Strong and Tough Double Network Hydrogels based on
Poly(2-oxazoline) and Polyacrylates

Zur Erlangung des akademischen Grades eines
Dr. rer. nat.

von der Fakultat Biound Chemieingenieurwesen
der Technischen UniversitBortmund
genehmigte Dissertation

vorgelegt von

M.Sc. Paola Andrea BenitezDuif
geb. Benitez Rengifo

aus

Cali, Kolumbien

Tag der mindlichen Prifun@4.01.2025

1. Gutachter Prof. Dr. Jorg C. Tiller
2. Gutatter: Prof. Dr. Dieter Vogt

Dortmund 2025



Acknowledgements

Acknowledgements

This Ph.D. thesis would not have been possible without the support, dedication, and

encouragement of several people, to whom | am truly grateful.

First and foremost, | would like to express my sincere gratitude to my supeRrisbr. Jorg

C. Tiller, for his continuous support, insightful discussions, and for giving me the opportunity
to develop an exciting research topic during my Ph.D. research. | deeply appreciate the
invaluable scientific exchange and guidance throughout this jodirdyas beeran honor to

work under his supervision.

Additionally, | extend my heartfelt gratitude Rrof. Dr. Dieter Vogtand Prof. Dr. Norbert
Kockmannfor reviewing and examining my doctoral thesis. Their valuable time, insightful
feedback, and critical evaluation have significantly shaped this dissertation. Their expertise and

constructive comments were instrumental in refining my work.

| am immensely grateful to the students who contributed to this research through their
dedication, experimental efforts, and commitment. Their hard work played a crucial role in
making this project a success. In particuebastian Weckes, Daniel Kurka, Karlina M. Edel,

Mathusiha Santhirasegaran, and Semra Go#ichsin outstanding job during their final theses.

| also appreciate the collaboration and support of our research palnekdarina Breisch
from theBG University Hospital Bergmannsheil Bochum, Surgical Research, Ruhr University
Bochum for her advice and the execution of the cell té3tef. Dr. Wolfgang Tillmanrand
Dr. Dominic Stangieffrom the Institute of Materials Engineering, TU Dortmunidr their

guidance and for giving me the opportunity to conduct the tribological investigations.

A special thanks goes to my colleagues in the research group and the past and present members
of Lehrstuhl BMR whose collaboration, discussions, and support have enriched both my
scientific work and my personal experience as a researcher. The stimulating exchange of ideas
and the strong team spirit within our group made this journey both productive and enjbyable.

am especially grateful for the professional and personal supportdrofrank Katzenberg,

Dr. Montasser Hijazi, Dr. Marko Milovanovic, Dr. e Romanovska, Sascha Wilhelm, Lena
Benski, Michail Maricanov, Robert Jerusalem, Jonas Tophoven, Alexandra Riedel, and

Thorsten Moll To the newer members of the gréuglthough our paths only crossed briefly,



Acknowledgements

your support during the final stages of my Ph.D. did not go unnotedghstian WeckeSuan
Yang, Tim Stuck, Cemran Toydemir, and Jonas Lichtenstesincerely appreciate your

encouragement and wish you all the best in your own academic journeys.

Beyond the academic and technical aspects, | am deeply grateful for the unwavering support of
my family: Enelia Rengifo, Ingelman Benitez, Eliana Benitez Rengifo, and David Benitez
Rengifa | also want to thank mfamily in Germany Birgit and ChristianDuif, along with

Anna, Mia and Damionand the VahlhausAretz family, for their kindness and suppoA.

special mention goes tulia GalindezInge and Karl Vahlhaus, who are no longer with us but

remain in my heart.

Most importantly, | would like to express my deepest gratitude to my husGansten Duif
Thank you for standing by my side all these years, from the moment | arrived in Germany until
now. Words are not enough to express how much your love and support have meant to me

throughout this journey.

Finally, 1 want to thank all my friends, and those who have become like family, for their
unconditional support, care, and friendship over the years, esp&rialiichael Cortazar, Lali

Lopez Conesa, Zamanyi Vargas, Liliana Gonzalez Gomez, and Kristina and Jasper Klahm

To all those who have contribu@dcientifically, through their hard work, or through their

steadfast suppa@t| extend my heartfelt gratitude.

Thank you all.



The present work wasonductedrom May 2019 toApril 2023 under the supervision of Prof.
Dr. Jorg C. Tiller Chair of Biomaterials and Polymer Scieneéeghe Faculty of Bie and

Chemical Engineering at the TU Dortmund University.

Publications

P. A. BenitezDuif, M. Breisch, D. Kurka, K. Edel, S. Gokcay, D. Stangier, W. Tillmann, M.
Hijazi, J. C. Tiller, Ultrastrong Poly{®xazoline)/Poly(Acrylic Acid) DoubldNetwork
Hydrogels with Cartilagd.ike Mechanical Propertie&dv. Funct. Mater2022 32, 2204837.
https://doi.org/10.1002/adfm.202204837

AAAAAAA

10 20 %2 % 60 T 00 %0 100

o
Strain [%])

/" Compressive Stress [MPa)
AL LB A B A e A S
(']
3
&

P. A. BenitezDuif, S. Weckes, R. M. Pinto Ferreira, D. Kurka, J. C. Tiller, Insights on the
influence of functional side groups on the mechanical performancePaf/(2
oxazoline)/Poly(aciate) double network hydrogelsPolymer 2025 319, 128014.
https://doi.org/10.1016/j.polymer.2024.128014

Poster Presentation

P. BenitezDuif, DoubleNetwork Hydrogels based on Polyf2ethyt2-oxazoline) and
Poly(Acrylic Acid) as Artificial Cartilage, Freiburg Macromolecular Colloquium 2023,
Freiburg, Germanysebruary 2023


https://doi.org/10.1002/adfm.202204837

Declaration regarding the reproductions of previously published content

Parts of this work were previously published by the author of this thesiarffA|B]) and parts
of this workare based odata, whichwereobtainedduring the preparation ofd@helofs and
Maste’s theses performed at the Chair of Biomaterials and Polymer ScieZleg5]) under

the supervision of the author.

This is a comprehensive |ist of the indiuvi
Chapter3: containgparts based odatafrom [A], [C], [D], [E]

Chapterd: contains parts based on d&tam [A], [B], [D], [C]

Chapter5: contains parts based on d&tam [A], [B], [F]

[A] P. A. BenitezDuif, M. Breisch, D. Kurka, K. Edel, S. Gokcay, D. Stangi&t Tillmann,
M. Hijazi, J. C. Tiller, Ultrastrong Poly{®xazoline)/Poly(Acrylic Acid) DoubldNetwork
Hydrogels with Cartilagéike Mechanical Propertieadv. Funct. Mater2022 32, 2204837.

[B] P. A. BenitezDuif, S. Weckes, R. M. Pinto Ferreira, D. Kurka, J. C. Tiller, Insights on the
influence of functional side groups on the mechanical performance of Poly(2
oxazoline)/Poly(acrylate) double network hydrog®slymer,2025 319, 128014.

[C] Edel, KarlinaM. Untersuchung der mechanischen Eigenschaften von Doppelnetzwerken
auf Basis von Polyfnethyl2-oxazolin)/Poly(acrylsaure) in Abhéngigkeit des
Quellmittels. TU Dortmund University202Q [Bachelofs Thesig

[D] Kurka, Daniel. Untersuchung der mechanischen Eigenschaften von Doppelnetzwerk
Hydrogelen auf Basis von Poly{kazolinen) in Abhéangigkeit des zweiten Netzwerkes. TU
Dortmund University2021 [Mastefs Thesi§

[E] Gokcay, Semra. Synthese und Charakterisierung von Doppelnetiyerkgelen auf
Basis von Poly(2Methyl-2-oxazolin)/Poly(Acrylsdure). TU Dortmund Universitp021
[Master’ sThesig

[F] Santhirasegaran, Mathusiha. Doppelnetzwdykirogele auf Basis von P¢Brmethyl2-
oxazolin) und AcrylatCopolymeren. TU Dortmund Universit2022 [Master sThesi$

[G] Weckes, Sebastian. Synthese und Charakterisierung vavo@eelnetzwerken auf der
Basis von Poly(2Methyl-2-Oxazolin). TU Dortmund University2023 [Master sThesi$

du



Table of Contents

Y 011 > Vo PP RRSRRR 1
ZUSAMMENTASSUNG. ...ttt ettt eeeeesee ettt e e e e e e e e e e e e e e s ammr e e e e e e e e e e e e s e e e e e s nnnne e e e e e e e e nnnnes 2
I [ 0o o 18 o o o ISP 3

1.1 Addressing Articular Cartilage Degeneration in The Aging Population: The
Potential of Tough Hydrogels...........ooooiiiiiiiiiieiee e 3
1.2  Engineering Tough Hydrogels: Double Network Hydrogels................cccveeee. 4
1.3  Covalent andNon-covalent Double Network Hydrogels and their Applications9
GOBUS. ..t 16

Ultrastrong Poly(2-oxazoline)/Poly(acrylic acid) Double network Hydrogels with

Cartilage-like Mechanical PropertieS........ccccoooeiiiiiiiiiiccee e 17
0t Y o 1 1 - Yo PSSR 17
I 0 1 011 o o 18 o o o TS 17
3.3 Results and DISCUSSIQN..........cooiiiiiiiiiireer et eeeessb b eeeeeeeeeeas 19
K @ T 1113 [ T 30
3.5 Experimental Section/Methods..............uuuuiiiiiiiieeeiiiiiiiiieieeeeeee e 31

Insights into the influence of functional groups on the mechanical performance of

Poly(2-oxazoline)/Polyacrylate Double Network Hydrogels...........cccooevvieiieiiiiceness 43
2 g R AN o ] 1 - Lo USSR 43
A |01 1 Yo [T 1] o USSR 43
4.3  ReSUItS and DISCUSSIQL.......ccceiiiiiiieiiiiiimmmeeeeereeeeeeeeenenn s smmeeesenssnnnaaaeeeeeas 45
N O] o T [ £ [0 o 57
4.5  Experimental SECtioN/MethOds..........cooviiiiiieiiiiieeciciee e 58

4.6 YN = o] 0 011 01 & TR 65



5. pH-Stable Double Network Hydrogels with Enhanced Mechanical Integrity Across

AWIdE PH RANGE. ...t e eea bbb e e e e e e e e eeeeeeeee s 67

5.1 ABSIIACT ... e 67
5.2 INIFOAUCTION.....ceiiiiiiiiiie et eeenae e 67
5.3  Results and DISCUSSIQN..........ccoiiiiiiiiiiireer i eeenssb e ee e eeeeeeeas 69
5.4 CONCIUSION. ...ttt et bbbt e e ettt e e e e e e e e s ammreeeeeeeeeas 78
5.5  Experimental Section/Methods...............uuuiiiiiiiieemiiiiiiiiieeeeeee e 79
5.6 AACNMENTS ....oiiiiiiiiiii e 87
6. Conclusions and OULIOOK............coiiiiiiiiii e e e e e e 89
7. REIBIENCES. ...t eeeea bbbt e e ettt e e e e e e emer e et e e e e e e e e e e s 92

TR TS 0 ) AN o] o [ (S A/ = L [0] 0 K- TSRO RPRORRR 114



Abstract

Abstract

Double network hydrogels (DNHs) adenown for their exceptional stiffness, toughness, and
tunable characteristics, making them valuable for applications in membrane technology, energy
storage, and, of significant importance, in biomedicine. These matghialg great potential

for replicating complex biomaterials such as cartilage. This work presents, for the first time, the
development of DNHs based on pohdRazoline) as the primary network and various
polyacrylates as the secondary network, resulting in nadgemith remarkable toughness. The
thesis is structured into three main parts, each addressing different features and challenges

involved in developing these DNHSs.

The first section focuses on the synthesis and optimization of DNHs using-pabZaline)s

(POx) and poly(acrylic acid) (PAA), yielding materials with biomechanical properties
comparable to cartilage, including high compressive strength and durabiléypimysiological
conditions. The second section further explores the potential ofb@&d DNI4 by
incorporating various polyacrylateas secondary networks. This part emphasizes the
investigation of interactions, functional groups, and the structuilakeirce of the networks
involved on the mechanical performance of the resulting hydrogels, achieving superior
mechanical properties compared to conventional DNHs composed solely of polyacrylate

networks.

Additionally, the thesis addresses the critical challenge of maintaining hydrogel functionality
across a wide pH range, essential for implantable materials exposed to varying tissue
environments and inflammatory responses. A novel DNH formulation, congpnmly(2
methyt2-oxazoline) and pg(acrylic acidco-acrylamide) P(AA-co-AAm), is developed,
demonstrating remarkable stability améchanical integrity across pH levels from 3.4 to 10.5.
Through extensive mechanical testing, this research highlights the robustness and versatility of
these advanced DNHSs, positioning them as strong candidates for use in tissue regeneration,
implants, and other biomedical applications where durability anpkaloiéity are crucial. This

work contributes significantly to the understanding and application of DNHs inlexmp

physiological environments.



Zusammenfassung

Zusammenfassung

DoppehetzwerkHydrogele (DNHs) sind bekannt fur ihre auf3ergewdhnliche Steifigkeit,
Zahigkeit und anpassbaren Eigenschaften, was sie wertvoll fur Anwendungen in der
Membrantechnologie, Energiespeicherung und, von besonderer Bedeutung, in der Biomedizin
macht. Diese Mateslien zeigen groRes Potenzial, um komplexe Biomaterialien wie
Gelenkknorpel nachzubilden. Diese Arbeit stellt erstmals die Entwicklung von DNHs auf Basis
von Poly(2oxazoliren) als primarem Netzwerk und verschiedenen Polyacrylaten als
sekundarem Netzwerkoy, was zu Materialien mit bemerkenswerter Zahigkeit fuhrt. Diese
Dissertation ist in drei Hauptteile gegliedert, die sich jeweils mit unterschiedlichen Merkmalen

und Herausforderungen bei der Entwicklung dieser DNHs befassen.

Der erste Abschnitt konzentriert sich auf die Synthese und Optimierung von DNHs unter
Verwendung von Poly@xazoliren (POx) und Poly(acrylsaure) (PAA), wobei Materialien
entstehen, die biomechanische Eigenschaften aufweisen, die mit Gelenkknorpel vergleichbar
sind, darunter eine hohe Druckfestigkeit und Haltbarkeit unter physiologischen Bedingungen.
Der zweite Abschnittuntersucht das Potenzial von RPfasierten DNHsweiter, indem
verschiedene Polyacrylads sekundare Netzwerke integriert werden. Didssl hebt die
Untersuchung von Wechselwirkungen, funktionellen Gruppen und den strukturellen Einfluss
der beteiligten Netzwerke auf die mechanische Leistungsfahigkeit der resultierenden Hydrogele
hervor, wobei Uiberlegene mechanische Eigenschaften imeigrglu herkdmmlichen DNHSs,

die ausschlie3lich aus PolyacryMetzwerken bestehen, erreicht werden.

Dartber hinaus behandelt die Arbeit die zentrale Herausforderung, die Funktionalitat der
Hydrogele (ber einen weiten pBereich aufrechtzuerhalten, was fur implantierbare
Materialien, die unterschiedlichen Gewebeumgebungen und entzindlichen Reaktionen
ausgesetzt sind, unerlasslich ist. Eine neuartige BRfimulierung, bestehend aus Poly(2
methyt2-oxazolin) undPoly(acrylsaureo-acrylamid) P(AA-co-AAm), wird entwickelt und

zeigt bemerkenswerte Stabilitdt und mechanische Integritat Gb&verteé von 3,4 bid0,5.

Durch umfangreiche mechanische Tests unterstreicht diese Forschung die Robustheit und
Vielseitigkeit dieser fortschrittichen DNHs und positioniert sie als starke Kandidaten fiir den
Einsatz in der Geweberegeneration, Implantaten und anderen bionsetien Anwendungen,

bei denen Haltbarkeit und Anpassungsfahigkeit entscheidend sind. Diese Arbeit leistet einen
wichtigen Beitrag zum Verstandnis und zur Anwendung von DNHs in komplexen

physiologischen Umgebungen.



Introduction

1. Introduction

1.1 ADDRESSINGARTICULAR CARTILAGE DEGENERATIONIN THE AGING POPULATION : THE

POTENTIAL OF TOUGH HYDROGELS

As global demographics shift toward an aging populatiealthcare systems face increasingly
complex challengesOne significant consequence of this demographic change is the rising
prevalence of ageelated health issues, such as osteoarthritis (OA), which affects miions
peopleworldwide, around 7.6 % of the global population. Osteoarthritis, a degenerative joint
disease, leads to pain, reduced mobility, and diminished qualityepfplirticularly in older
adults? The World Health Organization in its global ageing and health report in 2015 already
highlighted OA as a leading cause of disabilitaéults aged 60 years and old@A leads not

only to a burden on health, but also imposes high costs; up to $ 15,600 a yestiepnér pn

the healthcare system due to ongoing, often minimally effective treatments.

Issues regarding articular cartilage degeneration have led to a growing demand for effective
and longlasting treatments. Traditionastrategies for cartilage repair, such as -non
/pharmacological methods and surgical interventions (e.g., microfracturing, Autologous
Chondrocyte Implantation (ACI), Osteochondral Autograft/Allograft transplantation, total joint
replacement}™ often fall short due to the limited natural healing capacitheartilage tissue,
especially considering the complex mechanical and biological requirements of cartilage
However, lydrogetbased treatment$,® such as hydrogels as scaffolds, -estibedded
hydrogels, bioprinted hydrogéfsand doublenetwork hydrogels, hold great promise for

improving cartilage repair outcomé&s*?

From a material perspective, articular cartilage is a multifunctional interpenetrating hydrogel
composed of proteoglycans and collagen type Il fibeexhibiting compressive strength
values up to 59 MP4!® and fracture energy of 1000 J2if’ despite having a high water
content of 60 to 85 wt%2° Additionally, cartilage has an exceptionally low coefficient of
friction (0.00%0.5),2! which makes this tissue particularly challenging rtomic.!’ In this
contextresearch on tough hydrogels, suckdasblenetwork hydrogel$DNHS), isparticularly
interesting becausendése materials have the potential dmsely mimic the mechanical
performance of natural cartilage, making them especially promising fortéong cartilage
repair in highstress area®
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Figure 1: Structure of articular cartilagg®

1.2 ENGINEERING TOUGH HYDROGELS: DOUBLE NETWORK HYDROGELS

Hydrogels are thredimensional crosinked polymer networkgapable ofcontainng large
amounts of watewithin their structure. Polymer hydrogels have been extelysinvestigated
andapplied, particularlyn biomedical fields, due their tunablenfttional properties, such as
capacity to bind waterswelling/deswelling behavior stimuli-responsivenesand good
biocompatibility?#?® However, conventional polymer hydrogels often suffer from weak
mechanical performanceith low elastic modulusround10 kPa and fracture energy values
between 1 to 10 ni2, which limits their extensiveapplication in drug delivery, soft robotics
and tissue engineerifgwhere a certain resistance égtreme mechanical impaand load
bearingneeds to be ensuf The limitations of traditional hydrogel$ave driven research
efforts in recent years towardkeveloping tougér hydrogelsthat mimic high-performance
natural tissues, such as tendons or cartilage, characterized for their toughness and high stiffness

in MPa and even ithe GPa range

Unlike traditional hydrogels, which are often brittle and prone to failudeustress, tough
hydrogels arengineered to withstand significant deformation and stress without brebking.

the design oftheseinnovative hydrogelsnaterials,the physicochemical propertieg the
4
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molecular levelmust be preciselyadjusted to engineer a material agle macroscopic
mechanicapropertieaneet thespecificrequirements athe intended applicatioby following
the secalled structurgroperty relationshig® To develop successfullgtiff and tough
materials, theimolecularstructure mushbe optimized tenable an efficient energy dissipation

throughout the nevork during mechanical stress.
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Figure 2: Energy dissipation during mechanical stress in A) conventional hydrogedeuB)enetworls, and c)
non-covalently crosdinked networks. D) Overview of different energy dissipation madespecific moleclar

interactions/architectures. Figure adapted frétB T E L | Net@E R



Introduction

In conventional hydrogels, when deformation occurs, tensile stress is concentrated on the
nearest neighboring crofiaks, which eventually leads to their rupture and subsequent material
failure due to the lack of an effective energy dissipation mecharibm.incorporation of
sacrificial bonds in tough hydrogels is a widely employed strategy for energy dissipation,
making these bonds crucial for the reversible recovery of the network during and after
mechanical stress. As described By T EL I NamKVOMMER,?® sacrificial bonds can be
introduced by polymerizing a second, more brittle network within an initially loosely-cross
linked network, forming a double network. When the material is subjected to mechanical stress,
bonds within the second, more brittle netlwobreak, leadingto energy dissipation.
Alternatively, sacrificial bonds cabe formed through supramolecular transient interactions,
which are capable akversible besing and reformatiod® In this case, the sacrificial bonds

are of noncovalent nature, allowing then to reversibly break andom®. Noncovalent
interactions that contribute to this mechanismlude, but are not limited tanetatligand
coordination, ionic interactions, hydrogen bonding, microphase separation, hydrophobic
interactions, polymenanomaterial adsorption, hegtiest complexation, or supramolecular
selfassembly® This diverse arrapf interactionscan be effectively harnessed in hydrogel
structures such asoublenetworkhydrogels, which are designed to exploit these interactions

for enhanced mechanical properties and energyjpdison.

Double network hydrogels (DNHs) are polymeric materials consisting of two interpenetrating
or semipenetrating polymer networksuperiorto either individual network in terms of
mechanical strength doughnessl. PGoNG et al3! advanced the concept dbublenetwork
hydrogels and, in 2003, demonstratedthe first time how hydrogels with exceptionally high
mechanical strength can be achieved usitguilenetworkarchitecture®*2Thefirst network

was composed ac2-acrylamide2-methylpropane sulfonic acid (AMPS\vhich was highly
crosslinked, rigid, and brittle.Subsequently, a second netwofkelastic lightly crosslinked
polyacrylamide (PAAm)was introducedThe resulting double network despite containing
approximately 90% water, exhibited remarkable mechanical strength, withstanding
compression stress tp 17 MPa. Ircontrast pure PAMP&lonefractures at just 0.4 MRaith

a water content of also 90%his significant enhancement in mechanipatformanceis
attributed to the brittle chains of the first netwowkich function as sacrificial bonds that
disgpate energy, while the elastic second network maintains the integrity of the hydrogel under
higher strains. Althougkachof the two individual networks are mechanically wetale, high

strengthof the resulting DNs not attributed t@ linear combination of the two components,

6
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but to thesynergisticeffect of this binary structure. Thus, the resulting DN hydrogels are stiff

but not brittle, ductile but not soft

PAMPs gel PAMPs PAAm DN gel
20 1 1 1 1

PAMPS-PAAm DN gel *

-t
(&)
1

A
A
A
A
10k E 2
2
2
2

PAAm gel

Stress /| MPa

PAMPS gel

20 40 60 80 100
Strain / %

Figure 3: A) Compression stresgrain curve for the single networks PABIBnd PAAmM and the combined
PAMPS-PAAmM DN gel. Graphic demonstration how B) PAMPS gel and C) PARAZSn DN gel sustain the

compression stresBigure adapted fronGoNGet al3*

ThroughGong's pioneeringork, three primary methodsave been introducddr synthesizing
DN hydrogels(refer toFigure 4) each with distinct advantages aauplications The first of
these methods, thevo-stepapproachoriginally proposed byGONG, involves the sequential
formation of twodistinct polymemnetworks?28 The first network isa rigid, highly crosslinked
polyelectrolyte which is synthesized via U\Mnduced photegolymerization to provide
structural integrity.Following the formation of this firstetwork, itwasimmersed ira solution
containing monomer, initiator anctosslinker for the second netwoskhich is neutral and
more flexible Polymerization of thesecond networkhen occurs within the swollen first
network, resulting in a DN hydrogel where both networks are chemically-lan&esl.
Althoughthis method is limited by its reliance on the swelling ability of the first network
the diffusion of theascond networls monomer within it, the separateifeation of the netwdks
allows better control over the structure and features of each polymer network, resulting in

hydrogels withexceptionamechanicaperformancend tunable propertié§34



Introduction

In the twoestep method, @yelectrolytes, which exhibit significant swellingehavior are
typically usedto form the first network. Howevethis poses a challenge when using neutral
networks, which have poor swelling capabilitid® addres these limitationsNAKIJAMA 3°
developed an alternative method known as rti@ecular stent approachThis technique
generallyinvolves the incorporation dinear polyelectrolyte chains or ionmicelles into an
initially neutral network, which serves to elevate the osmotic pressure within the composite
neutralnetwork?®3¢3” This process leads to the formation of highly swollen, yet mechanically
weak and brittle gels. Subsequently, stent (stDN) hydrogels aresynthetized through the
polymerization of a secondary precursor solution within the swollen first netWaik.is
followed by the removal of the polyelectrolyte chains or ionic micdlieprolonged washing

or electrophoresi® This approach circumvents the limitations of the clas§®alhydrogels
synthesis methodby not relying on the swelling of the initial networthereby providing

enhanced control over the mechanical propedidke final network hydrogel.

The two-step and molecular stent methais often timeconsuming andesource intensive

To simplify the synthesis processnestep methodwas developed, which involves the
simultaneous incorporation afonomersinitiators andcrosslinkers required foboththe first

and second network into a single mixt(ae illustrated in Figure-B). This mixture issubjected

to, initiated by either temperature or Uight to form the DNhydrogels*”2836 Most of the
studies that report the use of this method focus on the syntheddNidé based on
polysaccharides with thermoreversible-goé | transi ti o-nasrageersan, @id a s
sodium alginaté®*! These materials require specific gelation conditions, making it difficult to
control the polymerization of the secondtwork, as well asrosslinking reactionsand the

overall hydrogel structure, among other challenges. The DNHs synthesized using these methods
achieve tensile strengths of up to 1.0 MPa, compressive strengths of up to 39fMBtare
strainvalues of up to 3500%, and an elastic modulusao®.2 MPg*®>*! which indicates that

they are not stiff enough and hence show high deformation values. It is also known that
hydrogels based othesepolysaccharides have a swelling capacity exceeding 1(0@#d

many studies do not report the swelling conditions of these materials under mechanical

testing®

[e})
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1.3 COVALENT AND NON-COVALENT DouBLE NETWORK HYDROGELS AND THEIR

APPLICATIONS

The differentsynthesis methods for doubdetwork (DN) hydrogels enable ti@brication of
materials with a diverse range of properties, achieved by combining two interpenetrating
polymer networks with contrasting mechanical and chemical characteristics. The unique
properties and potential applications of these hydrogels arise tfre specific interactions
between the two networks and the crtisking mechanisms employed during their synthesis.
Accordingly, DN hydrogels can lmategorized based on the type of interactions that stabilize
the networks:covalent (involving strong,rieversible chemical bonds) and roovalent

(involving weaker, reversible interactions such as hydrogen bonding, ionic interactions, or
9
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hydrophobic forces). These differing interaction types contribute significantly to the
mechanical properties, swelling behavior, and responsiveness of the DN hydrogels, thereby
influencing their suitability for various biomedical, industrial, and enviramale

applicationg’®44
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Figure 5: Classification ofdoublenetwork hydrogel$®

Covalent DN hydrogelsconsist of two networks that are chemically crlisked through
covalent bond$™28 The first network is typically rigid and brittle, while the second is more
flexible, allowing the material to absorb stress and dissipate energy efficiently. Covalent DN
hydrogels are known for their high mechanical strength and durability. Howevesythigiesis

often involves complex, muistep processes, and once damaged, they cannot easily self
repair3® An example of a covalent DN hydrogel is the combination of pedgflamide2-
methylpropanesulfonic acid) MPS) and polyacrylamide (PAAmMyvhich has been used as

a building block for variousloublenetwork hydrogels syteni$3¢#%including reinforcement

mechanisms using silica nanoparticies
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Building on teir first work, GONG et al*’ developed DN hydrogelsomposedof a brittle
network ofpoly (2-acrylamide2-methylpropanesulfonic acid) sodium salt (PNaAMBBJ) a
stretchable network gfoly(acrylamide) (RAm). These hydrogels exhil@hability to increase
their strength under mechanical strésat closely resembles the behavior raturalmuscle
tissue In order tomimic this feature of muscléssue, the synthesized chemically crbsked
PNaAMPS PAAmM DN hydrogel has to be capable of withstanding repeated mechstness,
whichleadst o a f o r mwithih thehegtwodksvTthis ghenomenon occurs because the
mechanical force applied to the network causes the breaking of covalerlirkssgesulting
in the formation of mechanoradicalhesemechanoradicalre able to initiate a reconstructive
polymerization processllowing the network to rebuild and strengthen itself over #é&*
This strategys illustratedin theFigure 6.
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Figure 6: Conceptual scheme of seifowthPNaAMPS PAAmM DN hydrogel by mimicking the mechanical

training of the muscle tissfé*®

Non-covalent DN hydrogels in contrast to their covalent counterparts, rely on physical
interactions such as hydrogen bondiydrophobic andionic interactions metatligand

coordination, and hogjuest interactions to form their network structures. These physical
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crosslinks are dynamic amdversible, allowing theesultinghydrogels to exhibit seliealing
propertiesThe nature and dynamics of these physical crosslinks play a crucial role not only in
regulating the network's mechanical properties but also in imparting stesplonsive and
selfrecovery features to the hydrogéf® However, while norcovalent DN hydrogels
generally exhibit lower mechanical strength comparethe@ovalentDNHSs, the diversity of
non-covalent interactions can significantly enhance their resistance to fracture. This makes
them suitable for a wide range of applications where flexibility, -fsedfing, and
responsiveness are desiPée® Additionally, the incorporation of different types of interactions

in DN hydrogels allows for the formation of various configurations. For exarhglajd

double network hydrogels’’28 can be created by combining covalent crosslinks with- non
covalent interactiongs reinforcementwhich can be tailored for more complex material
structures and applications. These hybrid DN hydrogels are of particular interest due to their
enhanced mechanical properties and multifunctional capabilities, which can be advantageous

for applications intissue engineering, drug delivery, and soft robctics.

HE andY uAN®° developed a multifunctional organohydrogel with exceptional antifreezing and
antidrying properties, achievingver 85% optical transparency, high stretchability (up to
1200%), and strong adhesion to various substrates. This organohydrogel consists of a
poly(acrylic acid) (PAA)/gelatin (GE) double network, tannic acid (TA), and aluminum ions
(Al'}] ) i n erira solveat PRAr ahdydelatio form a doubleetwork, where gelatin
moieties argartially crosslinked by tannic acidThe physically crosinked gelatin acts as
"sacrificial bonds" for dynamic energy dissipation, improving the hydrogel's recovery during
deformation, while the chemically crebsked PAA strengthens the materidldditionally,

Al | i ons not onl vy serve as conductive [
organohydrogel, but also form metal ionic coordination interactions with the free carboxyl
groups on the PAA chains and the phenolic hydroxyl groups ofAhm the crosdinked
network, further enhancing the mechanical gtlen Inspired by mussel adhesion, the
introduction of TA provides repeatable adhesive performance across various surfaces, such as
glass, netal, plastic, and pigskimhe organohydrogel is synthesized using a@otemethod

with rapid UV irradiation, offering a simple and efficient preparation. This antifreezing,
antidrying organohydrogel holds promise for applications in flexible electronics, fuman

machine interfacesind healthcare monitoring in varied environmehts

12
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(GE) double networky HE and YUAN.%S B) poly(acrylic acid) (PAAc) and poliisopropylacrylamide)
(PNIPAmM) doubleetwork hydrogels with cooperative hydrogen bondgHBNG et al>®

The dynamic nature of hydrogen bonding interaction in DNHables the development of
materials thaexhibit both toughness and elasticityhich are increasingly soughafter for
biomedical applications, particularly in engineering kdring artificiatissuesand devices.

ZHENG et al>® reported the development of tough poly(acrylic acid) (PAAc) and Nely(
isopopylacrylamide) (PNIPAm) doubleetwork hydrogel¢seeFigure 7B). These hydrogels,
containing betwee4 % and 72% water in their structure, demonstrated outstanding
mechanical properties, with tensile strength ranging from up to 4.6 MPa, elongation at break
between 98% and 275%, and an elastic modulus from 11 to 226 MPa. These high values of
elastic modulusvere achieveddue to dense cooperative hydrogen bobetveen the two
polymer networks.Additionally, these hydrogels show a fddnsitive and temperature
responsive shape memory effelgtaterials with this kind omechanical performance bridges

the gap between synthetic tough hydrogels and natural soft tissues, making this kind of material

ideal for advanced biomedical applications.
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Anotherapproach to synthetrzy materialsthat can mimiccomplex natural tissues, such as
articular cartilageinvolvesincorporatng copolymers and leverage hydrophobic interactions
DNHs. GRUNLAN et al*® successfullydeveloped thermoresponsive DNHs composed of an
anionic poly(2acrylamide2-methylpropane sulfonic acid) (PAMPS) first network and a
tunable, thermoresponsive secondnetwork of poly(-isopropylacrylamideco-acrylamide)
[P(NIPAAmM-co-AAmM)]. These DNHSs exhibit compressive strengti25MPa with 80% water
content, an@n elastic modulusf ca. 1 MPa and low coefficient of friction similar to the natural
cartilagetissue.In these DNHSs, ionic interactions within the first network and reversible

hydrophobic interactions within the second network contribute to their remarkable properties.

N
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Figure 8: DNHs composed of polygrylamide2-methylpropane sulfonic acid) (PAMPS) and phaky(
isopropylacrylamideco-acrylamide) [P(NIPAArrco-AAmM)] with cartilagelike mechanical performance. This

figure was adapted froBRUNLANet al®®

These examples of DN hydrogels (DNHSs) represent only a small fraction of the extensive
research dedicated to their preparation over the last two decHueslevelopment and
understanding oflouble networkhydrogels represent a frontier in material science with
immense potential. Bynastering the intricate mechanisms of energy dissipation and material
reinforcement® researchers can craft hydrogels with tailored properties that mimic the
complexity of natural tissues. This ability to customize DN hydrogels opens up exciting
opportunities for innovative applications in energy storage, environmental sustainability, and
14
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biomedical engineering, promising solutions to some of the most pressing challenges in these
fields.>"%! As research continues to evolve, DN hydrogels are poised to transform the landscape
of material science, offering new insights and breakthroughs for future technologies.

Double network hydrogel systems with remarkable mechanical performance are primarily
synthesized using twstep methods, and most them are based gooly(2-acrylamide2-
methylpropanesulfonic acid) (PAME) and polyacrylamide (PAAnf-6253 However, the
inclusion of polyelectrolytes like PAMPS in these systems poses significant challenges in
controllingthewater uptake, which directly affects mechanical performance under varying pH
and salt concentrations. This lack of control makes it difficult to achieve consistent properties
in diverse environments. A common strategy to mitigate this issue involves adding
thermoresponsive polymers likpoly(N-isopropylacrylamide) RNIPAAM),** which can
suppress swelling above its lower critical $win temperature (LCST) of 3Z.%4 However,

this approach is still limited, particularly when designing hydrogels for biological applications,

where control over swelling and mechanical behavior in a broad range of conditions is crucial.

Giving the growingmportance of developing tough materialgh versatile featureand the
limitless possibilities in designingouble networlsystems, this studptroducesnoveldouble
network (DN) hydrogels based on Poly(azoline) (PO as the first network and
polyacrylatesas the second. Poly&azolines) are particularly attractivdue to their
application in biomedical field& % as they exhibibiocompatibility similar to Polyethylene
glycol (PEG.%" Their versatile cationic ringopening polymerization mechanism enables
precise control over polymerization degrggroduction of comonomeemndfunctionalization,
inter alia, by endyroups. Additionally, formation of segmented copolym&rprovides
responsive behavioin solvents orin response to temperature chantjé€ The twostep
synthesis method employed to create these DN hydrogels enables independent control over
each network, allowing the fiAgining of properties. This makes POx an ideal polymer class
for developing DN hydrogels with customizable mechanical andtional features. Research
on POxbased polymer systermopensnew possibilities in the DNHs field, with the potential to

develop advanced materials with enhanced mechanical strength and versatile functionality
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2. Goals

The unique structure oflouble networkhydrogels(DNHs) endowsthem with enhanced
toughness and durability, making them suitable for various demabidimgedical applications
suchasbiomaterials for sd#olds in tissue engineering amdtificial implants for challenging
load-bearing tissuelike articular cartilageThe primary aim of this research woikto develop
and designDNHs with remarkable mechanical performanspecifically to mimic the
mechanical featueeof the articular cartilageTo address this, the study explored the use of
poly(2-oxazoline) derivatives, such as polyfethyt2-oxazoline) (PMOXx) and poly{2thyk
2-oxazoline) (PEtOx) as the first network, combined with different polyacrylates like
pol(acrylic acidPAA) asasecond network. This combination aintedorm hydrogel system
with enhanced mechanicalgpertiesand stability in physiologic} relevant environments.

To achieve the overarching ajrthe research involved developing and optimizDiyHs
composed of a primary network of POx and a secondary network of polyacrylate derivates such
as PAA angolyacryamid¢dPAAmM). By exploring diffgent polyacrydtes, ths researclsought

to analyzeand determiathe contributiors of functional groupsn the interactions between the
networlksinvolved,particularly focusing ohydrogen bondingyhich plays a crucial role in the
mechanical stability of the formed DNH&/ith a deep nderstanding of DNHs design and the
importance of strong dynamic hydrogen bonding interactmnsiechanical performanctqis
studyaimedto create DNHs with improved compression strength that remain stable in basic
environments, addressing the challenge of pH sensitivity in hgtirogontaining ionic
componentsThis approach aimed to advance the development akpidtant hydrogels for
biomedical applications where environmental conditions can vary significdimyfindings

from this study are expected to guide the desijnextgeneration hydrogels with tailored

properties for specific medical and engineering applications.
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Results & Discussion

3. Ultrastrong Poly(2-oxazoline)/Poly(acrylic acid) Double network

Hydrogels with Cartilage-like Mechanical Properties

This chapteiis based on a paper publicationP.BENITEZ-DUIF!’ asthe first author Also some
results were obtainedlith thecollaboration oD. KURKA,! S. GokcAY ?andK. EDEL" as part

of theirfinal thesiswork.

3.1 ABSTRACT

The exceptional stiffness and toughness of deobtevork hydrogels (DNHs) make them ideal
candidates for mimicking complex biomaterials such as cartilage, whichlirésd
regenerative capacity and often requires artificial replacement. These DNHs, made frem cross
linked poly(2oxazoline)s (POx) and poly(acrylic acid) (PAA), were synthesized using-a two
step process via Wihitiated polymerization. Stabilized by hyayen bonding even at
physiological pH 7.4 (PBS buffer), this stability is attributed to the-pHifting effect of POx

on PAAL’ DNHs based on poly¢thethyl2-oxazoline), which contain around 66 wt% water
and are noitytotoxic, exhibit biomechanical properties that closely resemble cartilage. These
include similar water content, stiffness, toughness, friction coefficient, congmesader
physiological stress, and viscoelastic behavior. The material also demonstrates impressive
strength in PBS at pH 7.4 and in egg white as a synovial fluid substitute, with compression
strength reaching up to 60 MPa, highlighting its superior padacet’

3.2 INTRODUCTION

Osteoarthritis (OA) is one of the most prevalent diseases affecting, inter alia, the articular
cartilage (AC) in load bearing jdi® like hip,shoulder,and knee. OA is currently a leading
cause of disability for 500 million people worldwide, around 7 % of the global population, and
it is expected that the number of people affected by this condition will considerably increase in
the coming year¥’ 4"

Currently, there are several treatment strategies to mitigate the effects of cartilage damage, such
as nonpharmacological methods (i.e., weight loss), pharmacological methods [e.g., Non
Steroidal Adti-Inflammatory Drugs (NSAIDEf and surgery intervention such as
macrofracturing and Autologous Chondrocyte Implantation (€% However, most of the
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treatmenstrategies mentioned above are still not a {targ solution to this condition. Due to

the articular cartilage’s complex structure the implementation of a suitable medical treatment
remains a challenge. On one hand, the articular cartilage structighlisdompacted and has

no vascularity. This makes delivery of drug molecules to the tissue unfeasible. On the other
hand, the cartilage lacks a fully sékaling capability and is a nereural tissue, which means

that symptoms appear when the cartilagmage is already sevefeln some cases, the only
treatment left is a hip or a knee joint replacement upon detection. Nevertheless, approximately
90 to 95% of all joint replacements have an endurance time limited to 10?Y@&gscally,
mechanical failure of the implant material is the main reason for a new surgical intervention,
which increases not only the burden of disease, but also the cost of treatment. Complications
related to implant failure could still be preventerbtigh the implementation of materials with
long-term stable mechanical properties that could increase the functionality and the period of

usel’

The development of materials with cartilades features has steadily gained significance in
the recent years. Since articular cartilage has a load bearing function with compressive strength
values from 14 MPa up to 59 MP4® an Equilibrium Water Content (EWC) between 60 and

85 wt%%2% as well as a very low Coefficient of Friction (COF) (0.6m%Y*; developing of
materials that mimic these biological features is highly challenging. Novel hydrogels s{stems
such asdouble network(DN) hydrogels’®287678 fipre-reinforced DNs* nanocomposite
hydrogels'®7®8 and Extracellular Matrix (ECMpased materigishave been developed in the
recent years in order to obtain materials with highly tough mechanical properties and tissue
like water content®82 Among all these materialdpuble networkiydrogels with at least one
polyelectrolyte component such as salts of pebgB/lamide2-methylpropansulfonic acid)
(PAMPS)#768386 and poly(acrylic acid) (PARPE*%° have been particularly highlighted as
potential cartilagdike materials. Thus, the incorporation of ionic components into the network
leads not only to a better hydration of the hydrogel, but also to the improvement of the
mechanical properties by hydmg bonding and/or ionic interactions between the polymers
involved?84476.82955eyeradoublenetworksystems as promising artificial cartilalgavebeen
reportedMany of them have been based on the work dor@dng, 3t in which PAMPS/PAAM

DN gels with a water content of 90 wt% could bear up to 17 MPa of compressiveMteass.

et al’® showed a DN hydrogel based on PASEPNIPAAM-co-AAmM) with cartilagelike
performance, with compressive strength of 25 MPa and water content values betvé&en 80
wt%. DING et al®® reported a hydrogel composite of P(fé-co-AM2.0)/XG1.0-GG1.oFe"/B,
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which exhibited a compression strength above 15.3 MPa and a water uptake up to 72 wt%. The
mechanical behaviour of both mentioned systems were determidistilied water; however,

only B. J. WILEY et all* have recently presented a system based on bacterial cellulose,
poly(vinyl alcohol) PVA), and PAMPS, which has cartilatike performance ina
physiologically relevant mediup®.15M PBS buffer. This material takes up around 55 wt% of
water and shows a compression strength of 17.3 MPa similar to the natural idol and an

exceptional wear resistantke.

Although these materials are very promising, the water uptake and therefore the mechanical
properties of polymer networks with ionic components strongly vary with environmental
conditions, such as pH and ion/salt concentralidf>® Thus, environmental changes during

the in vivo implementation could cause problems, because the ionic network materials can
change their dimensions and mechanical behaviour in presence of fluids such as blood.
Presumablymost suitable material for cartilage replacement would be one that does not
undergo great variation in either watgstake or mechanical performance upon environmental
changes. Such material would be more easily handled and would not substantially change
dimensions or functionality upon implementation. In this work, we report on mmeile
networkhydrogels based on polyazoline)s (POx) and nannizedpoly (acrylic acid) with
excellent mechanical cartilagi&e behaviour as potential wematerials for artificial cartilage

in varying physiologically relevant media.

3.3 RESULTS AND DISCUSSION

The gpal of this work was to create a DN hydrogel with cartitbke mechanical properties in
physiological environmenthatare not strongly affected by the concentration of salts and other
compounds. Thus, thdouble networkshould facilitate strong reversible bonds, such as
hydrogen bridges, but no ionic functioH#\ strong hydrogen bond former is poly(acrylic acid),
which has already been used as component to create stiff and strong physicaligleed43N
hydrogels with potential biomedical applicatidR$§*°® However, PAA based networks tend to

lose their excellent mechanical behaviour in-agrdic environments, because the carboxylic
acid groups of PAA are mostly deprotonated in aqueous medium withvalpélabove 4.7. In
consequence, the formation oflddrds between the networks involved are impaired. For
example, previously reported DNHs based on PAA and PEG showed excellent mechanical

strength at pH values up to pH but above this a dramaticaduction of the strength was
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observed? ¥ Interestingly, it has been reported that the p&ue of poly(acrylic acid) can be
shifted to higher values in the presence of polymer networks with hydrophobic components, or
a high degree of hydrogen bonding between the netwd?k§everal studies have emphasized
the capability of POx to form stable hydrogen bonds with PAA or tannic acid (TA), particularly
in Layerby-layer (LbL) system$210102 Thys, these systems are more stable at higher pH
values.We have explored, if this is valid for DN hydrogels based on these two polymers (see
Figure 1). To this end, telechelic polyf2ethyt2-oxazoline) (PMOx) and poly2thy}2-
oxazoline) (PEtOx) with acrylate end groups and different degree of polymerizgsris0,

100) were prepared by cationic riegening polymerization followed by emgtoup
modification withN,N-dimethylaminopropylmethacrylamide (DMAMAA). Such end group
functionalized POx havalready been successfully used to form POx based im&tweorks or
amphiphilic conetwork&?1%31% Al polymers could be obtained with narrow molecular weight
distributions and nearly complete end group functionalization (see Bablexperimental

sectior).

The telechelic POx were crebsked as films from their agqueous solutions via photo
polymerization. These primary networks were thoroughly rinsed in water for around 24 h,
which is important to obtain a homogenous mataglend productThen, the single POx
networks were soaked a neat monomer solution a€rylic acid containing photoinitiator and
crosslinking agenttétraethylene glycol dimethacrylafEBEGDMA), after which the swollen
hydrogels underwent photopolymerizatidime final DNHs were waskdevith water for at least

48 h and then given to a high access of the aqueous test medium and conditioned for at least
another 48 h. The obtained DN hydrogels are transparent, bendable materfaiguiss.
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The water content (WC) of articular cartilage is estimated to be 60 to 85 wt%. Water enables
the exchange of nutrients, salts and, other metabolites through the cartilagé®traatdxts
content is used as indicator for cartilage dantégi.was observed that the water uptake of

the POx/PAA hydrogels is mainly controlled by the degree of polymerisation of the
macromonomer, i.e. by theoretical mesh size of the primarydti@e networkDNHs based

on POx macromonomers with a degree of polymerisation of 25 exhibited water contents with
values of 48 + 4 wt% for PMQxand 50 + 2 wt% for PEtQxin PBS (pH 7.4) solution, which

are too low and consequently not suitable to be used as cartilage replacement. DNHs based on

PMOx with50 and 100 re units showed WC values between 66 + 3 and 88 + 1 wt% in PBS,
which corresponds to the Wi@nge of articular cartilagé The respective PBSwollen
PEtO»so/PAA DNH contains 59 + 6 wt% of water and 74 = 1 wt% for PEERAA, which is

most likely due to the less hydrophilic character of PEtOx. All highly, PBS swellable DNHs
were subjected to mechanical testing (see FigQye
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Figure 10: A) Water Content (WC), Bijitial tensile StressStrain curve, C) tensile modulus, D) fracture energy
of DNHs PMOxy/PAA, PMOxod/PAA, PEtOx/PAA and PEtOxdPAA in PBS (pH 7.4) media. The
corresponding literature values for water contédt, initial tensile modulu$®1°° and fracture energy of
native articular cartilage are indicated by black lines. Values in Figures A, C and D are expressed
as mean = SD (n =-8). The tensilestresst r ain curves are recorde&he with

reference values for cartilage from the literature are recorded at similar strain tates.
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As seen in Figur&0, only DNHs composed of POx with a degree of polymerization of 50 show
a stiffness in PBS of around 3 MPa, which might be suitable for artificial cartilage, while the
DNHs based on the respective polymers with 100 repeating units are not stiff enodg$ for t
purpose. Interestingly, the significantly less swollen PEg®ased DNH does not exhibit a
higher stiffness compared to the respective Pb4®ased system. This might be due to the less
strong hydrogen bridges formed between PAA and PEtOx. A diffecemntario is found, when
determining the tensile fracture energy. This experiment includes the propagation of a crack in
the stresstainexperiment. As seen in Figut®-D, the tensile fracture energy of the PM@Xx
system is with 6.9 + 0.7 kJ frexceptionally high. In contrast, the PE¥gRAA DNH exhibits

a tensile fracture energy of 2.1 + 0.5 k¥, nwhich is much lower than that of the PM@QXx
system, but still higher than that of natural cartilage (1 ¥)%%This canbe explaiedby the

fact that the PEtOx system is not as homogeneous as the respectiveb@b80xXDNH. This

can cause an easier crack propagation. In comparison, DNH B¥RBA and PEtOxoPAA
showed a poor mechanical behavior when stretéhed.

Based on these results, it can be assumed that the interactions by hydrogen bonds between the
segments of PAA and PMOXx inside the network serve as sacrificial bonds in order to dissipate
the mechanical stress effectively, leading to DHNs with remarkahlghteess. The cross

linking density of the primary POx network can control the mechanical properties and water
uptake of the DNH. Particularly, the PM§MPAA DNH shows a water content, stiffness and
fracture energy in physiological PBS that makes it a gioigp candidate for artificial cartilage.

Only this material was subjected to further experiménts

Cartilage is a loathearing tissue with compressive strength values between 15 and 57 MPa.
Mimicking of close to real physiological conditions is often performed in PBS buffer at pH 7.4,
because it has the salt concentration and the pH of blood. However, the cartilage is surrounded
by synovial fluid, which not only transports nutrients insifi¢he cartilage, but also supports

the lubricity and has a cushionkedfect!*° It is well known that egg white has similarities to

the synovial fluid regarding consistefteand also containing glycosaminoglycans (GAGS),
such as chondroitin sulfate, hyaluronic acid and keratan sulfate, which are also part of the
cartilage structure/composition and play a fundamental role in the mechanical behaviour of
cartilaget®2%112Many studies have shown interest on hen egg white as source of exogenous

GAGs such as keratin sulfate, in order to supress the cartilage damagéhus, we
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performed the compressive test not only in PBS, but also in egg white, in order to observe the

effect of GAGs in the mechanical behaviour of the DNHSs.
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Figure 11: A) Compressive stresdrain curve, B) compressive strength and compressive modulus, C) failure
load of native cartilage in PBS (pH 7.4) and PM@RAA in PBS (pH 7.4andin egg white media. The samples
have a diameter of 12 mm and an average thicknes® af@®2 mm. The compressive strefi®in curvesare
recorded with a strain rate of 0@3s™. Values in(B, C) are expressed as mean + SD (nZ5).

As seen in Figurell-A, PMOxso/PAA in both media- PBS and egg white exhibits a
compression profile similar to articular cartilage. The compression moduli were determined
from the slopes of the compression profiles in two different stress rhatyeser0.2-0.3MPa

and 23 MPa. Both ranges are relevathus, it has been documentbat the contact stress of
articular cartilage can reach values between-8.02Pal%’®116As seen in Figure-B, the
compression moduli at a stress 68 MPa of PMOxdy/PAA are 20.8 £ 0.7 MPa iRBS and

19.4 + 1.8 MPa in egg white, which are both not significantly lower than that of articular
cartilage with 22.6 + 3.3 MPa. dticeably the GAGs in egg white do not influence the

compression modulus of the material compared to those in PBS. The DNH also shows a similar
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compression modulus in water. The compression modulus values of both materials also do not
exhibit significant differences at lower stress ranges. The same effect was observed after the
treatment of the DNH with the hydrolasazyme Lipase, whh can bdound in human blood

(for details see supporting information). Thus, this ubiquitous hydrolase cannot easily degrade
the hydrogel.

The compressive strength values of PMZXAA are 45 MPa in PBS and 60 MPa in egg white

and thus both exceed that of the measured native articular cartilage in PBS (29.6 + 8.7 MPa).
Considering, that the DNH has a water content of 67 wt% in egg white, its compression strength
in egg white is rentkably high. We thus assume that the GAGs in egg white have not only a
shock absorber functionality, but also play a role as a third network, which protects the hydrogel
from the compressive stress. Cartilage isvkmdo have the capability to resist loads of several
timesthe body weight!’ The PMOx¢/PAA DNH can bear even higher loads between 450 and
900 kg, which implies the withstanding of 4.5 up to 9 times of a body weight of 100 kg in a
surface area of 113 ningsee Figurel1-C), it makes this DNH a promising material with an

extraordinary compressive mechanical performahce

Cartilage is a material that needs to withstand always varying mechanical stress. Therefore, the
mechanical properties of PM&®AA hydrogels were further explored by applyi a
sequential dynamic movement profile. The parameter of interest in such an experiment is to
determine if the material shows plastic deformation (creep) and how fast it recovers to its
original state. Moreover, the mechanical properties of the matdtal the dynamic stress
experiment are of interest. The experiment was startdcevareep test applying a total constant
force of 8.7 N (approx. 0.3 MPa, typical load of the human knee) to simulate the standing
position for 30 min. In order to simulate the gait movement, a static force of 8.7 N and a
dynamic force of 8.5 N (total stss approx. 0.6 MPa) with a frequency of 1 Hz was applied for
another 30 min. A frequency of 1Hz has been reported as characteristic gait fréidBiency.
Afterwards, the material was kept at 0.3 MPa for 3 min (standing) and then the load was
removed (see Figur#&2-A). The thickness or rather the strain of the material was measured

after 1 s unloading and again after 1800 s of recovery (FiguBe C).’
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As seen in Figurd2-C the DNH exhibits in both mediaPBS and egg white a higher
instantaneous recovery of its initial thickness than native cartilage. However, after 30 minutes
both materials showed a no significant difference of their thickness recovery with values of

53 + 11%, 59 + 9% and 61 + 9% for the native cartilage, DNH in egg white and in PBS,
respectively. One reason for the faster recovery of the RYVFEIXA hydrogels could be linked

to the differences of the compressive modulus before and after the load exposure (see Figure
12-D). The PMOxd/PAA exhibited a slight increase of their compressive modulus compared
to cartilage. Thus, the DNH in the different media was not as strongly deformed by the load as
cartilage, and so can recover more quickly. The slow deftbon recovery of cartilage
compared to DNHs has been also obedrin a work of GRUNLAN et al.’® in which
PAMPS/P(NIPAAmco-AAmM) double networlydrogels and cartilage were subject to a creep

test with a compressive stress of 0.35 MPa for 1 h. While the DN showed recovery strains above
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70% immediately after removal of the load, a recovery strain-8%6was observed for
cartilage. After 30 minutes of recovery, cartilage and the PAMPS/P(NIRAAAAM)
exhibited recovered strain values betweei98@%’

Having established that the PM§#PAA shows mechanical properties similar to native
cartilage, it wamext investigatedvhether the material also possesses a low coefficient of
friction (COF), which is a crucial characteristic of the natural biomaterial. To this end, the DN
hydrogels was swollen in PBS (pH 7.4) and egg white, respectively, and subjected to a
tribological test applying a load of 5 N (maximum Hertzian contact stress 1.2 MPaa wit

sliding velocity of 5 mm $ at room temprature for 1 h (3 laps witha stroke length of 8

mm)."
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Figure 13: A) Coefficient of friction vs time and B) coefficient of friction of PM@®AA in PBS (pH 7.4) and
egg white as swelling media and lubricahtie black lines indicate the corresponding native articular cartilage

values?™. Values in(B) are expressed as mean value = SD (n ¥'4).

As seen in Figurd3-A the DNH has a COF in PBS of 0.11 and in egg white of 0.07. Both
values are well in the range of COFs given for natural cartilage in the literature. The kinetics of
the friction experiment shown in Figule3-B indicates that the COF quickly drops at the
beginning in both media. In the case of PBS (pH 7.4) as medium, the friction coefficient slightly
increases with time, while the COF in egg white remains constant after the initial drop. The
lower friction of he DN hydrogels in egg white confirms the shitigy of the latter as synovial

fluid substitute, which is responsible for the low friction of cartilage in the body. The
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tribological test also confirms the remarkable mechanical performance of thesgRKX

DNHs in relevant physiological medta.

As alreadymentioned,a particularity of networks with polyelectrolyte components is the
response of the swelling and mechanical behaviour to changes in the salt content and in the pH
value of the swelling media. In order to avoid this, we choose the system POx and PAAg becaus
the strong hydrogen bonds betweesstitwo would increase the pKalue of PAA. Thus, the

DNH might notundergodeprotondbn even in physiological environments and would thus
retain its excellent mechanical properties. In ordeotdirm this and to explore the limitations

of the material, the PMG¥PAA hydrogels was conditioned in media with varying the pH
value of PBS solution for one week and the degree of swelling and the compressive strength

was determined (see Figurd).!’
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Figure 14: Effect of the pHalue on the mechanical performance of PMYBAA. All materials were swollen in
a high excess of the respective medium at room temperature for at least 48 h before determining the mechanical
performance in the corresponding medium. The samples have a diameter of 12 mm and an average thickness of

2.0+ 0.2 mm. Values are expressed as mean value + SD (&= 5).

As seen in Figurd4, the water uptake of the DNH in water, PBS (pH 7.4), and egg white,
respectively, is nearly identical in a range of@@lwt%. The compressive strength is similar in

water and PBS, clearly showing that salt concentration and a pH of up to 7.4 do rndheffec
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material. Increasing the pH value in PBS to 7.6 results in increased water uptake of 70 wt%
and a drop in strength to almost half (24.4 MPa) the value at pH 7.4. Further increasing the pH
to 8.0 and 8.5 results in an increased water uptake and a sonessharamatic drop in
strength. In order to find, what causes theipéliced changes in swelling and strength, FTIR
spectra of PMOst/PAA in media with different pH values were recorded (see Fitjbire
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Figure 15: FTIR-spectra of the single networks, PAA and PNJand PMOxy/PAAdouble networkydrogels
in HO and in PBS at pHvalues between 7.4 and 8%5.

As seen in the top of Figur, the FTIR spectrum of a PAA single network exhibits the
characteristic peak of the stretching vibration of the C=0 function of the protonated carboxylic
acid at 1697 cmh. When treating this PAA network with PBS buffer, pH 7.4 overnight, the
FTIR spectrum of the dried material is significantly changed as seen by the appearance of two
new peaks at 1640 chand 1539 cm, which are typical for the deformation vibrations of C

OH and the symmetrical stretching of COf the sal form of PAA%120 The still existing

peak at 1701 crhof the protonated carboxylic group indicates that the deprotonation of PAA

in not complete in PBS, pH 7.4. The third spectrum from the top of Fidgueof the PMOXx

single network with the typical C=0 stretching vibration at 1607.chime FTIR spectrum of

the PMOxo/PAA washed with water is characterized by two dominant peaks at 1705 and 1589

cml. The first signal can be attributed to the carboxylic acid function of PAA, while the second
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peak is the reghifted peak of the C=0 stretching vibration of PMOX. This red shift is a strong
indicator of the formation of hydrogen bridges between PMOx and PAA including all C=0
functions of the first. This DNH was soaked in PBS, pH 7.4, overnightlaed. The FTIR
spectrum of this network looks exactly the same as that of the DNH just treated with water,
indicating that no deprotonation of the acid functions occurs in contrast to the free PAA
network. Next, the DNH was soaked in PBS, pH 7.6, ovatragd dried. The FTIR spectrum

of this material shows a new signal at 1540*cmhich is attributed to the salt form of PAA

and an almost complete disappearance of the signal at 1590utrich is the marker for the
hydrogen bonds. These results show that the combination of PAA and PMOXx in a DNH results
in a dramatic apparent increase in tha y#éue of PAA due to strong hydrogen bond formation.
The DNH does not deprotonate in PBS pH 7.4 and thus retains its excellent mechanical strength
in this enviroment. However, increasing the pH to only 7.6 leads to strong deprotonation and

a drastic drop in strength due to the desttonof the hydrogen bonds.

In addition to the mechanical behaviour, another important aspect for the implementation of an
artificial material is its cytocompatibility. PAA is a wédhown biocompatible material. POx

is also discussed to be biocompatible. However, there are sthdieshbw that POx with
certain end groups can be enzyme inhibitét$?> On the other hand, modification of proteins

with POx does not deactivate the enzyrité$?* Therefore, it is necessary to explore the
cytotoxicity of thePOxbased material. To this end, the PM@RAA samples were placed in

a petri dish only covering a part of the bottom. Then human mesenchymal stem cells (hMSC)
were placed on top and incubated for 24 h. Afterwards, the samplepheographedand

the viability of the cells was determined with a fluorescence assay (see Ejjure
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Figure 16: Cell morphology and viability of h(MSC in the presence of PMORA DNH after 24 h of
incubation. Cells were stained with calceM (green fluorescence) and PI (red fluorescence) to visualize the
morphology of live and dead cells, respectively. (A, D) Representative fluorescence images of hMSC control
(cultivated ora cell culture petri dish without hydrogel). (B, E) Representative fluorescence images of hMSC
cultivated in the presence of PM£&#PAA DNH. (C) Representative light microscopic image of PAPAA
DNH placed in the middle of a cell culture petri dish IRNR/FCS. (F) Quantification of cell viability of hMSC
performed by phase analysis of the cale&M staining using a region of interest. Data are expressed as mean
value N SD of nO3 i ndep ¢thepkeantage ethMSCrcontde nt s and

As seen in Figur&6-B, C, the stem cells did not grow on top of the hydrogel, which is a typical
and desirable feature of cartilatjee materials due to their hydrogel character. However, the
cells did attach and grow to the very proximity of the DNH indicating that the matees not
leach toxic component&his is also shown by the spreading of the cells, which looks very
much like that of the contr@¢éee Figure 140, E). The viability of the cells was also not affected
as seen in Figurg6-F. Altogether, it can be statéiode PMOxo/PAA is not cytotoxic and does

not allow attachment and growth of human stem cells on its surface.

3.4 CONCLUSION

In summary, the novel PMOx/PAA networks were developed to use thehifing effect of

the combination of PAA and PO obtain a nosionic highperformancedouble network
hydrogel. The resulting material is shifting the,@KPAA by almost three orders of magnitude,
which makes the material a cartilaljee hydrogel, which does not react on environmental salt

30

gi

\



Results & Discussion

concentratiorchange®r pH changes up to 7.4. The hydrogdesup to 66 wt% of water and
has a two to thretold higher compression strength than other cartidge materials (see
Table 1). The strong drop of mechanical integrity also makes it a smart material with a

potentially very narrow pH switching range.

Table1: The mechanical properties of PM&%AA DNH are compared with native cartilage and previously
reported hydrogels with cartilagkike mechanical performance&his tablewastaken from the supporting
information content fronlBENITEZDUIF et al. '’

Compressive Compressive Coefficient of

Material \[g? Th{l;lfg]e ss Modulus Strength Friction f/lvgg:::rr‘r?
0 [MPa] [MPa] [-]
27
Native Articular Cartilage 60-851®  1-3125126 01243'2532 14-595 0.005i 0.57* -
BC-PVA-PAMPS 13.7
(22.1%40% 146kD- 555 0.7 A -Ba) 17.3 0.06 0.15m PBS
30%mM) 4 (0.4 MPa; 0.05%
P(AAo.35-cO- 34
AM2.0)/XG1.0- 72 2 . & ) >15.34 - DI water
GGy JFS B (6-12 MPa; 0.04%)
PAMPS/P(NIPAAM-co- 1 0.02
AAM)76 80-85 1-2 (0-0.05 MPa; 0.008% 25 (in FSB) Dl water
1.12 0.06:0.09
0 - -
PVA/L5wi%GOPER 8 (0.125 MPa; 0.002% 2 >2 (in NS, FSB)
S DI water
. : %)
PMOXs/PAA 62-68 2 (0.20.3 MPa; 0.013%* 4259 007011  PBs (pH 7.4)
(This work) 20 .
Egg white

(2-3 MPa; 0.013'§ 2

a) Corresponding strain rates (if) and stress values (in MPa) from the compression curve used to determinate

the compressive modulus

3.5 EXPERIMENTAL SECTION/METHODS

-Materials: Chloroform (Fischer Scientific) was distilled from activated aluminum oxide
(Merck) under reduced pressure und under argon atmosphere stored. The mofraptags 2
2-oxazolin (MOx) and zthyl2-oxazoline (EtOx) were obtained from Acros Organics, these
were distilled over Cakbl (Acros Organics).Trans1,4-dibromo2-butene (DBB, Acros
Organics) was recrystallized twice from -heptane (Fischer Scientific).N,N-
DimethylaminopropylmethacrylamidDMAP-MAA, SigmaAldrich) was under reduced

pressure distilled. All distilled chemicals were under argon atmosphere a2@°@t stored.
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Acrylic acid (AA, 98% extra pure, Acros Organics), Irgacure 2959 (1G2959, >98%, TCI
Europe), Irgacure 651 (IG651, Ciba Specialty Chemicals), Tetraethylene glycol dimethacrylate,
(TEGDMA, SigmaAldrich), methanol (Fischer Scientific), diethyl ether (Honelyveedel
de-HaérE ). The phosphate buffered saline, 10x Solution (10xPBS, Fischer Scientific) was
diluted for the measurements with distilled water to a 1xsolution (1xPBS) with a pH value of
7.4. Egg white from fresh hen eggs. The porcine native carbfa@erman Edelschwein &
months old) were kindly provided froBchultenhof Dortmund, Germany.

-Synthesis of poly(@xazoline) macromonomers with DMARIAA end groups: The
synthesis of telechelic PMOx and PEtOx with different degree of polymerization was
performed according to previously works ®fLLER et al®® The cationic ring opening
polymerization of 2methyl2-oxazolin (MOx) and zthyl2-oxazoline (EtOx) with DBB as
initiator was carried out in dry chloroform (20 mL) under argon atmosphere in an industrial
microwave reactor. Since die polymerization tinmel &emperature depends on the degree of
polymerization and monomer’s type, the polymerization time and temperature for the different
polymers ardiste in Table 2. The living ends of all polymers were terminated wWihN-
Dimethylaminopropylmethacrylamid (BAP-MAA) in a 10-fold molar excess (respect to the
initiator) at 49 °C for 72 h. The resulting polymeric product was purified by precipitating the
polymers three times in iemold diethyl ether and then dialyzed against mixture of
methanol/HO (1:1) using benzoylated cellulose membranes (1000 MWCO). The methanol was
first removed under reduced pressure and the remaining aqueous solution was dried by

lyophilization’

Table2: Composition and polymerization conditions for the synthesis of PMOx and PEOx with-DARNd

groupst’ 773

Polymer mM-pea V Monomer® Time Temperature Vbmap-maa

lal [mL] [h] [°C] [mL]
PMOxzs 0.5 5 15 105 4.2
PMOxs0 0.25 5 2.5 105 2.1
PMOx100 0.125 5 4 105 1.1
PEtOxs 0.423 5 1.5 110 3.6
PEtOxo0 0.21 5 2.5 110 1.8
PEtOx00 0.106 5 4 110 0.9

aVolume of monomer (MOx or EtOx¥ Volume of DMAR-MAA to functionalization of PMOx and PEtOx
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-Characterization of poly(zoxamline) with DMAP-MAA end groups: The degree of
polymerization (DP) of the synthetized polymers and their degree of functionalization (F, in %)
with  DMAP-MAA were determinated by!H NMR spectroscopy, using an Agilent
AV500/AV400 spectrometer at 25 °C and CR@b solvent(See Figure 17 and 18Yhe
molecular weight (M, Mw) and the dispersity (P) of the polymers were obtained by size
exclusion chromatography (SE@hd are reported in Table Bhe SEC was performed on a
Viscotek GPCMax with a refractive index detector at 55°C, and as etusatineN,N-
dimethylformamide (DMF + LiBr, 20 mmol). The calibration standards were poly(styrene)
(Viscotek).This part was taken from the supporting information content BamTtez-DuIF et

all’
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Figure 17: *H-NMR spectrum of PMGQxwith DMAP-MAA end groups CDCk at 400 MHz This figure was

taken from the supporting information content frBENITEZDUIF et all’

33



Results & Discussion

- N
N _‘\
;" o
N
P
w O
IS
Z—o
£
~
©
©
Iz
O
33
B =Y
1.10

0 )ﬁ n/2
5
83
«"ﬂ
&
U 5
~
N
~
|
cocl,
3
-
0 4 10 2,4
~ N S
® B P
0 w | |
| |
_ A
—Q S S
1.80 0.38 2.00 2.18 9.28 196.28 13.72 18.49  101.02 6.65 145.57
Wl e W I E—— bd (| I—
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

Chemical Shift (ppm)

Figure 18: *H-NMR spectrum of PEtGxwith DMAP-MAA end group# CDCk at 400 MHz This figure was
taken from the supporting information content frBENITEZDUIF et all’

Table 3: Analytical data of the synthetized POx with DMBIAA end groupsThis table was taken from the
supporting information content froBENITEZDUIF et all’

Polymer DP nvR Mn,NMR Mn,sec Mw.sec b F-pmap-maA ®
[] [gmo]  [gmol] [g mor] [] [%]
PMOxzs 254 2549 3124 3644 1.16 98
PMOxso 50.2 4663 5370 6308 1.17 99
PMOxi00 100.7 8935 9700 10700 1.21 94
PEtOxs 24.2 2787 2865 3397 1.19 98
PEtOxo0 49.4 5258 5429 6164 1.13 90
PEtOx%.00 104.7 10750 8234 9931 1.21 93

2Degree of funtionalization of POX with DMARAA end groups.

-Fabrication of the POx/PAAdouble networkhydrogels: The doublenetworks hydrogels
based on POx/PAA were synthesized via the-$tep polymerization method, which was first
developed byGoNG et al®! The primary hydrogel network was prepared from an agqueous

solution with 34 wt% macromonomer POx with DMARAA end groups and photoinitiator
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1G2959 (4.6 wt% respect to the macromonomer). This precursor solution was placed between
two microscope slides, which were previously coated with poly(propytepe)and separated

by 1.05 mm thick spacers for the compressested samples. Spacers witB®mm thickness

were used for tensitested hydrogels, so that these could be fixed between the clamps of the
tensile tester. Then, it reacted in an UV curing chamber (EGimia s si ¢ aut omat i c,
340 nm) for 36 min (switching each side every 2 mpon the exposure to the UV light, the
macromonomer underwent a fresical induced polymerization to form a stable POx primary
network (1N). Afterwards the POx network was soaked in DI water over night, in order to

remove the unreacted macromonomexs iarpuritiest’

To incorporate the poly(acrylic acid) (PAA) based second network, the first network was
carefully removed from the water and immersed in an acrylic acid (AA) solution containing
the photoinitiator IG651 (0.24 wt% with respect to AA) and tetraethylenelgiymethacrylate
(TEGDMA) as crosslinking agent (0.22 wt% with respect to AA) over night. Afterwards, the
swollen hydrogel was placed between the glass plates and cured under UV source for another
20 min (switching each side every 2 min). The final POXRiduble networKDN) hydrogel

was removed from the glass plates and washebughlywith water for at least 48 h. All
washed DN hydrogels were dried at room temperature and given in the corresponding swelling
media (HO, PBS (pH 7.4) and egg white) at least 48 h before the measuréments.

-Determination of the water content-our dry hydrogekamples with 6 mm diameter were
weighted (m,1) and immersed in DI water, PBS (pH 7.4), and egg white, respectively, until
reaching equilibrium, which corresponds to a swelling time of at least 48 h. After the samples
were swelled, they were dried under vacuum at 45 °C for 48 h. In order to determinate the water
content (WC) by neglecting other components such as salt ompitate the swelling media,

the wet (ng) and dry (after swelling, @) weights of the DN hydrogels were compatéd@ihe

WC was calculated as follows and listed in Table

7#x0b " opmm (1)

35



Results & Discussion

— 70_
S I/I/I/I
3. 60-
=
50+
[ —=—in Egg white
40
__ 701 .
>
3, 604
O
= 508 —e—in PBS (pH 7.6)
701
g | {
z o /
@)
= 50% —+—in PBS (pH 7.4)
= 701
>
20 11 f
e
501 —+—in H,0
T T T T T T T

0 24 48 72 96 120 144 168 192
Time [h]

Figure 19: Water content (WC) of PMGWPAA in different swelling media for a given number of hotings
figure was taken from the supporting information content fBEmiTEzZDUIF et all’

-Determination of the PAA content in the doubleetwork: The PAA content in thelouble
networkwas calculated from the dry weight of the POx based first networi) (mefore its
swelling in the acrylic acid monomer solution and the dry weight of the resulting POx/PAA
hydrogel (ndn) after the wasihg processThe PAA content in the DNHs are reported in Table

4. This part was taken from the supporting information content Bexmrez-DuIF et all’

ol!'lp — pnm (2)
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Table4: PAA content in the different POx/PAA networks and water content of POx/PAA in PBS (pH 7.4) and in

DI water after 48 h of swellinghis table was taken from the supporting information content BBTEZ

DUIF et all’
Water Content of Water Content? in Water Content® in
PAA Content
Network POx network?® PBS DI Water
[wt%]
[wt%] [wt%] [wt%]
PMOxs/PAA 75.0+0.2 66 +4 48 + 4 43.3+1.7
PMOxso/PAA 85.2+0.1 74 +5 66.0+3 61.4+2.0
PMOxw0dPAA 97.1+0.3 95+7 88.3+0.9 825+1.4
PEtOxs/PAA 72.1+0.8 66.0+1.4 50 =2 446+ 1.3
PEtOxdoPAA 76.0+1.4 74 +4 50+6 56.5+2.4
PEtOxodPAA 87421 88.0+0.1 744 +1.1 65.4+0.9
PAA - 100 93.1+1 85+4

a)WaterContent of the single network based on POx in DI Water; Water content of POxi®fde network
Hydrogels in b) PBS (pH 7.4) and in c) DI wafer= 4)

-Tensile mechanicatest: The tensile stresstraincurves were recorded at room temperature
using an Instron 3340 tensile tester with a cell with load 1 kN. At least four swelled rectangular
samples of different POx/PAA networks with average dimensions of 5.2 mm x 40.0 mm x 0.76
mm (width x length x thickness) were fixed between the clamps with help of sandpaper
resulting in effective lengthsqflbetween 23 and 24 mm. The experiment was performed at a
crosshead speed of 5% nimntil failure of the sample. During thentire cours of the
experiment, the samples were kept hydrated with the corresponding swelling media using a
spray bottle. The tensile modulus was obtained from the initial slope of thestteescurve.

The determination of the fracture of energy were determined based on previously works of
TILLER et all?®1?°Three additional samples, with the same dimensions as mentioned above,
were notched in the center. The notch length corresponds to one third of the sample’s width.
The tensile test of the notched samples was performed until failure as described atsove. Thi
experiment allows to determinate the strain at which the notch turn into a running’cfhek.

corresponding fracture energy, n J m?) of the samples was calculated as follows:

3 | A R AR (3)

v
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Figure 20: Area under the curve tetermination of the fracture energy for PM@RAA in PBSThis figure

was taken from the supporting information content fRBENITEZDUIF et al’

-Compressive mechanical te§the compressive behavior of PM§&¥®AA and native cartilage

were evaluated with an Instron 5967 tester with a cell load of 30 kN at room temperature. Five
circular samples with diameter of 12 mm and thickness between 1.8 und 2.2 mm, which are
thickness relevant of cartilagé€'?® were tested. The sample was placed in the compression
cell, covered with swelling media {8, PBS or egg white) and compressed with an initial
preload of 1N. All samples were compressed with a compressive strain rate of 0.5 thm min
until failure. Compressive stresgraincurves were recorded. Compressive modulus values

were obtained from the slope at-®3 MPa and -3 MPa canpressive stress, respectivély.

Figure 21: Compressive test of porcine native cartilage in PBS (pH Thi%. figure was taken from the

supporting information content froBENITEZDUIF et all’
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-Viscoelasticity test The viscoelastic behaviour of the PM&¥PAA hydrogel and native
cartilage was performed by a Discovery Dynamic mechanical analysis (DMA) 850 (TA
Instruments) with a compression submersion clamp. The DMA device allows a maximal total
force of 18 N, in order to perform a creep sequenced fategigea static force of 8.7 N and an
additional dynamic force of 8.5 N were appliéd.

The swelled samples of PM&AA and native cartilage with 6 mm diameter and average
thickness of 1.8 mm were placed in the submersion clamp and covered with the corresponding
swelling media (n=5). The viscoelasticity test started with a creep test applying a total constant
force of8.7N (approx. 0.3 MPa) to simulate the standing position for 30 Toirsimulate the

gait movement, a static force of 8.7 N and an additional dynamic force of 8.5 N (approx. total
stress 0.6 MPa) with a frequency of 1 Hz foottwer 30 min were applied. A frequency of 1Hz

has been reported as characteristic gait frequency. Afterwards, the material was kept at 0.3 MPa
for 3 min (stand) and then the load was removed. The thickness of the material was measured
after 1 s and 1800 dn addition, stresstrain curves of the samples before and after the
viscoelasticity test were recorded with a strain rate of 0.5 mrt.ifiilme compressions moduli

were calculated from the slope of the curves-2403 MPal’

Figure 22: Viscoelasticity test by DMA of native cartilage in PBS (pH 7Hjs figure was taken from the

supporting information content froBENITEZDUIF et all’
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-Tribological test The coefficient of friction (COF) of the PMGXPAA double network
hydrogel (DNH) was determined by a ball on disc tribometer (CSM Instruments, Switzerland)
with an AbOz3 ball (D = 6 mm) as counter body. The PM&MPAA were soaked in PBS (pH

7.4) and in egg white, respectively, at least for 48 h before performing the tribological tests.
Hydrogel disks with 30 mm in diameter were selected and an additional lubrication of 2 ml of
the corresponding lubricant (PBS orgeghite) was added. Thests were performed with a
sliding speed of nm s? applying a normal load of 5 N (equivalent to a Hertzian contact
pressure of 1.2 MPa) which is in the range of to the joint contact stress raridgeN®Pa)1°

The tribological test was performed for 375 rotations using a data acquisition frequency of 10

Hz.l’

Figure 23: Tribological test of PMOs¢/PAA network with egg white as lubricafitis figure was taken from the

supporting information content froBENITEZ-DUIF et all’

-Cytocompatibility:The cytocompatibility properties of the produced PM&XAA DNH were
analyzed using human mesenchymal stem cells (hMSC; Lonza, Basel, Switzerland).
Cultivation of hMSC was performed in RPMI/FCS (RPMI1640 (GIBCO, Invitrogen,
Karlsruhe, Germany) containing 10% fetal calf serum (FCS; GIBCO) and 0.5 ¢-L
glutamine) using 75 cfnculture flasks (BD Falcon, Becton Dickinson GmbH, Heidelberg,
Germany) in a humidified 5% CG@tmosphere at 3T (standard cell culture conditions), while
sub-cultivation was performed every 7 to 14 days depending on cell proliferation. For cell
culture experiments, adherent sobnfluently growing hMSC were washed with phosphate
buffered saline solution (PBS; GIBCO) and detached from cell culture flasks by 5 min of
incubation with 0.2 mL chf 0.25% trypsin/0.05% ethylenediaminetetraacetic acid (EDTA,
SigmaAldrich, Taufkirchen, Germany) at 37 °C. Detached cells were harvested and washed
twice with RPMI/FCSL’
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Prior to biological testing, PMQ¥PAA hydrogel disks with a diameter of 10 mm were
stamped using a biopsy punch, and washed extensively in cell culture medium RPMI/FCS.
Afterwards the DNHs were sterilized by 30 min of UV irradiation (UVC 500; Hoefer, Inc.,
Holliston, MA, USA). Sterilizechydrogel disks were placed in the middle of cell culture petri
dishes (8.8 cmz culture area; Thermo Fisher Scientific, Waltham, USA) and hMSC were seeded
at a density of 5 x F@ells per mL and a total volume of 3 mL.

After 24 h of incubation, the Liv®ead assay was performed. For qualitative analysis of cell
viability and morphology living cells were stained withelM c a-&cetaxymethylester
(calceinrAM; Calbiochem, Schwalbach, Germany; 3, 37°C) and dead cells with 50g

permL propidium iodide (PI; Sigm&ldrich; 10 min, RT) and the staining was analyzed by
fluorescence microscopy (Olympus MVX10, Olympus, Hamburg, Germany). Quantification of
cell viability was performed by phase analysis (CellSens Dimensiys)pus).Thereforea

region of interest (ROI) was set at the location of the hydrogel within the culture dish (Figure
24-A) and the remaining calcefiuorescent area was obtained by subtracting the area of the
ROI (Figure24-C minus24-B and24-F minus24-E). The data are given as percentage of a cell
control area (hMSCultivated in cell culture petri dishes without hydrogel), which was set as
100%?2’

-

Figure 24: Quantification of cell viability by phase analysis usingegion of interestThis figure was taken

from the supporting information content fr&aNITEZDUIF et all’
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-Effect of Lipase on the compressive mechanical performance of PM®AA: The
compressive mechanical behavior of PMERAA in presence of enzyme as lipase, which is

also found in the human blood with concentrations betweel®@0J/L,**° was carried out as
follows. For this experiment, eight DNHs samples were swelled in PBS (pH 7.4) until
equilibrium. Afterward, four samples were submerged in a solution of PBS (pH 7.4) with a
concentration of 140 U/L afandida rugosdipase (CRL, 1302 U/mg), thether four samples

in PBS (pH 7.4) were used as reference. The samples remained in the corresponding media at
ambient temperature for another 24h. The PM®AA samples with diameter of 12 mm and
thickness 2.0 £ 0.2 mm were tested using the ganmeedure and conditions as described in
the experiment al section Acompressive mecha
modulus (slope between 6023 MPa stress) of 4.6 + 0.7 in PBS (pH 7.4) (p < 0.05) and 4.9 +

0.7 in PBS (pH 7.4) + 140 U/L CRIp(< 0.05). Compressive modulus values at compressive
stress between-2 MPa of 20.4 £+ 0.2 for PBS (pH 7.4) (p < 0.05) and 20.2 + 3.5 for PBS (pH
7.4) + 140 U/L CRL (p < 0.05) were obtained. In both cases, the compressive stiffisasst
significantly differentbetween the reference medium PBS (pH 7.4) and the medium with 140
U/L CRL.Y

-Statistical AnalysisAll values were expressed as mean * standard deviation (SD). The results

were analyzed statistically using a emay ANOVA, followed by a Tukey positoc test. In all

cases, the significancewassep@ 0. 05. St at i st i c ading@rigiaProy si s v
2020bSoftwae.l’
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4. Insights into the influence of functional groups on the mechanical
performance of Poly(2-oxazoline)/Polyacrylate Double Network

Hydrogels

This chapter is based on a second publicabip®. BENITEZ-DUIF'3! asthe first author The
findings presented in this chapter were derived from the the§is WORKA'! and primarily,

from theMaster's thesis @. WECKES*®

4.1 ABSTRACT

Double networkhydrogels (DNHs) are strong and tough materials that surpass the performance
of conventional hydrogels, making them highly attractive for various applications in
biomedicine, membrane technology, and energy storage. The number of suitable systems
known so far is rather limited. Weave recently introduced a poly¢Xazoline) (POxpased

DNH combined with acrylic acid that has a superior compressive strength compared to common
DNHs entirely composed of two polyacrylate networks. To furthetoegphe potential of
crosslinked POx as primary networks for DNHs, a series of different poly (acrylate)s was

employed as secondary network and investigated regarding its mechanical préflerties.

4.2 INTRODUCTION

Polymer hydrogels are soft materials composed of physical and/or chéméeadimensional
crosslinked polymer networks thabatain at least 50 wt% of wat&t?® The properties of these
materials can be easily tailored by modifying the chemical composition or controlling the
degree of polymerization, spacing between functional groups, andf ke surrounding
environment®32 One of the most relevant features of polymer hydrogels is their structural
similarity to human soft tissues, making them attractive for several applications, inter alia, in
medcine and biomedical engineerifitf®36133835 To enhance their functionality, such as
controlling diffusion of small moleculé¥*% or proteingt*¢13°increasing their swellality in

organic solvent&®® or transforming them into carriers for biocatalysts for organic soly&hts

105,140 0lymer hydrogels can be engineered into segmented polymer networks that contain both
hydrophobic and hydrophilic segments, as exemplified in amphiphilic polyrmesteamrks'4*

143 However, the mechanical performance of conventional hydrogels and segmented hydrogels
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are rather limited, especially when it comes to the implementation ebkeatihg tissug (e.9.
articular cartilage), where high compressive strength and toughness areié&d&rhe low
mechanical performance of conventional hydrogels can be attributed to the topology of their
crosslinked network, which is not able to dissipate concentrateelsstand stop crack

propagatiotf®

Among all magrials, nanocomposite hydrog€§ 120146 and double networkhydrogels
(DNHSs) have been highlighted as novel approaches for improving the mechanical performance
of polymeric network hydrogef§:%382120DNHs represent a specific case of interpenetrating
networks (IPNs), where the primary network is swollen and thus stretched, followed by the
formation of a second internal network. Consequently, DNHs are composed of a stretched and
relaxed network, both being interpenetrating. This unique structure is responsible for the higher
stiffness and greater ability to dissipate mechanical energytingsiunl exceptional mechanical
properties>®! such as high strength, toughness, and stiffness, making DNHs attractive for a
range of applications in biomedical engineeyifitf*'*® soft robotic®*® membrane
systemg®® and energy storag€®*'°2 Nevertheless, DNHs under constant loading stress are
susceptible to permanent damage caused by irreversible bond breakage. Therefore, stabilizing
the hydrogel through dynamic and reversible physical crosslinking interactions, such as
hydrogen bonds and n@ interactionsis crucial for the design of thesgdrogels®®-153156
Dynamics bonds play a significant role in stabilizing the polymer chains in the interpenetrating
networks, which in turn influences fascinating properties, such as swelling behavior, self
healing, shape memory, toughness, andhvaical strength of the netwotX"*°® However the

use of hydrogen bonds to develop tough hydrogels is rather challenging due their limited
stability in both agueaimedia and higher temperatutet'®> However, this can be adjusted

by using variable hydrogen bonds with different bonding strengths and stalpligsulaty

cooperative hydrogen bondi§'®3formed in the polymeric materi&i*

Previously, we reportediouble networkydrogels based guoly(2-oxazoline)s (POx) and poly
(acrylic acidPAA) with excellent mechanical performance and cartiégefeatures’ These
hydrogels are stabilized by hydrogen bonds between both involved polymers. Furthermore, the
strong interactions between POx and PAA are capable to shift the pKa of the latter by nearly
three orders of magnitude, which was not observed for compaRE®&PAA DNHs

Nevertheless, the general acidity of PAA might be of disadvantage in some applications,
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because pH values above 7.8 weaken the DNH. In the present work we study the effect of non
acidic polyacrylates in the mechanical performance of-B&ed DNH. Hydrogen bond
interactions are critical for distribution and absorbing mechanical stress, acel diéferent
structures and functionalities of both the acrylic monomers and POx side chains allow for

deeper insights in the role of P@rtworks and the mechanical performance of their hydrogels.

4.3 RESULTS AND DISCUSSION

The goal of this study was to gain better understanding of the effect of functional groups that
form hydrogen bonds between the proton acceptor POx network and the proton donor
polyacrylate network on the mechanical performance of the igUlNH. First, it was
exploredif the double networkstructure is the true origin of the high performance of the
previously published PMQyPAA DNH!’ or if the strong interactions between PMOXx and
PAA are sufficient to obtain good mechanical properties. To this end, a segmented polymer co
network(SPN)was synthetized by photmlymerization of diacrylamidéerminated PMOxo

and acrylic acid. The weigltontentsof PMOxso and PAA wereadjusted td26 and 74 wt%,
respectivelywhich issimilar tothat in the previously reported respective DNRtgure25 and

Table5 summarize the mechanical properties of the two different netviélrks.
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Figure 25: A) Tensile stresstrain curve and B) compressive strssisin curve of the caetwork anddouble
networkhydrogel based on PMG@xand PAA in watet3!
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Table5: Overview of the water content and mechanical performance of thetewrk anddouble network
hydrogels based on PM&yand PAA. The values are expressed as mean + SD {#)=3

Water Tensile Tensile Fracture Compressive Compressive
Network Content Modulus Strength Energy Modulus Strength
[%] [MPa] [MPa] [k m [MPa] [MPa]
DN-PMOxso/PAA 61.4 +0.47 27%0.1 2.38+0.1 2251+52 45+04 42.0+8.0
PMOx269-C0o-PAA75% 52.0+£4.0 0.70+0.07 0.10x0.01 3.7+0.3 41+21 35+0.9

As seen in Figure 25 and Table 5, the SPN hydrogel exhibits a poor mechanical performance
compared to the DNH. These results confirm once more the importancedoiutiie network
structure for higher stiffness and dissipating energy upon stress in DNHs. Please note that the
fracture energy is given in ki3, which is simply the area under the strsain curve until

break of the notched samples. The oftised value in kin (area times length of the sample)

is not applicable in this study, because the length of the samples in thesgagsexperiment

could not be kept constant due to the greatly varying mechanical properties of the here

investigated DNH samples.

Having established that the double network structure for REE>ed hydrogels is required for
their exceptional properties of PM&¥PAA DNH, a series of DNHs with crogimked PMOxo

as primary network and different poly(acrylic acid) derivatives were employed as secondary
network. The investigated acrylates, depicted in Figuee vizere chosen regarding their
capability to build hydrogen bonds with the carbonyl groups of PMOx. Rgly(
dimethylacrylamide) (PDMA) was usex$ negative contrddecause no hydrogen bonding is
expected in the respective DNHs. All DNHs were synthetized using the same two step
polymerization starting with photorosslinking PMOXx followed by photopolymerization of

the acrylate swollen PMGretwork’
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Figure 26: Investigateddouble networkydrogels systems based on polg{@thyt2-oxazoline) and

polyacrylates-3!

As seen in Table 6, the compositions of the different DNHs vary in the weight content of the

secondary network. This variation is due to the differing swelling ratios of the PMOx network

in the respective acrylate monomer solutions. In the cases of PAARANPS, saturated

aqueous solutions were used, while all other double networks were prepared by swelling in the

pure liquid monomer (see Tallé in experimental section). This explains the lower content of

PAMPS and PAAm in the DNHs compared to those Iemoin the pure monomer. The

polyacrylatederivatives with higher molecular weight (PHEA and PHEAm) lead with more

than 80 wt% to the highest content of the secondary network. The DNH B3MAXPS was

found to be too fragile to be tested and was excluded from further investigation. All other DNHs

were investigated by using tensile and compression tests (Figure 27 and Table 6).
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Figure 27: Tensile stresstrain curve of A) PMOyPAA, B) PMOxy/PAAmM, and C) PMQyPHEA. The filled

areas represent the fracture energy at the breaking strain of the notched sample. D) Fracture energy values and

E) compressive curves of all tested DNHs. All experiments were performed in water at room temperature. The
values in Figure27-D are expressed as mean + SD (n-4)33!

Table6: Overview of the water content and mechanical properties of the difigweibte networlhydrogels

based on PMOs and different polyacrylates. The values are expressed as mean + SD4n' 3

Double network Second . . ) .
Tensile Tensile Fracture Compressive Compressive
Hydrogel Network Water
Modulus Strength Energy Modulus Strength
1. 2. Content Content
[MPa] [MPa] [ kI m3 [MPa] [MPa]
Network Network [%0] [%0]
PMOxso0 PAA 74.0+£50 614+04 27x0.1 24+01 2251+52 45+04 42.0+8.0
PMOxso0 PAAM 643+17 73.0+x10 31x0.2 23+04 91.1x47 48+04 12.7+0.3
PMOxso0 PDMA 702+16 725+06 16+08 0.10+x001 18+0.2 43+0.2 16+0.1
PMOxs0 PHEA 86.0£0.1 60.0+20 27%0.1 1.7+04 451+04 5.7+05 10.3+1.3
PMOxso0 PHEAmM 784+13 76305 25x09 09+01 29.3+6.6 47+0.8 57+0.6
PMOxs0 PAMPS 540+£0.1 824+25 - - - - -

As seen in Tablé, the tensile and compressive moduli of all investigated Pid&»ed DNHs

are in the same range. This can be explained by considering that the moduli were determined

from the initial slope in the stressraincurve or at low stress levels (0.3 MPa) in the
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compression test, respectively. In both cases, no significant deformation occurs and thus the
breaking and reforming of hydrogen bonds is negligible. The moduli of the DNHs are
predominantly controlled by the pstretched primary PMOXx. In addition, the telacontent

values are not strongly differing being in a range of 60 and 76 % in all vagethe exception

of PMOxo/PAMPS, which is too brittle to be handled.

The tensile strength and the fracture energy values of the Fd€8ed DNHs reveal a stronger
influence of he nature of the secondgpglyacrylatenetwork (see Table 6 and Figure-&7

D). DNHs with PAAm and PHEA show a strestsain curve that is in terms of breaking strength
and elongation to break rather similar to that of PMy®AA all showing around 2 MPa tensile
strength. In contrast, PMGY¥PHEAm can only be strained to ca. 20% and breaks at 1 MPa and
PMOxso/PDMA is strainable to less than 10% and breaks at below 0.1 MPa-&taascurves
shown inAttachmentsFigure 36). This clearly indicates that not only hydrogen bonds are
essential in the straistress resistance of the DNHs, bigo the structure of the polyacrylate

side groups is critical to achieve high tensile strefgth.

The fracture energy valgereveal that the polyacrylateetwork structure significantly
influences the toughness of the DNHs. The fracture energy, measured using notched samples,
addresses the dynamic crack propagation of an unstable crack. In other words, it assesses the
stability of the induced crack in treample. As evident from the fracture energies shown in
Figure 27D and Table 6, PAA as secondary network shows the highest inhibition of crack
propagéion (fracture energy of 225 kid3). The DNHs withPHEA and PAAmas secondary
network, which show elongation to break of 50 and 45%, respectively, become rather fragile,
when a notch was cut in the samples, indicating that the double network cannot reform its
hydrogen bonds quickly enough to dissipate the energy atdbk. Nevertheless, the fracture
energy values of the PM@¥PHEA DNH (45kJ n1®) and PMOxy/PAAmM (91kJ m?3) are still

rather high compared to the single network hydrogelsk ).

The influence of the nature of the second network on the mechanics of-B&4@a DNHS is

even more pronounced in the compression tests (FAJtiEg. The compressive strength of the
PHEA- and the PAArbased DNHs is of 10.3 MPa and 12.7 MPa, nearly 4 times lower than
that of PMOx¢/PAA. The reason for this is the significantly lower compressibility compared

to the latter network, despite the similarity of the compression modulus values between the
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DNHs. The DNH composed of PMOx and PHEAm shows lower compressibility and
compression strength (5.7 MPa) than the two other hydrbgadsforming DNHs. Using

PDMA as secondary network, which has two methyl groups instead of two hydrogens on the
nitrogen, results in a PMGBased DNH a compressive strength of less than 1 MPa. This is
becausao hydrogen or other sacrificial bonds can be formed between the PMOx and PDMA
network, as both are only proton acceptors. These results clearly show that hydrogen bonds
between the two networks are responsible for the improved mechanical compressgta stre

of the DNHs based on PMOXx.

Altogether, none of the alternative secondary networks outperforms the high strength of
PMOxso/PAA DNHs in tension and compression mode. We pregbatehe latter DNH is not

only stabilized by hydrogen bonds between the carbonyl groups of PMOx and the carboxylic
acid group of PAA, but also by strong hydrogendswithin the PAA networkThese double
hydrogen bonds are accordingHoANG et al. more than 3 times stronger than single hydrogen
bonds formed between hydroxyl or amide protons and carbony! gttiypisich are the ones
formed by PAAm, PHEA, and PHEAm.

In order to understand the effect of the side chain of the POx network on the interaction between
the primaryand seconary networks, DNHs based on poly€hyl2-oxazoline) PEtOxvith a
polymerization degree of 50 were prepared. In this case, only PAA, PAAm and PHEA as
secondary network were evaluated, because they show the best performance when combined
with the PMOxbased network. The compasit of the synthesized PEt&based DNHs (Table

7) wasfound to be similar to the respective PMBased DNHSs (Tabl6). Figure28and Table

7 summarize the results of the tensile and compressive mechanical test.
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Figure 28: A) Tensile stresstrain curves an@) compressive stressrain curves and C) fracture energies of
DNHs based on PEt@xand PAA, PAA and PHEA in water at ambient temperafline. values ifrigure 28C

are expressed as mean * SD (n-4)33!

Table7: Overview of the water content and mechanical performance of the diftereble networlhydrogels

based on PEtQy. The values are expressed as mean + SD (#§'%

Double network Hydrogel 2.Network Tensile Tensile Fracture Compressive Compressive
Content Water Modulus Strength Energy Modulus Strength
1. Network 2. Network (%] C([’;)t]e”t [MPa] [MPa] [kIm3] [MPa] [MPa]
PEtOx0 PAA 74040 565+x24 2503 1605 68.4+6.7 41+0.6 294 +39
PEtOx»o0 PAAM 60.7+04 70215 2010 0.2+0.1 20x0.6 6.0+0.7 4.1 +1.7
PEtOx0 PHEA 79.0£2.0 54.0x20 42 +0.6 19+04 22.0+4.0 79%+13 19.0+£3.0

The PEtOxbased DNHs with PAA, PHEA, and PAAexhibit similar tensile and compressive

and tensile moduli compared to the respective PMOx DNHSs. The-strags curvan Figure

28-A shows that the PEtOst/PAA hydrogel performs siilar to the repective PMOx DNH.
However the notched sample of PEtOx/PAA shows a-fald shorter elagation to break than
PMOxso/PAA, resulting in an almost thrdeld lower fracture energy. The PEt&Q¥PHEA

DNH is behaves altogether similar to the respective PMOx DNH when subjected to strain. The
greatest influence of tHeOx side chain was found for the PEt@RAAM, both fracture energy

and strain to break of this DNH drops by more than 10 times compared tos5/RKOXM.

The effect of the POxside group is even more pronounced in the compression test. The
PEtO»do/PAA DNH exhibits the best mechanical performance of all three DNHs. However, the
values of the compressive strength (29.4 + 3.9 MPa) compared to the value ofcFMBX

(42.0 £ 8.0 MPa) ionsiderablylower. Comparedto the respective PMGBased DNH,
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PEtO»doPHEA shows increased stiffness and the compressive strength.sgEHEA DNH
fracturesat 21 MPa, which isloublethe value of the respective PM&G¥PHEA (10.3 MPa)

Thus, PHEA seems to form stronger hydrogen bonding to PEtOx than to PMOX, which is the
opposite of PAA andan be explainety the longer side chains of PHEA. In contrast to the
strengthening effect of PHEA as secondary network for P&»ed DNH compared to the
respective PMOsbased DNH, the compressive strength of PE#AAmM DNH of 2 MPa is

five times lower than that dhe respective PMOBNH.

These results show how the variation of the R{@e group greatly influences the mechanical
performance of DNHs synthesized with different types of acrylates. According to parameters
shown abovean increase of the length of the POx side groups results in at least higher
compression strength, as long as the second polyacrylate network contains hydrogen donors on
longer spacers. It is worth noting that the PAAmM containing DNHs have a signifitandy

acrylate content (664 wt%) than for example the PABased DNHSs (74 wt%). This is due to

the prepargon procedure that requires the use of an aqueous AAm solution. It is likely that
POx/PAAmM DNHs can be significantly increased in strength and toughness if a higher loading
with PAAm isensured

PMOx/PHEAMDNHSs have a high acrylatmntent buhave lower toughness and strength then
the other investigated PM@based DNHSs. This is somewhat surprising, because PHEAm is
reported to ba highperforming secondary polymer network in other DNP{2% The polymer

is containing amide and hydroxyl groups that can serve as both hydvogdimg donors and
acceptors that strengthen the noncovalent interactions within hydrogel nétWéfkrhese
bonds enable PHEAm to form different hydrogen bonds at differelaindess with the primary
polymernetwork in a DNHThus,should result in higher toughness at least (Figure 29).
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Figure 29: Dynamic of the hydrogen bond interaction between the PMOx and PHEAmM polymeric networks

upon tensile streg$§:13!

It was presumed that PHEAmM as a secondary network might not have the suited geometry to
form strong hydrogen bonds with the PMOXx network due to the flexibility of the side group.
Thus, we hypothesized that the addition of a fraction stranger binding monomer as
comonomer would force binding between PHEAmM and the-R@work. Tatest this PHEAmM-

co-PAA and HEAmM-co-PAAm in different monomer ratios were used as secondary network
for crosslinked PMOx. The DNH based on PM&¥P(HEAmM-co-AA) were found to be too

brittle to measure mechanical properties. In contrast, RMRIKEAmM-co-AAm) DNH show

a promising mechanical performance.

The water content and the mechanical properties of the DNHs BIPOXEAM-co-AAmM)
with different AAM/HEAmM ratios are summarized in Figu&and31, and in Table.
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Figure 30: Tensile A) and compressive B) modulP®Ox¢/P(HEAmco-AAm) DNHs in comparison to
PMOxso/PAAM and PMOx/PHEAmM. All experimentre performed in water at ambient temperature. The
values inFigure 30-D are expressed as mean * SD (n-#)38131

As seen in Figur80, mixing two monomers in the secondary netwaierds a softening of

all resulting DNHs compared to PM&PAAM and PMOxy/PHEAmM. While the Youngs
modulus of the copolymer DNHSs is about half of their respective homopolymer DNHs, the
compressive modulus decreases most in the case of PHEAm contents 35 and 50 wt%, where
the compressive stiffness is more than 10 times lower.eTtessults show that mixing two
different monomers results in a decrease of interactions between the PMOx and the side chains
of the secondary network. We hypothesise thatistdse to longer side chain of PHEAtimat

offers ahigherdistance between the interconnecting networks and thus the shorter hydrogen
forming side groups of PAAm cannot reach the carbonyl function of PMOx. Thus, when
increasing the HEAm content from 10 to 50 wt%, this effect becomes more pronounced and
the numbe of PHEAm side groups that form hydrogen bonds is lower than that of the
hompolymer DNH PMOx/PHEAM. Increasing the amount of HEAm to 75 wt% results in a
higher number of hydrogen bonds between PMQx thie PHEAM side groups and thus an
increased stiffness. Moreover, the addition of HEAm as 10 and 90 wt% are not significantly
influential to the compressive modulus, because the low number ghatahing groups is not

disturbing the structure of the damant functional side groups at minor deformatitin.
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Table 8: Overview of the water content and mechanical performance afothigle networkydrogels based on
PMOxso and RHEAmMco-AAN). The values are expressed as mean + SD (#)°313!

DN 2. Co-Network Tensile Fracture Compressive
Water
Content Content Strength Energy Strength
onten
2. CoNetwork (%] [MPa] [k m3] [MPa]
[%0]
HEAM100-CO-AAM90% 77023 76.4+0.6 0.9+0.2 69.1 +0.6 2103
HEAMzs0-CO-AAM75% 78.6+2.0 79.7+25 05+0.3 63.1+4.9 95+14
HEAMs00-CO-AAMs0% 77.2+3.4 76.2+0.9 0.88 +0.02 92.0+5.1 104 +0.7
HEAM7s%-CO-AAM25% 77.1x2.1 76.8+2.6 1.1+03 52.1+9.2 34+04
HEAMgo0%-CO-AAM10% 79.4+19 76.7+3.2 14+0.2 415.0 £43.3 105+0.5

A different scenariavasfound for the compressive strength. Adding 10% of HEAm to AAm
leads to a more thanféld drop in compressive strength compared to PB4GRAM (from

12.7 MPa for PMOx/PAAmM to 2.1 MP for PMOx/P(HEAM%-Co-AAmaoy). In contrast,

10% AAmM in HEAm results in nearly double the compressive strength compared to
PMOxso/ PHEAmM (from 5.7 MPa for PMQyPHEAmM to 10.5 MP for PMOy/P(HEAMboos-
co-AAmiow). Thus, the minor amount of different functional in the secondary copolymer
network plays a strong role for larger deformations. However, the compressive strength in not

exceedinghat of PMOx¢/PAAmM in any composition of copolymer DNH§able8).
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Figure 31 Tensile stresstrain curve of A) PMOy/P(HEAMys:-Co-AAMDsy),
B) PMOx»¢/P(HEAmMw:-co-AAMioy) and C) PMOxy/PHEAmM. The filled areas represent the fracture energy at
the breaking strain of the notched sample. D) Fracture energy values and E) compressive curves of all tested
PMOx»dP(HEAMmco-AAmM) DNHSs. All experiments are performed in water at ambient temperature. The values

in Figure 31-D are expresseds mean + SD (n =-8).48.131

Finally, the strain fracture energy of the copolymer DNHs reveals that the toughness is
gradually decreasing for higher content of HEAm, with the exception of the composition of
HEAmM:AAm of 90:10. In the latter cas the fracture is about 400 ki3 which is 6 times
higher than that of PMQYPHEAmM. Remarkably, the notched sample of the
PMOxso/P(HEAMbow-cO-AAM10%) shows the same straia-break as the unnotched sample
(Figure31-B). Comparing the stresdrain curve of PMOs¢/P(HEAMow-Co-AAM 10%) (Figure

31-B) to PMOx»dPAA (Figure27-A) reveals that the combination of PHEAmM and PAAmM in
the secondary network of PM&pased DNHs almost doubles the fracture energy and thus the
toughness compared to respective PAA system. Thus, the mechanism proposed i@%igure
seems valid and the possibility of forming hydrogen bonds at different distances between the
two networks mdeed improves thtensile toughness of the DN#.
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The requirement of the small amoud0(wt% accounts for 6.4 molof AAm might be
explained by the slightly higher water content (79%) of the DNH compared to the rather fragile
pure PMOxd/PHEAmM (76%). The higher water content leads to an increased swellin¢gSatio

= Mswollen)M(dry), from 4.2 to 4.8) which increases the distance between PHEAmM and PMOx by
approximately 5%. This could be the optimal ratio required for the improved toughness and is
supported when considering that the fracture energy of PMOx/PHEAmM DNH is ten times lower
than that of PMOxy/P(HEAMbow-co-AAM10%) (Figure31-C and TableB). A further increase

of 25 wt%AAm does result in a dramatic drop of fracture energy (Figdr& and D), which

is caused by a lower density of the HEAm groups in the DNH. These results clearly show that
mixing monomers in acrylate phase is a beneficial way to optimize the properties oE?MOX
based DNH.

4.4 CONCLUSION

This chapter addresses the question of bmevmechanical properties BOx¢-based DNHs

with different polyacrylate networks can be tutiedughsystematic variatissof the chemical
naturein both networks. It could be established that the double network structure is a major
requirement for achieving good mechanical properties, such as high compressive strength, in
the hydrogels. The secondary network for Rfased DNHs evidently needs to bgraton

donor to sufficiently dissipate energy. The high compression strength of BMB& was

found to be caused by the strong hydrogends formed within the PAA network and this
could not be achieved by any other Pliased DNH. Furthermore, the POx side chsaian
important factoin the resultingnechanical properties of the respective hydrogels. An increase

of the side chairof POx, from methyl toethyl groups changes the interactions with the
secondary polyacrylate network in a way that longer proton donating side chains on the acrylate
are required to reach the carbonyl group of the POx network. Thuisitéhectionsbetween

the two networks is very sensitive to the smallest changes in the structure of the side groups.
This was found to be even more pronounced when mirmogiomers in the secondary
polyacrylatenetwork. The addition of a small fraction of AAm (10 wt%) to HEAm (90 wt%)
leads to a PMObased DNH with 1Qimes higher toughness, more than the double the tensile
strength, and almost double compressive strength compared tosgRKEAmM. In terms of

tensile toughness this DNH even exceeds the overalpbdgstrming PMOxdy/PAA. Thus, fine

tuning of POxbased DNH is a versatile and promising way to obtain high performing DNHs
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for biomedical applications beyond artificial cartilage for skin substitutes and supporting
structures for bone regeneration. Finally, such DNHSs are also interesting candidates for pressure

resistant desalination membranes or even as actors for energgtimaymaterial$>*

4.5 EXPERIMENTAL SECTION/METHODS

The Experimental section and methods are based on previousssiydhe authoBENITEZ

DUIF et.all” 131

-Materials. Chloroform (Fischer Scientific) was distilled from activated aluminum oxide
(Merck) under reduced pressure and under argon atmosphere stored. The monoetbys$ 2
2-oxazolin (MOx) and zthyl2-oxazoline (EtOx) were obtained from Acros Organics, these
were distilled over Cabl (Acros Organics). Trans1,4-dibromc2-butene (DBB, Acros
Organics) was recrystallized twice from -heptane (Fischer Scientific).N,N-
DimethylaminopropylmethacrylamidDMAP-MAA, SigmaAldrich) was under reduced
pressure distilled. All distilled chemicals were under argon atmosphere &@f@tstored’.
Acrylic acid (AA, 98% extra pure, Acros Organics), Acrylamide (AAm, VWR)N-
Dimethylacrylamide (DMA, 99%, Sigma Aldrich);Rydroxyethyl acrylate (HEA, 97%, T€I
Europe}!, N-(2-Hydroxyethyl)acrylamide (HEAm, >98%, Turopej!, Irgacure 2959
(1G2959, >98%, TGEurope), Irgacure 651 (IG651, Ciba Specialty Chemicals), Tetraethylene
glycol dimethacrylate, (TEGDMA, Sigmaldrich), methanol (Fischer Scientific)N,N-
methylenebis-acrylamide (MBAm, 99%, Merck), diethyl ether (Honeywell Riedel

HaerE ).48,131

-Synthesis of poly(@xazoline) macromonomers with DMARIAA end groups: The
synthesis of telechelic PM@xand PEtOx, was performed according to previously works of
TILLER et al}”®®The cationic ring opening polymerization ofiiethyl2-oxazolin (MOx) and
2-ethyl-2-oxazoline (EtOx) with DBB as initiator was carried out in dry chloroform (20 mL)
under argon atmosphere in an industrial microwave reactor. Since the polymerizatiomtime a
temperature depends on the degree of polymerization and monomer’s type, the polymerization
time and temperature for the two different polymers are in Taldéed. The living ends of all
polymers were terminated with N;Bimethylaminopropylmethacrylaich(DMAP-MAA) in a

10-fold molar excess (respect to the mole of initiator) at 49 °C for 72 h. The resulting polymeric
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product was purified by precipitating the polymers three times inateediethyl ether and then
dialyzed against mixture of methano#®(1:1) using benzoylated cellulose membranes (1000
MWCO). The methanol was first removed under reduced pressure and the remaining agueous

solution was dried by lyophilizatiotf:13!

Table9: Composition and polymerization conditions for the synthesis of PMOx and PEtOx with-DIAP
end groups3!

m-peB V Monomer® Time Temperature Vowmap-maa
Polymer )
[d] [mL] (h] [°Cl [mL]
PMOxso 0.3 6 2.5 105 2.5
PEtOxo0 0.21 5 2.5 110 1.8

aA\Volume of monomer (MOx or EtOx¥ Volume of DMARMAA to functionalization of PMOx and PEtOx

-Determination of the degree of polymerization and functionalization of polgiazoline)

with DMAP-MAA end groups: The degree of polymerization (DP) of the synthesized peoly(2
methyl2-oxazoline) and poly(2thyl2-oxazoline) and degree of functionalization (F, in %)

with DMAP-MAA as end groups werdeterminatecusing *H NMR spectroscopy{gilent
AV500/ AV400 spectromet er al The moledular weight (§i CDCI
and dispersity (D) of the polymers were evaluated through size exclusion chromatography
(SEC). The SEC analysis was carried out using a Viscotek GPCMax system with a refractive
index detectoat 55 °C, employing a saline solution of NeiNnethylformamide (DMF + LiBr,

20 mmol) as the eluent. Calibration was performed with poly(styren@)dards

(Viscotek)1’ 131
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Figure 32 'H-NMR spectrum of PMGQxfunctionalized with DMARMAA end groups CDCls
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Table10: Analytical data of the synthetized POx with DMRAA end group&2-13?

DP nMR M n.NMR Mn.sec b F-omap-maa®
Polymer . .
[] [g mol*] [g mol] [] [%0]
PMOxso 53 4820 4739 1.19 95
PEtOxo0 504 5391 5370 1.14 99

2Degree of funtionalization of POX with DMAMAA end groups.

-Fabrication of the POx and Polyacrylatdouble networkhydrogels The doublenetworks
hydrogels composed of POx and different acrylate monomeses synthesized using a two
step polymerization method. This method was initially develope@dnc et al®! and was

also detailed in our previous wotk*3!

The first POx hydrogel network was prepared from an aqueous solution of 34 wt%
macromonomer POx with DMARIAA end groups and photoinitiator 1G2959 (4.6 wt%

respect to the macromonomer). This precursor solution was placed between two microscope
slides, whit were previously coated with poly(propylefiape and separated by 1.05 mm thick
spacers for the compressitasted samples. Spacers with 0.35 mm thickness were used for
tensiletested hydrogels, so that these could be fixed between the clamps of ilectésier.

Then, it reacted in an UV curing chamber (Erti assi ¢ aut omatic, 36 W,
min (switching each side every 2 min). Upon the exposure to the UV light, the macromonomer
underwent a freeadical induced polymerization to form a 4&@POx primary network (1N).
Afterwards the POx network was soaked in DI water over night, in order to remove the

unreacted macromonomers and impuritfes

In order tancorporate the polyacrylate (PA) secanghetwork, the first network was carefully
removed from the water and immersed in the respective acrylate solution overnight. The
different acrylate solutions contained a photoinitiator (IG2959 or 1G651) and a crosslinking
agent (TEGDMA or MBAm). Tabld1 shows the weight percentages of the components in the
different acrylate solutions. The initiator content is proportional to the total amount of acrylate
monomer, while the crosslinking agent conterttdtermined by a mole ratio of approximately
2100 between the total monomer amount and the crosslinking agent. For acrylamide (AAm)
and 2acrylamide2-methylpropane sulfonic acid (AMPS) as solid monomers, dissolution in

water was necessdaigilowed byan adjustment of the molar ratio monorsessslinking agent.
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The swollen hydrogel was placed betwéea glass plates and cured under a UV source for 20
minutes, alternating sides every 2 minutes. The final POxi®/ble networKDN) hydrogel
was removed from the glass plates and wasih@@ughlywith water for 48 h. All washed DN
hydrogels were dried at room temperature and stored. The cleaned samplewolierein

water at least 48 h before the measurem@éhts.

Table11: Composition of the different acrylate second network soluffofig31.168

Monomer Content Initiator Crosslinking
Acrylate in Solution Initiator Content Crosslinking Agent Agent
[wt%] [Wt%] [wt%)]
AA 100 IG651 0.24 TEGDMA 0.22
AAmM 507 1G2959 0.24 MBAmM 0.24
HEA 100 IG651 0.24 TEGDMA 0.12
HEAmM 100 IG651 0.24 TEGDMA 0.13
DMA 100 IG651 0.24 TEGDMA 0.16
AMPS 209 1G2959 0.24 MBAmM 0.06
HEAMg00-Co-AAM10% 100 1G2959 0.24 TEGDMA 0.14
HEAM750-Co-AAM 25% 100 1G2959 0.24 TEGDMA 0.15
HEAMs00-Co-AAM50% 679 1G2959 0.24 MBAmM 0.08
HEAM250-co0-AAM 75% 579 1G2959 0.24 MBAmM 0.09
HEAM10%-Co-AAM90% 533 1G2959 0.24 MBAmM 0.10

¥ Solid content of AAm, AMPs and HEA/RAAm in aqueas solution. mitiator and crosslinking agent content

are in relation to the total amount of acrylate monomer.

-Determination of the water contentBetween 3 and 4 dry hydrogehmples with 6 mm
diameter were immersed in deionized water until equilibrium was reached, which corresponds
to a swelling time of at least 48 h. Subsequently, the swelled hydrogels were dried under
vacuum at 50 °C for 48 H:*1 To determinate the water content (WC) the wef) (amd dry

(after swelling, rg) weights of the DN hydrogels were measured and calculated as follows:

7#x0bp —— pmm (1)

-Determination of the Polyacrylate content in thdoublenetwork The polyacrylatesecond

network content in theouble networkvas calculated from the dry weight of the POx based
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first network (mn) before its swelling in the acrylic acid monomer solution and the dry weight
of the resulting POx/PAA hydrogel gx) after the washed procéss®:

o!p —— pTW (2)

-Tensile mechanicaldst: The stresstraincurves were recorded at room temperature using an
Instron 3340 tensile tester with a cell with load 1 kN. At least four swollen DNH samples of
different double networks with average dimensions of 4.55 mm x 29.9 mm x 0.76 mm (width

x lengh x thickness) were fixed between the clamps with help of sandpaper resulting in
effective lengths ¢) between 7 and 18 mm. The experiment was performed at a crosshead speed
of 5% mirt until failure of the sample. During the whole experiment, the samples were kept
hydrated with water using a spray bottle. The tensile modulus was obtained from the initial
slope of the stresstrain curveThe cetermination of the fractuenergywasdetermined based

on previouswvorks of TILLER et al/®?°Three additional samples, with the same dimensions as
mentioned above, were notched in the center. The notch length corresponds to one third of the
sample’s width. The tensile test of the notched samples was performed until failure as described
above. Ths experiment allows to deternaithe strain at which the notch turn into a running
crack'®! The corresponding fracture energy; (n J m®) of the samples was calculated as

follows:

3 . ARAR (4)
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Figure 34: Stresd strain curve of DN based on PM§MP(HEAmMyow:-co-AAmoy)and the area calculated from
the strain of the notched sampfe3!

-Compressive mechanical te§the compressive behavior of PM§#AA and native cartilage

were evaluated with an Instron 5967 tester with a cell load of 30 kKN at room temperature. Five
circular samples with diameter of 12 mm and thickness between 1.8 and 2.2 mm were tested.
The sample was placed in the compression celered with swelling media ¢@) and
compressed with an initial preload of 1N. All samples were compressed with a compressive
strain rate of 0.5 mm mihuntil failure. Compressive stressraincurves were recorded.

Compressive modulus values were adbed from the slope at @3 MPa compressive

stresg /131

Figure 35. DN PMOxy/PAAm in compression form (A) and after tensile test{B}.
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-Statistical AnalysisAll values were expressed as mean + standard deviation (SD). The results
wereanalyzed statistically using a cm@&y ANOVA, followed by a Tukey postoc test. In all
cases, the significancewassep@® 0. 05. Stati sti cal anal ysis w

2020b Softwarg” 131

4.6 ATTACHMENTS
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Figure 36: Stresd strain curve of DN based on PM&and PAA, PAAm, PHEA, PHEAmM and PDNFA.
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Figure 37: Stressstrain curve of DN based on PEt§=and PAA, PAAm, PHEA and the respectively notched

samples.
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Figure 38: Stressstrain curve of DN based on PM@xP(HEAmco-AAm) and the notched samplésts?
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5. pH-Stable Double Network Hydrogels with Enhanced Mechanical
Integrity Across a Wide pH Range

Some findings presented in this chapter webased on preliminary results of M.

SANTHIRASEGARAN'S Mastefs thesis!®®

5.1 ABSTRACT

Double networkhydrogels (DNHs) ar@a renowned class material for their outstanding and
tunable mechanical properties, making them highly suitable for diverse biomedical applications
such as implants. Implanted hydrogels often encounter varying pH conditions within different
tissues or ingsponse to inflammation and infection. Hydrogels materials that maintain their
structure and functionality across these conditions are essential for successful implementation
and tissue regeneratiolm this chapter, w@resentthe development and charawtation of

DNHs that exhibit remarkable stability and mechanical integrity across a broad pH range of 3.4
to 10.5. These DNHSs are composed of a first network based on-pogif®+2-oxazoline) and

a second network of pglacrylic acidco-acryl amideP(AA-co-AAm). A ratio of 90 wt% PAA

and 10 wt% PAAm in the second network enabled the pH stabilization of the hydrogel.
Comprehensive testing, including compressive tests and tensile strength assessments,
demonstrated that these hydrogels maintain their tobsis and structural integrity from acidic

to alkaline conditions. This study marks a significant step towards the broader applicability of
DNHs in environments with fluctuating pH conditions.

5.2 INTRODUCTION

Double networkhydrogels havelemonstrated exceptional toughness, strength, amsdtility

in their compositionTheseunique material properties position thenvakiable candidates for
applications in biomedical engineering, environmental science, aamwus industrial
sectors'®® Although high strength and stiffness are required in many practical applications, the
use of materials as biomaterials for implants often requires meeting the mechanical properties
of the natural tissue. One recent example of such a material is artiartlge, which has a
complex structure and specifmechanical features that must matched by the potential

artificial substitute. Therefore, it is also important to evaluate the material performance in
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conditions similar to the original environment of the tissue in the human body, such as ion and
salt concentrations. This implies that the implanted material often encounters varying pH
conditions within different tissues or in resgerto inflammation or infectiot{®>*"* Therefore,

hydrogel materials that maintain their integrity across these conditions are essential for

successful tissue implantation.

Most of thedouble networkhydrogel systems with cartilagi&e properties that have been
reported are based on at least one polyelectrolyte component, such asapoligide2-
methylpropane sulfonic acid) (PAMPSY%8 and poly(acrylic acid) (PAAY The
incorporation of acidic or ionic groups in the hydrogel network is beneficial for enhancing the
water uptake, which is required to mimic the watertent of natural tissues. Thag®ups also

form hydrogen bonds or ionic interactions between the involved polymer networks, which can
act as sacrificial bonds for the energy dissipation process. The swelling and mechanical
performance of hydrogel systems containing polymer networks aeitfic groups, such as
poly(acrylic acid), are highly dependent the pH environment®®172173 At pH values above

the acid exponent (pKa) of acrylic acid (pKa = 4/#the dissociation of the acid groups leads

to an inevitable loss of mechanical performatfcEhis makes it crucial to ensure the stability

of these materials under tisstglevant conditions.

To address the challenge of developing -nelistant hydrogelswith polyelectrolyte
componentswe reporteddouble networkhydrogels (DNHs) based on poly(@ethy}2-
oxazoline) (PMOXx) and poly(acrylic acid) (PAA) with articular cartildigge performancdas

also describeth Chapter3).1” One of the most remarkable features of the PA®®RAA DNH

is the strong pKa shift of PAA from 4.7 to above 7Téis pKa shift wasttributed to the
stabilization of the carboxylic acid groups of PAA against protonation up to pH 7.4, due to the
formation of hydrogen bonds between PAA and the PMOXx netwdankever thecompressive
strengthof the PMOxo/PAA DNH decreasesignificanty at pH 76, suggesting a vulnerability

of the material under slightly alkaline conditions, which could limit its performance in
biological environments where pH fluctuations occur. This highlights the need to improve the
stability of the PAA carboxylic grqas at higher pHevels.One potential approach to achieve
thisis by introducing additional componerits reinforce this stabilizatiorHndings in Chapter

4 underscored the potential of incorporating comonomers in the second netwaigrifioantly

68



Results & Discussion

enhancdydrogenbondinginteractions, leading to superior mechanical properties and fracture

resistancewhile also contribuing to the pH stabilization

Building upon these insights, the present study aims to desigalde networkydrogel that
maintains high pHesistage even in alkaline conditionBy copolymerizing the second
network, PAA, with polyacrylamide (PAAmM), resulting in PM§3®(AA-co-AAm) DNHSs.

The approach to forming pkesistant materials with ionic components is important for
enhancing their applicability and performance in various fields where environmental pH
conditions can vary significantly.

5.3 RESULTS AND DISCUSSION

Goal of thisstudywas to develop @ouble networkhydrogel with enhanced pH resistance,
ensuring stable yet excellent mechanical performance across a wide range of pH values. To
achieve this, weassume that the addition of a comonomer to the secondary network in the
original system could beptimal This suggestion ibased orobservationgained inChapter

4, wherethe critical role of molecular structureinctional groups, side chainend the spatial
arrangement between interacting networks in forming strong or weak hydrogenvisds
discussed These factorsvere shown tosignificantly influence water uptake capability and
mechanical behavior. Key highlight of the study was the development afauble network
hydrogel (DNH) based on PM@P(HEAMbowCco-AAmiow). By incorporating 10%
acrylamide (AAm) as a comonométrwas possible to achiewextraordinary facture energy
values. This was due to the formation of dynamic hydrogen bonds, which effectively dissipated
energy under tensile stress.

Given these findings, it would be interesting to explore whether the addition of a comonomer
capable of formingdynamic and strong hydrogen bonds coukhhance thestability of
hydrogels containing ionic componersisch as acrylic acjgarticularyat higher pH values.
Previousexperiments showethat addingPHEAmM, which offers both stronghydrogen bond
donors and acceptors, did ryaeld in stable hydrogels when combined with poly(acrylic acid)
(PAA), making it unsuitable for further testing. This finding also suggested that the ideal
comonomerfor acrylic acid (AA) in such systenshould share similaspatialgeometryanda
norrionic naturesuch asAAm. Acrylamide iswidely usedin double networkhydrogels for

cartilagerepair applicatioa due to its elasticity andits ability to form hydrogerbonding
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interactiorsin differenthydrogelssystems$®1"*Moreover the combination of AAnand AA is
well-known not only forproducingionic and hydrogen bontkinforced double network
hydrogelg?176177 put also for creatindgdydrogenrBonded(HB) multilayer systems 8 where
stability acrossphysiologically relevant pH range eéssential Therefore, we propose that the
addition of AAm as comonomanto thesecondary network could further enhance the stability
the DNHPMOxso/PAA, even in alkaline pH ranges.

In this study,double networkhydrogels (DNHs) composed ofpsimary network of poly(2
methyt2-oxazoline) (PMOxwith a degree of polymerization of 5nd various compositions

of poly(acrylic acidco-acrylamide) (PAAco-PAAmM) as the secondary network were
investigated.The synthesis of #h telebelic PMOxo and the double networkhydrogels
followed the same methegbreviouslydescribedn this workin Chapter3 and4. The main
objective of this study was toexaminethe influence of pHand salt concentration on the
mechanical performance of these hydroggivaryirg the ration between PAA: PAAmM in the
second network, using the previously repof@dOxso/PAA DNHs as referencelo achieve

this, the samples were tested in two different environments: distilled water and phesphate
buffered saline (PBS) solutions with pH values ranging from 7.4 to 10. The experimental
conditions in distilled water served as a control to observe the mechanicainzarée of the
DNHs in the absence of ionic interactions. In contrast, the PBS solutions provided a range of
physiological and slightly alkaline conditions to simulate the possible environments these
hydrogels might encounter in biomedical applicationsilkinplants.

A series of swelling and mechanical tests, including tensile sthesa and compressive
strength evaluationsyere conductedo measure the performance of daéydrogels under
these conditionsThese tests aimed to identify the optimal compositions of f&RAAM in

the secondary network for maintaining hydrogel stability and functionality across a wide range
of pH and salt concentration¥he water uptake capability & crucialfeatureof hydrogel
materials reflecting the stability of the networkswakension The water content across different

pH conditions provides insights into the swelling behavior of the synthedalole network

hydrogels asshownin Figure 39

70



Results & Discussion

~
o

80 - 80 80 4
70 70 4 q
8 J J

-]
o

»

o

Y
(=)
L
N
t=)
L

Water Content [%]
Water Content [%]
Water Content [%]

[N
(=
I
= N
(=
L
N oW
o o
L

10 - 04 10
L Mowm | on AR gcco ) | UG kg M
H20 PBST74PBS7.8 PBS8 PBS9 PBS10 H20 PBS74PBS7.8 PBS8 PBS9 PBS10 H20 PBS7.4PBS7.8 PBS8 PBS9 PBS 10
100 4 100 - 100
90 4 90 - 90 -

o
o
L
o
o
L
©
o

~
=)
L
-
o
L

-]
o
L
»
o
L

.
(=3
L
.
(=3
L

Water Content [%]
Water Content [%]
Water Content [%]

(ST
e o
L L
(ST
e o
L L
N oW
S o
L

=)
I
=)
L
o

o ——PMOXy/P (AAgsy-CO-AAM, 5, o ——PMOxi/P(AAgy,-co-AAmyy, ) 5 ——PMOX;/P(AA; gy, -cO-AAM )
H20 PBS7.4PBS7.8 PBS8 PBS9 PBS 10 H20 PBS7.4PBS7.8 PBS8 PBS9 PBS10 H20 PBS7.4PBS7.8 PBS8 PBS9 PBS 10

Figure 39: Water content of DNHsased on A) PMQyPAA, B) PMOxy/P(AAesy-CO-AAME),
C) PMO»%o/P(APgouCO-AAM0%), D) PMOX%o/P(AAss0-CO-AAMsy), E) PMO%0/P(AAs0y-CO-AAIM0y) and
F) PMOxo/P(AA7-Co-AANky)in different swelling media. Valuesesgxpressed as mean + SD (n =4)

DNHs containing 0 wt% and 5 wt% polyacrylamide (PAAshpwa linearan increase of the
water contentby increasingoH values of the PBS solution. No significatifferenceof the

water content betweemater and PBS 7.4 was observed, indicating that the salt concentration
does not significantly influence their swelling behavior. In contrast, DNHs with PAAm content
ranging from 15 wt% to 30 wt% exhibit a sharp increase in water content when transitioning
from distilled water to PBS at pH 7.4. This suggestd,tfor these compositions, the salt
concentration has a more substantial impact on swelling behavior than the pH value. Notably,
the hydrogel with &econdary networkomposition of 90 wt% polgcrylic acid) (PAA) and

10 wt% PAAmexhibits water content values between 62 and 67 wt% up to pH values up to
9.0. This specific ratio appears to balance the hydrophilic nature of PAA and the structural
contributions of PAAm, resulting in a hydrogel that maintains its integrity and consistent
swelling behawor in varying pH environments.
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One of the most important characteristics of biomaterials designed to mimibdaddg
tissues, such as articular cartilage, is high compressive straigthaticular cartilagetissue
typically exhibitswater contentaluesup to85wt% while being able to withstand compressive
stresses ranging from 14 to 59 MP& 1’ This combination ofa high water content anca
substantial compressive strength is one of the unique features of articular cartilage, making it
exceptionally challenging to replicate in synthetic biomaterials. In the Ffushowsthe

correlationbetweenwater content and compressive strength at different swelling conditions.
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Figure 40: Water content and compressive strength of DNHs baséd BMOxd/PAA,
B) PMO»%so/P(AAgse-CO-AAMEy), C) PMOx%o/P(AAsowCO-AAM0s), D) PMOx%o/P (ALss0-CO-AAMsy),
E) PMO»6o/P(AAsow-CO-AAMpa)and F) PMOxo/P(AArw-CO-AAMoy) in different swelling medid/alues are
expresseds mean + SD (n =34).

In the Figure 40, it is noticeable, that thater content of the different hydrogedifferent pH
values correlatesiverselywith thar compressive strengtihs the water content increases, the
compressive strength of the DNHgenerally decreaseanderscoringhe negativeeffect of

water absorption on the mechanig@rformanceof these materialsn comparison to the
reference PMOx/PAA, which exhibitsadrastic loss of the compressive strengthHhwvplues
above 7.4,DNHs containing PAAmas cenetwork show a more gradual reduction in
compressive performance. This behavior indicates that the incorporation of PAAm, like PMOX,
contributes to stabilizing the protonation of the carboxylic acid groups in PAA, thereby
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enhancing the mechanical stability of the hydrogelwndt under alkaline conditions.
However, this also indicates that the stability of these hydrogels depends on the interactions
formed between the polymer networks in the DNHs, which are influenced by the AAm content,
salt concentration, and pH levels.

In particular, hydrogels containing 10wt% PAAmM as copolymer exhibit exceptional
performance, maintaining compressive strength values between 30 to 40 MPa at pH values up
to 9.0. Even at pH values above 9.0, these hydrogels retain a compressive strength of
approximately 20 MPa, which remains within the range of literature values reported for the
compressive strength of antiar cartilage (1469 MPa) This suggest that 90 wt% PAA with

10 wt% PAAm is the optimal ratio, which provides a favorable balance betite water

uptake and compressive mechanical strengdased on theseresults, the DNHs
PMOxso/ P(AA 909-CO-AAM10%) Were further investigaed for a better understanding of the

factor contributing to their exceptional pH resilience.

To explore the dynamics of the interactidretween the networks, the PM£§#(AA go%-CO-
AAm1o%) hydrogels wereubjected to tensile testing. This method alleemprehendinghe
dynamic of the interactions between the networks invdlvadditionally, these hydrogels
were tested at pH 3.4, which lielow the pKa ofPAA (4.7) Testing at this lower pH was
importantto determire the behavior of this hydrogels in a broad pH range. The results are
presentedn Figure 41.
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Figure 41: A) tensile stresstrain curve, B) tensile modulus vs water content, C) fracture ererg)y
D) compressiveatrengthof DNHs based on PMGXP(AA«w-Cco-AAMoy) in different swelling media. Values of
Figure 41B, C, D are expressed as meanSb (n =3 4).168

The tensilestress curves shown in Figure-Alwere used as a starting point to determine the

tensile modulus and fracture energy values. Generally, it can be observite: thdtlition of

10% AAm into the system the elastigiof the system improve, having strain values at break

up to 100% compad to the reference PM@XPAA (50 % strain), giving the system elasticity

which is characteristic of polyacrylamide hydrogels syst€fisis alsoevidentthat thetensile

behavior of the DNHs decreases above pH valu8fopparticularly in terms of tensile strength.

Notably,the hydrogels swollen in distilled watexhibit bettettensile stress perforamcethan

thosein PBS

referencg6900 J 7). It could be attributed tthepresence of salts in the PBS solution, which

weakens PAAmM’s ability to form the hydrogen bonds, thereby limiting the formation of strong

Wi

t h

fracture

energy

reachi g&BAAuUp

and reversible hydrogemonding interactions that dissipate the energy.
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Under compressive stress, no significant difference in the behavior of the DNHSs is observed up
to PBS pH 8.0. The fracture energy tends to decrease in conditions that disrupt hydrogen
bonding, such as changing the swelling medium from water tec@atdinng media like PBS,

and at higher pH levels. At lower pH levels (e.g., PBS pH 3.4), better mechanical performance
was expected because the carboxylic acid groups of PAA are mostly protonated, allowing for
stronger hydrogen bonding interactions between PM&X¥A, and PAAmM, which enhances
network cohesiortHowever, the results indicate that salt content is also a key factor to consider,
as it reduces the dynamics of hydrogen Isanaler tensile stress. Despite this, the hydrogels

exhibit steady behavior in saibntaining media up to pH values of 9.0.

At the end of this study, we attempted to use FTIR (Fodniansform Infrared Spectroscopy)

to identify possible hydrogen boing interactions within the double network hydrogels. The
hydrogels were first swollen in their respective media for approximately 48 teoutshen
carefully dried at room temperature to avoid damaging the interactions between the
componentsthe Figure4?2 illustrates the FTIR spectra of th®ONH PMOxso/P(AA 90%-CO-

AAmM10%) at different swelling media.
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Figure 42. FTIR-spectra of the single networks, PAAmM, PAA and Pij@xrd PMOxy/P(AAc0%CO-AAM o)
double networlhydrogels in HO and in PBS at pHalues between 3.4 and 10.5.
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The formation of PAAm in thelouble networkhydrogel PMOxXso/P(AAgow-CO-AAM 10%) iS
indicated by peakbetween 1647 and 1651 gpcorrespondingo the C=0 stretch of PAAmM
(amide 1)18%181 The characteristicpeaks corresponding tahe stretching vibration othe
carbonyl group (C=0) in PAA typically appear betweeh700 and 1725 cth reflecting the
protonated carboxyl acid groups of PAR82As a startpoint the PAA single network shows
the v(C=0)at 1698 crtt (see Figure 42), whilthe original DNH PMOxy/PAAm exhibits this
peakat 1705 crit in water(refer to Figure 15)Upontheaddition 0f10% AAm, a broadening
of this peak isobserved registering signaldetween 1695 and 181cm, suggesting the

coexistencef different interaction$or thesecarbonyl groups
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Initially, this confirms thepresence oPAA protonated carbg/l groups across the different
swelling mediaHowever,at pH 3.4, where protonation does not occur due to PAA’s pKa of
4.7,the C=Opeak shiftfrom 1714 cmtto1 7 0 4 when th& sample swollen atpH 10.5.

This shift correlats with the mechanical performance of PM@IR(AA gov-CO-AAM 1006) UNder
different pH conditiongFigure 41) wherea significant drop in thperformances observed at

pH 1Q The persistence gfrotonatedcarboxyl grougs, despite the increase in @fd salt
concentration suggesta stabilizing effect provided by the introdieect of AAm. This is a
noteworthy observation, as the reference system without AAm showed a significant loss in
performance at pH values above 7.6 (FigL#g

Additionally, the superposition ansghifted of the C=0 peaks of PAA and PAAm in ttauble
networkhydrogelindicatehydrogerbondinginteractions'® A shift to lower wavenumber (red
shift) in the C=0 stretching vibratioof PAA, f r om 16 958 ccnm 11, taoosdo6b s er \
all swelling media, further supportirthe formation of hydroge#ibonding interactions in the

doublenetwork

Finally, while the carbonyl peaks of PMOx ar
not be clearly distinguished due to overlapping peaks from other components, congptfcati

analysis in this region.

To explain the remarkable performance and pH resilience of this hydrogel system by
incorporation of 10 wt% AAm.the following mechanism is suggested:h& not all
carboxylate groups of PAA in the network structure haypeodonbinding partner, they are

more easily deprotonated at lower pH values or in response to changes in salt congentration
compared tohe groups involveah stable hydrogehonds By replacing the excess ndanding
carboxylates with another hydrogen donor mongsuech as AAmgreaterstabilizatian of the
DNHsis achievedat high pH values. Thigads to amven higher a shift for PAAthan with

original PMOx%d/PAA system

The swelling behavioof the hydrogels withvarying AAm contentrevealed that 1Gvt%
acrylamide is necessary to effectively pair with the majority of the carboxylic acid groups of
PAA, therebyinhibiting their deprotonation. The incorporation of PAAm into the secondary
network significantly contributes tthe stabilization ofthe hydrogel structure by promoting
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additional hydrogeitbonding interactions between the amide groups of PAAm and the
protonateccarboxylic acid groups of PAA. These formed hydrogen bonds enhance reversible
interactions within the network, allowing it to dissipate energy under mechanical stress while
also maintaining stabtlf across various swelling condition®&s a result, this system
successfully shifts theAA’s pKa from an initial valuef 4.7 to 7.4n PMOxso/PAA, and even

up to pH 9 in sattontaining medidn PMOxso/P(AAg0%-CO-AAM 10%).

5.4 CONCLUSION

This part of the work aimed to developedouble networkhydrogels (DNHs)containing
PMOxso and PAAthat are esilient across a wide pH rangdjile addressing thiamitations of

the use of PAA due its protonation in pH values abdvé The previously reported
PMOxso/PAA systemserved as reference for understandingrnttezhanismdo stabilize the
PAA by shifting its pKa from 4.7 to 7.4. With this knowledge and the understanding gained
the use of cammonomers in thdouble networlstructure to enhance the mechanical performance
PAAmM was usediue its very welknown donor and acceptor functionaliti@ghich allowto

form stable hydrogen bonding interactions.

The optimized composition, specifically PMEIP(AA o0s-CO-AAM10%), exhibited excellent
compressive strengtAnd fracture energyexceedinghat of articular cartilage, even under
highly acidic and alkaline conditions, as summarized in FigBur&He incorporation 00 wt%

AAm enhances stability by forming additional hydrogen hogdnteractionsand improving

energy dissipation under mechanical stress. These interactions enable the hydrogels to
withstand mechanical impacts while preserving their structural integrity in environments with
fluctuating pH levels, such as those found in tissue imglantregeneration. This makes
PMOxs0/P(AAg0%-cO-AAM100) DNHS promising materials for use in tissue engineering and

regenerative medicine.
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Figure 43: Graphical summary d®?MOxso/P(AAs0%-Co-AAMoy) DN hydrogeldeatures A) swollenDN-
PMOxo/P(AAg-co-AAMoy) in tensile and compressive form, B) water content, C) compressive strength and
D) fracture energy at different PBS pldlues.The red lines represent the values of the native articular

cartilage.Values ofrigure 42-B, C, D are expressed as mean = SD (n4)3

5.5 EXPERIMENTAL SECTION/METHODS

The Experimental section and methods are based on the previous study by th8auttes

DuUIF et.all’

-Materials. Chloroform (Fischer Scientific) was distilled from activated aluminum oxide
(Merck) under reduced pressure und under argon atmosphere stored. The mofroetagd 2
2-oxazolin (MOx) was obtained from Acros Organics, these were distilled over (Beatds
Organics).Trans1,4-dibroma2-butene (DBB, Acros Organics) was recrystallized twice from
n-heptane (Fischer Scientific). N;Bimethylaminopropylmethacrylamid (DMARAA,
SigmaAldrich) was under reduced pressure distilled. All distilled chemicals were arglan
atmosphere and aR0°C stored. Acrylic acid (AA, 98% extra pure, Acros Organics),
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Acrylamide (AAm, VWR), Irgacure 2959 (1G2959, >98%, TElirope), Irgacure 651 (IG651,
Ciba Specialty Chemicals), Testhylene glycol dimethacrylal@ EGDMA, SigmaAldrich),
N,N-methylenebis-acrylamide (MBAm, 99%, Merck)nethanol (Fischer Scientific), diethyl
ether (Honeywell RiedetleHaérE ). The high concentrated phosphate buffered saline
(10xPBS, Fischer Scientific) was diluted for the measurements with distilled water to a
1xsolution (1xPBS) with a pH value of 7.41. The pH value of the differentseB@ons were
adjustedwith 1.0m NaOH andl.0m HCI.

-Synthesis of poly(2oxazoline) macromonomers with  DMARIAA end groups: The
synthesis of telechelic PMOx was performed according to previously wofksLeR et all”

% The cationicring opening polymerization &-methyk2-oxazolin (MOx, 5 mL) with DBB

(0.25 g) as initiator was carried out in dry chloroform (20 mL) under argon atmosphere in an
industrial microwave reactor. After a polyneation time of 2.5 h at 105 $@he living ends of

the resulting polymer  were terminated with 2.1 mL of NN
Dimethylaminopropylmethacrylamid (DMARMAA) in a 10-fold molar excess (respect to the
initiator) at 49 °C for 72 h. The resulting polymeric product was purified by precipitdieng
polymers three times in iemld diethyl ether and then dialyzed against mixture of
methanol/HO (1:1) using benzoylated cellulose membranes (1000 MWCO). The methanol was
first removed under reducepressure and the remaining aqueous solution was dried by

lyophilization’

-Determination of the degree of polymerization and functionalization of polgpiazoline)

with DMAP-MAA end groups: The degree of polymerization (DP) of the synthesized peoly(2
methyl2-oxazoline) and degree of functionalization (F, in %) with DMMRA as end groups

were determinated usirlgl NMR spectroscopy(Agilent AV500/AV400 spectrometer at 25 °C
with CDCI as t he s ol wendtdispersity (D)of tme@dlymerwérea r we
evaluated through size exclusion chromatography (SEC). The SH¢Siansas carried out

using a Viscotek GPCMax system with a refractive index detector at 55 °C, employing a saline
solution of N,Ndimethylformamide (DMF + LiBr, 20 mmol) as the eluent. Calibration was

performed with pol{styrene) standards (ViscoteK).
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Figure 44: 'H-NMR spectrum of PMQxwith DMAP-MAA end groupsn CDCl; at 400 MHz

Table12 Analytical data of the synthetized POx with DMRMRA end group4?

DP nMR M n,NMR Mn,sec b F-bmap-maa®
Polymer s s
[-] [g mol™] [g mol™] [] [%0]
PMOxso 51 4656 5416 1.16 99

2Degree of funtionalization of POX with DMARAA end groups.

-Fabrication of the POx/PAAPAAmM double network hydrogels The doublenetworks
hydrogels based on POx/PAA were synthesized via thesteappolymerization method, which

was first developed b@BoNG et al®! The primary hydrogel network was preparedni an
aqueous solution with 3#t% macromonomer POx with DMARIAA end groups and
photoinitiator 1G2959 (4.6 wt% respect to the macromonomer). This precursor solution was
placed between two microscope slides, which were previously coated with poly(propylene)

tape and separated by 1.05 rimck spacers for the compressitasted samples. Spacers with
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0.35 mm thickness were used for tensdsted hydrogels, so that these could be fixed between

the clamps of the tensile tester. Then, it reacted in an UV curing chamber -Eassic
automatic, 36 W, & = 340 nm) f)oUpon3héeexposune ( s wi
to the UV light, the macromonomer underwent a-fissical induced polymerization to form a

stable POx primary network (1N). Afterwards the POx network was soaked in DI water over

night, in order to remove the unreacted macromononmersnapuritiest’

In order to incorporattne poly(acrylic acid) (PAA) and polyacrylamide (PAAmM) based second
co-network, the first network was carefully removed from the water and immersed in the
different solutions based on acrylic acid (AA) and acryl amide (AAm) over (sglt Table

13). The ceacrylate solutions contain photoinitiator IG651 (0.24 wt% with respect to the total
acrylate amount) and tetraethylene glycol dimethacrylate (TEGDMA) as crosslinking agent
(0.19 wt% with respect to AAo-AAmM). Afterwards, the swieen hydrogel was placed between
thetwo glass plates and cured under UV source for another 20 min (switching each side every
2 min). The final POx/@AA-co-AAm) double networKDN) hydrogel was removed from the
glass plates and washigbroughlywith water for at least 48 h. All washed DN hydrogels were
dried at room temperature and given ia tdorresponding swelling medi;0 and 1#BS (pH
3.4,7.4,7.8,8.0,9,010.0 and 10.5pt least 48 h before the measurements.

Table13: Composition of the different acrylate second network solutféns.

Monomer Content Initiator o Crosslinking
Acrylate in Solution Initiator Content* Crossiinking Agent*
[wit%] [wit%)] Agent [wit%]
AA 95%-CO-AAM5% 100 IG651 0.24 TEGDMA 0.79
AA 90%-CO-AAM10% 100 IG651 0.24 TEGDMA 0.79
AA g5%-CO-AAM15% 100 IG651 0.24 TEGDMA 0.79
AA 80%-CO-AAM 200 100 IG651 0.24 TEGDMA 0.79
AA 709%-CO-AAM30% 100 IG651 0.24 TEGDMA 0.79

Initiator and crosslinking agent content are in relation to the total amount of acrylate monomer.

-Determination of the water contentBetween 3 and 4 dry hydrogeshmples with 6 mm
diameter were immersed in deionized water until equilibrium was reached, which corresponds

to a swelling time of at least 48 h. Subsequently, the swelled hydrogels were dried under
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vacuum at 50 °C for 48'h To determie the water content (WC) the wet {rand dry (after

swelling, my) weights of the DN hydrogels were measured and calculated as follows:

7#x0pb —— pmm 1)

-Determination of the Polyacrylate content in trdoublenetwork The polyacrylate (PApr
second network content in tdeuble networkvas calculated from the dry weight of the POx
based first network (i) before is swelling in the cmonomer solutiomnd the dryweight of
the resulting POx/PAA&0-PAAM hydrogel (nbn) after the washed proceseesults are
presented in Table4l

OlPp — pnm (2)

Table 14: Content of the second network RRAAM inPMOxo P (AA-co-AAM)

2. Network Content (PA)

DNH
(%]
PMOxso/P(AA 953-CO-AAM5%) 804+13
PMOXso/P(AA 90%-CO-AAM 10) 80.6 +1.7
PMOxso/ P(AA g506-CO-AAM 15%) 84.0+1.0
PMOxso/ P(AA 800-CO-AAM 20%) 83.4+34
PMOxso/ P(AA 700-CO-AAM 30%) 86.7+1.6

-Tensile mechanicaldst: The tensile stresstraincurves were recorded at room temperature
using an Instron 3340 tensile tester with a cell with load 1 kN. At least four swelldabdeg
tensile samples of differedbublenetworks with average dimensions of 4.55 mm x 29.9 mm
x 0.76 mm (width x length x thickness) were fixed between the clamps with help of sandpaper
resulting in effective lengthsqflbetween 15 and 18 mm. The experiment was performed at a
crosshead speed of 5% minntil failure of the sample. During the wholgperiment, the
samples were kept hydrated with the corresponding swelling media using a spray bottle. The
tensile modulus was obtained from the initial slope of the ssteam curve-’ Fractureenergy
wasdetermiredbased on previously works ®fLLER et al/®1?°Three additional samples, with
the same dimensions as mentioned above, were notched in the center. The notch length
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corresponds to one third of the sample’s width. The tensile test of the notched samples was
performed until failure as described above. This experiment allows to detdhmistrain at

which the notch turn into a running crack. The corresponding fracture erserigyJ(m?) of
the samples was calculated as follows:

3 A R AR 3)
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Figure 45: Tensile stresstrain curve of DNHs based on A) PM§IR(AAgsy-CO-AANEy),
B) PMO%o/P(AAg0u-CO-AAM0%), 2% C) PMOx%o/P(AAesy-Co-AAMsy), D) PMOx%o/P(AAeow-CO-AAMb0y) %8 and
E) PMOxo/P(AA7w-Co-AAmeyy, ) in different swelling media.
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Figure 46: Tensile modulus and fracture energy of DNHs based)dPMOxo P (AAgsy-Co-AAMEy),
B) PMO%o/P(AAo0y-Co-AAM0%) 168, C) PMOX%o/P(AAsso-CO-AAMse), D) PMOx%0/P(AAg0s:-CO-AAMboy) 68 and
E) PMO»o/P(AAvow-Co-AAmygy) in different swelling media. Values are expressed as mean + SD4h =3

-Compressive mechanical testthe compressive behavior of PM&PAA-PAAM was
evaluated with an Instron 5967 tester with a cell load of 30 kN at room temperature. Five
circular samples with diameter of 12 mm and thickness between 1.8 und 2.2 mm were tested.
The sample was placed in the compression cell, covered with swelling, iHgdiand 1xPBS

(pH 3.4, 7.4, 7.8, 8.0, 9.0, 10.0 and 10&)d compressed with an initial preload of 1N. All
samples were compressed with a compressive strain rate of 0.5 mmuntih failure.
Compressivestressstraincurves were recorded. Compressive modulus values were obtained

from the slope at 0-2.3 MPa compressive streds.
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Figure 47: Compressive stresstrain curveof DNHs Tensile modulus and fracture energy of DNHs based on
A) PMO%0/P(AAgs0-CO-AAMsy), B) PMO%0/P(AA0y-Co-AAM0%),1%8 C) PMOx%0o/P(AAss%-CO-AAM 5%,
D) PMOxo/P(ARs00-CO-AAND00) 8 and E) PMOXy/P(AAvow-CO-AAmsos) in different swelling media

-Statistical AnalysisAll values were expressed as mean * standard deviation (SD). The results

were analyzedtatistically using a onay ANOVA, followed by a Tukey posgtoc test. In all

cases, the significance was sep&@ 0. 05 .
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5.6 ATTACHMENT S

Table15: Summary of the tensile and compressive propedfé&NHs based on PMOy/P(AA-co-AAmM) in

different swelling media.

Swelling Water Tensil Tensile Fracture Compressive Compressive
DNH Media Content Modulus Strength energy Modulus Strength
[%0] [MPa] [MPa] [3/m? [MPa] [MPa]

H20 59.1+3.9 27405 26+03  2361+93 5.7 + 04 331+04

PBS74  63.2+40 41+05 23+11 1990+249 57=+11 303 +20

PMOXs/P(AAss-co.  TBS 78 722%06 6.4+ 07 20+04 1836+159 86+31 266 + 29
AAMS%) PBS 8 722+33 55+ 10 18+06 1968+451  7.9+30 197 +15

PBS 9 778+3.1 7.7+04 20+06  816+28 5.3+ 04 199+3.9

PBS 10 86.2+3.7 56+11 77+11

PBS3.4  51.2+0.7 1.9+05 23+05 3843+334 51+06 36.8 + 23
H20 61.6+0.6  250+001 29+09 6308+922 51+0.2 32.4+4.9

PBS74  627+13 1.7+02  19+04 3709+510 58+07 322 +28

PMOXs/P(Aaseco.  TBS 78 61809 34+03  3.1+03 3240+248 49+08 310+ 10
AAM 10152 PBS 8 67.3+1.7 25+01  1.7+02 2673+146 47+01 317 +28
PBS 9 67.1+2.3 23+02 1.7+04 2853+382 47+04 265+ 11

PBS 10 81.3+0.3 41+09 06+02 637+112 56+02 166 + 16

PBS10.7  78.8+5.9 - - - 5.2 +07 104 + 26

H20 580 +4.8 2.3+ 03 27+06 2301+615 5803 257 +09

PBS74  721+23 3.7 +07 12+03 888+154  71+11 282 +30

PMOXsP(Assseco.  TBS 78 712307 86+0.2  17+07 1249+15  55+03 227 +37
AAmasy) PBS 8 76.3+2.6 34+07 16+05 1013+138 6.1+03 20.7+ 35

PBS 9 81.3+3.9 6.1+ 06 17+08  738+119 7.0+ 05 179+3.1

PBS 10 79.8+2.7 - - - 5.1 +09 79+16

H20 54.1+2.6 2.2+ 05 27+02 2055+134 71=+11 248 + 44

PBS74  764+17 40+05 17+06 1513+394  6.8+05 194 + 48

PMOXs/P(Aaseco.  TES 78 759%0.7 57+01  16+04 1046+30  4.6+06 21.0 40
AAM 2059162 PBS 8 77.2+0.9 6.1+ 06 21+04  985+119 5.1+ 02 130+ 26
PBS 9 79.0+0.8 7.4+ 10 10+03 1289+519 7.8+11 104 + 32

PBS 10 84.5+0.8 37+01 56+ 17
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H20
PBS 7.4

PMOxso/P(AA70%-CO- PBS 7.8

AAM 30%) PBS 8

PBS 9

PBS 10

53.5+0.3

79.6+1.1

76.9+3.3

77327

81.2+0.1

79.6 +4.8

1.8+0.2

37+1.0

62+13

6.2+02

46+0.7

1.2+08

15+01

06+01

1904 + 386 46+15 211+18
614 + 254 6.3+08 172 £ 06
366 + 68 32+01 145 + 48

713 + 33 7734269 77.34+269

138 + 37 65+03 101+ 20

- 49+04 9.7+32
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6. Conclusions and Outlook.

In this study, tougldouble networkhydrogels (DNHs) based gmoly(2-oxazoline) (POx) and
polyacrylates were successfutlgveloped, achieving innovative results in hydrogel performance
and properties. These findings demonstrate the potential of DNHs for diverse applications,
particularly for replicating complex tissues like articular cartilage.

The first part of this research focused on dieeelopmenbf novel poly(2methyl2-oxazoline)
(PMOx)/poly(acrylic acid) (PAAdouble networkhydrogels using a twetep synthesis method.

The resulting materials exhibited remarkable compressive strength, reaching up to 60 MPa, a low
coefficient of fridion, and a water content of 66t%, along with viscoelastic properties
comparable to native articular cartilage. The DNHs demonstrated stability across various
physiologically relevant environments, includwgter, egg white (as a synovial fluid substitute),

and PBS buffer, and maintained integrity in conditions with pH levels ranging from 7.4 to 7.8.
This exceptional mechanical performance and environmental stability are attributed to the
formation of hydroge bonds within and betwedyoth networks, the pKa shift induced by the

POXx, and the sacrificial bonds acting as toughening mechanisms. Furthermore, these hydrogels
showed superior performance compared to other cadilkgenydrogels and displayed good
cytocompatibility, positioning them as promising candidates for biomedical applications where

stable mechanical properties are essential.

The second part of the study investigated the tunability okflizsed DNHs by systematically
varying the chemical structures of both networks. The findings confirmed trddubée network
architecture is critical for achieving robust mechanical properties, particularly when the secondary
network acts as a proton donor, enhancing energy dissipation through hydrogen bonding
interactions The PMOx¢/PAA DNHs demonstrated exceptional compressive strength due to the
formation of strong hydrogen bonds wittMOx and PAA and betweerPAA networkitself.
Additionally, this study revealed that small modifications to the side chains of POx and
polyacrylates can significantly affette mechanical properties, suggesting a new approach to
optimizing material performance by adjusting side chain length and functional groups. Further
experimentation with coetwork systems showed that adding 10 wt% acrylamide (AAm) to the
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second network, composed N-(2-hydroxyethyl)acrylamidgHEAm), significantly enhanced
toughness and tensile strength, surpassing otherbd€@d DNHs. These results emphasize the
importance of network configuration aouble networksystems and highlight the versatility of

POxbased DNHs, which can be tailored for various applications.

In the final part of this work, the knowledge gained throughout the study was appiiedetop

DNHs based on PMG@xand PAA. Recognizing that PAA's ability to protonate is a limiting factor

at pH values above 7.4, we aimed to create hydrogels resilient to a broader pH range for potential
use in tissue replacement. Consequently, we successfully developed DNHs thainethinta
mechanical stability and integrity across a wide pH range (3.4 to 10.5). The optimized combination
of PMOx and PAAco-PAAmM networks resulted in hydrogels suitable for biomedical implants and
tissue regeneration in enviroems with fluctuating pH levels, such as those affected by

inflammation or infection.

This thesis represents a significant advancement in the development of DNHs based en poly(2
oxazoline) within this research group, establishing a foundation for further exploration and
optimization of these materials. Future work could focus on explotivey ®Ox derivatives with
varying side chains mal functional groups tofine-tune the mechanical properties and
responsiveness of DNHs. Additionally, expanding the range of secondary networks to include
other types b proton donors andunctionalities thatintroduce different interactionswvhich
contribute totoughening mechanissncould enhance the performance and versatility of these

hydrogels forspecific applications.

For applications sth as cartilage tissue repairfurther studies are needed to assess the
biocompatibility, biodegradability, and vitro/ vivo performance of these DNHs in more complex
biological environmentsSuch investigationsould provide valuablénsights notonly into their
potential as implant materialsut also into optimizing and understandthgir design to achieve

a required performance.

While this work focusean developing DNHnaterialswith pH-resilience future studies could

explore the combirteon of different polyacrylateand poly(2oxazoline) derivate to create
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materials with selhealing featured and smart/stimudsponsive behaviors. In future studies, this
material system could be further developed apglied as pHesponsive actuator for drug
delivery andn nonbiomedical applications, such as presswsstant desalination membranes or
asmaterials for energy harvestingyith their tunable properties, the developed Ffaged DNHs
hold significant promise for advancing both biomedical and environmental technologies.
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Abbreviatios

8. List of Abbreviations

Abbreviation Definition
AA Acrylic acid
AAM Acrylamide
AMPS 2-Acrylamido-2-methyt 1-propanesulfonicacid
CDCls Deutentedchloroform
CHCls Chloroform
DBB 1,4-Dibrom-2-butere
DMA N,N-Dimethylacrylamide
DMAP-MAA N-[3-(Dimethylamino)propyl]methacrylaméd
DNH Double networkydrogel
DP Degree of Polymerization
EtOx 2-Ethyl-2-Oxazolin
FTIR Fouriertransform infrared spectroscopy
HEA 2-Hydroxyethylacrylate
HEAmM N-(2-Hydroxyethyl)acrylamié
IG651 Irgacure 6512,2-Dimethoxy-2-phenylacetophenone]
1G2959 Irgacure 29597 Hydroxy-4"-(2-hydroxyethoxyj2-methylpropiophenogj
MBA N,N’-Methylenbisacrylamid
MeOx 2-Methyl-2-oxazolin
Mw Molecular weight
MWCO Molecular weight cubff
IHNMR Proton Nuclear Magnetic Resonance Spectroscopy
PAA Poly(acrylic acid)
PAAM Polyacryamide
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Abbreviatios

Abbreviation Definition
PAMPS Poly(2acrylamide2-methyt1-propanesulfonicacid)
PBS Phosphatéufferedsaline
PDMA Poly(N,N-dimethylacrylamide)
b Polydispesity index
PEtOx Poly(2-ethyl2-Oxazolin)
PHEA Poly(2-hydroxyethyl acrylate)
PHEAmM N-(2-hydroxyethyl)acrylamide
PMeOx Poly(22methyt2-Oxazolin)
SEC Sizeexclusion chromatography
SN Singetnetwork
TEGDMA Tetraethylene glycalimethacrylate
wit% Weight percent
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