50 0 50 597 £ 47 9.340.6 25407 56
2D45 45 5 50 26316 6.2+0.4 4103 n.d.
2D40 40 10 50 136 £ 50 4.8+1.0 6109 53
2D35 35 15 50 T8 x5 27403 50+08 n.d.
2D30 30 20 S0 437 1.5£0.2 4.5£0.1 -10
2D20 20 30 50 17+1 0.5840.05 34403 -21
2D10 10 40 S0 121 0.29x0.02 2502 -30
2D0 ] 50 50 78+£03  0.25+0.01 3.3+0.1 -39
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Table S1. cont'd

System Sample Components E- Stress at  Strainat  Tg*
modulus break break
(wt.%) (MPa) (MPa) (%) °C)
PUR" VP L52249/1 VP LS2328 N 3600
3

3D38 38 0 62 084+68 161 1243 -11

3D33 33 7 60 370+40 1241 51+10 n.d.

3D28 28 14 58 91+18 101 907 -5

3D24 24 20 56 2642 5419 T8+24 2

3D20 20 25 55 7.840.5 3.020.5 61+9 11

D13 13 36 52 6.940.2 2.34).2 4944 n.d.

3D6 6 45 49 6.8+0.2 2,140.3 49+11 22

3D0 0 4 46 6.10.1 1.7£0.1 425 51

PDMS" Alpa-Sil Alpa-Sil Alpa-Sil
4 EH Classic Curing Agent

4D91 91 0 9 076001 2,13+0.28  228+18  -116

4D73 73 18 9 0.58x0.03 1.37x0.23  223£23 n.d.

4D64 64 27 9 0.53+0.02  1.06+0.21 199+23 n.d.

4D55 35 36 9 0.45x0.03  1.09£0.08 224£7 n.d.

4D36 36 55 9 0.370.02  0.79+0.13  200+18 n.d.

4D18 18 73 9 0.25+0.01 0.65+0.14  213+24 n.d.
4D0 0 91 9 0.19£0.01  0.37£0.12 182+37 =117

* n.d.: not determined

a) LR9007: poly(ether acrylate); LR8907: poly(ester acrylate).

b) TMPTA: trimethylolpropane triacrylate; TPGDA: tripropylenglycol diacrylate; PMMS:

poly[{mercaptopropyl) methylsiloxane].

¢) PUR: poly(urethanes); Desmophen® VP LS 2249/1: aliphatic highly branched short chain poly(ester) polyol;

Desmophen® VP LS 2328: aliphatic linear short chain poly(ester) polyol. Desmodur® N3600: polyfunctional

aliphatic poly(isocyanate) resin.

d) PDMS: poly(dimethyl siloxane): Alpa-Sil Classic: H-Siloxane (soft); Alpa-Sil EH: H-Siloxane

(hard): Alpa-Sil curing agent: Vinyl-Siloxane and Pt-Catalyst.
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Optimized flow rates for stoichiometric ratios of polyol and isocyanate

The application of stoichiometric amounts of hydroxyl groups (-OH) and isocyanate
groups (-NCO) is essential for the formation and optimal properties of PURs. For example, an
excess of polyol (and thus -OH groups) results in sticky surfaces of the final PUR product. An
excess of -NCO groups is also unfavorable because of their sensitivity to moisture. Therefore,
the stoichiometric balance of the components requires diligence. In literature, the ratio of
-NCO to -OH is usually given as 1.0 to 1.1 for best mechanical properties.| 1] Herein, we used
a ratio of 1.0 to prevent side reactions with water and thus foaming. Furthermore, all
components were evacuated at 60°C overnight to exclude water. The used mixing ratios and
resulting flow rates for all components are given in Table S2. Note that the amount of the
isocyanate N 3600 (curing agent) was not kept constant due to different equivalent weights of

VP LS 2249/1 (equivalent weight: 110), VP LS 2328 (218) and N 3600 (183).

Table 82. Mixing ratios of polyols (VP LS 2249/1, VP LS 2328) and isocyanate (N 3600) for the formation of
poly(urethane)s. The ratio of -NCO and -OH-groups was set to 1.0 to prevent side reactions by an excess of -

NCO-groups. The total flow rate, i.e. the flow rate of all the syringes, was set to 25 pL/s,

VP LS 2249/1 VP LS 2328 N 3600 VP LS 2249/1 VP LS 2328 N 3600
content content content flow rate flow rate flow rate
(wt%.) (wt.%) (wt.%) (pL/s) (uL/s) (nL/s)

0 54 46 0 13.97 11.03
6 45 49 1.56 11.80 11.64
13 36 52 3.31 9.37 12.33
20 25 55 5.27 6.64 13.09
24 20 56 6.34 5.14 13.52
28 14 58 7.49 3.54 13.97
33 7 60 8.72 1.83 14.45
38 0 62 10.03 0 14.97
[1] Szycher M. Szycher's Handbook of Polyurethanes, Boca Raton: CRC Press, Taylor & Francis Group,

1999, pp. (4)9.
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4.6 Protein Gradient Films of Fibroin and Gelatin*

Protein gradient films of fibroin and gelatin on a centimeter scale have been prepared. A dye
is added to fibroin, allowing the visualization of the gradient structure and the correlation of
absorbance to fibroin content. Using position-dependent IR spectroscopy, protein interactions
can be correlated to each sample position. This biocompatible gradient material covers a large

modulus range and might be of interest for biomedical applications.

100% gelatin* Tom
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Note that british instead of american English was used in the attached manuscript.

“Kai Uwe Claussen, Eileen Lintz, Reiner Giesa, Hans-Werner Schmidt, Thomas Scheibel
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Gradients are a natural design principle in biological systems that are used to diminish
stress concentration where materials of differing mechanical properties connect. An
interesting example of a natural gradient material is byssus, which anchors mussels to
rocks and other hard substrata. Building upon previous work with synthetic polymers and
inspired by byssal threads, protein gradient films are cast using glycerine-plasticized
gelatine and fibroin exhibiting a highly Ieproduc1ble and smooth mechanical gradient,

which encompasses a large range of
modulus from 160 to 550MPa. The
reproducible production of biocompati-
ble gradient films represents a first step !
towards medical applications.

stoss MPs)

1. Introduction

Gradients can be found in diverse biological systems from
the tendon to bone insertion' to squid beaks,'” polychaete
jaws, and mussel byssus[®) Such gradients mediate
between materials of widely different moduli while
possessing remarkable resistance to crack propagation,”
contact deformation, and damage.*~"! One explanation for
the performance of gradient materials is that they
minimize stress concentration at the joint of mechanically
dissimilar materials under a load applied perpendicularly
to the interface. These stresses increase dramatically as
mechanical properties diverge, ultimately leading to
material failure !
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The mussel byssus is a bundle of extracorporeal
proteinaceous threads that attaches marine mussels
securely to rocks or other supports in their littoral habitats.
Byssal threads exhibit many interesting mechanical
properties, 1 including a longitudinal gradient in
stiffness from elastic at the proximal end to stiff at the
distal end (50-500MPa), which is designed to attach a
material of low modulus (soft mussel tissue) to one of high
modulus (hard surfaces).!***~** This mechanical gradient is
likely achieved by a protein gradient of collagen-like
preCols which constitute the bulk of byssus*®! PreCols
are interesting candidates for the production of new
maten’a]s.“ﬁl Unfortunately, they cannot be isolated intact
from threads, and recombinant byssal proteins are not yet
available in sufficient amounts for producing biomaterials,
gradient or non-gradient,**7]

A variety of methods and materials have been employed
to produce biogradients in the laboratory. Most of these
reports have focused on using a synthetic matrix with
small peptides, enzymes, or signaling molecules covalently
attached in a graded fashion,****?! but some have also used
biopolymers as matrices, for example, fib rin,**! derivatized
gelatine,*¥) and silk fibroin!**) These gradients, all on a
microscale, have been produced by several methods,

Macromal. Bigsci, 2013, DOI: 10.1002/mahi.201300221
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including differential deposition by immersion, %

diffusion and convection **! photolithography,**** and
capillary flow.*”) Microfluidics has also been employed
to prepare gradient materials.**l A precision pump
with intermittent flow reversal was used with a micro-
fluidics set-up to produce longer gelatine/chitosan cross-
gradients*®! One group has shown that this technique
can be applied to other substances to produce a variety of
gradients such as in collagen fibril density or a cross-
gradient of hyaluronic acid and gelatine.*°]

To our knowledge, no one has yet produced a protein-
based gradient material on a large centimeter-scale
covering a wide range of higher moduli as found, for
instance, in byssus. Recently, we reported on a method for
the facile and highly reproducible preparation of longitu-
dinal polymer gradient materials (PGMs) on a centimeter
scale*# These PGMs are based on a commercially
available poly(dimethyl siloxane) (PDMS) system, and a
variety of mechanical gradients along the length of
the sample (14 cm) could be established. Apart from the
mechanical gradient, this system was used to prepare
surfaces with continuously changing topography!**
PDMS-based PGMs, however, cover only a small range of
moduli from 0.5 to 1 MPa.

Both fibroin and gelatine are well-known proteins with a
wide variety of uses as biomaterials.****! Fibroin/gelatine
blend films have already been produced and their structure
and mechanical properties examined. Interestingly, this
blend system can cover a wide range of Young's moduli
depending upen the ratio of fibroin to gelatine.”**"! on a
practical note, unlike byssal proteins, fibroin and gelatine are
readily available in large amounts. We adapted our syringe
pump setup established for synthetic polymer gradients*+?
to an aqueous, low viscosity fibroin/gelatine blend system,
thus enabling the preparation of novel functionally graded
protein-based materials on a large centimeter scale.

2. Experimental Section

2.1, Preparation of Protein Solutions

Gelatine solutions (8%w/v) were prepared by swelling pure,
crystalline, 160 Bloom gelatine (Sigmadldrich) in ultrapure water
and disselving at 70 °C. Glycerine (86%, Griissing GmbH, Filsing)
was added to the gelatine solution at a total of 20% w/w as a
plasticizer. This gelatine/glycerine solution is designated gelatine”
throughout the manuscript. Regenerated fibroin solutions were
prepared as previously described,”® with modifications by
dissolving degurmmed and thoroughly washed throwster's waste
inasolvent system of CaCly:EtOH:H;0ina 1:2:8 molarratioat 70 °C
with gentle stirring (70 rpm) for 4-12 h, The resulting solution was
centrifuged (30min, 6000g) to remove solid impurities, then
dialyzed in regenerated cellulose dialysis tubing (MWCO =6000-
8000 Da, SpectraPur) against deionized water, and finally against

Macromol. Bioscl. 2013, DOI: 10.1002/mabi. 201300221
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ultrapure water to yield a regenerated fibroin sclution with a
concentrationof approximately 1% w /v, Any remaining aggregates
were removed by centrifugation (40 min, 15 000g). The superna-
tant was concentrated by ultrafiltration to yield 8% w/v solutions
as measured by UV absorbance at 280 nm. Fibroin solutions were
stored at 4°C until use.

2.2. Preparation of Discrete Blend and Gradient Films

All films were cast using a precision syringe pump setup as
previously described™ The total flow rate was a constant
25 uLs*. The solidified gelatine” solutions were melted at 75°C
and filled into a syringe fitted with a coiled heating jacket set at
75°Cto prevent gelling during processing, Discrete mixtures were
prepared in 0, 10, 20, 30, 40, and 50% w/w fibroin/gelatine” ratios.

Fibroin/gelatine” gradients were prepared by application of the
flow profile shown in Figure 1b. The combination of flow plateaus
and alterations created the gradient. The mould started filling after
565 due to the dead volume of the disposable static mixer
(Quadrosulzer). The aqueous protein solutions were cast into
custom-milled moulds (High Impact Polystyrene; length: 140 mm
x 15 mm x 3mm) on a linear motion slide (Misumi Europe GmbH,
speed: 0.56 mm s~ *). The speed of the slide was synchronized to the
total flow rate, allowing even and complete filling of the moving
mould. The far end of the mould was inclined to 1° when preparing
gradient films in order to control longitudinal spreading and avoid
blurring the gradient. Cooling of gelatine” occurred rapidly, which
allowed the films to solidify and preserve the gradient. The samples
were left under a fume hood overnight toallowwater to evaporate.
Upon drying, films did not curl or warp but remained in contact
with the moulds. The thickness of each sample was about 0.2 mm,
as measured with calipers.

2.3. UV/Vis Spectroscopy

UV/Vis absorbance was measured using an Analytik Jena (Jena,
Germany) FLASH scan 530 reader, Direct Red 80 (CAS-Nr.: 2610-10-
8, Alfa Aesar) was added at a final concentrationof 044 mmol L to
the aqueous fibroin solution to visualize the concentration of
fibroin in gradient films. The samples were die cut (dimensions:
140 mm = 10mm) and placed on a 384-well microplate, Each
measuring spot was scanned at a distance of 4.7 mm from 400 to
720 nm. Baselines were set at 720 nm for comparison. The reported
absorbance values (Ayax ~ 550 nm) are standardized to a thickness
of 0.2 mm. Note that, as a result of the inclination of the mould, the
accumulation of small air bubbles and consequently uneven
evaporation of water, the thickness at the sample end with high
fibroin content is usually not uniform and cannot be determined,
resulting in a slight drop of the measured absorbance for fibroin—
gelatine gradients (Figure 1b). In the case of discrete blend films,
different spots along the same sample were measured for error
estimation (Figure 1a).

2.4, FTIR

Attenuated total reflectance-Fourier-transform infrared spectros-
copy (ATR-FTIR) measurements were used to confirm the
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Figure 1. a) Correlation of Direct Red 8o absorbance at ssonm
with fibroin content in discrete blend films. The amount of dye
and thus the absorbance increases linearly with fibroin content.
The linear fit permits the calculation of any component ratio in
the gradient by simply measuring absorbance at different spots
of the film. Insert: image of discrete blend films containing 10~
50% w/w (Fro-Fso) fibroin dyed with Direct Red 8o (progressively
darker shades show increasing fibroin content). b) Absorbance at
ssonm (red triangles) of a fibroin/gelatine” gradient film in
dependence on sample position and applied flow profile (green
line) of fibroin as a function of the time of the flow profile. The
mould starts filling after 565 with the gradient mixture passing
the static mixer. The absorbance increases with increasing flow
rate of the dyed fibroin component. Insert above the x-axis:
image of a fibroin/gelatine” gradient film containing o-40%
fibroin.

concentration gradient of gelatine” and fibroin in films without
dye. Spectra were taken on a Bruker Tensor 27 (Ettlingen, Germany)
equipped with a Ge crystal at a resolution of 2 cm * with 60 scans
and an atmospheric compensation algorithm to correct for
fluctuations in water vapor and carbon dioxide during measure-
ment. The peaks contributing to the broad amide I region (1595
1705cm %), were synthetically narrowed by Fourier self-deconvo-
lution using Lorentzian line shapes with a half-bandwidth of
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20 em * and a noise reduction factor of 0.3. All measurements,
spectral manipulation, and analysis were performed with the
software package OPUS 6.5.

2.5, SEM

Scanning electron microscopy (SEM) samples were sputtered with
gold (=15nm) (Cressington sputter coater 10Baute; Watford,
United Kingdom), and examined at 3 kV in a scanning microscope
(1540 EsB Cross Beam; Zeiss, Oberkochen, Germany).

2.6. Thermal Analysis

All samples (8-12mg) were stored at ambient conditions for
2 d. Thermal gravimetric analysis (TGA) was performed on
a Mettler Toledo TGA/SDTA 85le. All measurements were
carried out under nitrogen (60 mLmin ') at a temperature range
of 30-700 °C and a heating rate of 10 K min . The initial water
content was determined from the weight loss of the first
decomposition step. The temperature at 10% weight loss was
defined as onset temperature for the decomposition of the
blend system.

Differential scanning calerimetry (DSC) was carried out on a
Perkin Elmer Diamond DSC equipped with a cryostat. All measure-
ments were performed under nitrogen (20mLmin ) at a
temperature range of 30-160°C and a heating/cooling rate of
10Kmin %, As the samples contained moisture, high-pressure
DSC pans were used.

2.7. Tensile Testing

The specimens were stored for at least 1 d in a climate chamber
(25°C; 75% relative humidity) before tensile testing. Tensile tests
were carried out on an Instron 5565 universal tester with
preumatic clamps and a 100N load cell. Rectangular samples of
140mm » 10mm x 0.2mm  {clamping distance L;=100mm;
clamping area at both tails 20 mm x 10 mm) were tested at an
initial strain rate of 1mmmin* (up to 1% strain) and then
increased to 4mmmin ', The reported moduli were calculated
from the initial slope. The average of at least four samples is
reported.

3. Results and Discussion

3.1. Preparation of Discrete and Gradient Protein

Films

Gelatine is partially hydrolyzed collagen, which is an
inexpensive, abundant and easy to handle protein with
innumerable applications in the medical field and be-
yond.**** Gelatine lacks the ordered structure and thus
the toughness of collagen, but when hydrated, it can serve
as an elastic matrix with a certain degree of mechanical
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I Table 1. Comparison of mechanical properties of discrete blend and gradient films.

E-modulus Ultimate stress Ultimate strain Strain energy
Sample™ [MPa] [MPa] [%] [MI m 3]
Folo 420420 212419 1743 27406
Foi2% 164 +28 92+19 3144 20+04
F10'20 163+13 128407 48+4 37403
F200® 221440 16.1+29 48+5 45+10
F30'0 302+34 183+19 4442 50407
F4002% 547 +73 251+17 42+5 80+04
F50120 946 -4 85 292405 3443 82406
Fo-40t% 189 +26 6.6+06 15+1 07+0.1
F1oo" 3 000 + 300 427+38 20402 0.36 4+ 0.05

The average of at least four samples is reported. F20 has the same average fibroin content as the FO—40 gradient films. ndex indicates
glycerine content (% w/w) in gelatine component; “containing 10% w/w glycerine.

stability."” Since the elasticity of gelatine films is highly
dependent on their water content, "2/ 20% w/w glycerine
was added to plasticize the gelatine component (gelatine’)
making gelatine” films softer (E-modulus =164 MPa) and
more elastic (31% extension) than gelatine films containing
only 10% glycerine (E-modulus =420 MPa, 17% extension;
Table 1).

Fibroin has long been in the focus of biomaterials
research and has been used in a wealth of applica-
tions.!*") Throwster's waste was chosen as a cheap and
readily available source of fibroin. The solubility of
regenerated fibroin is dependent upon its concentration,
temperature, and pH.* Up to 4% w/v regenerated
fibroin solutions can be stored at 4 °C for several weeks
to months; however, at higher concentrations the
propensity of fibroin to form a hydrogel increases.
The choice of concentration was not trivial, because
highly concentrated solutions solidify more rapidly,
preventing diffusion when casting gradient films. As a
compromise, we chose 8% w/v regenerated fibroin
solutions representing good handling and sufficiently
high concentration.

First, blend films of discrete composition (i.e, non-
gradient films) were prepared. Films were cast in ratios
of 0% (F0), 10% (F10), 20% (F20), 30% (F30), 40% (F40),
and 50% (F50) w/w of fibroin/gelatine” (Figure 1a). A
protocol developed for the preparation of longitudinal
PGMs!*!! was adapted to the fibroin/gelatine’ systern.
Discrete blend films were prepared by applying constant
flow ratios of the fibroin and gelatine” mixtures as
described in the Experimental Section.

Gradient films were obtained by continuously changing
flow rates (Figure 1b). Upon evaporation of water,

Macromol. Bipsci. 2013, DOI: 10.1002/mabi. 201300221
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transparent fibroin/gelatine” films were formed suggesting
no macroscopic phase separation.[%'”l

3.2. Spectroscopic Analysis of Fibroin/Gelatine’
Blend and Gradient Films

Direct Red 80, which has good solubility in water,
was added to the fibroin solution to permit the
determination of the fibroin content in the films by
UV/Vis spectroscopy. In the discrete blend films, absor-
bance at 550nm of Direct Red 80 increased linearly
with fibroin (Figure 1a). The linear fit permits the
correlation of a measured absorbance value to film
composition. Gradient films were characterized by
UV/Vis spectroscopy, allowing position-dependent opti-
cal analysis®® of the gradient (Figure 1b). A protein
gradient film was prepared with 0-40% w/w fibroin
content (insert in Figure 1b). Note that the absorbance
curve does not necessarily have to be superimposed
over the flow rate profile.

3.3. Structural Analysis of Fibroin/Gelatine’ Films

Proteins exhibit characteristic features in infrared spectra;
many of thedominant bands can be attributed to vibrations
from the amide groups which constitute the protein
backbone. Of particular interest are the amide I and II
bands near 1650 and 1550 cm ™ *, respectively. The amide [
band arises primarily from the C=0 stretching vibration,
whereas the amide I band is a more complex combination
of NHbending, CN stretching, and other contributions. The
amide [ and Il bands are highly sensitive to inter- and
intramolecular hydrogen bonding and can be useful for
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determining the secondary structure content of proteins,1**!
albeit with certain caveats. The amide [ and Il envelopes are
a complex result of many overlapping peaks of varying
relative strengths. Interpretation of the position and shape
of these bands can be made even more difficult by a number
of factors including but not limited to the influence of
adjacent bands and any mathematical manipulations
performed to improve spectral quality.!"® Peak assign-
ments of the amide I and I bands of fibroin/gelatine’
system are further complicated by the mutual interactions
of the three components, fibroin, gelatine, and glycerine.

ATR-FTIR spectra were taken of discrete blend films to
document changes in relevant spectral features with
varying gelatine’ and fibroin concentrations (Figure 2a).
Certain general trends are evident in the amide I and II
regions of the spectra: From FO to F10 (0% fibroin to 10%
fibroin}, the maximum of the amide I band shifted slightly
from1654t01652 cm . Higher concentrations of fibroin up
to 50% did not induce further shifts, but a noticeable
decrease in the width of the amide I envelope did occur. This
narrowing is indicative of a decrease in the flexibility of the
protein chains and thus an increase in ordered struc-
tures.%®) The region between 1620 and 1645 cm ™ * showed
the most change between blends. While some of this
variation may have been due to fluctuations in the strong
signal from adsorbed water near 1640 cm™?, a clear
reduction in the shoulder near 1633 cm *(typical of
hydrated, flexible alpha chains of gelatin)*"! occurred with
decreasing amounts of gelatine” (Figure 2c). Whether this
was merely a concentration effect or the result of
interactions between fibroin and gelatine” remains a
subject for further study.

The amide I band showed several significant differences
between blends. Upon addition of fibroin, the band
maximum exhibited a large shift from 1551 em * (FO) to
1542 cm ' (F10). Further increases in fibroin content moved
the maximum to lower wavenumbers with the amide 1I
band positioned at 1541 cm™* for the F20 blend, 1539 cm™*
for F20,and 1538 cm ~* for both the F40 and FS0 blends. The
appearance of a shoulder near 1518 cm * could also be
observed with increasing fibroin concentration; this is
likely assignable to tyrosine side chain transitions'*® as the
tyrosine content of fibroin is much higher than that of
gelatine. The lower frequency shift of the amide I band is
considered a result of a reduction in hydration of the protein
backbone. In other words, there is a substitution of intra- or
intermolecular hydrogen bonds for hydrogen bonds to
water." This may indicate that intermolecular hydrogen
bonding between gelatine” and fibroin is occurring,**** a
possible interpretation that is further strengthened by the
narrowing of the amide I bandwidth.

At this juncture, it is important to mention that the
addition of glycerine affects the secondary structure of both
fibroin and gelatine. Addition of glycerine (20% w/w) to
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Figure 2. The amide | and Il regions of ATR-FTIR absorbance
spectra of discrete blend and gradient fibroin/gelatine” films.
For comparison, the amide Il bands are normalized. a) With
increasing fibroin content, the height of the amide | band
decreased relative to that of the amide Il band. b) The amide |
and Il regions of FTIR absorbance spectra taken at specific
positions along a fibroin/gelatine” gradient film from 100%
gelatine® {1cm) to 30% fibroin (9cm). <) Fourier self-
deconvoluted FTIR absorbance spectra of the amide | bands of
Fo and Fso showing the random coil signal of gelatine at
1633 cm . For comparison, the bands have been normalized.

fibroin causes a transition from random coil to predomi-
nantly alpha helical structure, leading to silk I structure.[*°!
In deconvoluted spectra (data not shown), we observed a
shift of the amide I band of pure gelatine from lower to
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0.4pm

Figure 3. Scanning electron images of a fibroin/gelatine gradient film taken at 8cm
into the gradient. a) The fractured edge of the film shows no evidence of poor mixing or

phase separation even at b) 10 magnification.

higher wavenumbers with the addition of glycerine
(20% w/w) as well as a reduction in the contribution of
the peak at 1650 cm * associated with random coil

K. U. Claussen, E. 5. Lintz, R. Giesa, H-W. Schmidt, T. 5cheibel

FOto F50as the concentration of gelatine”
(and thus glycerine) decreases. TGA
demonstrated that our fibroin/gelatine”
blend films contain about 8% w/w water,
independent of the protein composition.
The thermal stability of the system is
maintained at least up to 200 °C and is
dependent upon the fibroin content.
The DSC scan of gelatine” (FO) revealed
two peaks (Figure 4b), with the first small
endothermic peak at 65°C being attrib-
uted to melting of gelatine!**** and the
second peak at 88 "C indicating the helix-
to-coil transition of gelatine””! Dsc
scans of F50 also showed the gelatine helix-to-coil
transition (which is decreased in peak area due to lower
gelatine” content) and shifted to a higher temperature

structures. ]

A final interesting influence of increasing fibroin
concentration is a diminishing absorbance of the amide I
band relative to that of the amide IT band. While the ratio of
band heights®*] was not exact enough for determining 80
fibroin concentration, the change in band height ratio
confirmed the gradual compositional changes of the
gradient films (Figure 2b).

a) 100

—F0

Weight (%)
8

40
3.4. Microscopical Analysis of Gradient Fibroin/
Gelatine” Film

204

Small samples were cut at regular intervals from fibroin/
gelatine” gradient films without dye and examined by SEM

to investigate their morphology (Figure 3). No significant
differences in surface morphology along the gradient could b)
be discerned (data notshown). On the upperside of samples,

some crystals could be detected resulting from small
amounts of residual salt. Upon close examination of the
fractured edge, there was no evidence of particles, spheres,

or clumps, which suggests that fibroin and gelatine form a
homogeneous mixture.

0 100 200 300 400 500 600 700
Temperature (*C})

0.5 Wig

endothermic —»
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3.5. Thermal Analysis of Fibroin/Gelatine" Blend
Films -Fs0—

Thermal stability of fibroin/gelatine” blend films (FO-F50) 40 60 80 100 120 140 160
was investigated by TGA and DSC. TGA confirmed a multi- Temperature (°C)

stage decomposition of fibroin/gelatine” blend films as
described previously (Figure 4a)."®" All samples con-
tained residual moisture at ambient conditions, reflected by
the first weight loss of about 8% w/w between 30 and
200 °C. With increasing amount of fibroin (FO, F30, F50), the
onset of the decomposition step shifted from 214 to 230 "C.
The shoulder at about 300 "C matches well with the boiling
point of glycerine (290 "C) and diminishes accordingly from

Figure 4. a) Thermal gravimetric analysis of fibroin/gelatine”
blend films. The air-dried samples contained about 8% wiw
moisture. With an increasing amount of fibroin (red arrow),
the decomposition temperature increased slightly. b} DSC
thermograms of gelatine” (Fo) and fibroin:gelatine” =go:50
(Fso) blend films. With increasing fibroin and decreasing
gelatine” content, the peak (#) attributed to the helix-to-coil
transition of gelatine decreased and is shifted to higher

temperatures,
M,M’ 45
VierS

www.MaterialsViews.com

Macromol. Bioscl. 2013, DOI: 10.1002/mabi, 201300221
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R Early View Publication; these are NOT the final page numbers, use DOI for citation !!




Protein Gradient Films of Fibroin and Gelatin

143

Protein Gradient Films

(97 °C). Hence, DSC also indicated physical interactions
between gelatine and fibroin®”! as concluded from FTIR
absorbance measurements (Figure 2a). Transitions specific
for fibroin were not detected in the analyzed temperature
range. The maximum temperature of 160°C was chosen
due to a large, endothermic peak starting at about
140 C indicating decomposition and evaporation of non-
crystallizable water.*"!

In summary, water loss and phase transitions upon
heating significantly affect the structural integrity of
the fibroin/gelatine” blend films, which are stable under
physiological temperatures and at least up to 60 °C.

3.6. Mechanical Analysis of Discrete Blend and
Gradient Films

The mechanical properties of proteinaceous materials are
dependent on water content. Therefore, the addition of
glycerine can plasticize and stabilize protein materials.
We found that gelatine solutions (FO™”) with 10% w/w
glycerine resulted in significantly stiffer and more
brittle films than gelatine (FO2%) with 20% w/w glycerine
(Table 1). Therefore, 20% w/w glycerine was added to
gelatine to plasticize the films. To assure comparability of
samples, all specimens were stored in a climate chamber
prior to tensile testing.

E-modulus, ultimate stress, ultimate strain, and strain
energy of discrete blend films were analyzed (Supporting
Information, Figure $1). E-modulus increased with fibroin
content (Supporting Information, Figure Sla). Ultimate
stress increased linearly with the amount of fibrein, ie, a
higher force is required to break the samples (Supporting
Information, Figure 51b). The addition of fibroin initially
caused a rise in ultimate strain, but amounts of fibroin
higher than 20% resulted in stiffening of the material and a
significant decrease in ultimate strain (Supporting Infor-
mation, Figure $1c). Strain energy depends on both ultimate
stress and strain and thus rose with increasing fibroin
content (Supporting Information, Figure 51d). Interestingly,
10% fibroin (F10, 163 + 13 MPa) did not seem to change the
E-modulus compared to FO (164 + 28 MPa). We attribute
this observation to the significantly larger standard
deviation of FO, complicating the interpretation of its mean
value. However, the stress required to break the sample F10
(12.8 + 0.7 MPa) was slightly higher than for F0 (9.2 + 1.9
MPa). This is a consequence of the significantly higher
ultimate strain (FO: 31 & 4%; F10: 48 £4%).

It should be kept in mind that with increasing fibroin:
gelatine” ratios, the overall glycerine content is reduced to
10% inF50. A 100% fibroin film (F100"”) with the same 10%
w/w glycerine content as the F50%° film was tensile tested
and yielded a very low strain energy (F50: 8.2 £ 0.6 MIm™;
F100: 0.36 +0.05 MJ m 7). Only the combination of high
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ultimate stress as well as high ultimate strain results in
increased strain energy (Table 1). Therefore, 40-50% fibroin
content seems to be the best compromise of the fibroin/
gelatine” films concerning their mechanical properties.

The gradient sample F0-40 was also subjected to tensile
testing, and the small standard deviation confirmed
the high reproducibility of our gradients (Table 1). The
gradients were compared to the discrete blend film F20,
which contains a comparable amount of fibroin.

The gradient films always fracture at low strain in the
softest region of the specimen, specifically, next to the
clamp. The reason for early breakage (and thus low
ultimate stress, ultimate strain, and strain energy) can be
attributed to stress concentration in the soft parts. The soft
parts can only withstand lower stresses and consequently
strain more than the harder regions of the sample. When
reaching their ultimate strain, the softest part breaks
although the harder regions have not reached their
ultimate strain.

4, Conclusion

We have produced a protein gradient material on a
centimeter scale and confirmed its smooth distribution
by avariety of methods. The reproducibility of this system is
illustrated by the small standard deviation obtained in
tensile testing. The fibroin/gelatine’ pradient was con-
firmed by UV-Vis absorbance and ATR-FTIR analysis, which
showed molecular interactions between fibroin and gela-
tine, Thermal analysis similarly revealed interactions
between the two proteins but also demonstrated the
stability and structural integrity of the films up to 60°C as
would be necessary for biomedical applications such as
tendon replacement.[*~""! After optimizing materials and
methods, our films exhibit a large range of medulus (160-
550 MPa), However, to improve the mechanical perfor-
mance of whole protein gradient films, a mechanism for
effective transfer of load from the softer regions of the
material to the harder regions is still necessary. In byssus,
this is accomplished by strain hardening in the softer
proximal portion of the thread and stress softening in the
harder distal portion of the thread 2% Nevertheless, the
reproducible preparation of centimeter-scale protein gra-
dient materials with a wide range of moduli is a significant
preliminary step towards creating interesting materials for
a variety of uses.
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Figure S1.  Mechanical properties of discrete fibroin/gelatine® blend films. The average of
at least five samples is reported. a) The E-modulus of fibroin/gelatine® discrete
blend films increases with increasing amount of fibroin. b) Ultimate stress
increases almost linearly with increasing fibroin content. ¢) With the exception
of an initial rise from FO to F10, ultimate strain decreases with added fibroin
but does not drop below the value of FO. d) Strain energy increases with
addition of fibroin. This is a consequence of the combination of high ultimate

stress as well as high ultimate strain.
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Figure S1. Mechanical properties of discrete fibroin/gelatine® blend films. The average of at
least five samples is reported. a) The E-modulus of fibroin/gelatine® discrete blend films
increases with increasing amount of fibroin. b) Ultimate stress increases almost linearly with
increasing fibroin content. ¢) With the exception of an initial rise from FO to F10, ultimate
strain decreases with added fibroin but does not drop below the value of F0, d) Strain energy

increases with addition of fibroin. This is a consequence of the combination of high ultimate

stress as well as high ultimate strain.
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4.7 Towards Tailored Topography: Facile Preparation of Surface-Wrinkled Gradient
Poly(dimethyl siloxane) with Continuously Changing Wavelength”

Poly(dimethyl siloxane) with a compositional gradient was fabricated via a precision syringe
pump setup. Stretching of the substrate and subsequent oxygen plasma oxidation resulted in a
continuously changing wrinkle wavelength on the surface upon relaxation. This approach is a

powerful tool for designing gradient surfaces with tailored topography.
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Poly(dimethyl siloxane) with a compositional gradient was
fabricated vig a precision syringe pump setup. Stretching of the
substrate and subsequent oxygen plasma oxidation resulted in a
continuously changing wrinkle wavelength on the surface upon
relaxation. This approach is a powerful tool for designing
gradient surfaces with tailored topography.

Surface instabilities in thin films can be utilized for the spontaneous
formation of patterned surfaces.” Current scientific interest focuses
on wrinkle formation in layers that are coupled to elastic
poly(dimethyl siloxane) (PDMS) substrates. > The wrinkle process
comprises stretching of a soft PDMS substrate®® and subseguent
oxygen plasma treatment, resulting in a hard Si0x-like (S10,-) layer
on the surface®” Upon relaxation. sinusoidal wrinkles with a
uniform wrinkle wavelength are formed due to the buckling
instability that relieves stresses.” The wrinkle wavelength 7 of the
buckled bilayer system can be calculated for high strains according to
eqn e

2aly

() (140

7] (1

E(1-v)]"
3E(1—vf)

Here, /i is the thickness of the SiO,-layer (film), &, is the prestrain,
= S32epedl + fpe)] represents the large  deformation  and
nonlinearity in the substrate, £ and v are the Young's modulus
and Poisson’s ratio of substrate (s) and film (f), respectively.
Hence, the wrinkling wavelength (and so the surface pattern) can
be controlled'” by altering the thickness /i of the layer or the Young's
modulus E, of the substrate if £ remains constant.” Since the wrinkle
wavelength directly determines the surface pattern, wrinkling of
PDMS provides a powerful tool to design surfaces with tailored
topography.™'" These synthetic micro- and nanostructured surfaces
can be exploited for a variety of applications,'” for instance, tuning
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of surface adhesion, " preparation of tunable diffraction gl'uling,\,“'l'q
microlenses,'® nanochannels for microfluidics.'” ceramic nanopat-
terns,™ particle alignment," lithography,™ measuring the mechanical
propertics of thin films® and for engincering cell-material inter-
faces.™ Particularly in the latter case. gradient surfaces are in high
demand in order to study the balance of substrate chemistry and
topography.”™” As a consequence of the variety of applications, the
preparation of PDMS materials with changing wrinkling wavelength
15 the subject of recent rescarch efforts.*™ Although theoretical
studies concerning the elastic buckling of PDMS gradient materials
have been carried out” PDMS gradient materials with a
continuously changing wrinkle wavelength were hitherto unavailable.
Recently, we showed that the Young's modulus of PDMS substrates
can be continuously ch.‘-{ngr_'d.""“ The setup allows the preparation
of different PDMS gradient geometries with high reproducibility.
According to eqn (1), the application of the wrinkling process to a
PDMS gradient material leads to a surface with continuously
changing topography. Herein, we report the first gradient surface-
wrinkled PDMS material. Moreover, the longitudinal gradient is
prepared on a centimeter scale that allows macroscopic surface
patterning with sub-micron structures.

The PDMS system of choice for the presented process is Sylgard
184 (DOW Corning) which is usually applied in a 10 : 1 ratio (wiw)
of siloxane and curing agent and requires a thermal curing step. By
varation of the ratio of 10 : 1 (PDMS-hard) to 25 : 1 (PDMS-soft) a
Young's modulus variation from 1.8 MPa to 0.2 MPa can be
achieved, respectively. According to egn (1), the variation in modulus
by a factor of 9 led us to expect a maximum wrinkle wavelength
variation of factor 2.1. PDMS materials were prepared via a
previously described procedure, " In brief, the siloxane and curing
agent had to be mixed before using the syringe pumps due to the
large differences in viscosity (see ESIY). Then, syringes were filled
with the uncured PDMS-hard and PDMS-soft mixtures and
mounted on a syringe pump setup. The mixtures were pumped at
different volume ratios but at a constant total flow rate. After uniting
and mixing, the mixture was processed into a mold and cured. First,
discrete mixtures of different ratios of PDMS-hard and PDMS-soft
were prepared.”” Cylindrical specimens of each discrete composition
were punched and the compressive modulus was determined.™
Tensile tests were also carried out and the Young's modulus in
tension was analyzed. By increasing the amount of the PDMS-hard

content in the PDMS-hard/PDMS-soft samples with discrete

This journal is @ The Royal Society of Chemistry 2012
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(solid red line) in dependency on the time. The dead volume of the static
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content (black triangles) along the length of the moldsample. Every
centimeter a cylindrical specimen was punched and the compressive modulus
was determined. Using the fit in Fig. 1 (blue curve), the composition was
calculated.

composition, the curing agent content is also increased. This, in
return, increased the crosslink density and led to an increase in tensile
and compressive modulus of the diserete composition. We found an
excellent agreement of the determined values with fits based on the
logarithmic mixing rule (Fig. 1).**

Then, by application of an optimized on-off' flow profile of
PDMS-hard and PDMS-soft (at a total flow rate of 25 pl s Ya
longitudinal PDMS gradient material®® was obtained after thermal
curing (Fig. 2). The on-off flow profile allows the preparation of the
steepest gradients because the gradient generation depends only on
the mixing performance of the static mixer (Fig. 2a). After curing,
cylindrical specimens were punched every centimeter and the
compressive modulus at each sample position was determined.
Using the exponential fit shown in Fig. 1, the compressive modulus
of each cylinder could be correlated to a discrete composition (and
E-modulus). In this way, the longitudinal PDMS gradient can be
visualized, showing the continuous decrease of PDMS-hard (and so
increase of PDMS-soft) content along the length of the sample
(Fig. 2h).

Common procedures for wrinkling PDMS substrates involve the
uniaxial straming of the sample and subsequent oxygen plasma
treatment.” In the case of PDMS gradients, the applied load does not
distribute uniformly across the sample causing much higher strains in
the softer regions (see ESIF). This prevents the transfer of the
continuously changing modulus into a stepless varying wrinkle
wavelength. Therefore, the PDMS gradient was embedded into a
matrix of PDMS-hard. After applying a load to the matrix the
embedded gradient is subjected to a constant force field and exhibits

a)

Ly
1. Stretching of the sample
2. Plasma treatment

Ly
l:}. Relaxation

L

Fig. 3 Wrinkling of PDMS gradient specimens. a) A PDMS gradient
specimen is embedded into a PDMS-hard mixture and cured. b) The entire
sample with initial length £y is strained 1o 125% and plasma treated. ) After
relaxation. the gradient specimen shows a variation of wrinkle wavelength at
the surface in contrast 1o the surrounding PDMS-hard regions (note that the
810 ~layer thickness in the skeich is exaggerated for better visualization of
the principle).
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an uniform strain independent of the position (Fig. 3). In this way, a
PDMS gradient sample was embedded in the matrix, which was then
cured, and the entire sample uniaxially stretched and treated with
oxygen plasma as described above. After relaxation, this method
resulted in a continuous change of the wrinkle wavelength,
dependent on the Young's modulus of the substrate according to
eqn (1). The interface between the gradient sample and the
surrounding matrix is shown in Fig. §1 (see ESIT) and is reminiscent
of the postulated y-branching™ that occurs for a steep gradient
parallel to the wrinkle direction and consequently a steplike
transition between different wavelengths.

Over the entire gradient sample, the wrinkle wavelength changed
continuously from 700 nm to 1200 nm (Fig. 4). This factor of
1.7 matches well with our estimate of 2.1 given by the maximum
E-modulus variation of cured PDMS-hard and PDMS-soft. Due to
the uniform wrinkle wavelength at each measuring spot these SEM
images are representative of the topography at the specific sample
positions.

SEM images revealed a uniform wrinkle wavelength at each
measuring spot (Fig. S2, see ESIT). Over an area of 80 pm x 120 ym
the wrinkle wavelength 4 remains almost constant, considering the
ervor given in Fig. 4. This uniformity is a strength of the presented
approach and allows the preparation of highly reproducible surfaces.
Note that the cracks perpendicular to the wrinkles (Fig. S2, sce ESIT)
are a well known phenomenon and a consequence of the relaxation
process.”

According to eqn (1) the increase of wrinkle wavelength /A
correlates with the decrease of the compressive (and thus the tensile)
modulus.™ The wrinkle wavelength also depends linearly on the
layer thickness fy. To exclude the possibility of varying layer
thickness being responsible for the change in wrinkle wavelength, the
dependency of the film thickness on the sample position was
investigated (Fig. S3, see ESIY). The thickness of the layer was

caleulated to be around 6 nm and showed no significant dependency
on the varying composition of the gradient substrate. Therefore, the
continuously changing wrinkle wavelength can be attributed
exclusively to the change of the Young's modulus along the length
of the sample.

In summary, we present a facile preparation method for
macroscopic surface-wrinkled PDMS gradient materials. The con-
tinuously changing E-modulus of the PDMS gradient substrate was
transferred into a stepless varying wrinkle wavelength of the SiO,-
like surface. Since the wrinkle wavelength determines the topography
of the sample, this approach allows the tailoring of surfaces with a
continuously varying surface pattern. This new lithography-free tool
could be very interesting for the design of tailored gradient surfaces
and their potential application for diffraction gratings'*", micro-
lenses.'® microfluidics'” and cell adhesion studies. ™
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Experimental Section

PDMS Gradient Sample Preparation

Due to big differences in viscosity, the siloxane cannot be mixed with the curing agent in the
emploved disposable static mixer.”’ As a consequence, the preparation of compositional
gradients of Sylgard 184 (DOW Corning) cannot be achieved by varying the flow rate of
siloxane and curing agent while processing the mixture through the static mixing element.
Therefore, the siloxane and curing agent had to be mixed before using the syringe pumps. In

contrast to other PDMS systems™”, Sylgard 184 has a pot life of several hours what allowed us
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to mix the siloxane and curing agent in 10:1 (PDMS-hard) and 25:1 (PDMS-soft) ratios
before processing. The static mixer performed well at these similar viscosities.

Sylgard 184 was purchased from DOW Corning. The PDMS system was mixed in a 10:1
(PDMS-hard) and a 25:1 (PDMS-soft) ratio (w/w) of siloxane and curing agent. After
degassing, two 10 mL glass syringes with luer lock connectors were filled with both the
highly viscous mixtures and mounted on a high precision syringe pump system (Cetoni
Nemesys). The syringes were connected by tubing to a custom-designed mixing head with an
attached disposable static mixer (Quadro Sulzer@). PDMS mixtures with diserete and gradient
composition were prepared by application of a certain flow profile for the 10:1 and 25:1
mixture at a constant total flow rate of 25 pl/s. For instance, the discrete composition PDMS-
hard 20% was prepared using a flow rate of 5 pL/s (PDMS-hard) and 20 pl./s (PDMS-soft).
In the case of PDMS gradient samples, an optimized on/off flow profile was used as shown in
Fig. 2a. Mixtures were cast into rectangular Teflon® molds (140x10x1 mm®) mounted on a
linear motion slide. The molds were uniformly filled in 56s by synchronization of the mold
movement (2.5 mm/s) and the total flow rate of 25 pL/s. After processing, mixtures were
cured at room temperature over night and post-cured for 2 h at 150°C. The thickness of the
samples was measured with a caliper and ranged from 0.90-1.00 mm. Over each individual

sample the thickness was uniform.

Embedding of Gradient Specimens

Normal procedures for wrinkling PDMS substrates involve the uniaxial straining of the
samples and subsequent oxygen plasma treatment.” In the case of PDMS gradient specimens,
the applied load does not distribute uniformly across the sample due to the mechanical
gradient. This avoids the transfer of the continuously changing substrate’s modulus into a
stepless varying wrinkle wavelength. Therefore, the prepared gradient specimens

(140x10x1 1111113) were cut in two stripes (140x5x1 1111113). Each stripe (PDMS gradient
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specimen) was then embedded into a mixture of PDMS-hard that was cured afterwards,
uniaxially stretched to 125% of its initial length and subsequently treated with oxygen plasma
for 5 min (0.2 bar, 100 W, plasma technology) (Fig. 3). Straming the sample, the surrounding
matrix (Fig. S1) provides a constant force field to the gradient specimen, ensuring an uniform
strain of the entire sample. In this way, the wrinkle wavelength changed in dependency on the
Young’s modulus of the substrate according to equation (1).

The sharp interface between the embedded gradient specimen and the matrix reminds of the

postulated y-branching occurring at the transition between different wavelengths.”

Fig. S1 Interface (see red rectangle) between embedded polymer gradient sample (left) and surrounding matrix

(right). The transition between the different wavelengths reminds ofy-bmnching.:g
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Mechanical Testing

The Young’s modulus in compression of samples with discrete composition was measured in
an unconfined compression test’> using a Rheometric Scientific DMTA IV with 17 mm
compression plates. Cylindric samples (5 mm diameter, 1 mm thickness) were placed between
the plates and at a strain rate of 5- 10" s™ the compressive force was recorded versus
deflection. Tensile tests of samples with discrete composition were carried out on an

Instron 5565 universal tester with pneumatic clamps and a 100 N load cell. Rectangular
samples of 140x10x1 mm’ (clamping distance Ly=100 mm) were subjected to tensile tests at a
strain rate of 200 mm/min (see ISO 37:2005) and the moduli reported were calculated from
the initial slope. For statistical reasons, at least 5 specimens were tested for compressive

modulus and tensile testing.

SEM Analysis

The wrinkle wavelengths were determined via SEM (Zeiss, Leo 1530). Using the embedded
gradient specimens (two stripes, each with a dimension of 140x5x1 mm®) 28 samples each
with a length of 10 mm were cut for SEM analysis. For statistical reasons, each wrinkled
sample was imaged at three different spots. The spot position in the middle of the sample was
kept constant relative to the horizontal sample plane (and parallel to the wrinkle waves). The
resulting images were evaluated with imagelJ with respect to their gray value profiles.

Note that the SEM images in Fig. 4 A to C are sinusoidal buckled as proven by AFM
measurements of comparable systems (N. Pazos-Pérez, W. Ni, A. Schweikart, R. A. Alvarez-
Puebla, A. Fery, L. M. Liz-Marzan, Chem. Sci. 2010, /, 174. Highly uniform SERS substrates
formed by wrinkle-confined drying of gold colloids). The contrast in SEM images must not be
misinterpreted; the tip and the bottom of each wrinkle show lower gray values due to stronger

scattering/absorption effects compared to the less curved slopes.




Towards Tailored Topography: Facile Preparation of Surface-Wrinkled Gradient Poly(dimethyl
siloxane) with Continuously Changing Wavelength 156

Electronic Supplementary Material (ESI) for RSC Advances
This journal is @ The Royal Society of Chemistry 2012

Fig. 82 This image was taken at the sample position A at 0.5 ¢m of the PDMS gradient shown in Fig. 4. Over a
large surface area (80x120um?) the wrinkle wavelengths are highly uniform (h = 730 + 20 nm), Cracks

perpendicular to the wrinkles are a well known phenomenon.”

Calculation of laver thickness

According to equation (1) the wrinkle wavelength A depends linearly on the layer thickness h.
A varying layer thickness with the factor of 1.7 would be necessary for a change in wrinkle
wavelength from 700 to 1200 nm. To exclude a varying layer thickness, the dependency of
the layer thickness hg on the sample position had to be investigated. Unfortunately, the film
thickness could not be measured by analysis of the cross-section via SEM due to the brittle
S10,-layer and the resulting inaccuracy of the thickness determination. Therefore, the
thickness was calculated. According to equation (1) the thickness h was determined with the
measured wrinkle wavelength A and the substrate’s tensile modulus that was correlated to the

measured compressive modulus using exponential fits (Fig. 1). The error analysis (covariance
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propagation law) comprised seven defective values for the determination of hy but yielded
only small errors. The layer thickness was found to be almost constant along the gradient
sample (Fig. 83). Therefore. the continuously changing wrinkle wavelength can be

exclusively attributed to the change of the Young’s modulus along the length of the sample.

=

O = N WA N @ ©

Theoretical Layer Thickness h (nm)

1723456782911 121314
Sample Position (cm)

Fig. S3 Film thickness in dependency on the sample position. The mechanical gradient caused by a continuously
changing crosslinker amount does not significantly affect the sample thickness. Therefore, the varation of

wrinkle wavelength can be exclusively atiributed to the change of the substrate’s Young’s modulus.

6




Acknowledgment 158

Acknowledgment

First of all, I would like to thank my supervisor Prof. Dr. Hans-Werner Schmidt for this
interesting and interdisciplinary research topic, helpful scientific discussions and the trust in
my abilities. I am grateful for the opportunity to attend several conferences where I could
present my work. Furthermore, the research stay at the Materials Research Laboratory of the
University of California, Santa Barbara was a very nice experience.

I would like to thank the DFG for the financial support of my research project - money has
never been a problem. Furthermore, I am very grateful that the University of Bavaria
supported my work with a scholarship (according to Bayerisches Eliteforderungsgesetz
BayEFG) for two years and 10 months and paid the costs of my research stay in Santa
Barbara, California.

Our cooperation partners from the Department of Biomaterials (Prof. Dr. Thomas Scheibel
and Eileen S. Lintz) and Physical Chemistry II (Prof. Dr. Andreas Fery, Alexandra
Schweikart and Moritz Tebbe) are gratefully acknowledged for the successful collaboration.

I thank the Elite Study Program “Macromolecular Science” within the Elite Network Bavaria
(ENB) for giving me the opportunity to attend its interesting lectures, workshops, seminars
and exciting conferences.

Special thanks go to Dr. Reiner Giesa for many fruitful scientific discussions. More
important, he has become a personal gain of my time in Bayreuth. I will never forget our
celebrations after having published a manuscript. Reiner, you are awesome!

I am indebted to the entire research group of Macromolecular Chemistry I for its kind
welcome after my move from Marburg. Thank you for all the cooperativeness and the
fantastic working atmosphere. It was always a pleasure to come to the university! The
technicians Jutta Failner, Sandra Ganzleben, Doris Hanft, Helga Wietasch, Irene Bauer,
Andreas Kiist, Alexander Kern and Rika Schneider are gratefully acknowledged for providing
such an efficient infrastructure for our research group. All the credit is due to the secretary
Petra Weiss for her kindness, helpfulness and her organizational skills. Furthermore, I thank
Dr. Christian Neuber for fruitful discussions, ideas and inspirations.

Special thanks go to my former laboratory mates Dr. Andreas Timme who solved quite a few
of my computer and software problems, Doris Hanft for her best wishes for the weekend, and
Julia Singer for letting me use her fume hood.

The MCI soccer team composed of Dr. Florian Richter, Christian Probst, Johannes Heigl and
Philipp Knauer is acknowledged for a lot of exciting soccer discussion during lunch break. I
thank Daniel Wagner for our soccer small talk during our gas bottle service time.
Furthermore, I thank the soccer team CSB for kindly accepting me as a team member.

I would also like to thank the CSG for organizing the annual Christmas party and summer
festival.

I thank the former students Anais Graterol, Bernhard Glatz, Christoph Steinlein and Mathias
Schlenk who worked with me on my topic within their practical lab courses and my ENB
colleague Olivia Stiehl for their contribution which is also acknowledged in the manuscripts.

Special thanks go to the machine shop of the Department of Geosciences for manufacturing
the mixing heads, molds and step motors which were essential for the success of this work.

At last, I thank my family for all its ongoing support, especially when it was really needed.
This work would not have been possible without their support.



Danksagung 159

Danksagung

Zuerst mochte ich mich bei meinem Doktorvater Prof. Dr. Hans-Werner Schmidt fiir das
interessante, interdisziplinire Thema, die hilfreichen Diskussionen und das tolle
Vertrauensverhéltnis bedanken. Es hat mir sehr gut gefallen, meine Arbeit auf Konferenzen
vorstellen zu diirfen und mit dem dreimonatigen Aufenthalt am Materials Research
Laboratory der University of California, Santa Barbara auch in einem internationalen
Forschungsumfeld Erfahrungen sammeln zu kénnen.

Ausserdem bedanke ich mich bei der DFG fiir die grof3ziigige Bereitstellung von finanziellen
Mitteln fiir die Durchfiihrung dieses Projekts - es hat wirklich an nichts gemangelt. Die
Universitit Bayern e.V. hat mich im Rahmen eines Graduiertenstipendiums nach
Bayerischem Eliteforderungsgesetz (BayEFG) fiir 2 Jahre und 10 Monate finanziell
unterstiitzt und die Kosten fiir den Auslandsaufenthalt iibernommen, wofiir ich sehr dankbar
bin.

Den Kooperationspartnern vom Lehrstuhl fiir Biomaterialien (Prof. Dr. Thomas Scheibel und
Eileen S. Lintz) und von der Physikalischen Chemie II (Prof. Dr. Andreas Fery, Alexandra
Schweikart und Moritz Tebbe) mochte ich fiir die tolle Zusammenarbeit danken.

Ich danke dem Elitestudiengang ,,Macromolecular Science™ innerhalb des Elitenetzwerks
Bayern (ENB) fiir die Moglichkeit, an zahlreichen interessanten Vorlesungen, Seminaren,
Workshops und Konferenzen teilnehmen zu konnen.

Ganz besonders danken mochte ich Dr. Reiner Giesa, der mir in den vergangenen drei Jahren
nicht nur wissenschaftlich stets mit gutem Rat zur Seite stand sondern auch auf menschlicher
Ebene eine echte Bereicherung meiner Doktorarbeit war. Unsere Feiern bei erfolgreichem
Abschluss eines Projekt werde ich nie vergessen. Reiner, Du bist klasse!

Dem gesamten Lehrstuhl Makromolekulare Chemie I mochte ich fiir die tolle Aufnahme nach
meinem Wechsel von Marburg, fiir die Hilfsbereitschaft und die fantastische
Arbeitsatmosphédre danken. Es hat jeden Morgen richtig Spa3 gemacht, zur Uni zu kommen!
Den Technikern Jutta Failner, Sandra Ganzleben, Doris Hanft, Helga Wietasch, Irene Bauer,
Andreas Kiist, Alexander Kern und Rika Schneider danke ich fiir die tolle Infrastruktur an der
MCI, was die Arbeit sehr erleichtert hat. Der Sekretirin Petra Weiss mochte ich danken fiir
Ihre stete Hilfsbereitschaft, frohliche Art und ihr Organisationstalent. Weiterhin danke ich Dr.
Christian Neuber fiir interessante wissenschaftliche Diskussionen und Anregungen.

Besonderer Dank gilt meinen ehemaligen Laborkollegen Dr. Andreas Timme, der mir bei so
einigen Computer- bzw. Softwareproblemen stets mit Rat und Tat zur Seite stand, Doris Hanft
fiir ihre Hilfsbereitschaft und die stets netten Griile zum Wochenende sowie Julia Singer fiir
die freundliche Bereitstellung ihres Abzugs mit Vakuumlinie.

Der MCI-FuB3balltruppe um Dr. Florian Richter, Christian Probst, Johannes Heigl und Philipp
Knauer danke ich fiir viele spannende Diskussionen am Mittagstisch. Daniel Wagner danke
ich fiir die gemeinsame Zeit beim Gasflaschendienst. Ich hitte keinen besseren Partner zum
FuBball-Smalltalk haben koénnen. Dem Fuf3ballteam der CSB danke ich fiir die freundliche
Aufnahme in die Mannschaft und das regelmédBige Training am Dienstag. Das werde ich
vermissen!

Generell gilt mein Dank der CSG fiir die Organisation ihrer tollen Weihnachtsfeier und des
Sommerfests.

Ich danke den ehemaligen Studenten Anais Graterol, Bernhard Glatz, Christoph Steinlein und
Mathias Schlenk, die im Rahmen von Mitarbeiterpraktika mit mir auf meinem Projekt
gearbeitet haben, sowie meiner ENB-Kommillitonin Olivia Stiehl fiir ihren Beitrag zu dieser
Arbeit, welcher ebenfalls in den Danksagungen der Verdffentlichungen honoriert ist.



Danksagung 160

Ich danke der gesamten Werkstatt der Geowissenschaften fiir die Bereitstellung der
Mischkopfe, Formen und die Schrittmotoren, ohne welche die vorliegende Arbeit nicht
moglich gewesen wire.

Vielen herzlichen Dank an alle jene, die indirekt zum Gelingen der vorliegenden Arbeit
beigetragen haben.

Zuletzt danke ich meiner Familie fiir die permanente Unterstiitzung, vor allem, wenn es mal
nicht so lief. Ohne ihren Riickhalt wire diese Arbeit nicht moglich gewesen.



Erklarung 161

Erklarung

Hiermit erklére ich, dass ich die vorliegende Arbeit selbststindig verfasst und keine anderen

als von mir angegebenen Quellen und Hilfsmittel benutzt habe.

Ferner erkldre ich, dass ich anderweitig mit oder ohne Versuch nicht versucht habe, diese
Dissertation einzureichen. Ich habe keine gleichartige Doktorpriifung an einer anderen

Hochschule endgiiltig nicht bestanden.

Bayreuth, den

Kai Uwe Clauf3en



