Aalborg Universitet AALBORG

UNIVERSITY

Inorganic-organic Hynrid Biomaterials for Bone Regeneration

Fan, Wei

DOl (link to publication from Publisher):
10.54337/aau510567827

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Fan, W. (2022). Inorganic-organic Hynrid Biomaterials for Bone Regeneration. Aalborg Universitetsforlag.
https://doi.org/10.54337/aau510567827

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at von@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: December 04, 2025


https://doi.org/10.54337/aau510567827
https://vbn.aau.dk/en/publications/78bb7956-2055-4b82-bae8-5a9624d8991d
https://doi.org/10.54337/aau510567827




INORGANIC-ORGANIC HYBRID
BIOMATERIALS FOR BONE
REGENERATION

BY
WEI FAN

DISSERTATION SUBMITTED 2022

((¢

AALBORG UNIVERSITY
DENMARK






INORGANIC-ORGANIC HYBRID
BIOMATERIALS FOR BONE
REGENERATION

by

Wei FAN

«

AALBORG UNIVERSITY
DENMARK

Dissertation submitted 2022



Dissertation submitted: June 2022

PhD supervisor: Prof. Morten M. Smedskjer
Aalborg University

PhD co-supervisor: Associate Prof. Donghong Yu
Aalborg University

PhD committee: Associate Professor Thorbjern T. Nielsen (chair)
Aalborg University, Denmark

Professor Delia Brauer
Friedrich Schiller University, Germany

Senior Research Associate Qiang Fu
Corning Incorporated, USA

PhD Series: Faculty of Engineering and Science, Aalborg University
Department: Department of Chemistry and Bioscience

ISSN (online): 2446-1636
ISBN (online): 978-87-7573-880-9

Published by:

Aalborg University Press
Kroghstrade 3

DK — 9220 Aalborg @
Phone: +45 99407140
aauf@forlag.aau.dk
forlag.aau.dk

© Copyright: Wei FAN

Printed in Denmark by Stibo Complete, 2022



Ccv

Mr. Wei FAN was born in Dingxi, Gansu, P. R. China in April 1993. He got his
bachelor’s degree in Chemistry from Lanzhou University. Then, he was admitted to
the University of Chinese Academy of Sciences, National Center for Nanoscience and
Technology, and got his MSc. degree in Physical Chemistry in 2019. He was
supported by China Scholarship Council (CSC) scholarship and started studying at
the Department of Chemistry and Bioscience at Aalborg University from September
2019. His research has been focused on inorganic-organic hybrid biomaterials for
bone regeneration during his 3-year Ph.D. study at AAU. He worked for 5 months
with Prof. Bengang Xing at Nanyang Technological University as an exchange
student for biocompatibility studies from NOV 2021 to MAR 2022.



INORGANIC-ORGANIC HYBRID BIOMATERIALS FOR BONE REGENERATION



ENGLISH SUMMARY

Bioactive glasses reveal superior advantages as bone transplant scaffolds with
desirable biocompatibility and no post-operation effect compared to metal and plastic
scaffolds. However, intrinsic brittleness and hardness could hardly guarantee
bioglasses accommodate cyclic loadings. On this basis, bioactive hybrids are designed
with the introduction of polymers, with an expectation of better flexibility and
durability during cyclic loadings. However, phase separation of different phases and
relatively low toughness severely restrict further practical applications. Thus, in order
to overcome such issues, a more efficient design strategy could be to construct co-
networks between inorganic and polymer components. In this thesis, we have
designed hybrids with synergistic properties and attempted to control their mechanical
properties at the molecular structure level. The main purpose of this work is to shed
light on the relationship between molecular structure and mechanical performances,
and prepare tough bioactive hybrids for biomedical use.

Specifically, the hybrids in this work are prepared through the sol-gel method.
Inorganic components and polymer chains are covalently bonded via coupling agents.
Molecular structures, mechanical performances, self-healing abilities, and
biocompatibilities are characterized based on both experimental tests and molecular
dynamics (MD) simulation investigations. Tough inorganic-organic hybrids for bone
regeneration studied herein include i) PTHF (poly tetrahydrofuran)-SiO» hybrids, ii)
PTHF-Si0,-TiO; hybrids, iii) PTHP (poly tetrahydropyran)-SiO, hybrids, and iv) Alg
(alginate)-Ca?*-PAA (poly acrylic acid)-SiO, hydrogels. The structural details of
hybrid materials are determined by nuclear magnetic resonance spectroscopy,
Fourier-transform infrared spectroscopy, X-ray diffraction analysis, atomic force
microscopy, scanning electron microscopy, and transmission electron microscopy.
Moreover, mechanical performances of hybrids are investigated by tensile,
compression, hardness, and DMA (dynamical mechanical analysis) tests. MD
simulation is applied to investigate the deformation and fracture mechanism of
hybrids at the atomic level. Finally, the biocompatibilities of hybrids are evaluated
through cytotoxicity, immunohistochemistry staining, and cell proliferation tests.

Based on the aforementioned investigations, the main findings are the relations
between mechanical properties and molecular structures. MD simulation indicates
that the deformation and fracture behavior of hybrids are controlled by non-covalent
intermolecular interactions in hybrid networks, rather than breaking of covalent bonds.
Tough hybrids could be achieved by improving such intermolecular interactions in
the network through constructing binary/ternary systems, controlling total inorganic-
organic ratios, nanoparticle reinforcement, and ionic crosslinking. Moreover, thermal
stability, self-healing ability, and cell viability could also be controlled with the
adjustment of molecular structure. Finally, this work found a way to resolve the
conflict between strength and toughness, which guides tailorable bioactive hybrids
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design in the future. Overall these studies provide insights into structural control and
mechanical properties improvement for bioactive hybrids.



DANSK RESUME

Bioaktive glasser har store fordele som knogleimplantater grundet deres hgje
biokompatibilitet og lave post-operationseffekt sammenlignet med metal- og
plastimplantater. Pa trods af disse fordele gor bioglassernes sprad- og hardhed, at
disse darligt taler cykliske belastninger. For at lose dette er bioaktive hybrider blevet
designet med tilfgjelsen af polymerer, med en forventning om bedre fleksibilitet og
holdbarhed under cykliske belastninger. Imidlertid begranser faseseparation af
forskellige faser og en relativt lav sejhed kraftigt praktiske anvendelser. For at
overkomme disse problemer kunne en mere effektiv designstrategi vere at konstruere
co-netvaerk mellem uorganiske- og polymer-komponenter. I denne afhandling har vi
designet hybrider med synergistiske egenskaber og forsegt at kontrollere deres
mekaniske egenskaber pa det molekylare niveau. Hovedformalet med dette arbejde
er at kaste lys over forholdet mellem molekylar struktur og mekaniske egenskaber,
og producere harde bioaktive hybrider til biomedicinsk brug.

Specifikt er hybriderne i dette arbejde fremstillet gennem sol-gel-metoden, hvor
uorganiske komponenter og polymerkader er kovalent bundet via koblingsmidler.
Molekylere  strukturer, mekaniske egenskaber, selvhealende evner og
biokompatibilitet er dernest karakteriseret baseret pa bade eksperimentelle tests og
molekyler dynamiske (MD) simuleringer. Seje uorganisk-organiske hybrider til
knogleregenerering, der er undersegt i denne afhandling, omfatter i) PTHF
(polytetrahydrofuran)-SiO,-hybrider, ii) PTHF-SiO,-TiO»-hybrider, 1iii) PTHP
(polytetrahydropyran)-SiO,-hybrider og iv) Alg (alginat) Ca?*-PAA (polyakrylsyre)-
SiO> hydrogeler. Strukturen af hybridmaterialer er undersegt vha. kernemagnetisk
resonansspektrosko Fourier-transformation infrared spektroskopi,
rentgendiffraktionsanalyse, atomkraftmikroskopi, skannings elektron mikroskopi og
transmissions elektron mikroskopi. Desuden er hybriders mekaniske egenskaber
undersogt ved trek-, kompressions-, hardheds- og DMA-test (dynamisk mekanisk
analyse). MD-simuleringer er anvendt til at forstd hybridernes deformation og
brudmekanisme pa atomart niveau. Endelig evalueres hybridernes biokompatibilitet
gennem cytotoksicitet, immunohistokemi-farvning og celleproliferations tests.

Baseret pa navnte undersegelser er hovedfundene i denne athandling sammenheangen
mellem mekaniske egenskaber og molekylere strukturer. MD-simuleringer indikerer,
at hybridernes deformation og revneadfaerd styres af ikke-kovalente intermolekylare
interaktioner mellem polymer- og silikanetvaerk snarere end brud af kovalente
bindinger. Harde hybrider blev opnéet ved at forbedre sddanne intermolekylare
interaktioner i netvaerket ved at konstruere binzre/ternere systemer, kontrollere
forholdet mellem uorganiske og organiske delkomponenter, introducere nanopartikler
som forsterkning samt ionisk krydsbinding. Derudover kunne termisk stabilitet,
selvhealende evner og cellelevedygtighed ogsd kontrolleres med justering af den
molekylere struktur. Endelig blev der i dette projekt opdaget en méde at lgse
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konflikten mellem styrke og sejhed i disse systemer, hvilket kan guide skraeddersyede
design af bioaktive hybrider i fremtiden. Generelt giver denne athandlings
undersegelser indsigt i strukturel kontrol og forbedring af mekaniske egenskaber i
bioaktive hybrider.

\
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CHAPTER 1. INTRODUCTION

1.1. BACKGROUND AND CHALLENGES

After blood, bone is the second most transplanted tissue, and musculoskeletal
pathology treatments comprise a significant portion of global healthcare expenditures
(e.g., £10 billion per year in the UK). In 2019, the worldwide bone replacement market
was valued at USD 2.91 billion and is anticipated to develop at a CAGR of 3.0% until
2030. Current therapies for skeletal defects may result in postoperative infections, and
alternative implant materials are therefore being sought (1, 2). Such body implant
materials should ideally be biocompatible and biodegradable and able to promote
bone growth while also providing mechanical support to the tissue.

The earliest commercial glass was found thousand years ago and it was obtained by
melting minerals. Theoretically, glasses are among the strongest man-made materials,
which have been used extensively in several application sectors like windows, cars
and mobile phones (3). However, seldom of researchers have dreamt glass
applications in biomedical fields. With the emergence of the second generation
biomedical materials, Dr. Hench creatively developed bioactive glass in 1969 (4-7),
and the bioglass family are regarded as one of the most promising substances to be
incorporated in the human body for repairing and regenerating bones (8-10). Such
4585 bioglass reveals desirable abilities of bonding to bone and stimulating growth of
bone cells (11, 12). Although bioglasses have been successfully applied into clinical
fields, their inherent brittleness caused by oxide glasses compositions makes it hard
to apply them in sites that are subjected to cyclic loading, such as human bones (8).
Thus, more ductile and flexible bioactive glass-polymer hybrids with complementary
advantages have been expected to work as scaffolds for tissue and bone.

For inorganic-polymer hybrids, phase separation and degradation of
inorganic/polymer components at different rates are the main challenges since the two
phases are not chemically bonded (13, 14). Thus, in order to overcome these
challenges, we here consider constructing covalent bonds between two phases, and
forming interpenetrating crosslinked hybrid networks at the molecular level through
covalent via covalent bonds. Moreover, desirable toughness as well as strength of
hybrids should be taken into consideration since their applications of implanting into
body and need to bear cyclic loads. Different methods are usually applied to achieve
the aim, e.g. binary/ternary systems (15-21), nanocomposite reinforcement (14, 22,
23), and ionic bondings (15, 24, 25). As to hybrid materials, improved toughness
could be achieved through controlling total inorganic vs. polymer compositions, size
and species of inorganic NPs, and variation on polymer networks. Meanwhile, an
improved understanding of their complex synthesis is required for successful
commercialization of the hybrid biomaterials, including the incorporation of calcium
which is needed to promote interfacial hybrid-bone bonds (9, 10, 26, 27). Specifically,
biodegradable functionalized polymers need to be synthesized to ensure that they are
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suitable for a tissue scaffold and with a coupling agent to link with the inorganic glass.
This also demands verifying the mechanical characteristics and congruent dissolution
of the two phases, which is vital for preventing in vivo instability of the scaffold and
phase migration. (8, 28). In summary, the aim of this project is to synthesis bioactive
hybrids through organic and inorganic combination and investigate their mechanical
and biological properties, with the long-term goal to enable their clinical use.

1.2. SCOPE AND OBJECTIVES

The overall purpose of this Ph.D. project is to explore the relationship between the
hybrid’s mechanical properties and their molecular structures by means of preparing
tough inorganic-organic hybrids and investigating their biocompatibilities to bone
cells. Specifically, this thesis is concerned with experimental studies together with
molecular dynamic (MD) simulation that are combined to investigate
deformation/fracture mechanisms of these hybrids, with the desire to pave the way for
further tailorable hybrids design. Mechanical properties are improved via adjusting
inorganic/organic weight ratios, silica structures/size, introducing dual nanoparticles
(NPs), and binary/ternary polymer networks. Additionally, such strategies have also
been applied into hydrogels with improved strength and toughness. Besides
mechanical performances, multi-functions e.g. self-healing abilities, quick shape
recovery, and durability of abovementioned materials have been systematically
discussed. Furthermore, this thesis also attempts to research the biocompatibility of
the hybrids to bone cells, including cytotoxicity, cell attachment, as well as
proliferation behaviors. In conclusion, the thesis seeks to illuminate the following
aspects:

e  Understand the impact of SiO, structures and inorganic compositions on
mechanical properties of hybrids.

e  Understand the impact of binary/ternary interpenetrating networks on hybrid
materials.

e  Reveal the correlation of MD simulation with experiment results to aid the
design of tailorable hybrid materials.

e  Develop tough hydrogels reinforcement strategies.

e  Confirm biocompatibility and proliferation of bone cells on bioactive materials.

The thesis aims to deliver ways for tough inorganic-organic bioactive hybrids and
reveal the deformation and fracture mechanisms. The thesis starts with the
fundamental theory and design of hybrid materials in Chapter 2, as well as molecular
structures in Chapter 3. Then, the main methods for preparing tough hybrids and
related mechanical tests and mechanisms are summarized in Chapter 4, and
biocompatibility as well as in vitro studies are introduced in Chapter 5. Finally, the
overall findings and results are summarized and discussed in Chapter 6.



1.3. THESIS CONTENT

The main experiments of this thesis, including syntheses, structural characterization,
mechanical properties of all hybrid materials, were conducted at Aalborg University.
Cell studies were completed in Nanyang Technological University, Singapore. This
thesis provides a comprehensive analysis of the findings provided in three peer-
reviewed scientific papers published during the project, in addition to one submitted
manuscript that awaits publication. These papers comprise the primary body of the
thesis and are given below with their respective roman numbers:

I. W. Fan, R.E. Youngman, X. Ren, D. Yu, M.M. Smedskjaer, “Structural control of
self-healing silica-poly(tetrahydropyran)-poly(e-caprolactone) hybrids”. Journal of
Materials Chemistry B. 9 (2021) 4400-4410.

II. W. Fan, L.R. Jensen, M. Ceccato, T.S. Quaade, L. Gurevich, D. Yu, M.M.
Smedskjaer, “Flexible inorganic—organic hybrids with dual inorganic components”.
Materials Today Chemistry. 22 (2021) 100584.

II. W. Fan, T. Du, A. Dorce, L.R. Jensen, R.E. Youngman, X. Ren, L. Gurevich, M.
Bauchy, P. Kristensen, B. Xing, D. Yu, M.M. Smedskjaer, “Resolving the conflict
between strength and toughness in bioactive silica-polymer hybrid materials”. ACS
Nano (DOI: 10.1021/acsnano.2c03440).

IV. W. Fan, L.R. Jensen, Y. Dong, A.J. Deloria, B. Xing, D. Yu, M.M. Smedskjaer,
“Super Tough, Anti-swelling, Self-healing, and Biocompatible Dual-Reinforced
Binary Hydrogels”. (to be submitted)
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CHAPTER 2. FUNDAMENTALS OF
INORGANIC-ORGANIC HYBRID
MATERIALS

Bioactive glasses reveal excellent properties of bonding to bone and stimulating bone
regeneration. However, because of their inert brittleness and hardness caused by
inorganic oxide compositions, bioactive glasses could hardly adapt to cyclic loading
during long time use. Introducing flexible polymers into the system could effectively
improve these limitations. In this chapter, readers will be introduced to certain
mechanisms of bioactive glasses for biomedical applications and design of inorganic-
organic bioactive hybrids, which are relevant for understanding their fabrications.

2.1. BIOACTIVE GLASSES

Bone repair or regeneration because of trauma, injury, disease, and aging is a
significantly important topic for tissue engineering (1). Ideal biomedical scaffolds
require well-defined architectures for cell proliferation differentiation into aimed
tissues and organs (see Figure 2-1) (9). Moreover, enough mechanical toughness of
these scaffolds could guarantee enough support for cell growth, and synthesize new
tissue with desired shape and dimensions (29). Plastic and metals have been
previously applied as bone regeneration scaffolds, however, besides post-operation
infections, fibrous tissue will form around materials after implantation and further
restrain their further applications. Thus, alternative implant materials are being sought,
which should ideally be biocompatible and biodegradable, and able to promote bone
growth while also providing mechanical support to the tissue. In theory, a three-
dimensional (3-D) scaffold template is employed to temporarily guide bone cell
growth for bone regeneration. Therefore, cells such as bone marrow stem cells should
be effectively attached on these scaffolds, and stimulate their production of new bone.
Porous structures of these scaffolds are also necessary, since blood vessels could
penetrate freely for new bones surviving. Moreover, the scaffold should get
biodegraded over time, allowing the bone to regenerate spontaneously. Another way
to look at it is that an autograft cancellous bone-like scaffold is required. Furthermore,
from an engineering perspective, a desirable scaffold would be constructed of a
bioactive and durable components and can be molded into a porous structure
comparable to cancellous bone. In contrast, the requirements of a surgeon may not
necessarily coincide with those of an engineer. Surgeons expect not only a porous
structure, but better mechanical characteristics similar to tissues or bones. The
prepared scaffolds can be injected into a bone defect and expanded to fill it, or shaped
in the operating room and either pushed into a bone defect and expanded to fill it (28).
To sum up, the requirements for an ideal scaffold must live up to five requirements:
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biocompatible, desirable mechanical properties, porous 3-D architecture, ability to
degrade at the same pace as the formation of new tissues, and to be processed into
varied shapes and sizes.

|§ Femoral Shaft

Patellar
surface

Figure 2-1 A photograph of a human femur that has been core-drilled. Figure reproduced from
ref (9).

Glasses have been used by humans for several thousand years, ranging from
arrowheads, and drinking vessels to decorative articles and optics. Bioglass 4555 with
a composition 0f 43.1 mol.% SiO,, 2.6 mol.% P,0s, 24.4 mol.% Na,O and 26.9 mol.%
CaO was firstly developed by Dr. L. Hench in 1969 and applied for clinic use in
1985(4). Bioactive glasses have a high propensity to attach to bone and can be used
to regenerate bone. By producing strong interfacial contacts between glass and bone
in vivo, bioglasses enhance bone cell growth and releasing soluble silicon and calcium
ions when hydrated by bodily fluids. A hydroxycarbonate apatite layer is formed on
the bioglass surface, which is comparable to bone mineral and is thought to be the
process for bone bonding. In contrast to standard metal implants, they may decay in
the body at the same place as new bone production and without infection after surgery.
As aresult, they offer enormous therapeutic promise and have been studied for almost
four decades. The open network and modifiers, which comprise alkali and alkaline-
earth metals, increase the hydrophilicity of glass and enable water molecules to
permeate glass networks considerably more easily than typical glasses. The following
are the processes by which bioactive glasses function as ideal bone regeneration
scaffolds (30, 31). Alkali ions on the surface of glasses, such as Na* and Ca?", will
first be exchanged with H" in bodily fluids. The breakdown of SiO, compounds occurs
as a result of this hydrolysis process, which raises the pH of the fluids. Si-O bonds
break gradually as pH and OH  group concentration rise, resulting in a
hydroxycarbonate apatite layer being formed on the bioglass surface, which is similar
to bone mineral. These silanol groups will re-polymerize and produce a new silica gel
layer, which will attract Ca and P to the bioglass surface. These chemicals will
crystallize in the presence of physiological fluids, resulting in mixed carbonated
hydroxyapatite (HCA), a major component of bone (see Figure 2-2).
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Figure 2-2. The mechanism of bioactive glass in improving bone growth. Figures reproduced
from ref. (30, 31).

Thus, based on the above-mentioned mechanism, such solubility or degradability of
bioactive glass are helpful to release ions and form apatite layer, further resulting in
strong interfacial connections among bioactive glass and bone/tissues. Moreover, such
bioactive glasses are composed of different oxides e.g. SiO,, CaO, P»,Os, and Na,O,
revealing to avoid foreign body reactions, and solubility or degradability of bioactive
glasses could be structurally controlled through changing alkali species or amount.
Moreover, bioactive glasses could control the release of active ions and further induce
bone regeneration during its degradation (2, 8, 10). An apatite surface layer helpful to
bone regeneration will be formed during bioactive glasses degradation and calcium
and phosphate ions release. Compared with conventional glasses, bioactive glasses
are more hydrophilic on the surface and allow water to penetrate glass networks much
easier (see Figure 2-3).
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Figure 2-3 MD modeling was used to determine the structure of Bioglass 45S5. Figure adapted
from ref. (10).

Based on their compositions, bioactive glasses may be divided into three categories.
Silicate bioactive glass, borate bioactive glass, and phosphate bioactive glass are all
examples of bioactive glass. Silicate bioactive glasses are the widest applied and
investigated. Phosphate bioactive glasses are potentially used as restorable materials
because of their constitution of P ions. As to the preparation method of bioactive
glasses, there are three major ways: melt-quenching, sol-gel, and template. There are
some limitations of melt-quenched glasses, for example, high temperatures required
to provoke crystallization processes and the choice of coating is questionable for many
applications.

Traditional bioactive glasses are prepared through melting inorganic oxides and
carbonates precursors at high temperatures (1200-1500 °C). The sol-gel method is
firstly developed by Ebelman and Graham in the mid-1880s, with the finding of
hydrolysis TEOS turning to glass-like SiO2 under acidic conditions. The benefits of
the sol-gel approach include its flexibility in generating materials with diverse nano-
and microstructures, getting extremely homogenous and chemically pure materials at
lower temperatures, and achieving bioactive materials that may be applied in a variety
of ways. (32-34). Moreover, sol-gel technology makes it feasible for investigating
materials at the nanometer level and could potentially prepare covalently bonded



inorganic-organic hybrid materials with porous structures. The formation of this
porous structure is essential because it enables the attachment of cells, as well as the
delivery of nutrients. It has been shown that densely packed materials impede cell
attaching and differentiation in addition to lowering ingrowth. (28). There are mainly
seven steps accompanying the whole sol-gel process (see Figure 2-4) (35): 1) mix all
the reagents with hydrolysis, and poly-condensation processes and prepare precursors
at room temperature; 2) cast into different molds; 3) gelation for 3D cross-linked
networks; 4) aging for decreasing porous and increasing strength; 5) drying for
eliminating liquid in materials; 6) dehydration or chemical stabilization for removing
silanol bonds; 7) densification under higher temperature.
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Figure 2-4. Procedures of sol-gel method. Figure reproduced from ref. (35).
2.2. DESIGN OF INORGANIC-ORGANIC HYBRID

Due to brittleness and hardness resulting from intrinsic compositions, bioactive
glasses could hardly be applied in sites that are subjected to cyclic loading (such as
human bones) to accommodate daily use. Ductile bioactive glass/polymer composite
with introducing organic polymer chains into the system could largely improve the
flexibility and toughness of bioactive glasses. According to the theory, molecular-
scale interactions among polymer and inorganic networks lead the material to behave
as a single phase, resulting in consistent, controlled degradation and tailor-made
mechanical properties. When cells approach the hybrid's surface, they will make
simultaneous contact with the inorganic and polymer constituents, and the hybrid can
thus preserve the biological features of bioglasses. In accordance with
macromolecular structures and phase connectivity, such composite hybrids could be
divided into two main species: i) inorganic and polymer are mechanically mixed; ii)
inorganic and polymer networks are covalently bonded (see Figure 2-5) (14).
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Figure 2-5. Deformation and molecular structure of silica/poly(tetrahydrofuran)/poly(e-
caprolactone) Type-II hybrid. Figure reproduced from ref. (48).

Moreover, compared with bioactive glasses prepared with high temperature melting
(above 1200 °C), which is unrealistic for incorporation with polymers. Sol-gel
methods are conducted under 100 °C normally, which is much more mild and
convenient for preparing such hybrid biomaterials. There are two elementary
processes for the sol-gel method, hydrolysis, and condensation of precursors.
Tetraethyl orthosilicate (TEOS) is the primary source to prepare silica-based hybrids
and will form ramified, three-dimensional SiO, networks as solvent swollen gels (36,
37). Preformed organic polymers could be directly added to the aforementioned
inorganic precursors and form interpenetrating hybrid networks after undergoing the
whole sol-gel processes (see Figure 2-6). However, phase separation is a big hidden
danger and could possibly affect synergistic movement and uniformity of
compositions in the further.
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Figure 2-6. Schematic of (a) SiO: networks and (b) covalently bonded SiOz/polymer Class Il
hybrids. Figures reproduced form ref. (28).

The hybrids can be synthesized by using a polymer with pre-existing organosilane or
silanol bonds (-Si—(OR)3, or -Si-(OH);) or a coupling agent to link silica and polymer.
The silane coupling agents, which function as a bridge to covalently link silica
networks and polymer chains together, are typically alkoxysilanes that contain
reactive groups being able to react with complementary groups on polymers (such as
—COOH), causing its alkoxy groups (—OR) to get hydrolyzed and then condensate
with the sol-gel silicate network. As a result, the degree of cross-linking may be
designed independently of the polymer's molecular weight, making a custom
synthesis of organic polymers with functional groups as side groups of a chain
desirable. For example, the epoxide group of glycidoxypropyl trimethoxysilane
(GPTMS) can participate in a ring-opening process with suitable cyclic ether
monomers (38-41), while inorganic precursors, e.g., vinyltriethoxysilane,
diethoxymethylvinylsilane, and diethoxydivinylsilane with vinyl functional groups
can react with other vinyl monomers via a free radical polymerization mechanism (see
Figure 2-7) (42). The silyl groups could in turn react with TEOS as the inorganic
precursor through the sol-gel condensation process. This allows the inorganic
component to covalently link to organic polymer chains, promoting its uniform
dispersion in the hybrid network and preventing further phase aggregation and
separation (43). Complex hybrid networks could be formed during long-time
hydrolysis and poly-condensation processes. Thus, in this way, such covalently linked
inorganic-organic hybrids guarantee the synergistic movement of hybrids and avoid
phase separation in the final.
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Figure 2-7. Molecular structures of typical organosilane (a) glycidoxypropyl trimethoxysilane
(GPTMS), (b) vinyltriethoxysilane (VIES); (©) diethoxydivinylsilane (d)
diethoxymethylvinylsilane and (e) tetraethyl orthosilicate. Figures adapted from paper Il1.
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2.3. SUMMARY

Bioactive glass functions as an ideal candidate for tissue engineering, especially for
bone repair and regeneration. During experimental research and clinic applications,
its open network allows deeper penetration of water molecules and formation of
apatite layer, guarantees strong interfacial bonding between scaffolds and bones.
Additionally, bioactive glasses are normally prepared through high-temperature
melting and are composed of SiO,, CaO, P,Os, and NaO, the solubility and
biodegradability could be controlled through the amount of different compositions.
However, due to absolute oxide glasses compositions, bioactive glasses are too brittle
and hard, and these drawbacks could hardly reach the requirements of cyclic loading
for body use. Thus, introducing organic polymers could be an ideal option to improve
the flexibility of scaffolds.

The Sol-Gel technique is an appropriate option for creating bioactive scaffolds, and it
could be successfully processed under mild temperatures. Inorganic precursors
(TEOS is the main precursor for preparing silica-based hybrids after hydrolysis and
condensation) and organic polymers could form interpenetrating networks through
sol-gel processes. Coupling agents, which could covalently link inorganic networks
and polymer chains together, structurally avoid the phase separation and ensure
synergistic movement and behavior of hybrid materials. In this way, we could not
only improve the flexibility of original bioactive glasses but also ensures hybrids
function as a whole system. These are the main concept of this chapter.
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CHAPTER 3. STRUCTURE
CHARACTERISTICS OF HYBRID
MATERIALS

Compared with bioactive glasses, much more flexibility guarantees the durability of
hybrids under cyclic loading for practical applications as biomedical scaffolds.
However, in order to work synergistically and avoid phase separation/aggregations,
co-networks with covalent bonds are expected. Based on the introduction in Chapter
2, covalently bonded inorganic-organic hybrids are typically prepared with sol-gel
processes. Therefore, this chapter provides a fundamental description of molecular
structures of both inorganic and polymer networks, confirmed by various testing
methods, and investigates possible relations with their further mechanical and other
functional performances.

3.1. OVERALL MOTIVATION

Compared with traditional inorganic bioglasses, introducing polymers in inorganic-
organic hybrid materials will result in many property improvements. More flexible
and tough materials could be expected with shape adaption abilities in practical
applications. Thus, structures of inorganic NPs, polymer networks as well as co-
network structures should be systematically researched. Firstly, to construct
covalently bonded hybrid networks, coupling agents are usually considered based on
their structures, reaction mechanism, and bridging efficiencies. Moreover, in situ
prepared inorganic NPs are expected since they are beneficial for uniform dispersion
in the matrix and further adequately reacting with polymers. Finally, 7" and Q"
structures in silica-based hybrids will primarily affect the branches and rigidity of
inorganic networks (44-46). Thus, the polymer chain structures, the inorganic
branched networks, and reaction efficiencies should be carefully considered before
hybrid design. The abovementioned aspects could guide tailorable hybrid preparation
at the atomic level and further result in subsequent functional performances.

3.2. COUPLING AGENTS IN HYBRID NETWORKS

For silica-polymer hybrids design and preparation, a silane coupling agent is usually
applied to covalently link these two networks together, and thus avoiding phase
separation/aggregations. Different species of silane coupling agents are chosen due to
different reaction mechanisms. For example, as introduced in Chapter 2,
vinyltriethoxysilane (VTES) with vinyl functional groups could effectively participate
in free radical polymerization with other vinyl monomers. In contrast, the epoxide
group of glycidoxypropyl trimethoxysilane (GPTMS) can react via a ring-opening
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polymerization mechanism with suitable cyclic ether monomers (43) (see Figure 3-1).
On the one hand, these functional groups will covalently link with polymer chains
with polymer reactions, meanwhile, the silyl groups can react with other silica
precursors, e.g., tetraethyl orthosilicate (TEOS) and form inorganic networks under a
mild sol-gel condensation process.

(a) (b) I ., GPTMS
\/l_/_\ LoSio~ o <§
K b 0 BFLOE o
HiG20~51-0CHs _sol-gelreacton x5 AM, APS, H20 < R o o
s o | BFs

OCHs ® i(f vacumming, rt H . 5\015“?/\/ 0O
VIES VSNPs M o |
v
.{% / o :Bﬁﬂ
S0
/l/\ “ nanobrush gelators 2 j\o,g&\/o\/‘t/é?
bi\ +  hydrogen bond
NCPisel ~~ PAM chain PR 5553@
N o
BE o VSNP 2 8 o I

Figure 3-1. Structures of VIES and GPTMS, and corresponding reaction mechanisms. Figures
reproduced from ref. (54, 48)

For PTHF-SiO; hybrids, '*C NMR could structurally investigate the role of GPTMS
and determine whether it gets reacted (see Figure 3-2). The typical signal of epoxide
ring in GPTMS could be found at 44 and 51 ppm, however, with the dispersion of
these peaks in hybrids, !'3C spectra suggests that GPTMS in hybrids are get ring
opened and reacted. Furthermore, these resonances move to downfield shifts between
62 and 72 ppm also proves the ring-open process (40). Such 1*C NMR results confirm
GPTMS functions in hybrid networks during polymerizations.
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Figure 3-2. (a)’3C NMR of GPTMS monomer before and after ring opened, (b) >C NMR of
hybrids. Figures adapted from paper 1.

In comparison, for hybrids covalently linked with VTES, the results could be verified
via the FTIR method. The disappearance of typical -C=C vibrations from 1610 to
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1640 cm! in materials demonstrates the polymerization of AA monomers and VTES
after the free radical polymerization process (see Figure 3-3).
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Figure 3-3. FTIR spectra of hydrogels at specific wavenumber range. Figures adapted from
paper 1V.

3.3. SILICA STRUCTURES AT MOLECULAR LEVEL

For the experimental part, hybrids are fabricated with the sol-gel method, with
hydrolysis and condensation. Silica network structures are controlled by changing the
molar ratios of H,O and TEOS, and the final structures are determined by >°Si NMR.
Basically, there are four different structures for hydrolyzed TEOS. Here Q" is
distinguished based on the number of condensed -OH and/or -OFEt groups in a silica
molecule (41). Thus, more Q7 structures ensure flexibility of inorganic chains, while
Q7 structures promote bulky three-dimensional networks (see Figure 3-4). Therefore,
silica structures both in silica bulks and hybrids are compared for further research.
Further reaction
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Figure 3-4. Structures of hydrolyzed TEOS with different structures. Figures adapted from
paper 1.
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Firstly, as to pure silica bulks, which is prepared by hydrolyzing TEOS with various
TEOS:H,0 molar ratios. As can be seen in Figure 3-5, typical 2°Si chemical shifts
could be observed at 92.3, 101.7, and 110.9 ppm, which can be assigned to 0%, 0°,
and Q7 units, respectively (47, 48). A higher fraction of fully crosslinked (Q7)
structures was obtained for the material with less water system (TEOS;H,O3). The
differences for 0?, O3, and O in each sample are relatively small, but consistent with
excess water being available to shift the silanol condensation (elimination of H,O)
back towards more Si-OH (Table 3-1) (40).
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Figure 3-5. °Si NMR spectra of inorganic bulks in different TEOS/H>0 molar ratios. Figure
adapted from paper 1.

Table 3-1. The relative intensity (I) and position (9) of the Q" units in the various hydrolyzed
structures. Analysis of solid-state *°Si MAS-NMR spectroscopy yields the findings.

QZ QS Q4
Sample o[ppm] I[%] o[ppm] I[%] o[ppm] I[%]
TEOS,H,0; 4 —92.3 5 ~101.7 43 ~110.9 52
TEOS;H;05¢  —92.7 7 -101.7 45 —110.4 50
TEOS,H,05, —92.3 7 ~101.7 44 ~110.6 49

However, situations are different for hybrids (see Table 3-2). Due to the existence of
coupling agent GPTMS, hydrolyzed TEOS could react with 7-type silica and form
final silica networks together. ' and 77 structures refer to partially condensed units
with two and one Si-O-Si bonds, respectively. While 7° structure represents fully
condensed with three Si-O-Si bonds (43). Structures could be referred to Figure 3-6.
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Figure 3-6. Examples of chemical structures of silica (a) Q% and (b) T? species. Figures adapted
from paper III.
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After adding TEOS into the organic precursors and reacting with GPTMS, silica
structures changed a lot. Corresponding 2°Si chemical shifts at -50.5, -59.9, and -66.9
ppm could be assigned to 77, 7%, and T° units, respectively. After comparison, the
highest fractions of 7° and Q7 units were obtained in hybrids with the previous highest
H»O ratio system (TEOS;H,Os4). This result suggests that more O units in TEOS
precursor ensure enough chain mobility, which is beneficial for the subsequent
condensation with GPTMS, and results in more 7° and Q* structures in the final hybrid
materials (40).

Table 3-2. Position (6) and relative intensity (1) of the T" and Q" units in hybrids with identical
IO ratios. Solid-state *Si CPMAS-NMR spectroscopy yields the findings.

T P e % Q'
Sample o [ppm] 1[%)] O [ppm] 1[%] d [ppm] 1[%] o [ppm] 1[%] O [ppm] 1[%)]
Op.710.3(T1 W1 g) 50.9 1 60.0 17 67.0 60 102.5 7 111.8 15
Op.710.5(T1W3.6) —50.5 1 —60.0 17 —66.9 63 —102.2 5 —111.4 14
Op.710.5(T1Ws5.4) —51.3 2 —59.5 15 —66.9 65 —102.3 3 —111.8 15
g olo.1(T1W3.6) ~50.5 3 —~60.0 25 —67.1 61 ~102.2 4 —111.2 7
0.4l o(T:W3.6) 50.4 1 59.4 13 66.5 47 102.4 14 111.6 26

Besides silica structures, silica NPs distribution and size are the other two important
factors in inorganic-organic hybrids. SEM/TEM (EDX) and AFM could be ideal
measurements for analyzing element distributions and confirming phase distributions
in hybrids. For example, EDX images in Figures 3-7 could clearly state that elements
are uniformly distributed in Polymerso/(Sio.sTi0.4)30 hybrid. The size of silica NPs
could be controlled by reaction time, precursor vs. HO molar ratios, and addition of
surfactant. As to the silica size in Figure 3-7, TEM could clearly determine the final
size of different inorganic NPs sizes, which are approximately 30-50 nm.

(b)

Figure 3-7. TEM morphology of hybrid Polymer7/(Sio.cTio.4)30 and element distribution of Si,
Ti and C. Figures adapted from Paper II.
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Moreover, no phase separation/aggregation could also be confirmed by AFM results
in Figures 3-8. This further proves the uniform dispersion of different phases in
hybrids.

o
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Figure 3-8. AFM topography phase images of PTHF * 8TEOS hybrid. Figures adapted from
Paper III.

3.4. POLYMER STRUCTURES A MOLECULAR LEVEL

Since many hybrids are prepared with monomers, the polymerization reactions could
be measured by different methods like NMR and FTIR based on reaction mechanisms.
Polymers could be selected based on different coupling agents in the system. Jone’s
have researched a lot of PTHF-based hybrids and their properties (49), while we have
investigated more detail both PTHF and PTHP based hybrids. Cationic ring-opening
polymerization could be confirmed by 'H NMR as can be seen in Figure 3-9. The
radical polymerization process could be checked by the FTIR method, as depicted in
Figure 3-3.
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Figure 3-9. Polymerization of THF monomers measured by 'H NMR. Figure reproduced by
ref.(48).

Moreover, different polymer structures are also highly rated as reported by Chung
et.al (50). Using the reversible addition-fragmentation chain transfer (RAFT)
polymerization process, linear, randomly branched, and star-shaped polymers are
produced and compared (see Figure 3-10). These hybrids possess similar functional
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groups and thermal stabilities. Compared with linear hybrids, randomly branched
hybrids could be regarded as various linear chains branched together in a disordered
manner. Polymer chains with different lengths form a much compact spatial radius
structure in the final. However, as to star shaped hybrids, silica precursors could gather
around organic core surroundings, forming a relatively loose structure. At last, when
compared with traditional 70S30C bioglass, these hybrid materials all show much-
improved flexibility with higher flexibility while comparable strength.
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Figure 3-10. Polymerization mechanisms of different structural polymers. Figure reproduced
by ref. (49).

3.5. WEAK BONDS IN HYBRID MATERIALS

Besides the abovementioned hybrid networks formed by covalent bonds, reversible
weak interactions also count in these materials, especially hydrogels (51-53). These
non-covalent reversible interactions, e.g. hydrogen bonds, ionic bonds, and
electrostatic forces could break and reform in a short time, which enables certain
hybrids with self-healing abilities and quick shape recovery performances in practical
applications (see Figure 3-11).
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Reversible interactions
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Figure 3-11. Reversible interactions of SA (Ca’*)-PAA (SiO3) hydrogel. Figures adapted from
Paper 1V.

3.6. SUMMARY

Based on the abovementioned results and investigations, silane coupling agents could
effectively bond silica and polymer networks together and reveal no phase separation
or aggregation. Therefore, the molecular structures of the hybrid could be controlled
via inorganic and polymer sides separately. The structure of inorganic networks may
be manipulated with altering the molar ratio of silica precursor and H,O, different
inorganic NPs and total inorganic vs. polymer weight ratios, while the structure of
polymer networks can be controlled by trying various monomers. Besides strong
covalent bonds in hybrids, reversible non-covalent interactions are beneficial for both
the mechanical and functional properties of hybrids. Structure changes by such control
have been systematically illustrated in this chapter, and the influences on mechanical
properties will be discussed in Chapter 4.
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CHAPTER 4. MECHANICAL
PROPERTIES OF HYBRID MATERIALS

Compared with bioactive glasses, the flexibility of inorganic-organic hybrids is
largely improved with sacrificial strength. Thus, balancing the conflict of flexibility
and hardness, toughness with strength, and preparing inorganic-organic hybrids with
better mechanical performances are the main topics for further practical applications.
Molecular dynamic (MD) simulation could guide tailorable hybrids design at the
atomic scale. And mechanical performances could be structurally controlled both at
the micro molecular structure level and macro inorganic/organic compositions.
Moreover, besides traditional inorganic-organic hybrids, hydrogels combine solid-
like mechanical performances and liquid-like transport properties, guarantee super
good flexibility to adapt to different shape and deformation requirements. Therefore,
in this chapter, the findings of tough inorganic-organic hybrids together with
hydrogels will be presented and will provide methods for designing tailored hybrid
materials in the future.

4.1. TOUGH HYBRID DESIGN

Usually, a series of methods have been tried to improve the toughness of materials
based on previous peer research, e.g., binary/ternary systems, cross-linked networks,
nanocomposite reinforcement, and ionic bonding. These methods are beneficial for
effective energy dissipation and much higher toughness. Eiji et al. found silica
particles in materials could serve as crosslink points, and these clusters rupture easily
under external loads to dissipate energy (42, 54-56). Meanwhile, polymer networks
could maintain their shapes due to rubber elasticity. Suo and his group also found
similar results with hydrogen and ionic bondings with hydrogels (57, 58). Combing a
brittle network and ductile polymer network is usually applied for obtaining such
tough hybrid materials. Class II hybrids inherit both flexibilities of polymers and the
strength of inorganic glasses, which seem hard to get balanced in hybrid materials.
Thus, resolving phase separation and non-synergy, strength and toughness, flexibility
and brittleness are the main conflicts in these inorganic-organic hybrids. We have tried
with the inorganic and polymer aspects separately. Results are confirmed by different
mechanical tests, and the mechanism is revealed via molecular dynamic (MD)
simulations.

4.2. MOLECULAR DYNAMIC (MD) SIMULATIONS

Although material toughening methods are quite straightforward, the reinforcing
mechanism at the atomic scale still needs further investigation. To get a deeper
understanding of the deformation and fracture mechanisms of hybrids and to predict
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the changing trend, molecular dynamic (MD) simulation and experimental results are
combined in the project (59-61). PTHF-xSiO; hybrids are chosen to determine the
mechanism of deformation and fracture behaviors of hybrids with different inorganic
amounts via MD simulation. The stretching process of hybrid PTHF-8TEOS can be
seen in Figures 4-1a, b. Here, simulated potential energy terms evolution is recognized
as a function of the applied strain. Figures 4-1d, ¢ compared influences of covalent
bonds and the non-bonded term (includes Van der Waals and Coulombic terms)
during stretching. These results confirm that non-bonded intermolecular interactions
have more apparent influences on the deformation/fracture of hybrids. The slippage
and disentanglement of the polymer chains are the main courses of the deformation
and fracture of hybrids. Thus, the existence of SiO> NPs in hybrids could effectively
block the motion of polymer chains and increase frictions in hybrid networks, which
could be ascribed to the strengthening mechanism upon hybrid deformation/fracture
(43). Thus, based on the MD simulation results, the deformation stress of hybrids is
more determined by the non-covalent intermolecular interactions that existed in
hybrids. Thus, more branched network structures and more polar bonds in hybrid
networks could surely increase the interactions and further stress of hybrids.
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Figure 4-1. (a) Simulated fracture process of PTHF-8TEOS hybrids at the strains of €=0, 0.3,
and 0.5 using CVFF potential. (b) Simulated stress-strain curves of PTHF-xTEOS based
hybrids. (c) Mean squared displacement (MSD) of Si atoms in PTHFxTEOS hybrids as a
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function of time during the tensile process. The development of simulated Potential energy
terms as a function of the applied strain. (e) Non-bonded energy of PTHF-xTEOS hybrids. (f)
Bonded energy of PTHFxTEOS hybrids. Figures adapted from paper II1.

4.3. MECHANICAL PERFORMANCES OF TOUGH HYBRIDS

Toughness, as well as strength, are important parameters for evaluating the
mechanical performances of hybrid materials (62, 63). In many cases, we could hardly
expect a balance between these two conflict parameters in a system (64, 65). Oxide
glasses, for instance, may have a fracture strength of more than 10> MPa but are often
less durable and flexible. In comparison, polymer hydrogels, which can be stretched
to many times their original length but have a fracture strength only in the tens to
hundreds of kPa. Strong but brittle or robust yet fragile materials are unsuitable for
cyclic stress in most practical biomedical applications. Inorganic-organic hybrids,
which combine advantages of both materials, reveal complementary properties and
could possibly resolve toughness/strength conflict (13, 66). Based on the
abovementioned MD simulation results, strategies for improving intermolecular
interactions have been tried in our project. And we have systematically researched
influences from the structure of polymer networks, inorganic/organic weight ratios as
well as inorganic structures. Methods applied in this project include tensile test,
compressive test, hardness, and modulus evaluations (see Figure 4-2).
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Figure 4-2. (a, b) Preparing process of Polymer-silica hybrids; (c) molecular structure of
GPTMS; (d) 3D structural diagram of a Polymer-silica hybrid; (e) MD computed 3D-structure
of a hybrid bulk in which the color of the atoms corresponds to that of the panel (a); and (f)
structure changes with inorganic and polymer sides. Figure adapted from Paper III.

4.3.1. PTHP-SIO; HYBRIDS

For experiments, PTHP-SiO, and PTHF-SiO; hybrids are prepared for comparison
due to their similar reaction mechanism and molecular structures. (49, 67, 68). The
extra C atom in the THP monomer should allow for greater tailoring of hybrid
mechanical characteristics. However, for polymerization, THP is thought to be
resistant to get a six-membered ring opened due to lower ring strain. As a result, PTHP
is a rare biomedical hybrid component. Thus, a series of PTHP-SiO, hybrids are
prepared in such interest and further investigating the influences of various silica
structures and inorganic/organic weight ratios. Following previous methods, with an
appropriate Lewis acid (e.g., boron trifluoride diethyl etherate) as a catalyst and
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GPTMS as the initiator, the cationic ring-opening process also happened and get
PTHP polymers (40, 49). GPTMS is also used as the organosilane coupling agent to
covalently bond silica and polymer chains together.

As already been introduced in Chapter 3, silica structures could be controlled by
changing the molar ratio of TEOS/H>O. More Q7 structures in inorganic precursor
guarantee chain mobility, while more Q° and O will result in bulky three-dimensional
networks. Here, we applied the Archimedes principle, ultrasonic echography, and
micro-indentation techniques to determine the density, Young's modulus, and
hardness of prepared PTHP-SiO; hybrids. From the results, silica structures have very
limited influence on density, while the total inorganic-organic weight ratios count.
The more inorganic compositions in the system results in a higher density of materials.
Moreover, higher inorganic component leads to much more compact inorganic
network, which could also provide higher modulus. Furthermore, we show that the
hybrid Orgo 7Inorgo 3(T1Ws.4) with the most 7%, and Q7 structure has a larger Young's
modulus of 1.29 GPa than the other two hybrids (OrgosInorges(TiWis) and
Orgo 7Inorge 3(T1W3.)) with the same inorganic/organic ratio. As a result, both silica
structure and the inorganic/organic ratio have impact on hybrid elasticity. More
inorganic content and more 7%, O structures result in higher Young's modulus of
hybrids. The hardness of the hybrids reveals similar results, that more inorganic
compositions and more 7°, and Q structures improved the rigidity and hardness of
hybrids (see Table 4-1) (40).

Table 4-1. Densities, modulus and hardness of hybrids with different compositions. Table

adapted from Paper I.

Hybrids Density (g cm™) Modulus (GPa)  Hardness (MPa)

Orgo.7Inorgo 3 1.235 0.86 5.0%0.5
(T1W1s)

Orgoolnorgy | 1.216 0.54 2.6+0.7
(T1W35)

Orgo.7Inorgo 3 1.237 1.15 9.1+2.0
(T1W35)

Orgo 4lnorgos 1.287 1.68 588+75
(T1W35)

Orgo.7Inorgo 3 1.237 1.29 7.0+1.1

(T1Ws.4)
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Finally, the rheological behaviors of hybrids with various I/O ratios were investigated.
That is, the changes in storage modulus (£°) and loss modulus (£’’) with time at 1 Hz
for hybrids Orgoolnorge.i(TiW3.), Orgo7Inorge3(T1Wss), and OrgosInorgos(TiWs.e),
at room temperature are evaluated. The maximum storage modulus (300 kPa) is found
in Orgp 4Inorgo.s(T1W3.6), whereas the lowest is found in hybrid Orgoolnorge.1(TiW3.6)
(50 kPa). The change in E/E’’ with I/O ratio shows that with the inorganic component
increases, the hybrids reveal much more apparent glass-like behavior (69, 70).
Furthermore, the storage modulus and loss modulus of all hybrids are not considerably
affected by test time, indicating that the hybrids are elastically stable (see Figure 4-3).
(40).
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Figure 4-3. Rheology parameters of hybrid Orgo.elnorgo.i (T1Ws.6), Orgo.7Inorgo.s (TiWs.6), and
Orgo.lnorgo.c (TiWs.6) as a function of time storage modulus (E') and loss modulus (E"). Figure
adapted from Paper L.

4.3.2. PTHF-SIO; HYBRIDS

Based on the above-introduced work, it seems that more inorganic components will
result in higher modulus and hardness. However, for practical applications, it is of
great importance to balance the strength and toughness of such hybrid materials. We
then prepared a series of PTHF-SiO, hybrids with the same silica structure but
different inorganic/organic weight ratios, expecting to resolve the conflict of strength
and toughness in hybrids with such control. Polymer content in these hybrids is
changing from 5.1% to 20.9% of the total mass. Figure 4-4 shows the results of
uniaxial tensile testing on rectangular samples, the strain at break decreases from 50.0%
to 35.2%, whereas the inorganic component of the hybrid increases from 5.1% to
20.9%. The failure stress simultaneously rises from 0.32 to 1.35 MPa. Consequently,
hybrids with a greater proportion of inorganic silica have less flexibility and
elastomeric deformations. These testing results are generally in accordance with
previous findings. However, for PTHF-8TEOS hybrid, which not only displays
appropriate elongation (31% for compression) and flexibility, but also has high
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strength (1.75 MPa). In addition, calculating from stress-strain curves reveals that the
hybrid PTHF-8TEOS has the maximum toughness at 219 kPa. Elongation and
toughness decline dramatically as TEOS content increases after that. So, here we get
the conclusion of achieving strength/toughness balance through controlling total
inorganic/organic weight ratios and obtaining optimized hybrid materials (43).
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Figure 4-4. (a) Typical uniaxial tensile test, ultimate tensile stress and strain at break; (b)
Toughness and Young’s modulus determined with stress-strain curves. Figure adapted from
Paper I1I.

Additionally, the size of inorganic NPs is also an important factor to affects the
mechanical performance of hybrids. Except for the previous report of using surfactant
during hydrolysis of inorganic precursors, we designed a way to control the size of
silica NPs from the polymerization mechanism. For PTHF-xTEOS hybrids, GPTMS
is the only bridge for covalently bond inorganic NPs and polymer chains together.
Thus, the amount of GPTMS added to the system could directly control the quantity
of NPs, while TEOS could control the size of covalently bonded NPs. Thus, as
[GPTMSJ/[TEOS] declines, larger silica NPs are created for a fixed total I/O ratio,
and vice versa. Density and TGA results both confirm that these hybrids have very
close I/O ratios. However, by evaluating mechanical properties via compressive tests
(see Figure 4-5), we find that the stress at failure decreases when GPTMS is reduced,
for example, the stress at failure is 2.34 MPa for hybrid 10GPTMS:0TEOS while 0.75
MPa for hybrid 2GPTMS:8TEOS. Meanwhile, changes in strain upon failure are
minimal. (within the range of 32% to 37%). Toughness and Young's modulus, as
determined by stress-strain curves, also decrease with the increment of silica NPs size.
Thus, based on these results, smaller silica NPs guarantee uniform dispersion of
different phases in hybrids, allowing for more intermolecular interactions between
inorganic network and polymer chains, and further resulting in higher fracture stress
with the deformation test.

37



—
QO
~

Stress (MPa)

25

2.04

0.5+

0.0

INORGANIC-ORGANIC HYBRID BIOMATERIALS FOR BONE REGENERATION

b) 300
—— 10GPTMS: 0TEOS ( ) . -@-Toughness (kPa) 3.0
——8GPTMS: 2TEOS 2704 PR N -@- Young's modulus (MPa)
——6GPTMS: 4TEOS 9 \ Lo7
4GPTMS: 6TEOS 2404 N
——2GPTMS: 8TEOS & L] Loa
= 210 \
2 2.1
0 \ .
2 180 Y
K= ~
=) <\ 18
S 1504 ~\ .
o C N
= % >~
120 S~ 2 3 15
T T T T 90 T T T T T 12
10 20 30 40 10:0 8:2 6:4 4:6 2:8
Strain (%) Molar ratio of GPTMS:TEOS

Young's modulus (MPa)

Figure 4-5. (a) Typical uniaxial compressive curves of yGPTMS:zTEOS hybrids, (b) Toughness
and Young’s modulus determined with stress-strain curves. Figure adapted from Paper III.

4.3.3. TIO2/SI02-PTHF-PCL HYBRIDS

Besides applying SiO> NPs, many previous researches reported applying
semiconducting NPs, e.g. TiO», ZrO,, and ZnO, as multifunctional crosslink networks
for improved mechanical performances (71-73). For instance, Du et.al. introduced
both nano-SiO, and nano-TiO, particles in PAM hydrogels, which functioned as
crosslinkers and nanofillers in the system via the traditional sol-gel method (74). Such
hybrid hydrogel reveals improved strength and toughness in the final due to multi-
intermolecular interactions in hydrogel networks. In our project, we tried to use SiO»
and TiO; NPs in polymers and obtained TiO»/SiO,-PTHF-PCL hybrids. Because of
the silane coupling agent GPTMS, SiO, NPs could covalently bond to polymer chains
while TiO, NPs need to form Si-O-Ti bonds and indirectly bond with polymer
networks. A series of hybrids are prepared by changing the molar ratio of TEOS:
TBOT (10:0, 8:2, 6:4, 4:6, 2:8). Mechanical tests were conducted for confirming the
influences of dual inorganic compositions. After comparing with other hybrids, hybrid
Poly70(SiosTi04)30 reveals the best mechanical properties. Hybrid Poly7o(Sio.6T1i0.4)30
could be compressed to 80% of its original height and stress at a break of 1.4 MPa
(see Figure 4-6). The improved mechanical performances of hybrid Poly7o(Sio.6Ti0.4)30
could be mainly ascribed to two reasons, for one thing, multi interactions in the
hierarchical structures formed by dual inorganic NPs and polymers result in a more
compact structure. Moreover, Ti-O bond energy (662 kJ/mol) is much higher than Si-
O bond (432 kJ/mol), which results in much higher strength under deformations (41).
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Figure 4-6. (a) Hydrolysis of TEOS and TBOT inorganic precursors; (b) schematic illustration
of hybrid TiO2/SiO>-PTHF-PCL networks; (c) reversible interactions of nano-SiO: and nano-
TiO: particles with polymer chains, (d) stress and strain of hybrids with changing molar ratio
of TEOS/TBOT; (e) toughness of hybrids calculated by the compressive curves. Figure adapted
from Paper II.

4.4 MECHANICAL PROPERTIES OF SOFT HYDROGELS

In practical applications, e.g. tissue engineering, drug delivery, and soft robotics
require materials could adapt to a large degree of deformation without break, while
normal inorganic-organic hybrids could hardly match. Thus, hydrogels become ideal
candidates since they could be extended to almost over 10 times more than their
original length and compressed to 70-80% of their heights without permanently
deforming or breaking (75-77). Typically, hydrogels consist of 3D networks of
hydrophilic polymers that are cross-linked with a substantial quantity of water and
present superior mechanical flexibility and chemical properties (57, 78). Moreover,
due to their propensity to soak up water, hydrogels are a suitable candidate for creating
a hydrated structure that resembles native soft tissues (79, 80). However, due to low
polymer compositions in the system, hydrogels inevitably lack the necessary
toughness to absorb energy and deform without damage while undergoing large
deformations. A variety of chemical and physical reinforcement methods have been
attempted to improve their strength and toughness. The most common way is to use
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reversible crosslinks, e.g. hydrogen bonds, ionic bonds, reversible covalent bonds, and
metal coordination bonds. These reversible interactions could reform after breaking
quickly, which are able to effectively dissipate energy, transfer center loads to
neighboring networks, and get self-healed (38, 81). Reversible interactions in
hydrogels greatly avoid toughness-to-fracture coupling and offer hydrogels with
desirable stiffness as well as extensibility. However, replacing permanent covalent
bonds with reversible bonds, will result in gradual shape changes and could restrain
many practical applications. Thus, an alternative route could be to construct multi-
network architectures like a double polymer network (DN) (82-84). Normally,
interpenetrating crosslinked networks are formed by polymers and one of which is
relatively stiffer while the other one is more stretchable. The stiffer network will firstly
break and dissipate energy due to reversible bonds for high toughness while the
stretchable one could hold hydrogel together and keep a good shape memory. The
stronger intermolecular interactions of DN hydrogels improve toughness a lot and
could result in multi-functions simultaneously (see Figure 4-7). Suo et. al tried to
combine sodium alginate and acrylamide monomers and constructed an alginate-
polyacrylamide double network hybrid gel. The produced PAM-Alginate hydrogels
are 90% water can be stretched 20 times their original length, and have fracture
energies of 9,000 J m?. Even for samples with notches, the length may be stretched to
17 times its original length (57). NP reinforcement is also a common approach to
significantly enhance the strength and toughness of such alkene polymers (57). That
is, inorganic NPs could function as analogous crosslinking points (ACPs) to enable
the hydrogels to withstand more external stress at a fixed strain and transfer stress to
neighboring network chains and inorganic NPs incorporation. Xie et al. have used
PAM hydrogels with size controllable SiO, NPs, showing an ability to be stretched
over 1000% compared with their original length (42). However, the strength of the
abovementioned hydrogels is only on the order of 10s of kPa and relatively low. So,
we hope to find ways to improve both strength and toughness of hydrogels
simultaneously.
0 1st network : 2nd network 9

Rigid and brittle Rigid and tough Soft and strechable
«Short chain G ~ 1000 J/m? -Long chain
+Dilute «Dense
G~ 1])/m? G~ 10 )/m?

Figure 4-7 (a) By mixing multiple network materials, it is possible to develop durable double-
network materials. (b) A photograph of a double-network hydrogel containing 90 percent water
by weight. Adapted figures from ref (82, 83).
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Sodium alginate (SA), as a natural anionic polymer with benefits such as
biocompatibility, low toxicity, and cheap cost, could be potentially applied in
bioengineering applications (85). The ionic crosslinking method with divalent cations
(e.g., Ca?', Fe*") is the most frequent method for producing durable Alg hydrogels
under mild circumstances. Hydrophilic poly-acrylic acid (PAA) is a desirable material
for preparing hydrogels due to their carboxyl groups as pendants which could
effectively improve intermolecular interactions among polymer networks via plenty
of hydrogen bonds. Additionally, neutralized PAA could function as tissue scaffolds
for wound and bone repair due to their desirable biocompatibility. Thus, we tried to
construct PAA-Alginate DN hydrogels to work as a candidate for bone regeneration
scaffolds. Moreover, in order to improve toughness and strength, we combined PAA
and alginate together to obtain a dual reinforced double interpenetrating network (d-
DIPN) hydrogel (see Figure 4-8). Extraordinary improvements in strength and
toughness are achieved with simultaneous reinforcement via dual ionic crosslinking
and the introduction of SiO, NPs.
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Figure 4-8. Schematic of preparing tough inorganic-polymer hydrogel. Figures adapted from
Paper 1V.

The addition of Ca*" is quite easy and it will help to form alginate hydrogels under
mild conditions. For SiO, NPs, in order to have stronger interactions with the polymer
networks, vinyl-silica precursor VTES is hydrolyzed to form SiO, NPs firstly while
vinyl groups could undergo further reactions. These vinyl branches on SiO, NPs could
easily react with vinyl groups in AA monomers under free radical polymerization
processes and covalently bond together. In this way, both strong covalent crosslinks
and weak reversible interactions could complementarily contribute to mechanical
performances and other functional properties of SA (Ca*")-PAA-SiO; hydrogel.

With dual reinforcement, the strength and toughness of SA (Ca?")-PAA-SiO;
hydrogel improved a lot compared with non-reinforced or single-reinforced ones. The
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tensile test of reinforced hydrogels was carried out and show a comparison with a
single PAA hydrogel with an elongation of 240% and maximum stress of 0.03 MPa.
A great improvement of both stress and elongation at breakage is achieved for the
PAA-SA DIPN hydrogel. The reason appears to be that external loads are shared by
the entanglements created between the PAA and SA networks. Covalent crosslinks
between PAA and SA chains (reacting with carboxyl groups) have strengthened the
co-networks further. Moreover, after introducing silica NPs and Ca*" ions, we find
that both stress and elongation of hydrogels get further improved. The hydrogel SA
(Ca?")-PAA-SiO; reveals an elongation up to 1000% compared with its original length
and stress of 1.62 MPa at breakage. Moreover, the existence of Ca**greatly affects the
elastic/plastic deformation region of hydrogels. Alginate network without chelating
with Ca?" could hardly reform after stretching, and shapes of hydrogels could also
hardly get recovered. However, with introduction of Ca2', alginate networks are
successfully connected together, and ionic bonds are quite reversible and could
break/reform quickly. Thus, hydrogels SA (Ca*)-PAA-SiO; and SA (Ca?")-PAA-
SiO, reveal much more apparent elastic deformation in Figure 4-9. Also, after
evaluating with a typical cyclic tensile, SA (Ca?)-PAA-SiO, hydrogel keeps a good
shape recovery. Hysteresis loops exist in every loading-unloading curve, and the area
between the loading and unloading curves represents the energy loss per unit volume.
The curves keep a good repeat, representing good self-recoverability of SA (Ca?")-
PAA-SiO; hydrogel. Moreover, the dissipated energy maintained after the second
cycle is approximately 73% compared with the first one, while the tenth dissipated
energy maintains at ~61%. The reason could be ascribed to the reversible interactions,
e.g., hydrogen interactions and ionic crosslinks in the hydrogels, as these reversible
bonds could dissipate energy effectively during deformation. Moreover, after
comparing with other similar works, our prepared SA (Ca?")-PAA-SiO, hydrogel
shows desirable mechanical properties and could certainly be applied to more
practical applications.
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Figure 4-9. (a) Composition-dependent tensile stress-strain curves for hydrogels; (b)
Hysteresis loop of cyclic tensile curves of SA (Ca’*)-PAA (SiO2) hydrogel for different cycles,
with the inset showing the energy maintained after each cycle; Comparison of the present
hydrogels with those from the literature in terms of (c) toughness, and (f) fracture strength
relative to the critical strain. Figures adapted from Paper IV.

Thus, for the mechanism of stretching under external loads, in the DIPN co-network,
upon the breaking of hydrogen bonds, the Alg networks first begin to unzip and much
more widely spaced ionic crosslinks unzip when the external load increases. PAA
networks contribute to providing crack bridging and stabilizing deformation during
this process, which in turn reduces the stress concentration and also contributes to
high toughness. Hydrogen bonds and ionic crosslinks are quite reversible and could
quickly reform after being broken, which further helps to heal the internal damage,
leading to pronounced hysteresis resistance and limited permanent deformation. Thus,
higher strength and toughness could be achieved by combining reversible weak
interactions with strong crosslinks. Moreover, due to strong intermolecular
interactions existed in hydrogels, multi-functions could be found in SA (Ca*)-PAA-
SiO hydrogel. The hydrogel could be extended tenfold its initial length, and freely
wrapped around a glass rod. Such behaviors give the huge potential for adapting to
different shape and deformation requirements in its potential applications. The
hydrogel is also strong enough and could also easily lift a 3 kg object. Reversible
interactions in the hydrogel further ensured quick shape-recovery upon compression-
release test. Additionally, the hydrogels reveal strong adhesion to different kinds of
surfaces, including glass, plastic, metal, and finger. We ascribe this to the incorporated
functional groups, e.g. hydroxide, amide, and imine bonds that exist in the system,
which could effectively interact and bind with surrounding phases to enable the
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adhesive properties. Moreover, the strong intermolecular interactions provide the
hydrogel with very good self-healing ability. That is, the broken hydrogel could get
self-healed rapidly and without cracks under stretching (see Figure 4-10).
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Figure 4-10. Superior extensibility, quick shape recovery, adhesive to different surfaces, and
self-healing ability of SA (Ca**)-PAA (SiO2) hydrogel. Figures adapted from Paper IV.

Moreover, single polymer-based hydrogels are composed of loose networks, whose
shape and volume are relatively simple to modify in solutions. In contrast, double
polymer cross-linked hydrogels containing interpenetrating networks are substantially
more compact, making them unchangeable in solutions. Furthermore, other
reinforcement strategies e.g. nanocomposite and ionic crosslinking were able to create
coordination bonds with carboxyl groups in polymer chains, considerably improving
the system's cross-linked sites and resulting in a denser network. As a result, the
stronger intermolecular contacts and more cross-linked structures created by dual-
reinforcement in Paper IV may successfully inhibit chain disentanglement and
hydrogel swelling. The mechanisms of swelling behavior with single and double
reinforced hydrogels are depicted in Figure 4-11.
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Figure 4-11. Swelling mechanism of single PAA polymer hydrogel without reinforcement and
dual reinforced DIPN hydrogels. Figures adapted from Paper IV.

4.5. SUMMARY

In this chapter, we combined experimental methods and MD simulations together to
investigate tough hybrid materials and their deformation/fracture mechanisms at the
atomic level. After systematic research, the disentanglement of the polymer chains
from the matrix upon tension is mainly controlled by non-covalent intermolecular
interactions between polymer and silica networks rather than the breakage of covalent
bonds, which further governs the fracture and deformation behaviors of inorganic-
polymer hybrids. Thus, strategies for improving the intermolecular interactions of
hybrid networks have been tried, e.g. changing the size and species of inorganic NPs,
combining NPs reinforcement and ionic crosslinking together in a system, changing
polymer networks, and comparing a series of hybrids with different inorganic/organic
weight ratios. All in all, these attempts have all revealed improvement in toughness at
different levels, and balancing strength with toughness could also be achieved in the
final. Moreover, by combing strong covalent crosslinks and weak reversible
interactions, tough hydrogels could be obtained not only with improved mechanical
properties, but multi-functions, e.g. quick shape recovery ability, self-healing ability,
adhesive to different surfaces as well as anti-swelling behaviors. All the efforts in
preparing tough hybrid/hydrogels are proved to be reliable and could be potentially
applied to biomedical applications as well as soft robotics.
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CHAPTER 5. BIOCOMPATIBILITY AND
IN VITRO STUDIES

Cyto-compatibility and hemo-compatibility are regarded as important factors for the
materials applied into further tissue engineering and bone regenerations. Moreover,
besides evaluating cytotoxicity, cell attachment and cell proliferation are also of great
importance for bioactive materials. Hence, it is of great interest to report findings of
correlations between molecular structures and biocompatibility. With the
understanding of structures and mechanical performances of hybrids, in this chapter,
the findings of related biocompatibility and cell in vitro studies will be presented.

5.1. CYTOTOXICITY OF HYBRIDS

Many methods could determine the cytotoxicity of materials indirectly, e.g. MTT
method, CKK-8 assays and ToX-8 assays. In this thesis, cytotoxicity of materials are
evaluated via ToX-8 dyes. In this test, mechanism is metabolically active and viable
cells could convert blue resazurin (nonfluo-rescent dye) to pink resorufin (fluores-
cent dye), proportionate fluorescence output to metabolically active and alive cells
(86). (mechanism see in Figure 5-1).
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Figure 5-1 Mechanism of ToX-8 assays in evaluating cell viability.

Importantly, all the samples should be sterilized by immersing in EtOH for 30 min
and place under UV light overnight before further tests. The detailed experimental
processes could be found in Papers III and IV. Cell viabilities of materials are
determined by the following equations:

Relative cell viability (%) = [(mean cell viability determined in sample)/ (mean cell
viability determined in control)] x 100
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Since our prepared materials are expected as scaffolds for bone repairing and
regeneration. Thus, MC3T3-E1 bone cells are applied in our work for further in vitro
studies. Based on ISO 10993 standard, materials are recognized as non-cytotoxic to
cells with cell viability over 70% and 50% dilution viability of hydrogel extract are a
little bit higher than 100% extract solutions. Thus, for our prepared bioactive materials,
based on the results, PTHF-SiO; based hybrids and Alg-PAA hydrogels all reveal
totally non-cytotoxicity with cell viability over 80%, representing potential
applications as biomedical scaffolds (see Figure 5-2).
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Figure 5-2. MC3T3-E1 Cell viability of (a) PTHF-SiO: hybrids. (b) Alg-PAA hydrogels. The
dilution of the dissolution products enhanced cell viability to a level equivalent to that of the
non-cytotoxic controls. Figure adapted from Paper IIl and IV.

5.2. CELL ATTACHMENT OF MATERIALS

After exploring the cytotoxicity of materials, cell attachment is taken into
consideration by immunohistochemistry and confocal microscopy. Cells are cultured
on materials for 72h before testing. Normally, alive MC3T3-E1 cells will attach on
the surface of a flask or materials and grow with enough media while dead cells will
float in the media. Moreover, the morphologies of alive and dead cells are totally
different from their appearance. Thus, it would be a signal to determine the
biocompatibility of prepared materials. The DAPI nuclear counter staining technique
findings for the PTHF » S§TEOS hybrid in Figures 5-3 show that cells are well attached
to the material. Thus, materials could be suitable candidates to function as articular
cartilage regeneration. Micro fractures are created in the subchondral bone to release
stem cells from the bone marrow, which is used to treat sports injuries, suggesting
hybrid biocompatibility and potential for bone cell development.
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Figure 5-3. Cell attachment of MC3T3-El cells on hybrid PTHF-8TEOS with
Immunohistochemical cell nuclei staining (DAPI, blue fluorescence). Figure adapted from
Paper III.

5.3. CELL PROLIFERATION ON HYBRID MATERIALS

Based abovementioned results, hybrid materials are proved to be non-cytotoxicity to
MC3T3-El cells and could support cell attachment. The cell proliferation onto the
materials were quantitatively measured using the ToX-8 assay follow the
manufacturer's instructions. Molecular structure influences to cell proliferation are
discussed on the basis of PTHF-TEOS hybrids in Paper III. Cells are cultured on
different hybrids for 3 and 7 days, respectively. From the experimental results,
compared with control group, it is proved that nano-porous structures and inorganic
NPs are benefit for cell growth, the reason could be the properties of bioactive glasses
have been preserved. More inorganic NPs and much uniform dispersion of different
phases are both important for cell growth. The details are depicted in Figure 5-4.
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Figure 5-4. MC3T3-E1 Cell proliferation on (c) PTHF xTEOS and (d) yGPTMS:zTEOS hybrids
after incubating for 3 and 7 days. Figure adapted from Paper III.

Moreover, such polymer-SiO; hybrids is also proved to induce the formation of

chondrogenic differentiation and hyaline cartilaginous matrix. Jone’s found Sox9,
Collagen Type II and Aggrecan released after culturing ATDCS bone cells on Si80-
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CL hybrids, which is importantly related with articular cartilage productions (see
Figure 5-5). In order to investigate silica NPs influences, cells are cultured both on
Si80-CL hybrids and PCL polymer scaffolds. The results suggest that more Sox9,
Collagen Type II and Aggrecan are expressed on hybrids due to suitable surface
structures, enough stiffness to support cell growth, and most importantly pore
architecture results from inorganic NPs. Silica NPs could also provide improved cell
recognition sites for cell attachment and growth, and such hybrids could be potentially
function as tissue regeneration scaffolds with the improvement of material flexibility
(49).
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Figure 5-5. Evaluation of expression of Sox9, Col2al and Aggrecan on both Si80-CL hybrid
and PCL polymer scaffold. Figures reproduced from ref. (48).

Besides PTHF-SiO hybrids, much apparent results could be referred in SA (Ca?")-
PAA (SiO) DIPN hydrogels. In order to figure out influences of inorganic particles
to cell growth, mineralized DIPN hydrogel is compared with normal hydrogels and
control groups. The specific mineralization process and experimental methods could
be referred in Paper IV. Normal hydrogels show nearly the same ability for cell growth
compared with blank group from 1, 3 and 7 days, however, mineralized hydrogels
reveal much higher optical density values and benefit for cell growth (see Figure 5-6).
The mineralization process induces the production of calcium phosphate NPs, which
provide a more biologically active surface, hence boosting the cell's vitality and
usefulness, and could effectively improve cell growth on hydrogels (51). Thus,
combing these results, inorganic NPs in hybrid networks could greatly improve
biocompatibility and cell growth with in vitro studies.
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Figure 5-6. Cell proliferation of MC3T3-E1 cells on DIPN hydrogel and mineralized hydrogel
after culturing forl, 3 and 7 days. Figure adapted from Paper IV.

5.4. SUMMARY

In this chapter, we have investigated the biocompatibilities of prepared hybrids and
hydrogels. These materials all show non-cytotoxicity to bone cells with cell viabilities
over 80%. Additionally, such materials also reveal enough support for cell attachment
and proliferation. Moreover, after comparing pure polymer and hybrids, we find
inorganic NPs could also provide improved cell recognition sites for cell attachment
and growth due to more release of Sox9, Collagen Type II and Aggrecan. Compared
with blank groups, nano-porous structures and an inorganic component could generate
more biologically active sites, especially in mineralized hydrogels, which are benefit
for cell growth and further enhancing the cell viability and functionality. These results,
together with excellent mechanical properties, suggest these hybrids are suitable
candidates function as articular cartilage scaffolds for bone regeneration.
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CHAPTER 6. CONCLUSIONS AND
PERSPECTIVES

In this chapter, we will highlight key results and their possible relevance based on our
previous works, along with a discussion concerning perspectives and suggestions for
future researches.

6.1. CONCLUSION

Bioactive inorganic-organic hybrid materials are expected to combine advantages of
both components. With respect to bonding to bone and stimulating bone regenerations,
and also possess improved flexibility as well as functionality. Constructing covalent
bonds between inorganic and polymer networks could effectively inhibit phase
aggregation, and ensure hybrids function synergistically. However, the conflict
between strength of toughness should be resolved, in order to prepare materials with
better mechanical properties. In this thesis, the following three topics related to
inorganic-organic hybrids and mechanical performances have been systematically
facilitated and developed: (i) Understanding the relations between molecular
structures of both inorganic and organic aspects with mechanical performances
(Chapters 3 and 4); (ii) Combining experiment and MD simulations to explore
fundamental mechanisms of deformation/fracture for hybrid materials at the atomic
level (Chapter 4); and (iii) Investigating biocompatibility of hybrids and their in vitro
studies (Chapter 5). The highlights from this Ph.D. study are summarized as follows:

With the introducing of polymer chains, toughness was dramatically improved
compared with bioglasses while strength decreased due to polymer component. Thus,
we try to resolve the conflict between strength and toughness via controlling total
inorganic vs. organic weight ratios, inorganic NPs size and polymer networks.
Additionally, MD simulation is incorporated in the project for illustrating the
deformation/fracture mechanism at atomic level and guiding hybrid design. On the
basis of both experimental and MD simulation results, disentanglement of the polymer
chains rather than their covalent bonds breakage is the main course of the deformation
failure of the hybrids, which is largely determined by non-covalent intermolecular
interactions among polymer and silica networks. Thus, improvements could be
expected with much stronger intermolecular interactions in the hybrid networks.
These findings indicate that the expected tough and strong hybrids could be prepared
through the abovementioned strategies, allowing for the development of hybrids with
customized features.

The findings not only inspired us in preparing abovementioned tailorable hybrids.
Besides traditional hybrid materials, such strategies had been applied into preparing
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tough hydrogels, with interpenetrating cross-linked structures and strong
intermolecular interactions. Moreover, besides contributing to better mechanical
performances of materials, reversible interactions existed in hybrid networks e.g.
hydrogen bonds and ionic interactions could result in a lot of multi functions. Self-
healing abilities, quick shape recovery, desirable energy dissipation as well as
adhesive properties could all be ascribed to these reversible interactions.

Finally, biocompatibility and irn vitro studies are conducted on our prepared hybrids
and hydrogels. All prepared materials show non-cytotoxicity to MC3T3-E1 bone cells
with cell viabilities over 80%, and could also support cell attachment as well as
proliferation. Inorganic networks offer more biologically active sites for cell growth
and prove to have a better ability for promoting cell proliferations.

6.2. PERSPECTIVE

In this thesis, we have successfully prepared a series of bioactive inorganic-polymer
materials and investigated the relations between molecular structures and mechanical
properties as well as subsequent multi-functions. Numerous strategies have been
applied to improve the strength as well as toughness of such materials. However, the
following research subjects deserve to be investigated further.

Although our prepared hybrids are flexible and could adapt to required shape
deformation requirements. The total inorganic compositions in our prepared hybrids
are still low, and strength could hardly be comparable to those bioactive glasses. Such
downside may affect commercial applications in clinics. Moreover, besides silica-
based hybrids, other oxides e.g. CaO, P,Os, and B,O3 should also be researched in
future works since they are also important compositions of traditional bioglasses (4,
87). For the polymer side, many natural and synthetic polymers are biocompatible to
cells, which should be extensively tried in the future works. Natural polymers, such
as silk, chitosan, collagen, alginate, and hyaluronic acid (HA) are preferable because
of their superior interactions with many cell types and absence of an immune response
(88-91). In contrast to natural polymers, synthetic polymers such as poly(caprolactone)
(PCL), poly(L-lactic acid) (PLLA), poly(lactic-co-glycolic) acid (PLGA) and
poly(glycolic acid) (PGA) reveal advantages of less expensive and more functional
(92-95). Additionally, in order to mimic morphologies of human bones, porous
materials and their mechanical properties deserve to be thoroughly researched in the
future. 3D printing scaffolds and electrospinning nanofiber membranes could be ideal
options to achieve such purposes (96-99).

Finally, although we have tested biocompatibility and cell in vitro studies of hybrid
materials, further in vivo research is significantly important for the final clinical
applications (11, 26, 29, 85). By incorporating metal ions/NPs, surface nanostructures
design and modifications, antibacterial effects are expected to hybrid biomaterials
(100). These processes could effectively prevent implant-related infections in clinics,
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while preserving their biocompatibility. Lastly, as the materials will be implanted into
human bodies, evaluating the degradation rate of hybrid to match that of bone growth
will be another very important topic for the next step of research (12, 85, 87, 101,
102).
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1. Introduction

Structural control of self-healing silica—
poly(tetrahydropyran)—poly(c-caprolactone)
hybridsT

Wei Fan,® Randall E. Youngman,
Morten M. Smedskjaer (2 *°

© Xiangting Ren,® Donghong Yu 2 ** and

In some biomaterial applications, the device needs to resist cyclic loading. Recently, self-healing hybrid
systems with interpenetrating network of organic and inorganic components have been discovered. In
this work, we clarify the structure—mechanical property relations in a new series of silica—poly(tetra-
hydropyran)—poly(e-caprolactone) (SiO,—PTHP—-PCL) materials, which were prepared through a
three-step synthesis, including one-pot cationic ring-opening polymerization, sol—gel reaction, and
polymer=silica cross condensation. We applied THP as the main constituent of the organic phase and
achieved successful polymerization under mild conditions, while the hybrid structures were controlled
by the degree of silica-crosslinking and the organic/inorganic ratio. The thermal stabilities, densities,
Young's modulus as well as hardness could also be regulated through such control. Notably, we find
that the hybrid materials with organic polymer content above 73% are able to self-heal induced
damages, including under body temperature conditions and the mechanical properties of the self-healed
material are similar to those of the fresh samples. We ascribe this primarily to the reversible intermolecular
interactions and hydrogen bonding among the polymer chains. Finally, we discover that the PTHP-SIO,
networks are stable in a simulated bio-environment although PCL underwent biodegradation. The present
structural control approach could lead to the design of tailored functional hybrid materials, with potential
applications within areas such as soft robotics and bone regeneration.

hybrids possess inorganic-organic interpenetrating networks
(IO-IPNs) at the molecular scale by having covalent bonds

Bioactive glasses for tissue engineering and bone regeneration
have received widespread attention due to their potential in
bonding to bones and stimulating bone regeneration.'”” However,
as they are made from amorphous oxides, they feature an intrinsic
disadvantage, namely high brittleness, which makes them unable
to withstand sustained cyclic loading as needed for use in the
human body.? Such bioactive hybrids are mostly applied into the
transplanted articular cartilage and tissues, and in order to
accommodate the motions of the human body, materials with
much better flexibility and strength are needed.”'® Organic-
inorganic amorphous hybrids with stiff inorganic contents and
soft polymers can potentially overcome this problem by offering
improved functional and mechanical properties."'™* Distinct
from a simple mixture of organic and inorganic phases, these

“ Department of Chemistry and Bioscience, Aalborg University, 9220 Aalborg,
Denmark. E-mail: yu@bio.aau.dk, mos@bio.aau.dk

b Science and Technology Division, Corning Incorporated, Corning, New York 14831,
USA

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/d1tb00555¢
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between the two networks. Generally, this approach has the
advantage of avoiding aggregation of the different phases and
enabling synergistic functions of organic polymer matrix and
inorganic glass components.'*** 8

To enable the covalent bonding between the inorganic phase
and the polymeric chains, and thus obtain an IO-IPN, a coupling
agent is needed, which also leads to improved mechanical
performance.'®"? The one-pot sol-gel process has for years been
the most common and successful method for preparing nano-
scale networks,”*>* although more recent alternative methods
such as 3D printing and electrospinning exist.>*>° Long time
condensation and low gelation rate ensure hybrids with homo-
geneous structures. The formed interpenetrating inorganic-
organic networks achieve synergistic functions of hybrids. Silica
(SiO,) is the typical inorganic component in hybrids with
IO-IPNs due to various reasons, such as its availability, low cost,
simple synthesis, stability, and bio-compatibility."”* It is usually
obtained through hydrolysis of tetraethyl orthosilicate (TEOS),
with the mechanical properties of silica based hybrids being
affected by the formed SiO, structures.?”*®

This journal is © The Royal Society of Chemistry 2021
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Regarding the organic component of hybrids, polycaprolactone
(PCL) has shown excellent rheological and viscoelastic properties,
as well as biodegradation in vivo.>>*° This makes PCL a strong
candidate for biomedical hybrid fabrication. Based on the work of
Jones et al.,*' we here propose that tetrahydropyran (THP) has the
potential to be used as the main polymer source in such hybrids.
Compared to tetrahydrofuran (THF) that was adopted in the work
of Jones et al., the additional C atom in the THP monomer could
be expected to enable better tuning of the mechanical properties of
hybrids. Considering its stable six-membered cyclic structure with
low ring-strain, THP is generally considered to be resistant against
ring-opening and thus polymerization under mild conditions.*>
As such, polyTHP (PTHP) is a very uncommon component in
biomedical hybrids.>* However, the cationic ring-opening pro-
cess can possibly solve this in the presence of an epoxide ring
with higher ring strain and a suitable Lewis acid (e.g., boron
trifluoride diethyletherate) as a catalyst.>"** In order to obtain
PTHP as the main organic component and SiO, as the inorganic
one, we selected glycidoxypropyl trimethoxysilane (GPTMS) as
the organosilane coupling agent. The epoxide group in GPTMS
is structurally similar to THP monomer and could therefore act
as an initiator for the polymerization of THP, while the silyl
group in GPTMS would simultaneously participate in the sol-gel
condensation to link with the silica network, and therefore
further construct the IO-IPNs as the final product. In this way,
inorganic/organic composition ratio and their corresponding
structures could directly determine the structure and mechanical
properties of hybrids.™

In this work, via applying PTHP and PCL as the polymer
component and silica as the inorganic one for IO-IPN hybrids,
we successfully controlled their structure by varying the total
silica/polymer composition ratio, as well as the exact chemical
structure of both of the two phases, and investigated the
thermal stability, mechanical properties, and biodegradation
for exploring their structure-mechanical property relationship.
Herein, we have also systematically studied how the inorganic/
organic (I/O) ratio and silica structures (by different TEOS/water
ratios) affect the hybrids’ structure, mechanical properties, and
self-healing abilities. These results show how mechanical properties
including self-healing ability can be controlled bottom-up from the
molecular level. Compared with pure inorganic samples, the hybrids
offered improved flexibility and self-healing properties, suggesting
the potential design strategy in the future for applications of tailored
IO-IPN hybrids in soft matter and biomedical fields. We envision
that our findings will be important for the rational design of
hybrid materials.

2. Experimental section

2.1. Materials

All chemicals, polycaprolactone diol (HO-PCL-OH) (average M,,
of 530 Da), NaHCOj;, KBr, 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO), CH;CN, tetrahydropyran (THP), (3-glycidoxypropyl)
trimethoxysilane (GPTMS), boron trifluoride-diethyl ether
(BF5-OEt,), tetraethylorthosilicate (TEOS), HCI, phosphate buffered

This journal is © The Royal Society of Chemistry 2021

Journal of Materials Chemistry B

saline (PBS) solution were purchased from Sigma-Aldrich, and
used as received.

2.2. Synthesis of organic sol precursor

HOOC-PCL-COOH was prepared via following the existing
method of oxidation of HO-PCL~-OH by using TEMPO.>'

2.3. Synthesis of organic sol

The prepared HOOC-PCL-COOH (0.5 mol) was dissolved in anhy-
drous tetrahydropyran (THP) at a concentration of 50 mg mL™ .
Then, 1 mol GPTMS was added. After continuous stirring for
30 minutes, 0.25 mol BF;-OEt, was added into the mixture in
order to catalyze the epoxide ring-opening polymerization. In
our preliminary work, we added PCL-COOH as terminating
agents both at the start and end of the THF and THP organic-
sol processes. We found that the reaction rate was too high to
remain control when adding HOOC-PCL-COOH at the end, and
TEOS precursor will not mix with polymer precursor uniformly
in very high viscosity solution. Consequently, we added HOOC-
PCL-COOH from the beginning of the organic-sol preparation
for the consistency of the experiment. This solution was stirred
for 1.5 h for reaction. The high strain of the oxirane ring gave
GPTMS much higher reactivity towards catalytic ring-opening
than THP. Then the carboxylic acid groups in HOOC-PCL-
COOH terminated the chain growth and form the structure of
GPTMS-PTHP-PCL.

2.4. Synthesis of inorganic sol

TEOS, deionized water and 36 wt% hydrochloric acid (12 M HCI)
were added with the molar ratio of 1:1.8:0.01, 1:3.6:0.01, and
1:5.4:0.01. These three mixtures were stirred vigorously to
ensure that TEOS became hydrolyzed. The completion of the
reaction was directly confirmed when the mixtures turned from
cloudy to clear.

2.5. Synthesis of hybrids

After preparing the organic sol, the inorganic precursors (TEOS/
H,O0 at the molar ratio of 1/1.8, 1/3.6, 1/5.4) were mixed with the
organic sol using five different ratios (in wt%) of TEOS/HOOC-
PCL-COOH, namely 10/90, 20/80, 30/70, 40/60, and 60/40. The
inorganic sol was poured drop-wise into the organic sol and
stirred for at least 30 minutes at room temperature to obtain a
homogeneous solution. Then, the mixed sols were transferred
into a cylindrical polytetrafluoroethylene (PTFE) mold and
sealed for aging for 1 week at 40 °C. Afterwards, the molds were
partially opened to allow for drying over the following three weeks
at 40 °C in the furnace. When all of these processes were finished,
disc-shaped samples were peeled off from the containers and
used for the characterization experiments. Hence, we obtained a
total of 15 samples with different compositions and thus
different structures. The used TEOS/water molar ratios and
TEOS/PTHP-PCL mass ratios are summarized in Table S1
(ESIT). All of these prepared hybrids were classified into two
groups (the same silica structure with different inorganic/
organic (I/O) ratio and a constant I/O ratio with various silica
structure). This was done to independently evaluate the effects
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of SiO, structure and I/O ratio on the hybrid structure and
mechanical properties.

2.6. Infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was performed
by using a Bruker TENSOR II along with a Bruker Platinum ATR
attachment, in the range of 4000 to 400 cm ™. All spectra were
compiled from 64 consecutive scans and were baseline corrected
using the vendor supplied software OPUS.

2.7. Solid state NMR spectroscopy

98 magic-angle spinning (MAS) NMR data were collected with
an Agilent DD2 spectrometer in conjunction with an Oxford
4.7 T widebore superconducting magnet, with a 2°Si resonance
frequency of 39.70 MHz. Samples were powdered and loaded
into 5 mm zirconia rotors with sample spinning of 5.0 kHz.
Spectra were acquired using a n/6 tip angle of 2.7 ps, a recycle
delay of 180 s, averaging of 400 to 1900 scans and with high-
power "H decoupling during signal acquisition.

"H — ?°Si cross-polarization magic-angle spinning (CPMAS)
NMR measurements were made on the same instrument with a
4 ms contact time between the spins, recycle delay of 5 s and
signal averaging of 5500 to 33 000 scans. All *°Si NMR data were
processed with 25 Hz apodization, referenced to tetramethyl-
silane at 0.0 ppm, using the GRAMS Spectroscopy Software
Suite (Thermo Fisher Scientific) to plot and fit the spectra.

3C MAS NMR measurements were made at 11.7 T (125.67 MHz
resonance frequency) using an Agilent DD2 spectrometer and
Oxford wide-bore superconducting magnet. Powdered samples
were packed into 3.2 mm zirconia rotors, with sample spinning
of 20.0 kHz. 'H decoupled MAS NMR data were acquired by the
combination of a /4 tip angle (2.4 ps), a 90 s delay between scans
and signal averaging of 800 to 2800 scans. *C NMR data were
processed with 10 Hz line broadening and referenced to tetra-
methylsilane at 0.0 ppm. Plotting and spectral analyses were done
in the GRAMS software package.

2.8. Thin layer chromatography and liquid NMR

The oxidation of HO-PCL-OH into HOOC-PCL-COOH reaction
was monitored through thin-layer chromatography (TLC) on
Silica Gel 60 F254 plates. The mobile phase was a mixture of
acetonitrile and ethanol in a volume ratio of 9:1 and visualization
was done using I,. The oxidation of HO-PCL-OH into HOOC-
PCL-COOH was confirmed by liquid-state "H NMR spectroscopy
performed on a 600 MHz Bruker spectrometer. 10 mg of polymer
was dissolved in 0.5 mL deuterated chloroform (CDCl;). The
experimental parameters were set to acquire 16 scans in the range
of chemical shift from 0 to 12 ppm.

2.9. Thermal gravimetric analysis (TGA)

The final inorganic vs. organic weight ratio was determined by
thermal gravimetric analysis (TGA) (DSC 449C; Netzsch, Selb,
Germany). The samples were run under a flow of air at the rate
of 10 °C min~ ", from room temperature to 800 °C. Weight loss
could be ascribed to the burning-out of the organic phase.
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2.10. X-Ray diffraction (XRD) analysis

X-Ray diffraction (XRD) analysis was carried out on pulverized
samples at 20 = 5° to 80° using a Panalytical Empyrean diffracto-
meter with a Cu-Ko radiation source (2 = 1.54 A) with a Ni-filter.

2.11. Densities and the Young’s modulus

Densities and the Young’s modulus were conducted through
Archimedes principle and ultrasonic echography, respectively.*®

Densities of hybrids were firstly calculated here according to
the eqn (1)

air
- Pethanol X msample 1
Psample = ¢ _ ypcthanol ( )

msample sample

Then, the Young’s modulus (E) was obtained with the eqn (2)

2 2
E= Pu (2)
(F/Vr) =1

2.12. Hardness

Micro-indentation measurements were performed using a Nano-
vea CB500 hardness tester to determine the hardness (H). On
each sample, 20 indentations with a maximum load of 0.07 N
were generated to determine H, with a loading duration and
dwell time of both 10 seconds. The loading and unloading rate
were both 0.7 N min~'. Measurements were performed under
laboratory conditions (temperature: 23 °C; relative humidity:
23.5%). Then hardness was calculated from the force-displace-
ment curves using the Oliver-Pharr model as follows,

_ Proax

H= 3

Apml ( )

Apmi = F(h) (4)

hc = hmax - hs (5)
_ Pmax

hy =& S (6)

Here, P, is the peak load, A, is the depth at peak load, Apm,
is the projected contact area, k. is the contact depth, ¢ is a
constant depending on the indenter, and S is the contact
stiffness.

2.13. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) was carried out using TA
Instruments DMA 850. The frequency was set at 1 Hz at room
temperature.

2.14. Self-healing process

Cracks were created by a sharp knife and all samples were self-
healed without any external stimuli. The temperature was 23 °C
and the relative humidity was 23.5%. We also performed the
same experiment at body temperature conditions (37 °C).

This journal is © The Royal Society of Chemistry 2021
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3. Results and discussion

3.1. Hybrid synthesis

The schematic structures of pure inorganic SiO,, physically mixed
inorganic-organic hybrids (image of non-uniform dispersion of
two phases), and covalently bonded hybrids are compared in
Fig. 1. Compared with the pure bulk SiO, that has many cracks
(Fig. 1a), hybrids without visible cracks (Fig. 1c) can be obtained
upon introducing the organic polymers into the inorganic sol. A
traditional mechanically mixed hybrid material easily suffers
from aggregation of nanoparticles, which would inevitably affect
the uniformity and decrease the mechanical reliability. In that
case, inorganic network with covalently link polymer chains is an
effective way to avoid aforementioned issues. The coupling agent,
GPTMS applied in this experiment, due to its oxirane group,
participates in the ring-opening process with THP monomers.
Additionally, the -Si-OCH; was also hydrolyzed and bonded to
silica networks through condensation process, bridging polymer
chains. Thus further uniform dispersion of inorganic nano-
particles were achieved within the polymer chains, improving
the mechanical properties (Fig. 1d and e). Consequently, we
prepared the hybrids through a two-pot synthesis, combining
cationic ring-opening method and sol-gel process, as shown in
Scheme 1.

HO-PCL-OH had firstly been oxidized into HOOC-PCL-
COOH for further reaction with PTHP and functioned as a quencher
of the oxonium ion intermediates, with structure confirmed in
Fig. S1 and S2 (ESIf).>* "H NMR- and FTIR-spectroscopy
(Fig. S1 and S2, ESIt), and TLC analysis were performed to
confirm its molecular structure. The peaks at 3300 cm ™~ * of FTIR
and broad peak from 8.0-9.5 ppm of 'H NMR both confirm the
conversion of HO-PCL-OH into HOOC-PCL-COOH. THP is
relatively stable due to its six-membered cyclic structure, while the
ring strain of oxirane in GPTMS is much higher, and as such, the
epoxide ring in GPTMS is opened firstly by BF;-OEt, initiation.>*>*
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Then, a nucleophilic attack of the oxygen of THP by BF; initiated the
cationic ring opening polymerization and further chain elongation
steps. In this way, covalent bonds were formed between GPTMS and
PTHP polymer chains, thus constructing the organic copolymer
with HOOC-PCL-COOH (Fig. S3a, ESIt). We noted that GPTMS not
only participated in the THP ring-opening reaction, but also
acted as an organosilane coupling agent for connecting silica
network and polymer chains. For the inorganic sol, TEOS could
be hydrolyzed into Q', Q% Q?, and Q* units. Here Q" refers to a
unit with 7 number of -O-Si neighboring groups, and Q' to Q*
are thus distinguished based on the degree of condensation
of ~-OH and/or -OEt groups,"'”* as schematically illustrated in
Fig. S3b (ESI).>”*® More Q” structures helps to ensure flexibility,
while bulky three-dimensional networks are promoted by Q*
structures. It is generally challenging to prepare crack-free class II
hybrids**?¢ with high inorganic content, but the introduction of
polymer chains and crosslinkers make it possible.

3.2. Structure of hybrids

The silica molecular structures and the polymer architectures
were investigated by Fourier-transform infrared (FTIR) spectro-
scopy, including comparisons of the FT-IR spectra of pure
inorganic samples with the hybrids. The effect of varying the
molar ratio of TEOS to H,O on the silica structure is illustrated in
Fig. S4 (ESIf). We could roughly investigate the amount of
different Q" structures.””?” The band at 1038 cm ™" is assigned
as the Si-O-Si asymmetric stretching vibration, while the peak at
946 cm™ ' represents vibration of Si~-OH groups.>” Moreover, the
peaks at 1160 and 794 cm ™' are ascribed to (Si-O) Q" structures
(peaks at 1200, 970, and 820 cm™ " could be ascribed to (Si-0)Q’,
YSi~0)Q?, and 1(Si-0)Q").*”"*® Upon incorporation of the organic
precursor and GPTMS, more complicated structures were formed
(Fig. 2a). The bands at 2930 and 1710 cm ™" are ascribed to the
characteristic -CH, stretching and C=0 stretching, respectively.'?

./ Dispersion
7’

Fig. 1 Structural schemes of (a) inorganic bulk, (b) physically mixed hybrids, (c) covalently bonded hybrids, (d) covalent bonds between inorganic and

organic parts, and (e) reaction process of precursors into hybrids.

This journal is © The Royal Society of Chemistry 2021

J. Mater. Chem. B, 2021, 9, 4400-4410 | 4403



Journal of Materials Chemistry B

TEOSy
k__/ TEOS/HCI
H20

PCL-diol to PCL-diCOOH |

Construct GPTMS-PTHP-PCL-COOH network

Paper

Drying and Aging

: H,0
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formation of silica-sol via hydrolysis of TEOS and organic sol by means of oxidation of HOOC-PCL-COOH and follow-up end-capping of GRTMS—-PTHP
(ring-opening polymerization of THP initiated by GPTMS).

These peaks appear very similar in the three hybrids, since they
were kept at a constant composite ratio of PCL: TEOS = 7:3. The
bands at 3300 cm ™" can be assigned to ~OH stretching. Considering
the silica network, the absorption peak at 1166 cm ™" could be
identified as the Si-O-Si asymmetric stretching vibration like in the
pure inorganic system. There are also new bands in the hybrids that
can be ascribed to T-type -Si-O (where T-type refers to a Si atom
with one ~CH,~ neighbor, while the other three are -0-Si).>*** The
peaks around 1230 cm ™" are due to -Si-CH, in GPTMS. Consider-
ing the Si-O vibration range, peaks around 1099 cm ™' could also be
ascribed to -(C—0)-O- groups in the organic polymer structures. As
to the specific amount of different Q-type (Si-O- for all four bonds)
and T-type SiO, structures, we next consider the solid-state *°Si NMR
spectroscopy analysis.

Focusing on the samples with different degree of hydrolysis
in both pure inorganic and hybrid samples, we have used *°Si
NMR to evaluate differences in the SiO, structures (e.g., extent of
hydrolysis and condensation) (Fig. 2b). Three different hydrolyzed
pure silica structures were observed in Fig. S5 (ESIt), with typical
?%Si chemical shifts at —92.3, —101.7, and —110.9 ppm that can be
assigned to Q% Q? and Q" units, respectively.""***%2%° As seen
from Fig. S5 (ESIT) and Table 1, a higher fraction of fully cross-
linked (Q*) structures was obtained for the material with less water
available for hydrolysis of the TEOS. The population differences for
Q?, Q* and Q" in each sample are small, but consistent with excess
water being available to shift the silanol condensation (elimination
of H,0) back towards more Si-OH (i.e. more Q* and Q® species).

However, when mixed with the organic precursor and reacted
with GPTMS, the resulting silicate network is substantially
affected, as illustrated in Fig. 2b. Namely, T-type SiO, structures
are present, due to GPTMS, as reflected in the more intense 29gi
resonances around —60 ppm.** Corresponding >°Si chemical
shifts at —50.5, —59.9, and —66.9 ppm are assigned to T*, T,
and T? units, respectively, where T are fully-crosslinked poly-
hedra with three siloxane bonds (Si-O-Si) and one Si-C bond."’
The partially condensed species, T' and T?, contain two and one
silanol group, respectively. As shown in Fig. 2b and Table 2,
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after condensation the highest fractions of T*> and Q* units were
obtained in hybrids with the ratio as TEOS;H,Os 4. This interesting
result suggests that more Q> units in the inorganic precursors,
with more chain mobility, is beneficial for the subsequent con-
densation with GPTMS, and results in more T* and Q* structures
in the final hybrid materials. The data in Fig. 1c, measured with
CPMAS NMR, are not strictly quantitative due to the nature of
cross-polarization (i.e. enhancement of signal due to nearby pro-
tons), which is an issue in precise measurement of Q* populations.
The other resonances all have sufficient organic or silanol groups,
and have been shown to give fairly equal responses under these
measurement conditions (data not shown). The other trend in
Fig. 2b is that the general ratio of T-type to Q-type species is
consistent with the intended ratio of organic to inorganic precursors.
The top spectrum (Orgy ¢Inorg ;) has the lowest Q-type signal level,
while the middle spectrum (Org 4Inorgy ¢) has the highest. The other
three spectra in Fig. 2b are very similar to one another due to their
identical I/O ratios. For these data, the differences in synthesis are
due to water content and this appears to have only a minor impact
on the extent of condensation for both the T- and Q-type silanes.
The other structural feature of these hybrid materials is the
nature of the organic components, which are reflected in their
3C NMR spectra. Fig. 2¢ contains the *C decoupled MAS NMR
data for all five hybrids listed above in Table 2. While highly
complex due to the different organic functional groups, including
those from GPTMS, PCL and PTHP, the data have several features
which support the hydrolysis and condensation reactions outlined
in the aforementioned treatment of the silanes, and also the
polymerization schemes of THP and CL (Fig. S3, ESIt). Unreacted
alkoxide functional groups, due to incomplete hydrolysis of TEOS
and GPTMS, would be reflected by ethoxy peaks at 18 (-CH3) and
60 (OCH,-) ppm for TEOS, and a methoxy peak around 51 ppm in
GPTMS. The latter peak from methoxy groups is completely
absent in all spectra, informing that all hydrolysis of methoxy
groups on GPTMS was accomplished during fabrication of these
hybrid materials. The other source of alkoxide peaks, ethoxy
groups of TEOS, are also noticeably absent, so again very

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) FT-IR spectra of hybrids with the same inorganic/organic (I/O) ratio but different TEOS/water (T/W) ratio. Solid state (b) 2°Si and (c) **C NMR
spectra of hybrids with different compositions. (d) Hydrolysis of GPTMS and corresponding peak assignment of *C NMR spectrum. (e) TGA and (f) XRD

spectra of hybrids with different /O ratio.

Table 1 Position (8) and relative intensity (/) of the Q" units in the different
hydrolyzed structures. The results are obtained from the solid-state 2°Si
MAS-NMR spectroscopy analysis

Q Q Q'
Sample o[ppm] I[%] o[ppm] I[%] J[ppm] I[%]
TEOS;H,0,5 —92.3 5 —101.7 43 ~110.9 52
TEOS;H,036 —92.7 7 ~101.7 45 ~110.4 50
TEOS;H,0s., —92.3 7 —101.7 44 —110.6 49

efficient hydrolysis of the alkoxysilanes must have occurred.
Only the Orgy 4Inorg, ¢ (T;W3,6) material shows much signal at

This journal is © The Royal Society of Chemistry 2021

60 ppm, which suggests the possibility of incomplete TEOS
hydrolysis in the most inorganic-rich hybrid. The lack of any
appreciable signal around 18 ppm indicates that such residual
ethoxide functionality is very low in all samples.

Another finding from the "*C NMR data is the confirmation
that GPTMS has undergone complete epoxide ring opening during
the polymerization of the organic fraction in these hybrids
(Fig. 2d). *C resonances in the original epoxide ring of GPTMS
are found at 44 and 51 ppm, and Fig. 2c indicates that none of the
five hybrid materials contain any evidence of these cyclic carbon
peaks. Furthermore, once open and reacted with the caprolactone,
these resonances move to very downfield shifts of around 62 and
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Table 2 Position and relative intensity of the T” and Q" units in the different hybrids with the same 1/O ratio. The results are obtained from the solid-state

295i CPMAS-NMR spectroscopy analysis

Tl T2 T3 Q3 Q4
Sample o [ppm] 1[%] o [ppm] 1[%] o [ppm] I[%] 6 [ppm] 1[%] o [ppm] 1[%]
00,710 5(T1W1.5) —50.9 1 —60.0 17 —67.0 60 —102.5 7 —111.8 15
00.710.3(T1W3.6) —50.5 1 —60.0 17 —66.9 63 —102.2 5 —111.4 14
00.710.5(T1Ws.4) —51.3 2 —59.5 15 —66.9 65 —102.3 3 —111.8 15
00.010.1(T1W3.¢) —50.5 3 —60.0 25 —67.1 61 —102.2 4 —111.2 7
O0.410.6(T1W3.6) —50.4 1 —59.4 13 —66.5 47 —102.4 14 —111.6 26

72 ppm, consistent with the large number of peaks in this region
and the corresponding large fraction of different ether linkages in
the organic polymers.

Thermal gravimetric analysis (TGA) has been applied to
measure the inorganic vs. organic weight ratios in the hybrids.
Initially, we distinguish hybrids by the weight ratio of PCL to
TEOS. However, the total organic content is composed of PCL,
PTHP, and the organic part of GPTMS, while the SiO, nano-
particles and the inorganic part of GPTMS constitute the total
inorganic content. The results in Fig. 2e show that the weight
begins to decrease at around 230 °C for all hybrids, which was
higher than 170 °C of PTHF based hybrids in the work of Jones
et al.*' It represents more thermal stable hybrid materials
obtained with PTHP than those with PTHF, which resulted
from one more C atom in each repeat unit in the polymer
backbone. The steric hindrance for the rotation of C-O bond is
less than that of C-C. Thus, the rigidity of PTHP polymer chains
is higher than that of PTHF polymer, which is the main reason
for improved thermal stability of PTHP based hybrids.*"*>
Fig. 2e shows a comparison of weight loss vs. temperature
profiles for hybrids with the same SiO, structure but varying
PCL/TEOS weight ratio. We find that the remaining inorganic
weight found at high temperature after thermal decomposition
of the organic components constitute 15.0 wt%, 20.5 wt%,
22.3 wt%, 26.7 wt%, and 36.5 wt% of hybrid Org,cInorg,; to
hybrid Org, 4Inorg, ¢, respectively. The results are also summarized
in Table 3. Additionally, hybrids with the same PCL/TEOS weight
ratio feature almost identical TGA curves (Fig. S6, ESIt), which
should be because the organic part is the same and decomposes,
while the remaining SiO, particles constitute 22.3 wt%.

Finally, the non-crystallinity of the hybrid materials has
been tested by X-ray diffraction (XRD). Hybrids were also
compared according to various silica structures (Fig. S7, ESIt)
and different I/O composition ratio (Fig. 2f). As depicted in
Fig. 2b, no sharp diffraction peaks typical of crystalline SiO, are

Table 3 The weight ratios of PCL/TEOS in the starting sol-gel reaction
and the actual O/l wt% values measured from TGA processes

Samples PCL-diCOOH/TEOS wt% Organic/inorganic wt%
Org;Inorg, 100/0 86.7/13.3
Orgy oInorg 4 90/10 84.9/15.1
Orgo sInorgo.» 80/20 79.6/20.4
Orgy.sInorg, 3 70/30 77.7/22.3
Org. 6In0rgo.4 60/40 73.3/26.7
Orgj.4Inorg.¢ 40/60 63.5/36.5
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found in the hybrids, meaning no crystalline structures in the
hybrids. This is due to the hydrolysis and condensation of TEOS
and GPTMS, effectively preventing the crystallization of SiO,
nanoparticles. It is also supported by the formation of covalent
bonds between silica and polymer chains during reaction
and sol-gel processes, resulting in the final amorphous state.
Similarly, the hybrids with different SiO, structures but the
constant organic content are also revealed to be completely
amorphous. All of these XRD results are also consistent with the
*9Si NMR data (Fig. 1c and Fig. S7, ESIt), which showed line-
widths for all peaks that reflected amorphous silicate groups.

3.3. Density, elasticity and rheology

We next evaluated the density, Young’s modulus, and hardness
for the five hybrids through Archimedes principle, ultrasonic
echography, and micro-indentation methods, respectively.®”
Results are summarized in Tables 4 and 5. We find that the
mechanical properties (modulus, hardness) of the five hybrids
are affected by the silica structure (from TEOS/water (T/W) ratio)
and I/O composition ratio. On the other hand, the densities of
the hybrids Org, ,Inorg, 3(TyW;.g), Orgp sInorg, s(T1Ws6), and
Org, ;Inorg, 3(T;W5s_4) are very similar, being attributed to the
same organic/inorganic ratio in these hybrids. Higher silica content
in the hybrids resulted in higher density, with Org 4Inorg ¢(TiW3.6)
showing the highest density among the hybrids with the same
TEOS to water molar ratio. This can be understood based on the
relatively higher density of pure amorphous silica (2.2 g cm ™)
than those of polymers. However, we note that the type of silica
structure has a negligible influence on hybrid density.

Considering the variation in Young’s modulus, we find that
the hybrids with higher inorganic content but the same silica
structures, i.e., Orgoolnorgy (TiWs), OrgosInorg, 3(T;Ws.6),
and Org 4Inorg, ¢(T;W5) reveals higher Young’s modulus,
up to 1.68 GPa for the hybrid Org, sInorg,¢(T:Ws). This is
ascribed to the high network connectivity and bond strength of
amorphous silica. Moreover, based on the silica structure analysis
(*°Si NMR data), we find that the hybrid Org, ;Inorg, 5(T;Ws 4) with
the most T?, Q* structural feature has a higher Young’s modulus
of 1.29 GPa compared with those of the other two hybrids
(Org, sInorg, 3(TyW; ) and Orgy ;Inorg, 3(T;Ws6)) with the same
inorganic/organic ratio. As such, the elasticity of hybrids is found
to be affected by both silica structure and inorganic/organic ratio,
with higher inorganic content and more T, Q* structures resulting
in hybrids with higher Young’s modulus.

This journal is © The Royal Society of Chemistry 2021
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Table 4 Densities and Young's modulus of hybrids

Journal of Materials Chemistry B

Orgo 7Inorgy 3(T; W g) Orgy oInorgy 1(T;W3.6) Orgy 7Inorgy 3(T1W3.6) Orgo.4Inorg ¢(T1W3.6) Orgo ;Inorg 5(T;Ws.4)
Density (g cm™)  1.235 1.216 1.237 1.287 1.237
Modulus (GPa) 0.86 0.54 1.15 1.68 1.29
Table 5 Hardness of hybrids from micro-indentation measurements
Org0471n0rgoA3(T1W1.s) Orgoslnorgo.1(T1W3.6) Org0471n0rg0.3(T1W3.6) Orgoi4ln0rgo.e(T1W3.6) Orgo.ﬂnorgo.s(TleA)
H (MPa) 5.0 2.6 9.1 58.8 7.0
Error 0.5 0.7 2.0 7.5 1.1
Considering the variation in hardness (H),"*** the results 1000
. . 5 . @ E'Org,lnorg, (TW,,)
are shown in Fig. S8-510 (ESIf) and Table 5. The hybrid o E"Org, Inorg, (T,W, )
Org oInorg, ,(T;Ws6) is the softest among all hybrids as it has the e Z ‘;’gn v'l""rgw‘(:;"v‘f;e))
. . . O E"Org,Inorg, (T,W,,
highest organic content, while the hardness of Org, 4JInorgy ¢(T;Ws.6) * E'Org, Inorg, (T,W, )
reaches 58 MPa because of its high inorganic content (36.5%). E"0rg, Inorg, o(T:Ws)

By comparing the results for hybrids Org,oInorg, (T;Wj3.e),
Org, ;Inorg, 3(T1W36), and Orgy 4Inorg, ¢(T;W3.6), we conclude
that the hardness increases rapidly with the increase in the
inorganic content. Additionally, the results also demonstrate that
hybrids with the same I/O ratio but different silica structure (as
controlled by the T/W ratio) also show variation in hardness. That is,
hybrid Org,Inorg,;(T;W,s) shows relatively lower hardness than
Org,, ;Inorg, 5(T;W3 ) and Orgy ;Inorg, 3(T;Ws.4). This can mainly be
ascribed to the lowest amount of T structures in Org,Inorg -
(TyW;g) compared with the other two. The hybrid with higher
rigidity to the network reveals much higher hardness structurally.
Therefore, the higher T/W ratio induces more polymerized and
branched silica structures, which in turn give higher hardness.

To test the cycling loading resistance of the hybrids, we
performed up to 20 cycles of indentation load—-unloading experi-
ments to the same maximum load (Fig. S9, ESIt). The curves are
generally well repeated and samples avoiding cracking even after
20 cycles, although there is a minor increase in the penetration
depth after multiple cycles. This generally proves the stability and
durability of the prepared hybrids, confirming their potential
applications within, e.g. soft robots and tissue engineering.

Finally, we also tested the rheological properties of hybrids
with different I/O ratios. That is, the change in storage modulus (E')
and loss modulus (E”) with time for hybrids Org, ¢Inorg, 1(T;Wse),
OrgysInorg, 3(T;W3e), and Org Inorg, ¢(TiW36) at 1 Hz under
room temperature. As shown in Fig. 3, Orgy 4Inorgg ¢(TiWs.)
possesses the highest storage modulus (~300 kPa), while
hybrid OrgpoInorg, ;(T;W36) has the lowest (~50 kPa). The
change of E'/E" with I/O ratio demonstrates that the hybrids
transform from rubber-like to glass-like behavior with the
increase in inorganic fraction. Additionally, with the increment
of time, both storage modulus and loss modulus of all hybrids
do not change considerably, confirming the elastic stability of
the hybrids.*®

3.4. Self-healing

With good reproducibility from all six different samples based
on different PCL-diCOOH/TEOS compositions (100/0, 90/10,

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Rheology properties: storage modulus (E') and loss modulus (E”) as

a function of time for hybrid Orgg olnorgg 1(T1Ws.¢), OrgosInorge 3(T1Wse),
and Orgg 4lnorgg 6(T1Ws ).

80/20, 70/30, 60/40, and 40/60), we found that the hybrids with
certain organic contents are able to autonomously self-heal
after mechanical damage. Autonomous self-healing materials
means that no heat, artificial light or other stimulus and
materials has been used to induce repair of the damage. Here,
we introduced defects by a sharp cut on the top surface of the
hybrids, as shown in the optical microscopy images in Fig. 4a-d.
Then samples were held at room temperature without any other
stimulus for 24 h. The hybrids revealed self-healing ability
to varying degree, which could also be proven by the optical
microscopy images in Fig. 4e-h. The samples without SiO,
nanoparticles (Org;Inorg,) and the hybrid with the smallest
inorganic content Org,olnorg, (T;W,g) were perfectly re-joined
and self-healed after 24 h. Moreover, we compare self-healing
abilities of hybrids Org,¢Inorgy ;(TsW;6) and Orgy sInorg, ;(T;Ws 4)
in Fig. S11 (ESIt), which reveal well recovery after storage for
24 hours under the same conditions. Afterwards, in order to test
if the mechanical properties are fully recovered after cracking
and self-healing, Fig. S12 (ESIt) shows a typical indentation test
of the fresh sample and self-healed after 24 h. The maximum
indentation depth of fresh sample is 62 pm, while that of the
self-healed sample is 70 pm. However, both samples show complete
load-unload curves, and the slopes of the loading and unloading
curves are also similar. We thus conclude that the mechanical
properties of the self-healed hybrid Org,oInorg, (T;W;g) are only
slightly impacted.
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Fig. 4 Optical microscope images of four hybrid compositions after creation of a defect (top view) (a) Orgslnorge; (b) Orgoolnorge1(T1Wyg); (c)
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Orgo.6Inorgo.4(T1Wy ).

The hybrid Org, ,Inorg,; also underwent recovery during
the same time period, although not as much pronounced as the
two hybrids with lower silica content. No apparent self-healing
could be observed in Org,¢Inorg, 4, as the decreasing content
of organic polymer leads to weaker intermolecular forces
(London dispersive forces together with dipole-dipole inter-
actions among PTHP and PCL polymer chains) and hydrogen
bonds (formed among the carboxyl groups of PCL-COOH end-
ing groups and hydroxyl groups in silanol in SiO,), resulted in
unfavorable self-healing properties. Thus, the driving force
for the autonomous self-healing is largely triggered by the
above-described supramolecular interactions in the polymer
phases, and the polymer fraction therefore largely controls
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Fig. 5

the self-healing ability in the present hybrid system, especially
in terms of the hydrogen bonds in PCL-COOH.*!

We have also confirmed that the self-healing is possible
under body temperature by storing the cracked hybrid Orgy.o-
Inorg, ;(T;W;g) over 8 hours at 37 °C (Fig. S13, ESIf). The
hybrid begins to self-heal quickly as the large crack becomes
narrower after 2 hours. The cracks are almost rejoined after
4 hours and totally disappeared after 8 hours.

3.5. Biodegradability

We tested the biodegradation properties of the hybrids in order
to investigate their stability in a bio-like environment since PCL
has been well-recognized as a biodegradable polyester in the

(a) TGA of hybrid Orgg glnorgo 1(T1 W3 ¢) before and after immersed in PBS solution; optical microscope images of hybrid Orgg glnorgg 1(T1Ws ), (b)

before and (c) after immersed in PBS solution; (d) TGA of hybrid OrggInorgp 3(T1Ws.¢) before and after immersed in PBS solution; optical microscope
images of hybrid Orggslnorgp 3(T1Wse), (e) before and (f) after immersed in PBS solution.
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system."®?%?° To this end, choosing hybrids representatively
like mentioned above, five hybrid samples are immersed into
phosphate buffered saline (PBS) solution with pH = 7.4 (a buffer
solution which is widely used in biological experiments and
possesses similar osmotic pressure and pH to human body
fluids) for 7 days at 37 °C (Fig. S14a, ESIt). The original weight of the
five hybrids (Orgy,Inorgys(TiW,g); Orgpolnorgy(TiWse); Orgo -
Inorgo 3(T1Ws.6); Orgo.alnorgy6(TiWs.6); Orgo.sInorgy 3(TWs.4))
was 192.1, 330.7, 319.9, 286.7, and 205 mg, respectively. No
apparent visual damage was formed after 7 days immersion and
the weight of hybrids became 151.7, 251.4, 253.2, 251.6, and
162.6 mg, respectively. After immersion, the weight of the
hybrids thus declined slightly, which we mainly ascribe to
hydrolytic scission of the ester linkage of PCL in such aqueous
situation.”?®> However, the bulk samples kept their original
shape after immersion and avoided swelling or cracking after
soaking in PBS, revealing good stability of the PTHF-SiO, net-
works in the aqueous solution. The weight loss in the samples is
exclusively due to PCL, which constituted 21.03%, 23.98%,
20.85%, 12.24%, and 20.69% of total weight mass in the five
samples, respectively. In order to determine any change in total
inorganic/organic ratio upon immersion, the five hybrids were
tested by TGA (see, Fig. 5a, d and Fig. S14b-d, ESIf). The
inorganic weight fraction before immersion was 22.2%,
16.2%, 20.8%, 29.4%, and 20.9%, respectively, while it changed
to 27.7%, 21.4%, 26.5%, 33.3%, and 25.8%, respectively, after
immersion and drying. With the increment of 20.2%, 24.4%,
21.5%, 11.7% and 19.0%, respectively (calculated through TGA
changes). These calculated changing results through TGA and
mass loss of bulk samples are also in good accordance. Optical
microscope images of the hybrids before and after immersion
are shown in Fig. 5b, ¢, e, f and Fig. S14, S15 (ESIt). The surfaces of
the hybrids were relatively smooth before immersion, but defects
appeared after 7 days of immersion, with the appearance of small
cracks in hybrids with higher inorganic content (especially in the
brittle pure inorganic sample). This provides additional strong
indication that PCL degraded and entered the PBS solution.
Hence, shapes and volumes of samples are maintained under
such circumstance but with the degradation of PCL, which is
important in biomedical applications.

4. Conclusions

In summary, we have successfully prepared a novel series of
SiO,-PTHP-PCL ternary inorganic-organic hybrids through
one-pot cationic ring-opening polymerization and sol-gel
method. In this work, THP was successfully polymerized under
a mild condition, as inspired by related synthesis processes.
Such an extended monomer repeat unit, ie., THP-based
hybrids, improved their thermal stability and Young’s modulus
compared with THF-based ones. In this work, we focused on
systematically exploring structural and mechanical influences
of silica structures together with I/O compositions, finding that
silica structures determined the molecular structures and
mechanical properties of hybrids, while I/O compositions

This journal is © The Royal Society of Chemistry 2021
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controlled densities, mechanical properties, and self-healing
abilities. Moreover, the constructed PTHP-SiO, networks main-
tained desirable bio-stability, without dissolving or swelling in
PBS solution although with PCL being biodegraded. Our work
has revealed potential in guaranteeing enough mechanical
support with reasonable bio-degradability as biomedical mate-
rials applied in tissue engineering, bone regeneration, and soft
robotics.
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Fig. S13 Monitoring self-healing ability of hybrid Orgg¢Inorg, (T W) at 37 °C.
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Table S1. Compositions of different hybrids.

Types TEOS (mol) H,O (mol) TEOS (wt %) PCL-diCOOH (wt%)
Orgg glnorgg 1(T Wi g) 1 1.8 10 90
Orgy glnorgy (T, W, g) 1 1.8 20 80
Orgy 7Inorgy (T, Wi ¢) 1 1.8 30 70
Orgg slnorgy 4(T, Wi ¢) 1 1.8 40 60
Orgy 4Inorgy 6(T, W ¢) 1 1.8 60 40
Orgy glnorgg 1(T1Wa ) 1 3.6 10 90
Orgp glnorgg »(T1Wa 6) 1 3.6 20 80
Orgy 7Inorgg 3(TWs 6) 1 3.6 30 70
Orgg glnorgg 4(T1W; 6) 1 3.6 40 60
Orgy 4Inorgy 6(T, W3 ) 1 3.6 60 40
Orgg glnorgy +(T1Ws 4) 1 5.4 10 90
Orgg slnorgy (T, Ws 4) 1 54 20 80
Orgg 7Inorgy (T Ws 4) 1 5.4 30 70
Orgg glnorgg 4(T1Ws 4) 1 5.4 40 60
Orgg 4Inorgg 6(T1Ws 4) 1 5.4 60 40
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ABSTRACT

Combining multiple inorganic components is an effective approach to improve the mechanical proper-
ties of inorganic—organic hybrid materials. The inorganic components can form interactions with the
organic polymer matrix, and there is thus a need to understand the reinforcement mechanism under the
optimal combination of organic polymer and inorganic particles. In this work, we prepared a series of
dual inorganic particle—based titania/silica—poly(tetrahydrofuran)—poly(e-caprolactone) (TiO,/SiO;
—PTHF—PCL) hybrids by means of simultaneous cationic ring-opening polymerization and sol—gel re-
action. In addition to constructing hybrid networks, the SiO, and TiO, components play important roles
in multiple toughening mechanisms. The prepared dual inorganic hybrids feature enhanced thermal
stability and mechanical properties when compared with the ones with a single inorganic component.
The optimized mixing of such two inorganic components is identified through mechanical tests,
revealing that the hybrid polymer;o/(SipgTio.4)30 (70/18/12 mass ratio) has the highest compressive
failure strain (80%) and compressive ultimate strength (1.3 MPa) as well as storage modulus (120 kPa),
enabling elongation of up to 37% when compared with its original length. We thus find that the dual
inorganic component approach is an effective strategy to enhance the mechanical properties of hybrid
materials, suggesting potential applications as scaffolds for tissue engineering and soft robotics.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

particle aggregation and improving the mechanical properties of
such hybrid materials [8—12]. Hybrids with inorganic/organic

Designing and preparing mechanically tough, strong, and flex-
ible materials is of great interest because such materials can find a
broad range of applications from cartilage replacement and tissue
engineering to soft robotics [1—3]. To this end, a potential strategy
is to combine—at a nanometer scale—stiff inorganic glass net-
works with flexible organic polymer chains, which has been found
as an effective strategy for enabling materials with both high
strength and desirable flexibility [4—7]. We refer to such covalently
linked inorganic—organic networks as hybrid materials, which
could potentially inherit the advantages of both material families,
including improved mechanical properties [7,8]. To enable this, the
formation of covalent bonds between the inorganic and organic
components is required, for further avoiding inorganic

* Corresponding author.
** Corresponding author.
E-mail addresses: yu@bio.aau.dk (D. Yu), mos@bio.aau.dk (M.M. Smedskjaer).

https://doi.org/10.1016/j.mtchem.2021.100584

interpenetrating networks (IPNs) have shown both high toughness
and flexibility [12—17].

To ensure that covalent bonds between the inorganic and
organic constituents are formed at the molecular level, synthesis
routes based on in situ polymerization of organic monomers with a
coupling agent have been applied. Monomers and coupling agents
should be chosen based on their polymerization mechanism. For
example, Jones et al. [12,18,19] applied a tetrahydrofuran (THF)
monomer with a (3-glycidoxypropyl)trimethoxysilane (GPTMS)
coupling agent as they undergo similar ring-opening processes. Xie
et al. [20—23] chose to combine the acrylamide monomer with
vinyltriethoxysilane as a coupling agent and thus take advantage of
the common free-radical reactions of their vinyl groups. For con-
structing hybrid networks, the sol—gel method has been the most
successful one as it forms hybrid IPNs during a long-time conden-
sation process. Recent studies have shown that both density and
Young's modulus of such hybrids can be controlled by changing the
weight ratio of inorganic and polymer components [24].

2468-5194/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Methods based on nanocomposite reinforcement [25,26], ionic
bonding [27], and hydrogen bonding [28] have previously been
explored to tailor the mechanical properties of hybrids. Among
these, nanoparticle reinforcement could efficiently promote me-
chanical properties of materials, becoming the most commonly
used method [27,28]. Insulating silica (SiO,) nanoparticles [29] as
well as semiconducting nanoparticles such as TiO; [25,26,30], SnO,
[31], and ZrO; [32] have been applied as multifunctional cross-
linkers in hybrids with improved mechanical properties in previ-
ous reports. Under the deformation process, intermolecular in-
teractions (such as hydrogen bonds, London forces, and
dipole—dipole interactions among polymer chains) dynamically
break and recombine to homogenize hybrids. Polymer chains,
which function as a transfer center, could dissipate energy and
homogenize stress distribution during the stretching and
compression process [20]. Inorganic particles, formed during the
sol—gel process, not only function as an important component in
constructing the IPN but also act as chemical/physical cross-linkers.
Based on research of dual nanocomposites, multihierarchical
inorganic nanoparticles could greatly improve the toughness of
hybrids [33,34], which is achieved through multi-interactions of
dual inorganic hierarchical nanoparticles with the polymer matrix
[33—35] opposite to single-nanoparticle—based hybrids.

In this work, we designed and prepared a series of dual
inorganic particle—based hybrids (DIHs), namely, titania/sili-
ca—poly(tetrahydrofuran)—poly(e-caprolactone) (TiOo/
SiO,—PTHF—PCL), to prepare inorganic—organic hybrids with
improved fracture resistance and to further investigate the role of
different inorganic components on the mechanical properties. The
TiO,/Si0,—PTHF—PCL—based hybrids exhibited higher thermal
stability and improved ultimate strength and failure strain than the
single-nanoparticle—based hybrids. We performed in situ initiation
of THF polymerization by GPTMS to ensure covalent linkage be-
tween the inorganic component and organic chains at the molec-
ular level, whereas the IPN structure was controlled by adjusting
the molar ratio between the two inorganic particles of SiO, and
TiO,. We found optimized mechanical properties of the DIH with its
composition of 70/18/12 (mass ratio) for polymer/TiO,/SiO,. The
obtained flexible hybrids could possibly find applications for soft
devices as substitutes for load-bearing tissue.

2. Materials and methods
2.1. Materials

Polycaprolactone diol (HO—PCL—OH, Mn of 530 Da), NaHCOs3,
KBr, 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), CH3CN, THF,
GPTMS, boron trifluoride—diethyl ether (BFs3-OEt;), tetraethylor-
thosilicate (TEOS), tetrabutyl orthotitanate (TBOT), triethanolamine
(TEOA), and HCI (36 wt%) were all purchased from Sigma-Aldrich
and used as received.

2.2. Synthesis of inorganic sol

For the silica-based sol, we initially prepared a solution of TEOS,
deionized water, and 36 wt% hydrochloric acid (12 M HCI) with the
molar ratio of 1:3.6:0.01. Then, the mixture was stirred vigorously
to induce hydrolysis of TEOS. The completion of the reaction was
confirmed when the mixture turned from cloudy to clear. The
structure of silica is illustrated in Fig. S1. For the titanium-based
sol, we firstly mixed TBOT and TEOA for 30 min at the molar ra-
tio of 1:2. Then, an appropriate amount of deionized water was
added into the TBOT/TEOA solution for achieving a Ti concentra-
tion of 1.25 mol/L, and finally, it was stirred for 2 h to achieve its
sol.
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2.3. Synthesis of organic sol

The method for synthesizing the organic precursor was based
on the work of Jones and Tallia et al. [18]. To this end,
HOOC—PCL—COOH was firstly prepared via following the existing
method of oxidation of HO—PCL—OH by using TEMPO [17]. Second,
0.5 mol of the product was dissolved in anhydrous THF (at a con-
centration of 50 mg/mL). Third, 1 mol GPTMS was added. After
continuously stirring for 30 min, 0.25 mol BF3-OEt; was added into
the mixture to catalyze the epoxide ring-opening polymerization.
This solution was stirred for 1.5 h for reaction. Then, the carboxylic
acid groups in HOOC—PCL—COOH terminated the chain growth and
formed the structure of GPTMS—PTHF—PCL.

2.4 Synthesis of hybrids

The inorganic silica-based sol and titania-based sol were added
dropwise into the organic sol under different ratios as shown in
Table S1 and stirred for 30 min at room temperature to obtain a
homogeneous solution. Here, all the hybrids followed the weight
ratio of (TEOS + TBOT)/PCL = 3/7, the molar ratio of TEOS:
H,0 = 3.6:1 (the Si** concentration was 1.17 mol/L, and the hy-
drolyzed Ti** concentration was maintained at 1.25 mol/L), and the
molar ratios of TEOS to TBOT were varied from 100/0, 80/20, 60/40,
40/60, 20/80, and 0/100, respectively (Table S1). Then, the mixed sol
was transferred into cylindrical polytetrafluoroethylene molds,
which were sealed for aging for 1 week at 40 °C. The lids were
opened gradually to allow drying for the following three weeks at
this temperature, and disc-shaped samples could then be recovered
from the molds and used for characterization. The dimensions of
the mold and the samples were ® = 4.5 and 4 cm, respectively, with
an observed shrinkage of the sample on drying of about 21%. All
samples are immersed in distilled water for 5 min to remove by-
products and non-covalently bonded inorganic particles.

2.5. Structure characterization

Fourier-transform infrared (FTIR) spectroscopy was performed
to determine the functional groups in inorganic bulks and hybrids
by using a Bruker TENSOR II spectrometer along with Bruker
Platinum attenuated total reflectance attachment, in the range of
4,000 to 400 cm™~ . All spectra were compiled from 64 consecutive
scans and were baseline corrected using the vendor-supplied
software OPUS. The surface morphology and element distribution
in hybrids were tested by scanning electron microscopy (SEM)
using a Zeiss Gemini SEM 500 instrument at 5 kV/10 pA. The size of
TEOS and TBOT precursors was determined based on dynamic light
scattering (DLS) measurements using a Zetasizer nano series
(Malvern). Transmission electron microscopy (TEM) and high-angle
annular dark-field scanning electron transmission microscopy
(HAADF-STEM) images were obtained using a transmission elec-
tron microscope (TALOS F200X, FEI Company, USA) equipped
with a TWIN lens system, an X-FEG electron source, and a
CETA 16 M camera. The accelerating voltage was set to 200 kV.
Elemental analysis was performed by energy-dispersive X-ray
spectroscopy mapping recorded in STEM mode, whereas bright-
field images were collected in TEM mode. The hybrid materials
were carefully scraped off with a scalpel and then uniformly
dispersed in absolute acetone using ultrasonication for 30 min.

The final inorganic vs. organic (I/O) weight ratio in the hybrids
was determined by thermal gravimetric analysis (TGA) on an STA
449C (Netzsch) instrument. The samples were cut into small pieces
and heated under a flow of air at the rate of 10 °C/min, from room
temperature to 800 °C. The recorded weight loss could be ascribed
to the combustion of the organic phase. To confirm the non-
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crystalline structure of the hybrid materials, X-ray diffraction (XRD)
analysis was carried out on pulverized samples at 26 angles from 5°
to 80° using a Panalytical Empyrean diffractometer with the Cu-Ka
radiation source and Ni-filter. Atomic force microscopy (AFM)
measurements were performed with an NTEGRA Aura AFM (NT-
MDT, Russia) operating in tapping mode using HA_HR (ScanSens,
Germany) cantilevers.

2.6. Mechanical tests of hybrids

Compression tests were performed using a Zwick Z100 universal
testing machine equipped with a 100 kN load cell at room tem-
perature. Samples were punched into cylinders with a diameter of
10 mm and a height of 5 mm. The crosshead speed was set to 1 mm/
min. Tensile tests were performed using a Linkam TST350 tensile
testing stage equipped with a 200 N load cell at room temperature.
The hybrid samples were cut into rectangular shapes with a length
of 30 mm, a width of 10 mm, and a thickness of 2 mm, and the
crosshead speed was set to 2 mm/min. Dynamic mechanical anal-
ysis (DMA) was carried out using TA Instruments DMA 850. The
DMA experiments were performed at room temperature in
compression mode with an amplitude of 20 um and a frequency in
the range of 0.01—100 Hz.

3. Results and discussion
3.1. Hybrid synthesis and structure

Based on the previous work [18,35], the expected structures of
the prepared DIHs (TiO,/SiO,—PTHF—PCL) are schematically
illustrated in Fig. 1. GPTMS initiated the ring-opening process of
THF and then covalently linked the polymer chains and inorganic
components after adding inorganic precursors. The reaction
mechanism is shown in Fig. S2 [18]. In addition, HOOC—PCL—COOH
controlled the THF ring-opening reaction rate, ended the chain
growth, and also formed strong intermolecular interactions,
e.g. hydrogen bonds, with TiO/SiO; inorganic particles [18,35].
Experimentally we have found that the polymerization rate would
be very fast and out of control when adding HOOC—PCL—COOH in
the late stage of the chain propagation. Combining literature re-
ports, we speculate that the rate of initiation of GPTMS by BF3-OEt;
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would be strongly retarded by HOOC—PCL—COOH because of
Lewis acid—base reactions between them [18], whereas the
termination of the propagating chain would occur when boric-acid
salts (formed between BF3-OEt, and HOOC—PCL—COOH) would
have been accumulated at a sufficiently high concentration,
i.e. after a certain time of polymerization. Such a design achieves
both covalent bonding between inorganic particles and polymer
chains and non-covalent interactions (such as hydrogen bonds and
London forces) in the hybrid system, which contributes to the
improved mechanical properties in multiple ways. Covalent
Si—O—Ti bonds are formed between TiO, and SiO, inorganic par-
ticles during the sol—gel condensation [35]. For the deformation
processes, the intermolecular interactions, e.g. hydrogen bonds,
are expected to break first, and then, covalent bonds break irre-
versibly at the final stage. In addition, it is known that the
hydrogen bonds of PCL—COOH can trigger the self-healing ability
of such hybrid materials [20,35], which is not expected to be
affected by the titania incorporation in the present study. Multiple
strengthening mechanisms in this system by dual inorganic
components could effectively enhance the interactions among the
various components in the hybrid networks and efficiently impede
the fracture process during the material deformation. To system-
atically investigate how different inorganic components affect
structures and mechanical properties of hybrids, we have
compared six hybrids with different TiO, and SiO, compositions
(see Table S1).

3.2. Structure confirmation of hybrids

An image of the hybrid polymer;o/(SiggTig.4)30 sSample is shown
in Fig. 2a, revealing that this hybrid material possesses observable
flexibility and can be bent to a large extent without breaking or
permanently deforming. One may notice the lack of transparency
for this hybrid sample (polymer;o/(SioTip4)30), Which could be
ascribed to the TiO, nanoparticles (as further discussed in the
following), because hybrid polymer;o/(Si1Tig)3p is relatively trans-
parent. Distinct from stiff inorganic bulks on the one hand and
completely soft polymer on the other hand, the well-balanced
ductility and stiffness could reasonably ensure supporting scaf-
folds for applications within biomedical fields. To evaluate the size
of SiO, and TiO; particles after sol-formation, we have performed

PTHF-PCL- C-O--HO - @)

Hydrogen bond

Fig. 1. Schematic illustration of the polymer—SiO,/TiO, hybrid structure. (a) Hydrolysis and condensation processes of inorganic precursors; (b) structure of hybrids with the
PTHF—-PCL—COOH-Si0,/TiO, network; (c) hydrogen bonds among inorganic particles and polymer chains.
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DLS measurements using a Zetasizer Range [37,38] (Fig. 2b) before
further reacting with the organic precursor of PCL—PTHF—GPTMS.
The most typical size of SiO,-sol was found to be 9 nm with a
relatively narrow size distribution, whereas the size of TiO, was in
a range of 10—20 nm with broader distribution. The nanoscale
size of these components is beneficial for their uniformed
reaction with every reactive terminal trimethoxysilane group of
GPTMS—PTHF—PCL and thus controls the structure of the hybrids at
the nanoscale [35]. Co-networks formed by inorganic composites
and polymers could be formed during the long-time poly-
condensation process.

Then, for the prepared samples, the spatial distribution of
inorganic particles and polymer chains can also be detected
through element mapping by means of scanning electron
microscopy—energy dispersive X-ray (SEM-EDX) analysis. As is
shown in Fig. S3, the surface of the hybrid polymer;q/(Sig.gTig.4)30
is relatively uniform. That is, the main elements C, O, Si, and Ti
are all evenly distributed across the surface. Because polymer
chains are the main component in the hybrids, C is easily
detected. The analysis also shows that inorganic composites are
well integrated in the hybrids. Furthermore, to determine the
morphology and dispersion of SiO, and TiO, composites, we have
performed TEM and HAADF-STEM analyses on the hybrids

(@)

Polymers,

Tio.4)s0

(b) 30

Intensity (%)
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polymer7o/(SioTi1)30,  polymer7o/(SiiTip)3o, and  polymerzo/
(Sig.6Tip.4)30. As shown in Fig. 2¢, the inorganic nanoparticles of
SiO5 and TiO; are irregular with a size of around 10—30 nm in the
hybrid polymer;/(SiggTio.4)30. The elemental mapping images of
Si, Ti, and C presented in Fig. 2d—f reveal that the inorganic
components are homogeneously dispersed in the hybrid mate-
rial, without aggregation of separate SiO, or TiO, clusters. The
reason for this could be the Si—O—Ti bonds that are formed be-
tween these two inorganic composites as a result of the long-
term sol—gel processes [35,39]. Moreover, the element mapping
images of hybrid polymerzo/(SigTi1)3p in Fig. S4a show that the
size of TiO, nanoparticles is around 10 nm. The detection of small
amounts of the Si element is ascribed to the coupling agent
GPTMS, which functions as a bridge between polymer and inor-
ganic composites. When TiO, dominates the hybrid polymer;q/
(SigTi1)30, TiO; could easily get agglomerated as shown in
Fig. S4c. However, Si elements in the hybrid polymer;o/(Si1Tip)30
(see Fig. S5b) are uniformly dispersed in the hybrid material,
without aggregation or apparent inorganic clusters. Thus, we
infer that TiO; is covalently linked to the polymers by forming
covalent bonds with SiO, during the sol—gel process. Excess TiO;
nanoparticles might easily aggregate, whereas this is not the case
for SiO, nanoparticles.

——TiO, nanoparticles
—— Si0, nanoparticles
20
10
0 T

T T J
10 100 1000

Diameter (nm)

10000

Fig. 2. (a) Image illustrating the flexibility of the hybrid polymer;o/(Sio.6Tio.4)30; (b) size distribution of SiO, and TiO, nanoparticles as tested by DLS; (c) the HAADF-STEM image of
the bulk of the polymerso/(SiogTio.4)30 hybrid and STEM images with corresponding element distribution of (d) Si, (e) Ti, and (f) C.

4
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Next, we have performed FTIR spectroscopy measurements to
characterize the molecular structures of the different hybrids
(Fig. 3a). The bands at 568 cm ™! and 1,090 cm™! can be assigned to
typical stretching vibration of Ti—O—Ti bonds and asymmetric
stretching vibration of Si—O—Si bonds, respectively [40]. The in-
tensity of these bands varies in the different hybrids as a result of
the varying fraction of inorganic particles [40,41]. Notably, we
further ascribe the weak band at 920 cm™! to stretching vibration of
Si—O—Ti bonds, thus providing evidence for covalent linkage of
SiO, and TiO; inorganic particles during the condensation reactions
[31]. Considering the organic polymer chains, the observed peaks
could also be assigned to PCL and PTHF. That is, the bands at 2,900,
1,730, and 1,200 cm~! could be assigned to the characteristic
stretching of —CH,—, C=0, and —C—0O—C— groups, respectively
[18]. We have also performed XRD analysis and confirmed the
amorphous structure of the hybrids (Fig. 3b). As expected, all the
synthesized hybrids are fully amorphous, without any sharp dif-
fracted peaks caused by crystals. The non-crystalline state is formed
mainly because of the hydrolysis and condensation process of
inorganic precursors, but also due to the Si—O—Ti bonds formed
during the sol—gel process [28,35]. In accordance with the EDX
results, the reason for the inorganic particles being uniformly
dispersed in the system can likely be ascribed to the following
factors: (i) the SiO; and TiO, particles are covalently bonded to
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PTHF polymer chains via the coupling agent GPTMS, (ii) SiO» and
TiO, particles are bonded with each other through condensation,
and (iii) non-covalent interactions, e.g. hydrogen bonds are formed
between PCL—COOH and TiO5/SiO5.

The thermal stability of the six hybrids has been evaluated via
TGA, as shown in Fig. 3c. The hybrids with both silica and titania
feature improved their thermal stability in comparison with those
containing only one type of inorganic component. It could be seen
from the first order derivative of weight loss (inset of Fig. 3c) that
the decomposition temperature of all hybrids is very close, mainly
because polymer components begin to degrade in that temperature
range. We further analyzed them via differential scanning calo-
rimetry (DSC) as presented in Fig. 3d. Small peaks at around 220 °C
are observed for single inorganic particle—based hybrids (SIHs).
However, the exothermic peak area (around 400 °C) of DIHs is
much larger than that of SIHs, representing higher enthalpy of
decomposition of the polymer degradation process for DIHs. Based
on aforementioned findings, we conclude that the hierarchical dual
inorganic-composite structure forms a compact structure and
multiple interactions between polymers and inorganic compo-
nents, which improve the thermal stability of the hybrids. Another
possible reason is that O, diffusion is reduced because of the
addition of dual inorganic particles [42], and hence, the thermo-
oxidative degradation takes longer time at the interior of the
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Fig. 3. Studies of (a) FT-IR, (b) XRD, (c) TGA, and (d) DSC on hybrids with different SiO,/TiO,, ratios (as reflected by the TEOS-to-TBOT ratio); (e, f) AFM topography phase images of

hybrids polymero/(Sio¢Tio.4)30 and polymerso/(SigTi1)30, respectively.
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samples. Moreover, the bond energy of Si—C, Si—0, and Ti—O is 290,
432, and 662 kJ/mol, respectively [36], and therefore, the higher
bond energy of Ti—O could also help to explain the observed
behavior.

The actual total 1/O weight ratios in the hybrids vary with
composition, i.e. it firstly increases and then decreases with
increasing titania content (Table 1). First, we note that TiO; could
only bond to hybrid materials with SiO;, and the amount of TiO;
bonded to the hybrid networks is positively correlated with that of
SiO,. The molecular weight of TiO, is 76.87 g/mol, whereas that of
SiO; is 60.08 g/mol. Thus, we believe that the I/O ratio increases
slightly when the amount of SiO, dominates the hybrid. That is, all
TiO2 could bond with the hybrid and contributes to final I/O ratios.
However, when TiO, becomes prevalent, the number of reactive
sites is reduced simultaneously and excessive TiO; could not
effectively bond to the hybrid. TiO, aggregates may thus form that
are not connected to anything and likely washed away in the
rinsing stage. The fact that TiO; is not as good a glass network
former as SiO, might be another reason why less Ti is incorporated
into the hybrids as the TEOS content decreases.

The morphology of the surface of the hybrids was further
investigated through AFM analyses. Specifically, we have compared
the topography and phase images of polymer;o/(SiggTio4)30 (Fig.
3e) and polymeryo/(SipTi)30 (Fig. 3f). In accordance with TEM and
XRD results, components are dispersed uniformly and phase ag-
gregation is avoided with the hybrid polymer;o/(SigTio.4)30 (Fig.
S6). On the contrary, porous microstructures (black pores in Fig.
3f) and phase aggregations are observed in the hybrid polymer;o/
(SipTiq)30. This is likely due to the drying and aging process, after
which the hybrids are washed with distilled water to remove by-
products and non-covalently bonded inorganic particles. Thus, we
believe that the micropores should be ascribed to the washed TiO;
nanoparticles. It could also be observed that the cross-linking
density of polymerso/(SipeTio.4)30 is much higher than that of the
others (Fig. S7). Dual inorganic—based hybrids with multiple in-
teractions among inorganic particles and polymer chains achieve
uniformed dispersion of inorganic particles and largely enhance the
cross-linking density and further contribute to mechanical
enhancement of hybrids. SiO, and TiO; inorganic components bond
together and form hybrid networks together with the hybrid
polymerso/(SiggTio.4)30, Whereas there will be fewer inorganic
particles covalently bonded to polymer chains for the hybrid
polymerso/(SigTi1)3o. The results are also in accordance with the
TGA analysis (Fig. 3c).

3.3. Mechanical tests of hybrids

Tensile [43] and compression tests [44] as well as DMA [45]
were performed, aiming to understand the influence of the inor-
ganic components on the mechanical response to identify the
optimal hybrid composition and microstructure. The results are all
recorded based on conventional strain and stress.

First, we consider the tensile test results in Fig. 4a. The DIHs with
multimolecular interactions (covalent bonds, non-covalent

Table 1
Actual values of 1/0 (wt%) as measured from TGA in the final
hybrid samples.

Hybrid 1/0 wt%

Polymer70/(Si1Tio)so 11.9/88.1
Polymer7o/(Sio.sTio.2)30 12.3/87.7
Polymer7o/(Sio 6Tio.4)30 17.5/82.5
Polymer7/(Sio.4Tio.s)30 16.1/83.9
Polymer7o/(Sio 2Tio.s)30 11.3/88.7
Polymer7o/(SioTi1)30 8.3/91.7
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interactions, physical cross-linking) generally possess higher
strains at failure and ultimate tensile strengths than the SIHs.
Among all the hybrids, the hybrid polymer;o/(SipgTio.4)30 reveals
the largest strain at failure of 39.2% and tensile strength of 68 kPa,
whereas the hybrid polymer;o/(SiiTip)30 exhibits the smallest
ability to be stretched without fracturing (ef7 = 4.8%), likely
because the large fraction of the stiff and brittle silica network
prevents plastic deformation during the stretching process.
Nevertheless, the hybrid polymer;q/(SigTiq)30 exhibits the lowest
tensile strength (8.8 kPa). TiO, dominates in this system, and the
decrease of total inorganic particles with fewer covalent bonds to
polymer chains is the main reason for its low fracture strength.

Next, we consider DMA to obtain the storage modulus (E’'), loss
modulus (E”), and damping coefficient tan (3) of the hybrids
[46—50]. The storage and loss moduli represent the elastic and
viscous portion, respectively, of the viscoelastic response of the
hybrids. The change in the two moduli with the hybrid composition
is depicted in Fig. 4b (for 1 Hz) and Fig. S8 (for 0.01—100 Hz). Results
of E' and E” of all hybrids at 1 Hz are summarized in Table S2. We
observe that the storage modulus is almost ten times higher than
the loss modulus for all six hybrids. Among the hybrids, all four
DIHs reveal higher storage modulus than the two SIHs, among
which polymer;/(SiggTig.4)30 exhibits the highest (160 kPa). Thus,
stiffer hybrids are obtained through dual inorganic
particle regulating. Moreover, the damping coefficient tan (3),
which is defined as the ratio of E” to E', represents the relative
contribution of the dissipative to elastic contribution and is
considered as an indicator of how efficiently hybrids release energy
to molecular rearrangement and internal friction [46,49,50]
(Fig. S9). We note that the hybrid polymer;o/(Sio.eTio4)30 reveals
relatively higher tan (3) than other hybrids. This might be due to its
higher cross-linking density and resulting stiffness. The internal
frictions of polymer chains with SiO, restrain its elasticity and
make it release energy more efficiently.

Finally, we also compared the mechanical properties of the
hybrids via uniaxial compression tests of cylindrical monolith
bulks. As is shown in Fig. 4c and S6, the representative stress—strain
curves clearly illustrate that SiO-rich hybrids have higher
compressive strength than TiO,-rich ones. This suggests that the
SiO, particles are easily covalently linked to the hybrid system
compared with TiO, particles, and loss of inorganic particles re-
duces the compressive strength of TiO,-rich hybrids. Of all the
studied hybrids, polymer;o/(SiggTig.4)30 features the best flexibility,
as it could be compressed to a strain of 80% (at 1.4 MPa). For
comparison, the conventional stress to failure of our prepared
polymeryo/(SipgTip.4)30 thus reaches 1.4 MPa, whereas the true
stress to failure for the materials of Tallia et al. [ 18] is only 1.2 MPa,
even though the inorganic composite content in their system is
higher (24.7%) than that in ours (17.5%). The reason is due to its
more compact structure and multistrengthening mechanism of
dual inorganic particles. Thus, flexible DIHs are achieved by uti-
lizing mixed SiO,/TiO; as the multifunctional inorganic constituent
of hybrids. The modulus of toughness of hybrids, which represents
how much energy our prepared hybrids can absorb before
rupturing, obtained as the total area under the stress—strain curve,
is shown in Fig. 4d. It could be seen that DIHs maintain higher
strength than SIHs, which indicates DIHs reveal the property of
strength and ductility. Among the hybrids, polymerzo/(Sip 6Tio.4)30
has the highest modulus of toughness. The tangent modulus of the
hybrids under certain strains is shown in Fig. S10 and Table S3
(strains at 20% can be compared). Polymer;o/(Sip4Tiog)30 and
polymeryo/(SiggTio.4)30 have low tangent modulus for a strain of
20%, namely, 0.21 and 0.59 MPa, respectively. Compared with other
hybrids, polymer;o/(Sig4Tigg)30 and polymer;o/(SiggTig4)30 thus
exhibit easier deformation. Tough materials are urgently needed in
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from the compression test.

many practical application fields such as tissue engineering and
soft robotics, for example, native human articular cartilage has a
compression modulus of about 0.4—2.0 MPa [51,52]. Our results
show that the hybrid polymer;o/(SiggTig4)30 has the highest
compressive ultimate strength (1.3 MPa), modulus of toughness
(332 kPa), up to 37% tensile elongation, and compression modulus
of 0.59 MPa, thus falling within the needed property range. Such an
inorganic—polymer hybrid design with optimized mechanical
properties therefore offers good prospects for future applications.

4. Conclusion

In summary, we have prepared flexible inorganic—organic hy-
brids by controlling the compositions of dual inorganic compo-
nents. Covalent bonds in polymer—polymer, polymer—SiO;
network, and TiO,—SiO, inorganic particles as well as reversible
intermolecular interactions (e.g. London forces and hydrogen
bonds) all play important roles in synergistically promoting the
improved fracture stress and strain in the mixed hybrid materials.
The hybrid polymer;o/(SiggTip4)30 reveals optimal mechanical
properties compared with the other hybrids. For the DIHs, the
multiple interactions existing among polymer chains and inorganic
components prevent the fracture propagation during the tensile
deformation and compression processes, which reveals the po-
tential in obtaining hybrids that can be deformed without fracture.
This work refines the roles of different inorganic particles on the
mechanical properties of organic—inorganic hybrid materials, and
we believe such findings will be important for the design of ductile
hybrids that can be applied in soft robotics and biomedical fields.
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Fig. S1 FTIR absorbance spectrum of the pure silica structure at the molar ratio of TEOS:H,0=1:3.6.
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Fig. S3. (a) Scanning electron microscope (SEM) image of the surface of Polymerso/(Sio.sTi0.4)30 hybrid, with
the corresponding element distribution of (b) C, (¢) Si, and (d) Ti as detected by the energy dispersive X-ray

(EDX) analyzer.



®)

Fig. S4. (a) HAADF-STEM image of the bulk of hybrid Polymer;o/(SioTi1)30; and the corresponding element

mapping of (b) Si; (c) Ti; (d) C.



Fig. SS. (a) HAADF-STEM image of the bulk of hybrid Polymer;o/(SiiTio)30; and the corresponding element

mapping of (b) Si; (c) Ti; (d) C.

1.00 pm

Fig. S6. AFM topography of hybrid Polymers/(Sio.¢Ti0.4)30.



Fig. S7. AFM phase images of hybl‘ld Polymer70/ (Sio,sTio,4)30 and Polymer70/ (SioTi1)30.
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Fig. S8 Frequency dependence of storage modulus (£’) and loss modulus (£’’) of hybrid (a)
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Fig. S10 Stress-strain curves used to determine the tangent modulus of the six hybrids at a selected strain of

Stress(MPa)

=2 o o
[T S

f=]

Stress(MPa)

2 o o
[T S ]

(=]

20%. This strain value is selected as some of the hybrids break during compression.

=
w

=2
=

n 0:10

NreosMreor™

1 L " s L L L

10 20 30 40 50 60 70 80 90

Strain(%)

4:6

MreosMreoT™

10 20 30 40 50 € 7o 8 90 100

Strain{%)

Nreos Mrsor 02

(=]

Strain{%)

121

Stress(MPa)

=
@

04t

o0z2r

121

Stress(Mpa)

o
@

o
i

0z2r

(=]
=

2:8

"reosMeoT™

o
(=]

&0 TO 80 90 100
Strain(%)
Nreos Mreor~0:4
10 20 30 40 50 60 70 80 90 100
Strain(%)
NreosMreor™ 10:0
A
10 20 30 40 50 60 70 80 90 100

Strain(%)



Table S1. Amount of THF monomer, HOOC-PCL-COOH, TEOS and TBOT in different hybrids.

Hybrid n(TEOS):n(TBOT) THF HOOC-PCL-
atotal of 0.86 g COOH
Polymer7o/(SiiTio)30 10:0 40 mL 2g
Polymerso/(Sio.sTio.2)30 8:2 40 mL 2g
Polymer7o/(Sio.¢Tio.4)30 6:4 40 mL 2g
Polymerso/(Sio.4Tio.6)30 4:6 40 mL 2g
Polymer7o/(Sio.2Tio.8)30 2:8 40 mL 2g
Polymerso/(SioTi1)30 0:10 40 mL 2g

Table S2. Storage modulus and loss modulus of hybrids at 1 Hz.

Sample Frequency Storage Loss
(Hz) modulus modulus

(KPa) (KPa)

Polymer7o/(SiiTio)30 1 11.11 2.56
Polymerso/(Sio.sTi0.2)30 1 15.25 1.43

Polymer;o/(Sio.6Ti0.4)30 1 49 4

Polymerso/(Sio.4Ti0.6)30 1 118 7.66
Polymerso/(Sio.2Tio.3)30 1 97 6.4
Polymero/(SigTi1)30 1 61 5.37

10



Table S3. Tangent modulus (MPa) of the six different hybrids at five different strain values.

\ Strain(%)

Sample\\\“\\\ 20 30 40
Polymeryo/(SiTioyso ~ 0.1242 0.6484 2.0801

Polymern/(SiosTioz)so  1.2286 2.0441 2.9832

Polymern/(SiogTioa)so  0.2073 0.3555 0.7361

Polymers/(SioaTiog)so  0.5909 0.6746 0.8713

Polymern/(SioaTios)o  1.7424 2.6541 3.9697
Polymeryo/(SigTi)so ~ 0.8821 1.424 22582

11
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ABSTRACT: Simultaneously improving the strength and toughness of materials is a
major challenge. Inorganic—polymer hybrids offer the potential to combine mechanical
properties of a stiff inorganic glass with a flexible organic polymer. However, the
toughening mechanism at the atomic scale remains largely unknown. Based on
combined experimental and molecular dynamics simulation results, we find that the
deformation and fracture behavior of hybrids are governed by noncovalent
intermolecular interactions between polymer and silica networks rather than the
breakage of covalent bonds. We then attempt three methods to improve the balance
between strength and toughness of hybrids, namely the total inorganic/organic (I1/0)
weight ratio, the size of silica nanoparticles, and the ratio of —C—O vs —C—C bonds in
the polymer chains. Specifically, for a hybrid with matched silica size and I/O ratio, we
demonstrate optimized mechanical properties in terms of strength (1.7S MPa at
breakage), degree of elongation at the fracture point (31%), toughness (219 kPa), hardness (1.08 MPa), as well as Young’s
modulus (3.0 MPa). We also demonstrate that this hybrid material shows excellent biocompatibility and ability to support cell
attachment as well as proliferation. This supports the possible application of this material as a strong yet tough bone scaffold

material.

KEYWORDS: silica—polymer hybrid, strength toughness balance, atomic-scale predicting, simulation, bioactive materials

INTRODUCTION

The conflict between strength and toughness in materials
continues to have important consequences for various
structural and functional applications, despite the progress
that has been made."”” Strength represents the largest
achievable stress in the material, whereas toughness is the
material’s resistance to fracture when a crack is present.”
Materials that can dissipate high local stresses by undergoing
limited deformation are tough, which explains why strong
materials, i.e., those that deform less readily, tend to be brittle."
For instance, oxide glasses can reveal high fracture strength
above 10* MPa but typically are less tough and flexibile,” while
polymer hydrogel materials can be stretched to several times
their original length but at the same time exhibit low fracture
strength in the range of tens to hundreds of kPa.” Such strong-
but-brittle or tough-but-weak materials are unsuitable for
accommodating cyclic loading in a wide range of applications,
including those within soft robotics and tissue regeneration.
Balancing strength and toughness is thus urgently needed to
satisfy the aforementioned requirements. Strategies based on,
for instance, double-network polymers® and binary/ternary

© XXXX American Chemical Society

7 ACS Publications

systems’ have been attempted. However, all-polymer systems
with desirable flexibility could hardly reach the strength
requirements for applications in vivo, since native human
articular cartilage has a compression modulus of about 0.4—2.0
MPa.*” On the other hand, binary or ternary systems usually
suffer from phase separation and undesirable synergetic
properties, which hinder many possible applications."’

To overcome the conflict of strength vs toughness and avoid
issues with phase separation, a promising method would be the
synthesis of covalently linked inorganic—polymer hybrid
materials'' ™' since such hybrid materials can synergistically
combine the advantages of flexible polymers and rigid
inorganic glass networks."*™'® In some cases, such inor-
ganic—polymer hybrids have been reported to feature excellent
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Figure 1. (a) Schematic structure of hybrid: the silica network is covalently bonded to polymer chains via coupling agents and the molecular
structure of PTHF; (b) synthesis process and obtained flexible and optically transparent PTHF-¥TEOS hybrids; (c) molecular structure of
coupling agent GPTMS; (d) schematic 3D-structure of a hybrid bulk; (e) MD simulated 3D-structure of a hybrid bulk where the color of the
atoms matches that of panel (a); and (f) schematic structures of hybrids with different 1/O weight ratio, silica size, and polymer repeating

unit.

functional and mechanical properties, making them suitable for
bio-related applications as mentioned above.'”~'” To ensure
the integrity of the hybrids at the atomic scale, covalent
bonding between the two phases to form interpenetrating
hybrid co-networks is usually achieved via organic—inorganic
coupling agents.” Different organic silane coupling agents are
widely applied as they can adapt to various reaction
mechanisms for constructing covalent bonds between silica
and polymers.”'~** For example, coupling agents such as
vinyltriethoxysilane, diethoxydivinylsilane, and diethoxymethyl-
vinylsilane with vinyl functional groups can react with other
vinyl monomers via a free-radical polymerization mecha-
nism,”"”** while the epoxide group of glycidoxypropyl
trimethoxysilane (GPTMS) can participate in a ring-opening
process with suitable cyclic ether monomers.”*™’ In turn, the
silyl group on the latter can react with tetraethyl orthosilicate
(TEOS) as the inorganic precursor through sol—gel con-
densation process. This enables the inorganic component to
bond to organic polymer chains and thus promote its uniform
dispersion in the hybrid network to avoid phase aggregation
and separation.””*® As such, the amount of silane coupling
agent determines the number of covalent links between the
silica sub-network and the polymer chains.””**

Hydrolyzed TEOS bonds to polymer chains in such systems
and can be used to control the size of the silica nanoparticles

and total inorganic-to-organic (I/O) ratio.”” In addition,
varying the structure of the polymer backbone is another path
to adjust the mechanical properties of hybrids.”® Due to their
controllable structures and polymerization mechanism, epox-
ides and other cyclic ether monomers are good candidates for
forming the polymer backbone.”” As a thermoplastic,
polytetrahydrofuran (PTHF) is commonly applied for
biomedical applications due to its desirable anticoagulant
abilities when incorporating polyurethane®”*" via cationic ring
opening approach, giving rise to bulk materials with bouncy
and tough mechanical performance.” Similar monomers such
as ethylene oxide and tetrahydropyran undergo the same
polymerization mechanisms,”” but with different ratio of C—O
to C—C bonds, thus enabling further control of the hybrid
structure and mechanical properties at the molecular level.””**

To understand the changes in the structure of such hybrid
materials at the atomic scale in situ during deformation and
fracture, molecular dynamics (MD) simulations are needed.
This is necessary since in situ mapping of atomic rearrange-
ments during fracture is still out of reach experimentally. MD
simulations have previously been used to understand the
fracture behavior of various materials, including epoxy resins,*
oxide glasses,34 nanocomposites,35 etc. However, such simu-
lations have not yet been applied to understand the mechanical
properties of hybrids with systematically varying components.
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Figure 2. (a) UV—vis transmission spectra of the PTHF-8TEOS hybrid sample as well as commercial soda—lime—silica glass, both with a
thickness of S mm. (b) TGA heating curves of hybrids with varying I/O ratios, i.e., the series of PTHF-xTEOS hybrids. (c) Height (left) and
phase (right) AFM images of the hybrid PTHF-16TEOS. (d) *’Si and (e) *C spectra of PTHF¥TEOS hybrids. (f) FWHM (full width at
half-maximum) and chemical shift for 'H peaks in PTHF structures. The names and compositions of these hybrid samples are given in Table

1.

In this work, we systematically investigate the mechanism of
deformation and fracture of inorganic—polymer hybrid
materials at the atomic scale using a combination of
experiments and MD simulations. Specifically, we attempt to
control the noncovalent intermolecular interactions in the
hybrids by varying the size of silica nanoparticles (NPs),
fraction of C—O bonds in hybrids, and total organic—inorganic
weight ratios. Based on these systematic studies, we
successfully achieved an improved balance of toughness and
strength (or flexibility and hardness) in a hybrid PTHF-
8TEOS that can be compressed to 31% compared with its
original height for a strength of 1.75 MPa at breakage and
toughness of 219 kPa. Importantly, we show that these hybrids
reveal excellent biocompatibility, including noncytotoxicity and
the ability to support cell attachment as well as further cell

proliferations. Overall, our study shows that by understanding
the hybrid deformation and fracture mechanism it is possible
to control the hybrids’ mechanical properties. These findings
could enable applications of such tailorable inorganic—polymer
hybrids within tissue engineering and soft robotics.

RESULTS AND DISCUSSION

Synthesis of Hybrid Materials. As shown schematically
in Figure la, silica and PTHF backbones were covalently
linked through the silane coupling agent GPTMS.”>*” The
synthesis combines a sol—gel method for preparation of the
SiO, precursor with cationic ring-opening processes for the
organic monomers (Figure 1b). Specifically, TEOS was first
hydrolyzed, generating —OH groups (see steps 1 and 2 in
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Figure 1b), and second co-condensed, leading to covalent links
between SiO, and organic polymers (see step 3 in Figure 1b).
Then, upon initiation by the Lewis acid BF;-(OEt),, the
oxirane group of GPTMS (Figure 1c) started the ring-opening
polymerization of THF monomers, resulting in covalent links
between the phases in the hybrid after prolonéged condensation
and drying (see step 4 in Figure 1b).”>*° The hydrolysis
process, polymerization mechanism, and molecular structures
of such PTHF—SiO, hybrids are presented in Figure S1.”” As
we will show in this study, the obtained hybrids inherit the
advantages of flexible polymers and hard inorganic compo-
nents but also exhibit good transparency (Figure 1b). We
combine experimental methods and MD simulations (Figure
1d,e) and perform systematic investigations of three composi-
tional effects on the hybrid structure and mechanical
properties, namely (Figure le): (i) varying amount of TEOS
for the same content of GPTMS and PTHF (leading to
different I/O weight ratios, in PTHF-xSiO, series of hybrids)
in experiments and MD simulations; (ii) varying molar ratios
of TEOS-to-GPTMS under a constant I/O weight ratio
(resulting in differences in the silica size, in y-GPTMS:z-TEOS
series of hybrids) in experiments; and (iii) varying polymer
chain repeating unit (PTHF vs PTHP (poly tetrahydropyran))
in MD simulations. Regarding the TEOS-to-GPTMS variation
for series ii, we note that since GPTMS is the only compound
herein that can form covalent links between the organic and
inorganic components the amount of GPTMS determines the
number of covalently linked silica particles in the system and
thus their size. We also note that hybrid series iii is only done
in simulations due to the difficulty in polymerizing PTHP, but
it allows us to gain fundamental understanding of the role of
varyiation on the C—O to C—C bond ratio on the hybrids’
mechanical properties.

Experimentally Produced Hybrids with Different 1/0
Ratio. Considering first the PTHF-«TEOS (x = 0, 2, 4, 8, 16)
hybrids, we find that after drying and aging processes the
hybrids possess high visual transparency (see inset of Figure
2a). Ultraviolet—visible (UV—vis) spectroscopy measurements
are performed to quantify the optical transparency of the
hybrid PTHF-8TEOS and make a comparison with a
commercial soda—lime—silica glass.”” Both hybrid and glass
samples have a thickness of S mm. As shown in Figure 2a, the
transparency of the hybrid is up to around 70% over a wide
wavelength range of 400 to 1000 nm. Next, to understand the
molecular structures of the PTHF-xTEOS series of hybrids,
Fourier transform infrared (FT-IR) absorption spectra were
recorded, as shown in Figure S2. The bands at 490 and 1090
cm™' correspond to characteristic Si—O—Si asymmetric
stretching vibrations.”®™*’ Peaks at around 1365 cm™ could
be ascribed to v(C—O—C), while typical —CH, stretchin
vibration bands could be observed at 2845 and 2930 cm™.”
Hydroxyl (—OH) groups formed during the process of TEOS
hydrolysis appear at 3200 cm™.***" The composition-induced
changes in the bands around 3200 cm™" indicate that the silica
subnetwork becomes increasingly cross-linked with the
increase of TEOS content and consumed excessive —OH
groups in GPTMS. Overall, the FT-IR results suggest the
formation of PTHEF-SiO, conetworks.

The final I/O ratio in the hybrids was determined by
thermogravimetric analysis (TGA) (Figure. 2b). The total
inorganic weight fraction varies from 5.1% to 20.9% in the
studied samples (Table 1). As observed during the TGA
heating process, the organic polymers begin to degrade at

Table 1. Compositions of PTHF-xTEOS Hybrids with
Different I/O Ratios, including the Amounts of THF
Monomer, Coupling Agent GPTMS, Inorganic Precursor
(Hydrolyzed TEOS), and Final I/O Weight Ratio

THF
monomer GPTMS TEOS precursor Final I/O

Sample (mL) (mL) aqueous (mL) wt%”

PTHF- 20 1.24 0 5.1/94.9
0TEOS

PTHF- 20 1.24 0.60 6.8/93.2
2TEOS

PTHF- 20 1.24 1.20 10.0/90.0
4TEOS

PTHE- 20 1.24 2.40 12.8/87.2
8TEOS

PTHEF- 20 1.24 4.80 20.9/79.1
16TEOS

“Determined from TGA data (see Figure 2b).

~210 °C and are fully decomposed at 390 °C in all hybrids. X-
ray diffraction (XRD) measurements are also conducted,
showing that all of the hybrids are completely amorphous, as
seen from the absence of any characteristic sharp diffraction
peaks (Figure S3). Such noncrystallinity is in agreement with
expectations, since hydrolysis, extended condensation, and
covalent linkage processes effectively lead to uniform
dispersion of SiO,, which strongly hinders the effective
ordering among either inorganic “SiO,” tetrahedral or organic
macromolecules into crystalline structures.”’ Furthermore,
atomic force microscopy (AFM) images of the PTHF-
16TEOS hybrid demonstrate a relatively uniform morphology
and phase distribution on the nanoscale (see height and phase
AFM images in Figure 2c).

Considering the structure of the silica subnetwork, we have
investigated the differences induced by I/O ratio variations
through solid state 'H, BC, and ?’Si nuclear magnetic
resonance (NMR) spectroscopy measurements (Figure 2d—f,
S6). First, regarding the coupling agent (GPTMS) used in the
experiment, the T° structure represents fully condensed —C—
Si—(0O—Si—); moieties.”* In comparison, T" and T* structures
refer to partially condensed units with two and one —O—Si
bonds connected to Si, respectively.*’ For the silica structure
hydrolyzed from TEQOS, the fully cross-linked structure is
defined as Q* with four siloxane bonds.'®** The molecular
structures of T° and Q* are illustrated in Figure S4. As depicted
in Figure 2d, with the increase in the content of TEOS, the
fraction of Q-type structures increases while the fraction of T
decreases, indicating the presence of more branched structures.

Regarding the organic polymer subnetwork, we consider '*C
NMR spectra, which are dominated by the PTHF-related
peaks at 26.5 and 70.4 ppm (Figure 2e). This is consistent with
literature data for poly(tetramethylene oxide), which is a
structural analogue of PTHE.**~*® Almost undetectable peaks
(at 58 and 15 ppm in Figure 2e¢) indicate a very low fraction of
alkoxide functionality as ending groups, suggesting a small
fraction of unhydrolyzed GPTMS and/or TEOS. Moreover,
through analysis of the '"H NMR data, we find that with the
increase in the content of TEOS a slight increase in the
shielding of both the methylene protons (H, and Hy, in Figure
SS5) in the PTHF segment is observed (see Figures 2f and S6).
Such a smaller deshielding effect from the oxygen atom in
oxymethylene moiety on both H, and Hy nuclei indicates
enhanced intermolecular interactions between the silanol and
oxymethylene moieties in the hybrids with higher TEOS
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Figure 3. Mechanical properties of PTHF-«TEOS hybrids with different 1/O weight ratios. (a) Ultimate tensile strength (6yrs) and tensile
strain at failure (g¢r) as obtained from uniaxial tensile measurement as a function of TEOS content. (b) Stress—strain curves from
compression test. (c) Modulus of toughness and Young’s modulus as a function of TEOS content. (d) Density and hardness from
microindentation test as a function of TEOS content. (e) Storage modulus (E’) and (f) loss modulus (E’’) as a function of frequency.

content. Moreover, we find a well-pronounced increase in the
FWHM (full width at half-maximum) of both resonance peaks
of H, and Hy, with higher TEOS content. This behavior reveals
pronounced noncovalent interactions among organic/organic
and organic/inorganic phases, restricting the “free-rotation” of
methylene C—C bonds, and therefore leads to broader peaks
related to these two methylene hydrogen atoms.

The variations in the protons’ chemical shifts with hybrid
composition could be attributed to (i) higher TEOS content,
resulting in higher degree of cross-linking of the silica
subnetwork; (ii) organic PTHF becomes more entangled
within the silica subnetwork; (iii) intermolecular H-bonding
between silanols and H-nuclei becomes more pronounced;
and/or (iv) H-nuclei become more deshielded, having lower
electron density. In other words, the peaks are shifted to lower
fields based on how dense the network is, i.e., how much TEOS
has been added.

Based on the apparent flexibility of the samples observed
during their handling (see step 4 in Figure 1b), we expect the

hybrids to be able to undergo significant permanent
deformation without fracturing. To quantify such mechanical
properties of the hybrids, we have performed systematic
studies of the influence of I/O ratio on the mechanical
performances. Uniaxial tensile tests performed on rectangular
specimens are compared in Figure 3a, with the extent of
ultimate strain decreasing from 50.0% to 35.2% with the
increase of the inorganic content in the hybrid from 5.1% to
20.9%. Simultaneously, the failure strength increases from 0.32
to 1.35 MPa. Thus, the hybrids with a higher content of
inorganic silica exhibit less flexibility and elastomeric
deformation behavior.

Stress—strain curves from uniaxial compression tests on
cylindrical monolith bulk PTHF-*TEOS hybrids are shown in
Figure 3b. A larger polymer content in the hybrids results in
larger deformation and a lower level of ultimate stress, showing
that such hybrids are more ductile compared with the
inorganic-rich hybrids. The hybrid PTHF-OTEOS can be
compressed to 38.3% of its original height at a stress of 1.06
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MPa and then fractures, while PTHF-16TEOS ruptures at
23.7% of its original height at a stress of 2.14 MPa under the
same loading conditions. The compression processes are
illustrated in the insets of Figure 3b.

Achieving a good balance between strength and toughness is
a major challenge. As seen from Figure 3a,b, with the increase
of TEOS content, the failure strain of hybrids decreases while
the strength increases. However, in order to function as tissue
scaffolds and accommodate cyclic loading, hybrids with both
desirable strength and toughness are required. We here achieve
such balance in the PTHF-8TEOS hybrid, which not only
reveals desirable elongation (31% for compression) and good
flexibility but also high strength at 1.75 MPa. It also features
the highest compressive toughness as can be seen in Figure 3c.
At higher TEOS content, the elongation and toughness sharply
drop. Such balancing of strength and toughness by controlling

the I/O weight ratios is achieved through size of the inorganic
nanoparticles, intermolecular interactions, and chain frictions.
We have further evaluated the modulus of toughness (U)
and Young’s modulus (E) through the area under the
compression stress—strain curves and the slopes of the initial
linear elastic portion of the stress—strain curve in Figure 3b,
respectively.”” The results are summarized in Figure 3c,
showing that U and E are positively correlated to the SiO,
content in the hybrids. For the hybrid PTHF-0TEOS, U and E
are 150.0 kPa and 0.85 MPa, respectively, while they are 199.2
kPa and 5.65 MPa, respectively, for hybrid PTHF-16TEOS.
Considering the five hybrids in the PTHEF-xTEOS series,
PTHF-8TEOS reveals the highest U of 219 kPa, again
highlighting the good mechanical properties of this material.
Such balance of strength and toughness through controlling
the I/O weight ratio of hybrid materials could guide further
materials designing. As to the improvement in mechanical
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properties, it can be explained by the formation of more cross-
linked —SiO,— units as the I/O ratio increases. The hybrids
show less elongation at fracture but at a higher stress,
transforming from a rubber-like (polymer dominated) to a
glass-like state (silica dominated). These changes in mechan-
ical performance are supported by the **Si CPMAS NMR
results (Figure 2d), showing that the silica subnetwork
becomes more cross-linked and condensed with the increase
of TEOS content, resulting in higher stress needed for
deformation. The density (p) of the hybrids also increases
with the addition of more silica, namely from 1.00 g/cm?® for
hybrid PTHF-0TEOS to 1.12 g/cm® for hybrid PTHEF-
16TEOS, ie, an increase of 12% (Figure 3d). Vickers
microhardness (Hy) also increases with higher silica content
from 0.8 MPa for PTHF-0TEOS to 3.0 MPa for PTHEF-
16TEOS (Figure 3d).

In order to investigate the dependence of I/O weight ratio
on the hybrids’ viscoelastic properties, dynamic mechanical
analysis (DMA) measurements were performed.** The results
of sweep frequency show that the storage modulus (E’)
(Figure 3e) of the five hybrids is 15 to 30 times higher than the
corresponding loss modulus (E’) (Figure 3f), confirming the
formation of elastic solid hybrids.”>*” We also note that no
significant changes in E’ and E'’ values could be observed in

any of the hybrids over the tested frequency range (0.01—10
Hz), indicating a rubber plateau like behavior and cross-linked
structures of the hybrid networks.’® The values of tan (5)
equal to E"’/E’ are <0.06 for all five hybrids at 1 Hz (Figure
S7), representing elastic properties of the hybrid materials.

Experimentally Produced Hybrids with Different
Silica Size. To investigate the role of the silica domain size
on the mechanical properties, we have prepared PTHF-based
hybrids with different molar ratios of GPTMS to TEOS.
GPTMS as the coupling agent is the only bridge to link PTHF
polymer chains and hydrolyze TEOS, and therefore, the
[GPTMS]/[TEOS] ratio controls the size of silica particles in
the system. Namely, for a constant total I/O ratio, fewer but
larger silica nanoparticles are obtained as [GPTMS]/[TEOS]
decreases and vice versa.

TGA measurements are performed to determine the final I/
O weight ratio of yGPTMS:zTEOS (10:0, 8:2, 6:4, 4:6, 2:8)
hybrids, as shown in Figure S8. The results confirm very
similar I/O values for the five hybrids. The density data of the
yGPTMS:ZTEOS hybrids are shown in Figure 4a, which also
show limited variation. Thus, the size of silica particles has only
a minor impact on density compared to the variation in the
total I/O ratios (Figure 3d). The molecular structures of the
yGPTMS:ZTEOS hybrids are probed by FT-IR spectroscopy
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(Figure S9). Typical signals of these five yGPTMS:zTEOS
hybrids for Si—O (at 490 and 1090 cm™) and C—O (at 1365
cm™") are observed due to their similar chemical compositions.
»Si CPMAS NMR spectroscopy is also performed on these
samples to confirm the silica structures (Figure 4b). For the
10GPTMS-0TEOS hybrid, Q-type silane signals are not
observed at any significant fraction, while T°-type structure is
dominant, since no TEOS exists in this hybrid. With the
increase in content of TEOS, the intensity of the Q-type signals
increases, indicating that the silica network becomes more
cross-linked. AFM height and phase images of hybrid
2GPTMS:8TEOS are shown in parts ¢ and d, respectively, of
Figure 4, revealing the uniformity of the two phases and
surface morphology of the sample at the nanoscale. All hybrids
in this series are also fully X-ray amorphous as expected
(Figure S10), since they also undergo sol—gel condensation
process.

To confirm that we can control the size of silica particles,
SEM and EDX studies have been conducted as shown in
Figure S11. As observed, the representative size of single silica
NPs (not their aggregates) in hybrid 2GPTMS:8TEOS and
4GPTMS:6TEOS reaches 300—400 nm, while those in hybrid
6GPTMS:4TEOS and 8GPTMS:2TEOS are around 100 nm.
For the hybrid 10GPTMS:0TEQS, the silica NPs are much
smaller and uniformly dispersed in the material.

As to the mechanical properties, we first consider the results
of the compression tests. As shown in Figure 4e, the stress at
failure of the hybrids decreases with the decrease of GPTMS,
for example, 2.34 MPa for 10GPTMS:0TEOS and 0.75 MPa
for 2GPTMS:8TEQOS. On the other hand, the conventional
strain to failure features only minor differences (within the
range of 32—37%). Toughness and Young’s modulus, as
calculated from these stress—strain curves, follow the same
trend as stress with the change in composition (Figure 4f).
Thus, stress at failure, toughness, and Young’s modulus highly
depend on the size of the silica nanoparticles in the hybrid,
while the deformation ability (ultimate strain) appears to be
largely related to the polymer content. Smaller silica nano-
particles give rise to more uniform dispersion in the system,
which increases the possibility of sufficient intermolecular
interactions between Si—O bond in the inorganic network and
C—0O—C bond of polymer chains. In this way, stronger hybrids
can be obtained for much smaller silica nanoparticles in the
system, while hybrids with more ductile deformation can be
obtained for higher polymer content. Such strategy involving
control on both inorganic vs organic weight ratios and NP sizes
reveal improved properties with breakage strain of 34% and
stress of 2.32 MPa. This is an improvement compared to
previous work on similar compositions, exhibiting breakage
strain and stress of 26% and 1.24 MPa, respectively.”’

MD Simulation and Predicting. The above experimental
results were combined with MD simulations to better
understand the deformation and fracture mechanisms of the
hybrids. We focused on hybrids with different I/O ratio
(PTHF-xTEOS series) from the experiments, as they exhibited
a good balance of strength and toughness. The simulations are
done using a classical Consistent Valence Force-Field (CVFF)
potential (see the Methods in the Supporting Information). As
shown in Figure Sa, the simulated PTHF-8TEOS hybrid with a
good strength-toughness balance in experiments exhibits a
fairly ductile response upon deformation at the nanoscale,
which manifests itself by the continuous stretching and
disentanglement of the polymer chain from the matrix upon

tension. The basic structural units of hybrids with different I/O
ratios are depicted in Figure S12, and the corresponding
fracture simulations of the different hybrids are shown in
Figure S13.

As the utilized CVFF potential does not allow for explicit
bond-breaking processes, we have validated this approach
through a similar tensile fracture simulation of the PTHEF-
8TEOS hybrid using a reactive (ReaxFF) potential, which
accounts for bond-breakage and bond-formation processes.
Overall, this reactive simulation confirms the tensile simulation
of the CVFF simulation (see Figure S14). In detail, due to the
higher computational cost of the ReaxFF simulation, we have
reduced the simulated system size by 20% compared to that of
CVEFF; ie., it consists of 20 structural units. Interestingly,
despite the reactive nature of ReaxFF, the structural units of
the hybrids persist during the tensile process, indicating that
the failure of the hybrids is indeed attributed to the
disentanglement of the polymer chains rather than their
breakage (see Figure S14a). When comparing the stress—strain
responses based on these two types of simulation potentials,
we find that both predict the nanoductile features of the
hybrids. Additionally, good agreement between the predicted
maximum stress and corresponding strain by the two potentials
is observed (Figure S14). Therefore, we adopt the CVFF
potential for the following simulations as it allows for larger
system size and longer time scales.

To further understand the effect of the I/O ratio on
mechanical properties and also investigate the role of the
polymer repeating unit, we include comparison of PTHF-
xTEOS and PTHP-xTEOS hybrid series in the MD
simulations. Peaks in the simulated pair distribution functions
of the PTHF-SiO, and PTHP-SiO, hybrids at intra-
molecular—atomic distances of 0.95, 1.10, 1.45, 1.53, and
1.60 A are attributed to the O—H, C—H, C—0, C—C, and Si—
O pairs, respectively, corresponding to those of covalent bonds
(Figure S15). Therefore, the short-range structures (first
coordination shell) of the different hybrids are fairly similar.
The simulated stress—strain curves of PTHF-«#TEOS and
PTHP-xTEOS hybrid series are presented in Figure Sb and
Figure S17, respectively. We observe that all of the hybrids
exhibit a ductile response upon tension at the nanoscale, which
is attributed to the high covalent bond strengths and possibility
for structural rearrangements. The maximum stress increases
with an increase in the content of the SiO, nanoparticles for
both PTHF-xTEOS (Figure Sb) and PTHP-xTEOS (Figure
S17) hybrids, which echoes the experimental observations of
SiO, strengthening shown in Figure 3b. Interestingly, the strain
at the maximum stress (yield stress) is constantly around 10%
for all samples. As shown in Figures Sc and S16, the averaged
mean squared displacement of Si atoms decreases at the early
stage of tension (i.e., for strain <20%) with an increase of the
TEOS amount, indicating that the hybrids are more rigid when
they are constructed as higher SiO, content. We also notice
that the evolution of potential energy terms (i.e, bonded term
and nonbonded term) exhibit different trends upon tension
(see Figures Sd,e and S18). That is, the nonbonded term
consisting of van der Waals and Coulombic terms exhibits
much larger changes compared to the bonded term, which
further confirms that the deformation and fracture of the
hybrids is controlled by the intermolecular interaction, i.e., the
slippage and disentanglement of the polymer chains. The
strengthening mechanism can be attributed to the fact that the
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Figure 6. Composition dependence of simulated (a) density, (b) Young’s modulus, (c) shear modulus, and (d) maximum tensile stress for
PTHF-x«TEOS and PTHP:xTEOS series of hybrids.
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Figure 7. (a) Assessment of cell viability of hybrids by ToX8 metabolic activity assay following ISO 10993 standards. (b)
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E1 cells on (c) PTHF-xTEOS and (d) yGPTMS:zTEOS hybrids after culturing for 3 and 7 days.

existence of SiO, nanoparticles in the hybrids can effectively
block the motion of polymer chains upon deformation.

The effects of TEOS content (i.e., I/O ratio) for the two
different repeating unit of polymer chains (PTHF vs PTHP)

on the mechanical properties of the simulated hybrids are
summarized in Figure 6. As shown in Figure 6a, density
increases with an increase in the TEOS amount for both hybrid
series, but the density of the PTHF-xTEOS hybrid series is
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always higher than that of the PTHP-xTEOS for each value of
x. That is, density decreases with the ratio of C—O— to C—C
bonds. This trend agrees well with the experimental results
shown in Figure 3d. The simulated Young’s modulus, shear
modulus, and maximum (yield) strength also exhibit the same
trend as the experimental results (see Figure 6b—d), indicating
the transition from rubber-like to glass-like behavior with
increasing size and fraction of SiO,. Despite reproducing the
qualitative trends, we also note that the simulated strength and
modulus values are systematically higher than the experimental
ones, which can be attributed to the following reasons: (i) the
polymer chain lengths in the experimental samples exhibit a
broad distribution, but they are simplified as a monodispersed
length in the simulations; (ii) defects exist in the experimental
specimens, while the simulated structures are ideally flawless;
and (iii) the strain rate in the loading simulation is much
higher than that in the experiments. In the meantime, it is
noted that the mechanical performances of both Young’s
modulus and tensile strength for the PTHF—SiO, hybrid are
better than those for the PTHP—SiO, hybrid. This can be
attributed to the improved intermolecular interactions of
PTHF-SiO, relative to PTHP—SiO, due to the higher
amount of the more polar C—O functional groups (with
stronger dipole moments) relative to C—C groups. Moreover,
the MD simulations also reveal that van der Waals interactions
are found to be the main contribution of noncovalent
interactions in the hybrids compared with Coulombic
interactions (Figure S19). Given the comparable stress—strain
curves obtained from CVFF and ReaxFF potentials, the
simulated values are also in agreement with the existing
literature data for similar systems.g"q’“;s’51 Overall, the
simulations thus confirm that the content of SiO, nanoparticles
plays an important role in controlling the mechanical
properties.

Biocompatibility and Cell Growth. In addition to
showing promising mechanical properties for applications
within bone regeneration and tissue repairing, such hybrid
materials also need to exhibit cyto-compatibility for promoting
osteogenic cell attachment.”"” First, we have investigated the
cytotoxicity of the two experimental series of hybrids. Based on
the ISO 10993 standard, the materials are considered
noncytotoxic if the cell viability is higher than 70% compared
with the blank."**> As can be seen in Figure 7a for the PTHF-
«TEOS («x increases from left to right) and yGPTMS:2TEOS
(y:z decreases from left to right) experimentally produced
hybrids, the cell viabilities are all above 70%, ranging from 83
to 90% compared with the control group, demonstrating the
noncytotoxicity of these hybrids. They are thus promising
candidates for further cell attachment, proliferation, and even
in vivo studies. To this end, we next determined the bone cell
(MC3T3-E1) attachment of the hybrid materials by
immunohistochemistry and confocal microscopy measure-
ments after culturing the cells for 72 h.*>*” As seen from the
DAPI nuclear counter staining method results in Figure 7b for
the PTHF-8TEOS hybrid, cells are well attached on the
material, demonstrating biocompatibility of hybrids and
potential for growth of bone cells. Finally, we studied the
cell proliferation possibility on the hybrids via the ToX8
method. Bone cells cultured on PTHEF-xTEOS and
yGPTMS:2TEOS hybrids are compared with control groups
in Figure 7c,d, respectively, by determining optical density
(OD) values.® The cells seem to have better growth on
hybrids relative to the control, demonstrating that these

biocompatible hybrids possess excellent performance for
promoting MC3T3-El cell growth. This could be because
the silica networks can offer enhanced cell recognition sites
and further improve the cell attachment and growth.”” After
culturing for 3 days, the cell number increases in samples with
higher content of inorganic component, which might be
because the uniform dispersion of inorganic—organic phases
and adequate cross-linking networks help promote cell
proliferation. Thus, based on these results, the PTHF-SiO,
based hybrids reveal the necessary mechanical and biomedical
properties for acting as desirable bone repair scaffolds.

CONCLUSIONS

Based on the experiments and MD simulations performed in
this study, noncovalent intermolecular interactions are found
to play an important role in controlling the deformation and
fracture of inorganic—polymer hybrid materials. By decreasing
the silica nanoparticle size and increasing the fraction of C—O
bonds in polymer chains, the interactions between polymer
chains and silica networks can be enhanced. Importantly, by
further controlling the total I/O ratio the important balance of
the toughness and strength can be tailored. Namely, the hybrid
PTHEF-8TEOS achieves a balance between these otherwise
conflicting performances, showing 31% of compressive
deformation, 1.75 MPa of stress at breakage, and 219 kPa of
toughness. Moreover, the prepared hybrids all show non-
cytotoxicity and the ability to support cell attachment as well as
cell proliferation in the in vitro studies. These insights suggest
the potential use of especially the PTHF-8TEOS hybrid
material for engineering applications such as tissue scaffolds
and soft robotics.

EXPERIMENTAL METHODS

Materials. Tetrahydropyfuran (THF), (3-glycidoxypropyl) trime-
thoxysilane (GPTMS), boron trifluoride-diethyl ether (BF, OEt,),
tetraethyl orthosilicate (TEOS), acetic acid glacial >99.7%, and HCl
(36 wt %) were all purchased from Sigma-Aldrich and used as
received. Cell culture reagents were purchased from Invitrogen and
Sigma-Aldrich UK. The MC3T3-El preosteoblast cell line (ATCC,
UK) was cultured in basal a-MEM supplemented with 10% (v/v)
FCS (fetal calf serum) and 1% (v/v) penicillin. Cultures were
maintained in a humidified atmosphere at 37 °C, 5% CO,, and 21%
O,. Cells were passaged upon confluence using 500 pug/mL trypsin-
EDTA (ethylene diamine tetraacetic acid).

Synthesis of Inorganic sol. SiO, was prepared via hydrolysis
process. TEOS, deionized water, and 36 wt % hydrochloric acid (12
M HCI) were mixed with a molar ratio of 1:3.6:0.01. The completion
of the reaction was confirmed when the mixture turned from cloudy
to clear.

Synthesis of Hybrids. The organic precursors were prepared
based on an established procedure using HAc as a terminator™> and
then mixed with the inorganic sols based on the precalculated THF,
GPTMS, and TEOS compositions. The mixtures were transferred
into polytetrafluoroethylene molds and sealed for aging for 1 week at
40 °C. Afterward, the lids were removed gradually to allow drying for
the following 3 weeks at the same temperature. Finally, disc-shaped
samples were recovered from the molds and used for characterization.
All samples were immersed in distilled water for 5 min and followed
by filtration to remove any unreacted monomers and water-soluble
byproducts.

Structure Characterization. Fourier-transform infrared (FT-IR)
spectroscopy was performed to determine the functional groups in the
inorganic bulk samples as well as the final hybrids by using a Bruker
TENSOR II spectrometer with a Bruker Platinum attenuated total
reflectance attachment in the range of 4000 to 400 cm™. All spectra
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were compiled from 64 consecutive scans and were baseline corrected
using the vendor-supplied software OPUS.

To determine the final inorganic vs organic (I/O) weight ratio in
the hybrids, thermal gravimetric analysis (TGA) was performed on a
STA 449C (Netzsch) instrument. The hybrid samples were cut into
small pieces and heated under a flow of air at the rate of 10 °C min™’,
from room temperature to 800 °C. The recorded weight loss could be
ascribed to the combustion of the organic phase. The silica
nanoparticles’ size and element distribution in the hybrids were
tested by scanning electron microscopy (SEM) using a Zeiss Gemini
SEM 500 instrument at 5 kV/10 uA.

To confirm the noncrystalline structure of the hybrid materials, X-
ray diffraction (XRD) analysis was carried out on pulverized samples
at 20 angles from 5° to 80° using a Panalytical Empyrean
diffractometer with Cu—Ka-1 radiation source and Ni-filter.

Atomic force microscopy (AFM) measurements were carried out
to determine surface morphology and phase images of hybrids. The
measurements were performed with an NTEGRA Aura AFM (NT-
MDT, Russia) instrument, operating in tapping mode using HA_HR
(ScanSens, Germany) cantilevers.

%Si magic-angle spinning (MAS) NMR was conducted to confirm
the silica structures in the hybrid materials. The data were collected
with an Agilent DD2 spectrometer in conjunction with an Oxford 4.7
T widebore superconducting magnet with a *°Si resonance frequency
of 39.70 MHz. Samples were powdered and loaded into 5 mm
zirconia rotors with sample spinning of 5.0 kHz. Spectra were
acquired using a /6 tip angle of 2.7 us, a recycle delay of 180 s,
averaging of 400—1900 scans, and with high-power 'H decoupling
during signal acquisition. "H — ?’Si cross-polarization magic-angle
spinning (CPMAS) NMR measurements were made on the same
instrument with a contact time of 3 ms between the spins, recycle
delay of 5 s, and signal averaging of 40000—80000 scans. All *Si
NMR data were processed with 25 Hz apodization, referenced to
tetramethylsilane (TMS) at 0.0 ppm, using the GRAMS Spectroscopy
Software Suite (Thermo Fisher Scientific) to plot and fit the spectra.
13C MAS NMR measurements were made at 47 T (50.25 MHz
resonance frequency) using an Agilent DD2 spectrometer and Oxford
wide-bore superconducting magnet. Powdered samples were packed
into S mm zirconia rotors, with sample spinning of 7.0 kHz. 'H-
decoupled *C MAS NMR data were acquired by the combination of
a 71/6 tip angle (2.0 us), with a delay of 60 s between scans and signal
averaging of 1000 to 2000 scans. *C NMR data were processed with
10 Hz line broadening and referenced to TMS at 0.0 ppm. Plotting
and spectral analyses were done in the GRAMS software package. 'H
MAS NMR data were collected at 4.7T (199.82 MHz resonance
frequency) using a S mm MAS NMR probe and a background
suppression pulse sequence. A calibrated 7/2 pulse width of 4 us was
immediately follow by two 7 pulses (8.0 us each), and 64 acquisitions
were made using a Ss recycle delay. 'H MAS NMR data were
referenced to TMS at 0.0 ppm and processed without any additional
line broadening.

Property Characterization. Density measurements on the hybrid
samples were conducted through the Archimedes principle using the
following equation:

air
_ pethanol X msample
psample - air __ . ethanol
sample msample ( 1 )

Here,panol is the density of absolute ethanol, m:;ﬁnple is the weight of
sample in air, and msgﬁé‘f; is the weight of the sample upon immersion
in ethanol.

Compression tests were performed using a Zwick Z100 universal
testing machine equipped with a 100 kN load cell at room
temperature. Samples were punched into cylinders with a diameter
of 10 mm and a length of 5 mm. The crosshead speed was set to 1
mm min~". Tensile tests were performed using a Linkam TST350
tensile testing stage equipped with a 200 N load cell at room
temperature. For these measurements, the hybrid samples were cut
into rectangular shapes with a length of 30 mm, a width of 10 mm,
and a thickness of 2 mm, and the crosshead speed was set to 2 mm

min~". Modulus of toughness (U) and Young’s modulus (E) were
evaluated through the area under the stress—strain curves and the
slopes of the initial linear elastic portion of the stress—strain curve,
respectively. Finally, dynamic mechanical analysis (DMA) was carried
out using TA Instruments DMA 850. The experiments were
performed in compression mode with an amplitude of 20 ym, with
the frequency varied in the range from 0.01 to 10 Hz at room
temperature.

Microindentation measurements were performed using a Nanovea
CBS00 hardness tester to determine the hardness (H). Vickers
indentations with a maximum load of 0.02 N were generated to
determine H, with a loading duration and dwell time of both 10 s. The
loading and unloading rate were both 0.2 N min~'. Measurements
were performed under laboratory conditions (temperature: 23 °C;
relative humidity: ~36%). Then hardness was calculated from the
force—displacement curves using the Oliver—Pharr model.***

Cytotoxicity Test. In vitro cytotoxicity of the hybrids was
evaluated based on the ISO 10993 standard. Hybrids were immersed
in a-MEM (0.2 g/mL) and stored in n incubator for over 72 h. The
extract liquid was filter sterilized and supplemented with 10% (v/v)
FBS prior to use in further tests. MC3T3-E1 cells were first cultured
with basel a-MEM media and seeded on 96-well plate at 10* cells per
well, and then left to grow in incubator for 24 h. Afterward, the media
was removed and incubated with @-MEM media (control group) and
extracts of hybrids for another 24 h. The media was then removed and
replaced with ToX-8 dilution in a-MEM media and incubated for
another 4 h. The cell viability and optical denstity (OD) are measured
by the ToX8 method according to the manufacturer’s instructions.
The OD was measured spectrophotometrically at 600 and 690 nm
using a microplate reader. The relative cell viability (%) was calculated
as follows:

[A]test

—— X 100
[A]control

cell viability(%) =

Cell Proliferation. The hybrids were all sterilized with EtOH for
over 30 min and washed three times with PBS solution. Then the
hybrids were immersed in PBS solution and put under UV light
overnight. After pretreatment, the cells were cultured on 24-well
plates and hybrids with basel a-MEM media at 5000 cells per well.
The media was changed every second day. After 3 and 7 days of
incubation, media was removed and replaced with ToX-8 dilution in
a-MEM media and incubated for another 4 h. The optical density was
measured spectrophotometrically at 600 and 690 nm using a
microplate reader.

MD Simulations. To understand the atomistic deformation and
fracture mechanisms of the hybrid samples, MD simulations were
carried out. All of the simulations were performed using LAMMPS
software with the GPU-accelerated package, and visualization of the
atomic snapshots was done using the OVITO package. During the
simulation, periodic boundary conditions were applied in all
directions. The atomic interactions of hybrids were described using
the classical Consistent Valence Force-Field (CVFF) potential.56 For
comparison and validation, we also applied the reactive force field
(ReaxFF)*” at a smaller system size (fewer number of total atoms) to
simulate the mechanical response. These two force fields have been
widely applied in simulating structure and mechanical properties of
polymers and inorganic materials.”**® The motion of atoms was
integrated using the velocity-Verlet algorithm with a time step of 0.5
fs.

First, we prepared the basic unit of the hybrids, i.e., one polymer
chain linked to a SiO, nanoparticle through GPTMS. To enable
qualitative comparison with the experiments, we selected THF and
THP as the monomer unit (MU) to vary the chain length. Each
polymer chain consisted of 56 MUs. The SiO,-to-polymer molar ratio
was set to 0, 2, 4, 8, and 16, respectively, corresponding to a growing
size of the SiO, nanoparticle. Note that each basic unit of the hybrids
consisted of >700 atoms (Figure S12). We then randomly placed 100
basic units (20 basic units for the ReaxFF system, which is more
computationally expensive) into a cubic box using the PACKMOL
package.” These systems were compressed into a densified matrix
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under NPT ensemble at 300 K and 1 GPa for 200 ps, which yielded a
density close to the experimental value. Afterward, the system was
equilibrated at 500 K in the NVT ensemble for 100 ps, and gradually
cooled to 300 K at a cooling rate of 0.2 K ps™ in the NPT ensemble
at zero pressure. The resulting configurations were subsequently
relaxed at 300 K for 120 ps to ensure the convergence of density and
potential energy. The structure of hybrids was characterized using pair
distribution function, describing the probability of a pair of atoms at a
given distance.

The elastic properties of the hybrids were determined by stepwise
deforming the atomic hybrid models for a strain step of 0.0005. This
was applied for both uniaxial and shear deformation. After each
deformation step, the structure was subjected to an energy
minimization and the corresponding pressure in the deformation
direction was extracted. Then the stiffness matrix was obtained
through the slope of the linear part of the stress—strain curve. Based
on the stiffness matrix, Young’s modulus and shear modulus were
determined as described elsewhere.”” The deformation and fracture
behavior of the hybrid systems were investigated through uniaxial
tensile simulation. To this end, we first duplicated the orthorhombic
configuration in the x-direction so that the deformation was applied to
the longest direction. Before deformation, the resulting structures
were dynamically equilibrated in the NPT ensemble at 300 K and zero
pressure for 100 ps to remove internal stresses. Then a constant strain
rate of 5 X 10" s™" was applied along the x-direction, while the system
was maintained at 300 K in the NVT ensemble. During the
deformation, all of the atoms were forced to move in an affine
transformation way; ie., the coordinates of the atoms were scaled
along with box deformation. The stress component in the x-direction
and corresponding strain were recorded to construct the stress—strain
curve until the system reached a maximum strain of 50%. During the
tensile process, the motion of Si atoms in the hybrids was studied by
calculating the mean squared displacement (MSD) of each Si atom

MSD(t) = Ar,-z(t) =(lr(t+ 1) — ri(‘r)lz) (2)

where 7,(t) is the position of the ith atom at time ¢ and the brackets
represent the averaging over multiple time origins (7).
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Figure S1. (a) Hydrolysis process of TEOS; (b) reaction mechanism and molecular structures of

PTHF-SiO2 hybrids.
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Figure S2. FT-IR spectra of experimental hybrids with varying 1/O ratio, i.e., the series of PTHF-xTEQOS

hybrids.
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Figure S3. XRD patterns of hybrids with varying /O ratio, i.e., the series of PTHF-XTEOS hybrids.
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Figure S4. lllustration of chemical structures of silica (a) Q* and (b) T2 species.
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Figure S5. Molecular structure of PTHF and related H protons (named Ha and Hy).
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Figure S6. *H NMR spectra of the hybrids (a) PTHF-0TEOS; (b) PTHF-2TEQS; (c) PTHF-4TEOS;

(d) PTHF-8TEOS; (€) PTHF-16TEOS.
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Figure S7. Composition dependence of (a) £’and £’ and (b) tan (9) of the hybrids with different I/O ratios,
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Figure S8. (a) TGA and (b) DSC results for YGPTMS:zTEOS hybrids.
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Figure S9. FT-IR spectra for yYGPTMS:zTEOS hybrids.
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Figure S10. XRD patterns for yYGPTMS:zTEOS hybrids.
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Figure S11. Morphology of hybrids as measured by scanning electron microscopy (SEM) and Si element
distribution. (a) 2GPTMS:8TEOS; (b) 4GPTMS:6TEOS; (c) 6GPTMS:4TEOS; (d) 8GPTMS:2TEOS; (e)

10GPTMS:0TEOS.
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Figure S12. Schematics of the basic unit of hybrids in the MD simulations with different /O ratios.
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Figure S13. Simulated fracture evolution of hybrids with different 1/0 ratios under the elongation at the

strains of =0, 0.3, and 0.5. The simulations were performed using the CVFF potential.
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0.5 using the ReaxFF potential. (b,c) Simulated stress-strain curve for PTHF-8TEOS hybrid using (b)

CVFF potential or (c) ReaxFF potential.
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Figure S15. Simulated pair distribution functions of (a) PTHF-SiO; and (b) PTHP-SiO; based hybrids.



44 1 1 ||||||| 1 1 ||||||| 1 L1 1111l

~ 10 T —pTHP+0TEOS

< J— PTHP+2TEOS

2 10° - — PTHP+4TEOS

o 3 — PTHP+8TEOS

g . PTHP+16TEOS

S 10°3 =
@ 3 F
ko] N C
S 1

O 10 3 E
© 3 =
> - -
O _ -
« 0

5 1073 E
[} - -
S ] -

10_1 T T ||||||| T T ||||||| T T TTTTIT
10° 10" 10° 10°
Time (ps)

Figure S16. Time-dependence of the mean squared displacement (MSD) of Si atoms in PTHP-XTEOS

based hybrids during the tensile process.



0.20

—— PTHP+0TEOS
— PTHP+2TEOS
0.15- — PTHP+4TEOS
' —— PTHP+8TEOS
= — PTHP+16TEOS
o
QO 0.10-
w
w
jlj Lo L T
®» 0.05-
0.00 .
0 10 20 30 40 50

strain (%)

Figure S17. Simulated stress-strain curves of PTHP-xTEOS based hybrids.
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SUPPORTING TABLE

Table S1. Compositions of the basic units of PTHF « XTEOS and PTHP « xTEOS hybrid systems in the

MD simulations.

Sample Polymer unit GPTMS SiO; Atom numbers
PTHF « 0TEOS 56 1 0 756
PTHF « 2TEOS 56 1 2 768
PTHF « 4TEOS 56 1 4 780
PTHF « 8TEOS 56 1 8 801
PTHF « 16TEOS 56 1 16 840
PTHP « OTEOS 56 1 0 924
PTHP « 2TEOS 56 1 2 936
PTHP « 4TEOS 56 1 4 948
PTHP « 8TEOS 56 1 8 969
PTHP « 16TEOS 56 1 16 1008
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Abstract: Superior flexibility and toughness can be achieved in bioactive hydrogels by the use of a double
polymer network with complementary properties. Inspired by this design principle, we here combine
polyacrylic acid (PAA) and sodium alginate (SA) to obtain a dual reinforced double interpenetrating network
(d-DIPN) hydrogel. The dual reinforcement involves ionic crosslinking and introduction of SiO, nanoparticles,
which leads to extraordinary improvements in strength and toughness. Compared with the standard PAA
hydrogel that offers elongation of 240% and breakage stress of 0.03 MPa, the prepared SA(Ca?")-PAA-SiO,
hydrogel shows elongation above 1000% and breakage stress of 1.62 MPa. Moreover, the combination of
strong covalent crosslinks and weak reversible interactions provide the d-DIPN hydrogel with anti-swelling
and self-healing behavior, adhesive abilities and shape memory performance. Furthermore, we show that the
biocompatibility and bone cell proliferation ability of the hydrogels can be improved through a mineralization
process despite of a slight reduction in breakage strain and stress. Taken as a whole, our work paves the way
for the design of strong and tough hydrogels, with potential applications within biomedicine and particularly

tissue engineering.
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Functional soft materials are increasingly demanded for tissue engineering,' drug delivery? 3 and soft robotics
applications.*®. Hydrogels, which are composed of three dimensional cross-linked polymer networks and large
amount of water,”!! present superior mechanical flexibility and chemical properties. Such behavior of
combining solid-like mechanical performances with liquid-like transport properties enable hydrogels with the

12,13 adhesion to different surfaces'* as well

ability to adapt to different shapes and deformation requirements,
as self-healing ability.!” '5'7 Normally, hydrophilic polymers such as polyacrylamide (PAM) and polyacrylic
acid (PAA) are desirable materials for preparing hydrogels due to their amide and carboxyl groups as
pendants'® and their propensity to soak up water, which makes them suitable candidates for creating hydrated
structures that resemble native soft tissues.!” 2° Additionally, neutralized PAA could function as tissue
scaffolds for wound and bone repair due to their excellent biocompatibility.'® 2! 22 However, due to the low
polymer content (high water content) ,>> ?* single polymer based hydrogels inevitably lack the necessary
toughness to absorb energy and deform without damage while undergoing large deformations. This is

problematic for tissue engineering applications, where there is a need to sustain cyclic loading in the human

body.

A variety of chemical and physical reinforcement methods have been attempted to improve the strength and
toughness of hydrogels. A common approach is to use reversible crosslinks, e.g. hydrogen bonds, ionic bonds,
reversible covalent bonds and metal coordination bonds.!'® > These reversible interactions can easily reform
after breakage, thus enabling an effective energy dissipation, transfer of applied loads to neighboring networks
and ability to undergo self-healing. The reversible interactions also offer hydrogels with desirable stiffness as
well as extensibility. Additionally, as an alternative route, multi-network architectures such as double polymer
network (DN) hydrogels with permanent covalent bonds can greatly adapt deformations resulting from so
many reversible bonds. 22’ Normally, interpenetrating crosslinked networks are formed by polymers, one of
which is densely cross-linked and relatively stiffer while the second one is sparsely cross-linked and more
stretchable. The stiffer network will break first and dissipate energy due to reversible bonds for high toughness,
while the stretchable network can maintain the integrity and shape of the hydrogel.® Thus, DN hydrogels

regularly reveal much higher strength and toughness compared with single polymer based ones.



Alginate is a potential candidate for biomedical devices and is usually reinforced through ionically chelation
with divalent cations (e.g. Ca?’, Fe*") to form gels under mild synthetic conditions.”®*° Suo et al. have
investigated polyacrylamide (PAM) and alginate double network hydrogels, which revealed improved
mechanical properties, including high fracture energy of ~9,000 J m and ability to be stretched over 20 times
their initial length.'? In addition, nanoparticles (NPs) can act as crosslinkers or nanofillers, which is another
common approach to significantly improve the strength and toughness of hydrogels. Inorganic NPs
incorporation can function as analogous crosslinking points (ACPs) to enable the hydrogels to withstand
relatively more external stress at a fixed strain and transfer the applied load to neighboring networks chains.'*
16,31, 32, 13,33, 34 Moreover, such inorganic component can a larger number of cell recognition sites, which are
especially important for skeletal tissue engineering. Xie et al. have prepared PAM hydrogels with size
controllable SiO, nanoparticles that can be stretched to >1000% compared with their original length.!
However, the tensile strength of the abovementioned hydrogels are only on the order of 10s of kPa and thus

not sufficient for practical applications.’>-*

Herein, we propose a novel strengthening and toughening approach by combining ionic and NPs reinforcement
methods in a single DIPN hydrogel system to enable their biomedical applications. PAA and alginate are
chosen as the components not only due to their previous incorporation into hydrogels, but also their
extraordinary biocompatibility and possible skeletal tissue engineering applications. Compared with non-
reinforced and single reinforced hydrogels, the prepared d-DIPN SA(Ca*")-PAA(SiO,) hydrogel with both
weak and strong crosslinks shows significantly improved thermal stability, anti-swelling behavior, and most
importantly, mechanical properties, with elongation up to 1000% compared with its original length and tensile
failure stress of 1.62 MPa. Moreover, reversible interactions in the prepared hydrogels, e.g., hydrogen bonds
and ionic interactions, are to continuously break and reform, which enable effective energy dissipation and
further provide the ability to self-heal, rapid shape recovery and adhesive properties. As the next step, we also
perform Ca/P mineralization of the DIPN hydrogel system, which improves its anti-swelling behavior in both
distilled water and phosphate buffer saline (PBS) solution as well as its biocompatibility, however, with

acceptable decrease of strain and stress. The design principles developed herein for strong, yet biocompatible



hydrogels could enable their future applications as biomedical scaffolds.

Results

Design and synthesis of DIPN hydrogels. The one-pot prepared DIPN hydrogel with the proposed dual-
reinforcement approach is presented in Fig. 1. Silica NPs are prepared by hydrolyzing vinyl-silica precursors
as shown schematically in Fig. la. Vinyltriethoxysilane (VTES) monomers are applied in this work for two
reasons: first, silica NPs will be formed with the formation of Si-O-Si framework during conventional sol-gel
process in self-assembled micelles of surfactant in nanometer scale, whose sizes could be controlled by
adjusting the molar ratios, time of hydrolysis, and concentration of surfactant;'** and second, the vinyl group
will become copolymerized with acrylic acid (AA) monomers to form random copolymer backbones (red
bonds in Fig. 1b). Alginate monomers can effectively chelate Ca*" ions, forming single gels under mild
conditions as depicted in Fig. 1c. In this work, we constructed such PAA-alginate double polymer work in a
single system depicted in Fig. 1d. NPs and ionic dual reinforcement methods are applied for improving
intermolecular interactions in interpenetrating networks. Such strategy could lead to a much more compact and
crosslinked structure formed in hydrogels, and further result in higher strength as well as toughness. Due to
biocompatibilities of PAA and alginate in this work, such combined hydrogels are expected to be potentially
applied into biomedical fields. Moreover, in view of strong intermolecular interactions, hydrogels possibly
possess functional performances, e.g. high stretchability, anti-swelling behavior and self-healing abilities (Fig.

le).
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Structure characterization of DIPN hydrogels. In this work, we prepared PAA, SA-PAA, SA-PAA (Si0),
SA (Ca®")-PAA, and SA (Ca*")-PAA (SiO,) hydrogel materials to enable a systematic comparison of their
structures, mechanical performances and other functions. In the DIPN networks, besides strong covalent bonds,
weak reversible interactions also functions in hydrogel (Fig. 2a). That is, hydrogen bonds existed among (i)
PAA chains, (ii) PAA and SA chains, (iii) silica NPs and PAA chains, and (iv) silica NPs and SA chains, as
well as ionic crosslinks formed in alginate polymers. These reversible interactions, including hydrogen bonds
and ionic interactions, could break and reform reversibly in a short time during loading and unloading of
external forces (Fig. 2b), providing hydrogels with multi functions of improved strength and toughness, rapid

shape recovery from deformation, improved anti-swelling performance, and self-healing ability.

Fourier transform infrared (FT-IR) spectroscopy is performed to characterize the polymerized hydrogel
structures at the molecular level. As shown in Fig. S1, the peaks around 1100 cm™ are ascribed to asymmetric
stretching vibration of the Si-O bond,* representing the existence of silica structure in the hydrogels. There is
a large fraction of carboxyl groups in the hydrogels, and the characteristic vibration of the -C=0O group is thus
present at 1710 cm™ and that of -COOH at ~3000 cm™.?% 3 The large amount of H,O in the hydrogels is
confirmed by the typical -OH group vibration peak at ~3400 cm™.*’ Fig. 2c shows an enlarged view of the
absorbance in the region from 1600 to 1680 cm’, revealing the absence of typical -C=C vibrations in the
hydrogels. This demonstrates the complete polymerization of AA and VTES monomers during the free radical

polymerization process.*’
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Figure 2. Structural features of DIPN hydrogels. (a) Reversible interactions, hydrogen bonds and ionic
interactions in SA (Ca?")-PAA-SiO; hydrogel. (b) Breaking and reforming of reversible bonds in SA (Ca*")-
PAA-SiO; hydrogel with loading and unloading. (c) FT-IR spectra of AA monomer and hydrogels. (d) X-ray

diffractograms of different hydrogels. (¢) DSC thermograms of different hydrogels (endothermal up).

The size of the silica NPs after hydrolysis was measured by means of the dynamic light scattering (DLS)
method*! (Fig. S2). The average size of the silica particles is around 9 nm, and such small size is beneficial for
their uniform dispersion in the matrix and adequate active surface (vinyl groups) for further reactions with the
AA monomers. X-ray diffraction (XRD) analysis was carried out for phase identification of the hydrogels (Fig.

2d). No sharp diffraction peaks are observed in the X-ray diffractograms, confirming that all hydrogels are



disordered amorphous materials. This is because the crystallization of silica was inhibited by the hydrolysis
and condensation of VTES, and due to the covalent bonds formed with the polymers that enables silica to
become uniformly dispersed in the hydrogels.*’ Differential scanning calorimetry (DSC) measurements were
conducted to evaluate the thermal stability and possible phase transitions of the hydrogels. As shown in Fig.
2e, the reinforced hydrogels reveal improved thermal stability, with the dual-reinforced SA(Ca*")-PAA(SiO»)
hydrogel offering the endothermic peak at the highest temperature of ~210 °C compared with the other
hydrogels. Finally, morphology of the hydrogel SA(Ca®")-PAA(SiO,) was examined by scanning electron
microscope (SEM). The hydrogel is found to be relatively porous, with many small but consecutive networks

observed in the cross-section images in Fig. S3.

Functional properties of DIPN hydrogels. Based on the dual ionic and nanoparticle reinforcement methods,
enhanced mechanical properties and functional performances are expected for the SA(Ca*)-PAA(SiO,)
hydrogel compared to the others. Fig. 3a shows that this hydrogel could be stretched more than 10 times of its
original length, and it can also be freely wrapped around a glass rod (Fig. S4). Such behavior suggests a strong
potential for adapting the material to different shape and deformation requirements in its potential applications.
Reversible interactions in the hydrogel further ensured quick shape-recovery upon compression-release tests.
Strong adhesion of the hydrogel to different types of surfaces, including glass, plastic, metal, and human skin,
has also been observed (Fig. 3a). We ascribe these findings to the incorporated functional groups, e.g.
hydroxide, amide, and imine bonds that exist in the system, which effectively interact and bind with
surrounding phases to enable the adhesive properties.!” Moreover, the strong intermolecular interactions
provide the hydrogel with a very good self-healing ability.*>* That is, the broken hydrogel has been observed

to rapidly self-heal without cracks after an applied damage without cracks under stretching.
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of PAA hydrogel and reinforced DIPN hydrogels.

Anti-swelling behavior is another important factor for hydrogels as artificial cartilage materials. The low



swelling rate will avoid unnecessary extrusion of the material on the surrounding tissue and cause secondary
damage, and such behavior is also improved as a result of the dual-reinforcement method.” '% 445 As seen in
the images in Fig. 3b, the SA-PAA hydrogel without the applied reinforcement method swells to around ~89
times of its original weight after being immersed in distilled water for 24 h at room temperature. The single-
reinforced SA-PAA(SiO,) and SA(Ca*")-PAA hydrogels exhibit only 5.5 and 1.2 times swelling under the
same conditions (Fig. 3c). Impressively, the SA(Ca*)-PAA(SiO») hydrogel reveals excellent anti-swelling
behavior, with only 0.87 times more swelling relative to its original weight. The mechanism is vividly
presented in Fig. 3d. Compared with PAA hydrogels with loose polymer network structures, whose shape and
volume are quiet easy to change in solutions, double polymer crosslinked hydrogel with IPN are much more
compact in comparison, and leads to it only minor changes in solutions. Moreover, silica NPs and ionic Ca**
could form coordination bonds with carboxyl groups with polymer chains, which greatly improved the
crosslinked sites in the system, and further result in denser network.?® Thus, the more cross-linked structures
and stronger intermolecular interactions formed after dual-reinforcement could effectively prevent chain

disentanglement for hydrogels to swell.

There are many possible ionic groups pendent to the backbone of the PAA and SA components, which can
accept or donate protons in response to the environmental pH change.* 4 We therefore immersed the
SA(Ca*)-PAA(SiO») hydrogel into different solutions with pH values ranging from 1 to 14 to explore the pH
dependency of the swelling behavior. As shown in Fig. S5 and S6, pronounced swelling is prevented in lower
pH solutions, likely because the carboxyl groups in the hydrogels remain in their acidic forms, and therefore
intermolecular interactions like hydrogen bonds are well preserved in such conditions. However, when the pH
increases, the carboxyl groups are gradually deprotonated, causing most of the hydrogen bonds to disassociate,

and further resulting in disentanglement of polymer chains and promoting hydrogel swelling.

Mechanical properties of DIPN hydrogels. Hydrogels with high strength and toughness are demanded for

applications in tissue engineering and soft robotics. Although having very good flexibility, the low strength

and toughness of many hydrogel materials can severely restrain their practical applications and various
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toughening strategies have thus been explored.>* 4’ First, we compare the ability of the five different hydrogels
of the same size to lift a 3 kg weight (cylindrical, ¢ =3.5 mm) in Fig. 4a. Pure PAA hydrogel is relatively weak
and breaks before lifting the weight, while the DIPN SA-PAA and NPs reinforced SA-PAA-SiO; hydrogels
behave similarly, i.e., the hydrogels are stretched to several times of their original length, but they are unable
to lift the weight. Although the ionic reinforced hydrogel SA(Ca*")-PAA can pull up the weight, it fractures
after only several seconds. However, in comparison, d-DIPN hydrogel can lift the weight easily without
breakage. Thus, the prepared d-DIPN hydrogel with dual-reinforcement methods appears to not only have high
flexibility, but also improved strength and toughness compared with the non-reinforced or single-reinforced
hydrogels. To this end, a series of mechanical tests were conducted to evaluate the related properties and

understand the corresponding toughening and strengthening mechanisms.

The tensile test results are displayed in Fig. 4b, showing a comparison with a single PAA hydrogel with an
elongation of 240% and maximum stress of 0.03 MPa. A great improvement of both stress and elongation at
breakage is achieved for the PAA-SA DIPN hydrogel. The reason appears to be that external loads are shared
by the entanglements created between the PAA and SA networks. Covalent crosslinks between PAA and SA
chains (reacting with carboxyl groups) further strengthen the co-networks. Moreover, after introducing silica
NPs and Ca?* ions, we find that both stress and elongation of hydrogels get further improved. The hydrogel
SA(Ca?")-PAA(SIO,) reveals an elongation up to 1000% compared with its original length and a stress of 1.62
MPa at breakage (Fig. S7). Based on the aforementioned results shown in Fig. 3a, the present hydrogel reveals
good shape-recovery performance. Moreover, the incorporation of Ca?" greatly affects the elastic/plastic
deformation region of the hydrogels (Fig. 4b). That is, the alginate network without Ca** chelation could hardly
reform after stretching, i.e., these hydrogels are relatively unrecoverable. However, upon introducing Ca?, the
alginate networks are successfully connected and the ionic bonds are relatively reversible and could
break/reform quickly. Thus, hydrogels SA (Ca*")-PAA and SA (Ca?")-PAA-SiO; reveal much more apparent

elastic deformation in Fig. 4b
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Figure 4. Mechanical testing of DIPN hydrogels. (2) Tensile stress-strain curves of hydrogels with different
compositions. (b) Hysteresis loop of cyclic tensile curves of SA(Ca?")-PAA(SiO,) hydrogel for different cycles,
with the inset showing the energy maintained after each cycle. (¢) Young’s modulus and mechanical toughness
of hydrogels with different compositions. (d-f) Comparison of the present hydrogels with those from the
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literature in terms of (d) fracture strength, (e) Young’s modulus, and (f) toughness

relative to the critical strain.
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As the next step, a cyclic tensile test was conducted for the SA (Ca*")-PAA-SiO, hydrogel to determine the
recovery efficiency. As shown in Fig. 4c, hysteresis loops exist in every loading-unloading curve, with the
area between the loading and unloading curves representing the energy dissipation per unit volume. The shape
of the curves remains relatively constant, representing good self-recoverability of the SA(Ca?")-PAA-SiO,
hydrogel. Moreover, the dissipated energy that remains after the second cycle is ~73% compared with the first
one, while the dissipated energy of the tenth cycle maintains at ~61% (see inset of Fig. 4c). The reason could
be ascribed to the reversible interactions, e.g., hydrogen bonds and ionic interactions in the hydrogels (Fig. 1),

as these reversible bonds can dissipate energy effectively during deformation.!? 4850

We then calculated the Young’s modulus (£) and mechanical toughness (U) from the data in Fig. 4a based on
the slopes of the initial linear elastic portion of the stress—strain curve and the area under the tensile stress-
strain curves, respectively. The results are reported in Fig. 4d, showing that the Young’s modulus and
toughness of the PAA hydrogel are only 0.09 MPa and 50 kJ/m?, respectively, while the designed SA(Ca*")-
PAA-Si0; hydrogel reveals significantly improved Young’s modulus of 0.6 MPa and the highest toughness of
14,500 kJ/m?. During the stretching process, hydrogen bonds are the primary breaking mechanism and follow

with unzipping of SA chains according to previous studies.'?

These findings provide insight into the reinforcement mechanism of the prepared hydrogels. The silica NPs in
the hydrogel can function as macro-cross-linkers in hydrogels with many analogous crosslinking points (ATPs)
and lead to increased frictions among the polymer chains during stretching. The load can easily transfer along
the polymer networks due to these crosslinking points and guarantee hydrogels with improved mechanical
properties.'® Moreover, regarding the SA networks, which are composed of G- and M-blocks, among which
G-blocks prefer to chelate with Ca** ions and form stiff crosslinks. During the stretching process, the toughness
of the hydrogel largely depends on the unzipping of crosslinks (i.e., disentanglement of crosslinked SA) and
pulling out of polymer chains. With stretching by external loads the G blocks unzipping process will quickly

shift to the neighbor pair while other parts will remain intact.'

As such, in the DIPN co-network, upon the
breaking of hydrogen bonds, the SA networks first begin to unzip, while the much more widely spaced ionic

crosslinks first unzip when the external load increases. The PA A networks contribute to provide crack bridging
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and stabilizing deformation during this process, which in turn reduces the stress concentration and also
contribute to high toughness according to the previous study.'? Hydrogen bonds and ionic crosslinks are
relatively reversible and could quickly reform after being broken, which further helps to heal the internal

damage and leads to pronounced hysteresis resistance and limited permanent deformation.

The fracture stress, Young’s modulus, and toughness of our prepared hydrogels are compared with other
hydrogel materials from literature in Fig.s 4e, 4f, and 4g, respectively.® & 18.21.26.27.35.37.43.48.49 Thjg comparison
shows that our prepared d-DIPN hydrogel remarkably improved hydrogel’s extensibility, strength and
toughness. To sum up, such strategy inherit the advantage of constructing tough hydrogels with
interpenetrating double polymer network. Moreover, with dual reinforcing measurement, reversible hydrogen
bonds and ionic crosslinks widely exist in d-DIPN hydrogel. Besides strong covalent bonds formed in double
polymer networks, such reversible interactions ensures a much more compact and crosslinked structure,

providing hydrogels with much improved mechanical performances compared with other similar ones.

Mineralization of DIPN hydrogels. As shown previously, hydrogels can chelate alkali metal ions, providing
active nanoparticle nucleating sites, and further inducing biomimetic mineralization due to strong interactions
between carboxyl groups and metal ions.** As such, a mineralization process can potentially result in many
functional changes, and we have therefore performed a biomimetic Ca/P mineralization of the SA(Ca**)-PAA-
SiO; hydrogel to test and confirm its possible biomedical applications based on the previous research.* 5! 52
To this end, the DIPN hydrogel was repeatedly immersed in CaCl, and Na,HPO4 aqueous solutions. The
originally transparent DIPN hydrogel changed to an opaque white appearance after mineralization (Fig. 5a),
indicating significant structural differences. Such immersion process helps to adjust the hydrogel with an
appropriate pH value for further in vitro studies (see below). Compared with DIPN hydrogels with adhesive
and self-healing ability, introducing inorganic compositions during mineralizing results in the removal of
carboxyl bonds. Thus, strong adhesion ability as well as self-healing ability of original hydrogels inevitably

becomes inhibited upon mineralization (Fig. S8).
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Figure 5. Mineralization and cell studies on DIPN hydrogels. (a) Optical images of transparent DIPN
hydrogel and opaque white M-DIPN; (b) SEM image of M-DIPN hydrogel cross-section; (c-f) Element
distribution of (c) Si, (d) P, (e) Ca, and (f) O atoms; (g) Swelling behavior of DIPN and M-DIPN hydrogels in
H,0 and PBS solutions for up to 15 days; (h) Cytotoxicity test of DIPN and M-DIPN hydrogels; and (i) Cell

proliferation of MC3T3-El cells on DIPN and M-DIPN hydrogels after culturing for 1, 3 and 7 days.

The cross section-morphology of the mineralized DIPN (M-DIPN) is investigated by SEM analysis as shown
in Fig. 5b. Compared with the micro-structure of DIPN (Fig. S2), many inorganic particles are observed in the
M-DIPN, together with small but consecutive networks through the cross-section morphology images. The
EDX element mapping directly shows that these particles are composed of Si, Ca and P atoms (Figs. Sc-f).
Thus, during the mineralizing process, Ca and P are more likely to cluster around SiO, NPs rather than being

uniformly dispersed throughout the hydrogel. Interestingly, the anti-swelling behavior of the hydrogels is also
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greatly improved upon such mineralizing process, as observed in both H,O and PBS solutions (Fig. 5g). That
is, even after 1 week, the mineralized hydrogels only swell ~19% and ~27% more in H>O and PBS solutions,
respectively, while the pristine DIPN hydrogel swells over 800% under the same conditions. This could be
ascribed to the outer-layer inorganic particles that have consumed part of the -OH groups, which prevents the

disentanglement of polymer chains and the swelling of hydrogels.

The mechanical performances of d-DIPN and M-DIPN hydrogels are compared in Fig. S9. After
mineralization, the stress and strain at breakage of the hydrogel decrease. The reason could be ascribed to the
following two aspects: (i) upon mineralization, most hydrogen bonds are consumed following the
neutralization process, with the number of intermolecular interactions in the hydrogel thus decreasing; (ii)
upon mineralization, the hydrogel surface changes from smooth to rough and the incorporated inorganic
particles cause physical defects to appear in the hydrogels. Although the mechanical properties of the
mineralized hydrogels are thus lower than the “pristine” ones, we find that the Young’s modulus of M-DIPN
reaches approximately 0.8 MPa. This remains to be significantly higher than that of native tissue environments
(e.g., muscle with 8-17 kPa and osteoid matrix with 25-40 kPa>***), thus providing possibilities for biomedical
applications of M-DIPN. More generally, the excellent mechanical behaviors, adaptation to various
deformation requirements and anti-swelling performances suggest that the present hydrogels could be suitable
candidates function as articular cartilage regeneration. For example, micro-fractures are induced in the
underlying subchondral bone to release bone marrow containing stem cells, which is used to treat sports

injuries. > 3% 36

Before such clinical applications, cyto-compatibility and hemo-compatibility are important factors for
hydrogel materials to be applied for tissue engineering or bone regeneration. Even though SA and PAA are
both recognized as non-cytotoxic, biodegradable and bio-compatible materials, the hydrogels should be
carefully checked before further applications. Here, the cytotoxicity test was measured through an indirect
contact method with ToX-8 assay according to ISO 10993 standard. Materials are recognized as non-

cytotoxicity when the cell viability is above 70%, and 50% dilution of extract should have the same or higher

viability relative to the 100% extract solutions. Following this method, we cultured the MC3T3-E1 bone cells
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with extracted media from DIPN and M-DIPN samples for 72 h and diluted the samples into different
concentrations before testing them with the ToX-8 assay. As shown in Fig. 5h, compared with the control
group, the DIPN or M-DIPN hydrogels show a high level of cell viability (>80%), confirming that the materials
show non-cytotoxicity toward the MC3T3-El cells and are free from monomers and other unreacted
components. This phenomenon reveals good cell biocompatibility of the hydrogel materials and inspires
further proliferation studies. To this end, we cultured the MC3T3-E1 cells on both DIPN and M-DIPN
hydrogels for 1, 3, and 7 days. We find that cells grow on M-DIPN to much larger extent than on the control
group and DIPN hydrogels (Fig. 51), showing that the mineralizing process is beneficial for cell growth. This
is likely because the mineralization process induces the formation of calcium phosphate NPs,?? which generate
more biologically active surface sites, further enhancing the cell viability and functionality, and effectively

improving the cell growth on hydrogels.
Discussion

In summary, we have designed and prepared a tough and bio-functional DIPN hydrogel through the use of
ionic and nanoparticle reinforcement methods. Due to the crosslinked structures and strong molecular
interactions, we achieve improved thermal stability, anti-swelling behavior, self-healing ability, and
mechanical properties in the DIPN of SA (Ca?")-PAA-SiO hydrogel. This material could be stretched up to
1000% compared with its original length and its stress to failure is as high as 1.6 MPa. Reversible interactions
in the hydrogels including hydrogen bonds and ionic interactions that break and reform provide an effective
energy dissipation mechanism, resulting in self-healing ability, quick shape recovery and adhesive properties.
We also investigated a Ca/P mineralization process of the DIPN hydrogel, finding that the mineralized DIPN
hydrogel reveals improved anti-swelling behavior in both distilled water and PBS solution, with acceptable
loss of stress and strain. Biocompatibility is also ensured through the mineralization process as more
biologically active sites are formed, further leading to improved cell viability as well as cell proliferation. The
mechanical and functional improvement by the abovementioned methods could potentially enable such

hydrogels to be applied in biomedical fields such as bone regeneration.
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Methods
Materials. All reagents, including acrylic acid (AA) (99%); sodium alginate (SA); vinyltriethoxysilane

(VTES); calcium sulfate (CaSO4-2H,0); calcium chloride dihydrate (CaCl,*2H,0); Na;HPO4; N,N,N’,N’-

tetramethylenediamine (TEMED), N,N’-methylenebis(acrylamide) (MBAA); ammonium persulfate (APS)
and sodium dodecyl sulfate (SDS), were commercially ordered and used without purification. Cell culture
reagents were purchased from Invitrogen and Sigma-Aldrich UK. MC3T3-E1 preosteoblast cell line (ATCC,
UK) was cultured in basal a-MEM supplemented with 10% (v/v) FCS (fetal calf serum) and 1% (v/v) penicillin.
Cultures were maintained in an incubator at 37 °C, 5% CO», and 21% O. Cells were passaged upon confluence
using 500 pg/mL trypsin-EDTA (ethylene diamine tetra-acetic acid).

Preparation of inorganic precursor (silica nanoparticles). 1.3 g vinyltriethoxysilane (VTES) and 10 g H,O
were mixed and vigorously stirred for 8 h until the oil droplets disappeared and a transparent solution was
obtained.

Preparation of hydrogels. The PAA hydrogel and all the PAA-SA DIPN hydrogels were prepared through
free radical polymerization process. First, 12 g AA monomer and 2 g SA powers were dissolved into 90 mL
distilled water, stirring overnight to form a complete aqueous solution. Then, hydrolyzed VTES solution (1
wt % of AA monomer) was added into the mixture for another 2 h. After the re-dispersion process, TEMED,
MBAA, APS, and CaSO4-2H,0 in quantities of 0.0006, 0.0025, 0.01, and 0.05 compared with the weight of
AA monomer were added to the solution in sequence. The solutions were then quickly transferred into plastic
tubes after degassing. The samples were kept in furnace at 50 °C for 24 h to ensure the complete polymerization.
Afterwards, the samples were removed from the mold and then washed by distilled water. For mineralized

hydrogels, SA (Ca*")-PAA-SiO, hydrogel was immersed in 0.5 M CaCl, and 0.3 M Na,HPO4 (pH = 9)
solutions for three times. These were then washed with deionized water to remove the superfluous HPO4*-.

Structure characterization. FTIR was carried out to determine the molecular structure, functional groups,
and verify the polymerization process of AA monomers. The measurements were done on a Bruker TENSOR

II spectrometer along with Bruker Platinum attenuated total reflectance attachment, in the range of 4,000 to

400 cm’!. All spectra were compiled from 64 consecutive scans and were baseline corrected using the vendor-
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supplied software OPUS. To confirm the non-crystalline structure of the hybrid materials, X-ray diffraction
(XRD) analysis was carried out on pulverized samples at 26 angles from 5° to 80° using a Panalytical
Empyrean diffractometer with Cu-Ka radiation source and Ni-filter. The thermal gravimetric analysis (TGA)
was performed on a STA 449C (Netzsch) instrument. The samples were cut into small pieces and heated under
air flow at a rate of 10 °C min™!, from room temperature to 800 °C. The cross-section morphology and element
distribution in hybrids were tested by scanning electron microscopy (SEM) using a Zeiss Gemini SEM 500
instrument at 5 kV/10 mA, equipped with energy dispersion X-ray (EDX) accessories. The hydrogels were
freeze-dried and then fractured in the liquid CO,. The average size of silica NPs was determined based on

dynamic light scattering (DLS) measurements using a Zetasizer nano series (Malvern).

Swelling behavior. Hydrogels were placed in a furnace and dried at 40 °C overnight. The swelling ratio (SR)

was calculated as,

_ Ws-wd
SR = ——= X 100% (1)

The dried samples were immersed into different solutions firstly and weighed (Wd), then wiped the surface

water gently using absorbent paper and weighed at regular time intervals (Ws).

Mechanical tests. The tensile tests were performed in room temperature on an Instron tensile testing
machine with a 5 kN load cell and at a cross head speed of 5 mm/min. (The samples are prepared in shapes

of cylindrical, ®=3.5 mm).

Cytotoxicity tests. Potential in vitro cytotoxicity effects of the hydrogels on MC3T3-E1 cells were assessed
in accordance to ISO 10993-536 and ISO 10993-12 standards. Dissolution products released by the samples
(0.1 g/mL in a-MEM at 37 °C) over a 72 h period were collected. These were then filter sterilized, and dilution
series (25%, 50%, 75%, and 100%) were prepared. In this assay, viable cells with active metabolism reduce
resazurin (nonfluo-rescent dye, blue) to resorufin (pink fluores-cent dye). MC3T3-E1 cells were seeded on 96-
well plates at 1 x 10* cells per well and left to grow in basal a-MEM (cell culture media) for 24 h until a
subconfluent monolayer was formed. The culture media was removed, and MC3T3-E1l cells were then
incubated with fresh basal a-MEM, the dissolution products of hybrid material or controls (100 pL/well) for a

further 24 h. The culture media was removed, and then, Tox8 (dye for testing cell viability) was diluted ten

19



times in 0-MEM media and then added (100 uL/well). Following an incubation period of 4 h, results could be

measured spectrophotometrically at both 600 nm and 690 nm using a microplate reader (SpectraMax MS5). The

relative cell viability (%) was calculated as [(mean cell viability determined in sample)/ (mean cell viability

determined in control)] x 100

Data availability

The authors declare that the main data supporting the findings of this study are available within the paper and

the supplementary information. Any additional data that support the findings of this study are available from

the corresponding authors upon request.
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Figure S1. FT-IR spectra of AA monomer and hydrogels.
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Figure S2. DLS data for silica nanoparticles hydrolyzed with VTES.



Figure S3. Cross-section morphology of d-DIPN hydrogel under SEM.



Figure S4. Wrapped d-DIPN hydrogel around a glass rod.



Oh

1h

4h

8h

12h

24h

Figure S5. Optical images of different hydrogels immersed in different pH solutions for 24 h.
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Figure S6. Swelling ratio of SA(Ca*")-PAA(SiO-) hydrogel in different pH solutions for up to 24 h.



Figure S7. Tensile test of d-DIPN hydrogel.



Figure S8. M-DIPN hydrogel is unable to adhere to any surface.
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Figure S9. Tensile stress-strain curves of M-DIPN.
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