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Conceptual insights

Conventional or even modern high tech glass is brittle and does not self-heal, while conventional

composites often do not achieve true synergy of their component parts. Our solution is a new triple

network hybrid material with a unique combination of elastomeric “bouncy” behaviour and

autonomous intrinsic self-healing ability, while being able to biodegrade. Our transparent hybrid

provides bouncy behaviour that can self-heal within seconds of fracture, without external stimulus,

particularly if the fracture is internal. A new synthesis method was discovered that can lead to a new

class of hybrid materials not possible to achieve by other means. Additive Manufacturing and 3D

printing are popular, but the types of material that can be printed are limited. Our hybrid can be used

directly as an ink for 3D printing (without use of additional binders). One application for our 3D

printed hybrids is cartilage regeneration. Cartilage is not good at repairing itself and no implant

biomaterials that can match the properties of articular cartilage are available to surgeons. Our 3D

printed hybrids can act as temporary templates (scaffolds) that provoke articular cartilage matrix

production from cartilage cells in vitro, indicating that true regeneration of articular cartilage may be

possible.
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Abstract

Conventional composites often do not represent true synergy of their constituent materials. This is
particularly evident in biomaterial applications where devices must interact with cells, resist cyclic
loads and biodegrade safely. Here we propose a new hybrid system, with co-networks of organic and
inorganic components, resulting in unprecedented mechanical properties, including “bouncy”
elasticity and intrinsic ability to self-heal autonomously. They are also developed as new ‘inks’ that
can be directly 3D printed. A hybrid is different from a nanocomposite because the components are
indistinguishable from each other at the nanoscale and above. The properties are generated by a novel
methodology that combines in sifu cationic ring-opening polymerisation with sol-gel, creating

silica/poly-tetrahydrofuran/poly-&-caprolactone hybrids with molecular scale interactions and covalent

links. Cartilage is notoriously difficult to repair and synthetic biomaterials have yet to mimic it closely.

We show that 3D printed hybrid scaffolds with pore channels of ~200 wm mimic the compressive
behaviour of cartilage and provoke chondrocytes to produce markers integral to articular cartilage-like
matrix. The synthesis method can be applied to different organic sources, leading to a new class of

hybrid materials.
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Introduction
Advanced materials are needed to fulfil the complex engineering design criteria for novel applications,
where combinations of functional and mechanical properties are needed. Composites are used to
combine the stiffness of one material, e.g. glass or carbon fibre, with the toughness of another, e.g.
polymer matrix, but conventional composites generally fall short of full synergy of their constituent
parts due to poor bonding at the interface between the components.'
The unique nanocomposite features of natural materials, such as bone and nacre," > which have
bonding and fine scale interactions between their inorganic and organic components, inspired the
development of smart inorganic-organic hybrid materials with interpenetrating molecular co-networks
of inorganic and organic components.”” A hybrid is different from a nanocomposite because the
components are indistinguishable from each other at the nanoscale and above, whereas in a
nanocomposite, nanoparticles or fibres are discrete components dispersed in a polymer matrix. The
fine scale interactions between the components in a hybrid have potential to create greater synergy as
the hybrid can act as a single phase with congruent physicochemical behaviour and tailored
mechanical properties. Consequently, inorganic-organic hybrids could find diverse applications™
(electronics,® optical,” coatings,'® biomedical,'"'* etc.).
The challenge is to synthesise hybrids that contain non-covalent interactions, that can be broken and
re-formed, and strong covalent bonds, between the inorganic (usually silica) and polymeric chains.
Structural hybrids are usually made by sol-gel processing,” "> and covalent links can be formed
through a “coupling agent”, a molecule with both organic and inorganic functionalities that can act as
a bridge between the two components. The use of polymers already containing siloxane groups
(“Class II” hybrids) is limited only to those which are miscible in the sol-gel process. This problem
can be overcome by forming both inorganic and organic phases in situ (“Class [V hybrids), which
allows a greater homogeneity and interpenetration of the two networks but requires the control over
their simultaneous formation.>* "
Additive manufacturing can produce complex or custom-made shapes from digital designs or
images.'* Feasibility of using the sol to gel transition to directly 3D print a Class I (i.e. no covalent
bonds between organic and inorganic components)™* '> hybrid sol-gel “ink” was demonstrated by Gao

3
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et al.” There are no examples of 3D printed Class II-IV hybrid objects. 3D printing is a leading
technique to fabricate “scaffolds” for tissue regeneration,'® which are porous structures that act as 3D
temporary templates to support and guide the growth of native tissue. Articular cartilage regeneration
is one of the most challenging fields, as no current surgical technique can regenerate articular cartilage
and no current device can mimic its properties closely enough.
Herein we propose novel 3D printable silica/poly-tetrahydrofuran/poly-&-caprolactone
(Si0,/PTHF/PCL-diCOOH) hybrid materials that show elastomeric behaviour and intrinsic
autonomous self-healing ability, fabricated through an innovative methodology that combines sol-gel
and an in situ cationic ring opening polymerisation (CROP) in mild conditions. It is this reaction that

gave rise to the unusual mechanical properties.

Results and Discussion

Hybrid Synthesis

SiO,/PTHF/PCL-diCOOH hybrids were successfully synthesised following a three-pot reaction
depicted in Fig. 1a, which led to a combination of a Class II and Class I'V hybrid with unprecedented
properties. Common sol-gel processing involves ambient production of sol of hydrolysed alkoxide,
such as tetraethyl orthosilicate (TEOS), the products of which undergo polycondensation to form a
silicate gel network. Addition of the polymer at the sol stage allows formation of interpenetrating
inorganic and organic co-networks.

Class II hybrids were previously made using an organosilane coupling agent ((3-
glycidoxypropyl)trimethoxysilane, GPTMS), where the carboxylic groups of the polymer, e.g. gelatin,
opened the epoxide ring of the GPTMS, so that the gelatin presented siloxane groups to the silica sol."'
GPTMS was also used as coupling agent in Class II borophosphosilicate/PCL hybrids, where trimethyl
borate catalysed the reaction between the epoxide ring and ~OH groups of PCL-diol in toluene.'” A
co-polymer of caprolactone-GTPMS was recently synthesised for incorporation into hybrids'® and (3-
isocyanatopropyl)triethoxysilane (ICPTS) is an alternative coupling agent for PCL-containing Class 11
hybrids.""?

Here, PCL-diol (M,, = 530 Da) was oxidised (TEMPO oxidation) to produce PCL-diCOOH,
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presenting —COOH groups for reaction with GPTMS in tetrahydrofuran (THF). Interestingly, the
epoxide ring of the GPTMS also acted as an initiator for polymerisation, resulting in in situ CROP of a
fraction of the solvent (THF), generating poly-tetrahydrofuran (PTHF) as a second organic phase. This
represents an innovative polymerisation process that occurs rapidly at room temperature and pressure
(R.T.P.) and that is initiated by the activation of an epoxide ring by a catalyst (boron trifluoride
diethyletherate, BF5-OEt,). The comparison of proton nuclear magnetic resonance ('H-NMR) spectra,
obtained on the organic precursor solution (containing THF, GPTMS and PCL-diCOOH) before and
after the addition of BF;-OEt, (Fig. 1b), showed that the three peaks corresponding to GPTMS
epoxide ring disappeared after the addition of the catalyst, demonstrating complete opening of the
epoxide rings.**** Concurrently, two new peaks given by the resonance of the methylene groups of
PTHF?® emerged at lower chemical shifts to the THF peaks. 'H-NMR investigation also demonstrated
that THF polymerisation does not occur without the addition of either BF;-OEt, or GPTMS, but does
not require the presence of PCL-diCOOH (Fig. S1). Hence, the proposed mechanism of reaction is
schematised in Fig. 1c: because of the higher ring strain of oxirane (27.28 kcal mol™) compared to
THF (5.63 kcal mol™),”” BF;-OEt, firstly activates ring opening of the GPTMS epoxide, through the
corresponding intermediate 1 (step I, Fig. 1c). Subsequently, nucleophilic attack by the THF oxygen
on intermediate 1 affords intermediate 2 and initiates the CROP (step I, Fig. 1¢) and chain elongation
steps (steps HI-1V, Fig. 1c¢), resulting in a covalent bond between PTHF and GPTMS. PCL-diCOOH
may act as quencher of the oxonium ion intermediates (steps V-VI, Fig. 1¢).>***?* A schematic of the
hypothesised interactions among all components is included in Fig. 1¢ (intermediate 5) and how they
are likely to combine as a hybrid is proposed in Fig. 1d. Further experiments consisting of the
individual substitution of THF, GPTMS and BF;-OEt, with a corresponding reagent with similar
functionality showed that this CROP mechanism could be applied to other solvents (i.e. cyclic
monomers) in the presence of an epoxide ring and a suitable Lewis acid as catalyst (Fig. S2).
Therefore, this methodology potentially allows the preparation of new hybrids containing organic
phases that are not miscible in the sol-gel process if pre-polymerised.
Hybrids in the shape of discs (@ > 80 mm, thickness = 0.6-2 mm) were obtained. Five different

compositions were investigated through varying the initial TEOS/PCL-diCOOH ratio from 0/100 to
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90/10 wt.%. The corresponding acronyms and final inorganic/organic (I/O) ratios measured through
thermogravimetric analysis (TGA, Fig. S3) are reported in Table 1. All were transparent (Fig. 2a) and
appeared homogeneous. Homogeneity at the nanoscale was confirmed by high resolution electron
microscopy (Fig. 1d inset, Fig. S4a-b), where no distinction between the organic and the inorganic
phases was detected, while the presence of the components was verified through electron dispersive
X-ray spectrometry on different points of the analysed surface, which showed no significant variations
of elemental ratios along a line scan (Fig. S4c-d). These observations, in combination with Fourier-
transform infrared (FTIR) spectroscopy confirming the presence of SiO,, PTHF and PCL-diCOOH
(Fig. S5), proved the materials were homogeneous hybrids of three co-networks that were

indistinguishable above the nanoscale.

Mechanical Properties of Hybrid Monoliths

The simultaneous bottom-up formation of silica and PTHF, allowed the production of large glass-
based hybrid monoliths with unprecedented properties. The hybrid discs could be bent without
breaking or permanently deforming (Fig. 2b), showing high flexibility, which increased as the organic
content increased. The hybrids showed elastomeric deformation under tension (Fig. 2¢, Fig. S6) and
the ability to recover the initial shape when the load was released, until fracture. As inorganic content
increased from 2.5 wt.% to 39 wt.%, true strain (&£*) to failure decreased from 25.5 £3.3 % to 2.4 +
1.5 % and true stress (o*) to failure increased from 0.12 + 0.05 MPa to 1.42 + 0.47 MPa (Fig. 2d),
consistent with the expectation that, as the organic fraction decreases, the material becomes stronger
but less flexible. This peculiar mechanical behaviour provides the hybrid with the ability to bounce
(Video S1). Since the range of compositions showed a diverse range of mechanical properties and
modes of deformation, Dynamic Mechanical Analysis (DMA) in tension was performed from 0 to
20% of the strain at failure, where the stress-strain curve was approximated as elastic (linear), to
determine the minimum stiffness of the samples and their response to dynamic loading. The storage
modulus (£°) was at least 1 order of magnitude higher than the loss modulus (£ ) for all compositions
(tested at 1 Hz (Fig. 2e), representative of the 0.01-10 Hz frequency range investigated); the two

moduli and the loss tangent (fan(9), equal to the E°"/E’ ratio), were approximately constant. Very low

values of tan(9) were measured (< 0.07): since tan(9) represents the relative contribution of the

Page 8 of 31


http://dx.doi.org/10.1039/c8mh00027a

Page 9 of 31

Published on 13 June 2018. Downloaded by Imperial College London Library on 13/06/2018 10:36:34.

Materials Horizons
DOI: 10.1039/CEMHO0027A

dissipative vs. elastic contribution, the elastic nature of the hybrids and the absence of plastic
deformation in the investigated strain range was confirmed. When deformation is elastic, £’ gives an
indication of stiffness and was used to compare different hybrid compositions. £’ increased from 0.43
+0.16 MPa to 132 + 15 MPa as inorganic content increased from 2.5 wt.% to 39 wt.%, demonstrating
that the mechanical properties of the hybrid can be finely tailored through the I/O ratio, from rubber-
like to glass-like behaviour with reduced brittleness, without varying the synthesis protocol and the
chemistry.
The mechanical properties gave further evidence of the key role of THF polymerisation in the
complex hybrid system. PTHF is a waxy polymer with very low melting point, which is better known
to be exploited as soft segment in the production of many commercial elastomers, like polyester and
polyurethane elastomers (e.g. Hytrel”, Spandex fibres).””*' Here, it is believed that the in situ
formation of PTHF within the hybrid system containing SiO, and PCL-diCOOH acts in a similar
manner, determining the formation of a unique class of glass-based materials with elastomeric
properties. No literature was found on a tri-component hybrid system containing both PCL and PTHF,
only examples of Class II hybrids containing one of the two polymers functionalised with ICPTS are
available for comparison. In both cases, hybrids failed at higher stresses than those reported here; e.g.
Si0,/PCL hybrids with an estimated ~17 wt.% SiO; failed at 21 MPa with strain ~50 %;>* SiO,/PTHF
hybrids with an estimated ~40 wt.% SiO, failed at 11.5 MPa with strain ~29 %.* However, the
deformation was mainly plastic with no sign of recovery. The ability to recover the deformation,
shown by our SiO,/PTHF/PCL-diCOOH hybrids, is an important requirement for materials to be used
in different applications, especially those subjected to cyclic loads; e.g. biomaterials for cartilage
regeneration.
Self-healing Ability
When internal cracks were artificially introduced in SiO,/PTHF/PCL-diCOOH monoliths, the hybrids
healed. Certain hybrid compositions even self-repaired when two opposing surfaces were placed back
in contact after being cut through. When Si0-CL was cut into two pieces, with a sharp blade, the two
pieces could be rejoined (Video S2). Optical microscopy images immediately after creating a crack

and after a period of healing at R.T. are shown in Fig. 3a. Si0-CL, Si60-CL and Si70-CL showed some
7
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degree of healing within 5 s, with healing occurring faster and to a greater extent as the organic
content increased. A crack was still visible for Si70-CL, but a significant degree of recovery was
observed from the initial defect. For higher silica contents (Si80-CL and Si90-CL), self-repair required
24 h to occur. Si80-CL healed more rapidly than Si90-CL. The degree of healing decreased as the time
elapsed before putting the two cut surfaces back together increased. Using Si0-CL, SEM imaging (Fig.
3b-d) captured the healing process in a defect that was allowed to heal only partially, by bringing
together the two fracture surfaces so that only the lower portions were in contact, showing crack
bridging, mimicking bridging toughening mechanisms by organic fibrils seen in natural tissues, e.g.
bone.” Si0-CL hybrids were then used to quantify the self-healing efficiency, where the fractured
pieces were brought back together immediately after tensile fracture, and left at R.T. and humidity of
~50 % for 24 h and then re-tested in tension. Fig. 3e shows a typical variation in the o*-¢* graph
between the fresh sample and the sample tested after 24 h healing. The healing efficiency (7) of Si0-
CL was calculated as the percentage of recovery of its original true strain and stress at failure,
resulting equal to 36 + 16 % and 31 £ 15 %, respectively.

Hybrid compositions with up to 39 wt.% SiO, possessed self-healing ability, which occurred faster
and to a greater extent as inorganic content decreased, indicating the organic phase was responsible for
the self-healing. Healing was autonomous, with no external stimuli (such as heat or light) required,
and intrinsic, because no healing agents were embedded in the system.**

Self-healing materials have the ability to repair damage and recover their function using resources
inherently available to the system.’*** Healing triggered by external stimulus, e.g. heat, has been
thoroughly studied,**® but there are few examples of autonomous healable polymers because the
healing derives from supramolecular interactions (e.g. hydrogen bonding).”” Autonomous self-healing
would ensure rapid recovery, but materials with intrinsic healing ability are difficult to design and
manufacture.” To the best of the authors’ knowledge, no inorganic-organic hybrid materials with
autonomous self-healing properties have been reported. Certain polymers exhibit autonomous and
intrinsic self-healing behaviour, usually based on the ability of destroying and re-forming chemical

39-43

bonds related to weak non-covalent (i.e. supramolecular) interactions,”  e.g. electrostatic forces,

hydrogen bonding, ionic bonding, molecular diffusion. Recently, materials able to self-heal at low
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temperature (i.e. at maximum 37°C) based on dynamic covalent bonds were described,*** but not in a
hybrid.
We believe the self-healing behaviour of the SiO,/PTHF/PCL-diCOOH hybrids is due to reversible
intermolecular forces between organic components.*” *° The structure and functional groups of the
components mean interactions to be considered are interchain intermolecular forces: London forces
and dipole-dipole interactions among polymer chains (PTHF and PCL-diCOOH), plus hydrogen
bonding due to the carboxyl groups of PCL (Fig. 1c, Fig. 1d). The hydrogen bonds are likely to be the
strongest forces’’ and when PCL-diCOOH was not included in the reaction (Fig. Slc), the hybrid did
not show self-healing capacity. While hydrogen bonding is thought to be essential for the self-healing,
the highly elastomeric nature of the PTHF is important for chain rearrangements to accommodate the
healing.***
The specific combination of all the non-covalent bonding interactions could contribute to the
organisation of the organic and inorganic moieties in an ordered way that is believed to be responsible
for the autonomous and intrinsic self-healing process. Cutting the hybrid will break covalent bonds
and other intermolecular interactions. It is likely that the recovery process was due to the “healing” of
the non-covalent bonds and tensile strength was lower because the covalent bonds did not heal.
Evidence to support this hypothesis is that the self-healing was most effective when the time of
exposure to the air of the fractured surfaces was minimised. Moisture may interefere in hydrogen
bonding among material components, limiting the healing process. The PTHF was key to these
interactions as self-healing ability also decreased when the amount of silica increased.
Some self-healing materials have been found to be susceptible to creep and stress-relaxation and their
mechanical stability was increased by the addition of permanent crosslinks at the expense of healing
efficiency.” Stress-relaxation tests were performed on our Si0-CL (highest self-healing ability) and
Si80-CL (the composition used for 3D printing of scaffolds) hybrids, showing that the relative stress
loss was small and occurred over a sustained period (Fig. S7), confirming that the hybrids had good
stability under prolonged tensile stress. The stability is consistent with the high number of covalent

bonds between the inorganic and organic networks.
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3D Printing of Scaffolds

Utilising the sol to gel transition of SiO,/PTHF/PCL-diCOOH hybrid allowed it to be used as an “ink”
for 3D computer-controlled additive manufacturing. Robotic-assisted 3D extrusion printing was used
to fabricate porous scaffolds at R.T., following a grid-like pattern with aligned 90° layers (Fig. 4a,
Video S3). The simultaneous ‘polymerisation’ of the organic and the inorganic phases and the
covalent coupling mediated by GPTMS led to a gradual increase in viscosity of the ink for direct
extrusion from the nozzles, with diameters as low as 200 um and without the need of additives.
Gelation was controlled such that during a window of time (“printing window”, ~ 1 h) the gel was
fluid enough to flow smoothly through the nozzle and viscous enough to solidify and retain shape
without collapsing on the printing bed. Each layer of gel was able to chemically bond to the previously
deposited layer as the gelation reaction was on-going, leaving no sign of a discrete bonding interface
(Fig. 4b). Si80-CL composition was chosen as the best compromise between flexibility and strength in
the bulk state.

The scaffold architecture was investigated through X-ray microcomputed tomography (LCT) analysis,
which allows quantification of strut and interconnected pore channel diameter (Fig. 4c).”’ The
interconnections of the pore channels are visualised in Fig. 4d-e, where the local strut (Fig. 4d) and
channel (Fig. 4e) diameters are shown. The modal interconnected channel size (Fig. 4f) was 130 + 10
pum, with most channels in the range 40-240 pm and with strut diameters between 140-200 pum,
consistent with the percentage porosity of 42 + 4 % (measured through helium pycnometry). Channel
sizes were confirmed by SEM images of the top surface and horizontal and vertical sections (Fig. 4g-1)
of'a Si80-CL scaffold. The top surface (Fig. 4g) and horizontal sections (Fig. 4h) had channel widths
of ~200 um but the vertical section (Fig. 4i) had channels with lower height than width, which was the
reason behind the broad distribution found in the uCT analysis. Compressive testing on Si80-CL
scaffolds showed that the elastomeric behaviour was preserved in the porous form (Fig. 5a); with
mean stress ( | o* | ) and strain ( | &* | ) at failure of 1.2 + 0.2 MPa and 36.0 + 7.8 %, respectively.
Si80-CL scaffolds were also tested under DMA within different ranges of strain. £’ of the scaffolds at

1 Hz (representative of the 0.01-10 Hz frequency range investigated) was 5.1 £ 1.3 MPa, 7.2 £ 1.9
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MPa, 8.7 £ 2.3 MPa for &, intervals of 1-5 %, 5-10 % and 10-15 %, respectively. The increase of £ as
strain increased also confirmed the elastomeric behaviour of the scaffolds. As for bulk samples, very
low values of £’ and tan(9) were measured, confirming the absence of plastic deformation in the
investigated strain range. The storage modulus of Si80-CL scaffolds was slightly lower than it was for
Si80-CL monoliths (23.6 + 3.6 MPa, Fig. 2¢), but was of the same order of magnitude. Therefore,
while introducing pore channels reduced the stiffness of the bulk, the extrusion or layer-by-layer
processing of 3D printing did not affect the inherent mechanical properties of the hybrid struts. The
strain recovery observed in bulk samples was also maintained in scaffolds, as shown by cyclic testing
(Fig. 5b). It is believed that an essential role is played by the covalent chemical bonding within the sol-
gel, which guarantees the absence of an interface among struts and a continuum among stacked layers
(Fig. 4b), allowing the scaffold to behave as a unique phase maintaining the hybrid bulk features. The
3D extrusion printing of sol-gel hybrids has only recently been explored through the printing of Class I
silica/gelatin hybrid scaffolds with ~550 um channel width and ~350 um strut diameter."® Herein,
remarkable progress was made because: (i) SiO/PTHF/PCL-diCOOH scaffolds were 3D printed
without the need of additives or post-processing to stabilise the network; (ii) scaffolds with control on

a finer scale were produced, reducing strut and channel size below ~200 um.

Biodegradation and application in cartilage regeneration

PCL is known to be a biodegradable polyester through hydrolytic scission of the ester linkage.>
Therefore, a preliminary biodegradation study was performed by soaking Si80-CL scaffolds in
Phosphate Buffered Saline (PBS) solution for 7 days. The scaffolds did not show any visual damage
during the immersion in PBS (Fig. S8a). This means that Si80-CL composition maintained a good
balance between hydrophilic silica and hydrophobic organic phases that prevented scaffolds from
swelling or cracking in the aqueous environment. After soaking for 7 days, the mass loss of the
scaffolds was measured as the difference in mass before the test and when completely dried after
soaking, resulting in a value of 14.5 £ 0.5 wt.%. The degradation products were then analysed with
'H-NMR, which confirmed that the organic components released were the degradation products of
PCL-diCOOH (Fig. S8b), with no PTHF detected in solution. No significant Si release was recorded

by ICP-OES, as it never exceeded 2.7 pg mL™". Only organic phase was lost during immersion in PBS,
11
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as supported by TGA (Fig. S8c): after the immersion for 7 days an increase in I/O ratio was measured,
corresponding to a polymer loss of 12 wt.%, similar to the mean loss of 14.5 wt.% from scaffold mass
measurements. Tian ef al.”® and Rhee et al.*>>* showed that the weight loss of silica-based hybrids
containing PCL in PBS mostly came from the degradation of the PCL component, with negligible
release from the silica phase. Pol ef al. proved stability of PTHF in PBS over three months.> Thus it
was expected that PCL-diCOOH was the only polymer degraded during the test.

No differences were seen in pore architecture from SEM images of the scaffolds (Fig. 4g-i), but some
changes on the surface were observed above 1000x (Fig. S8d). While the pristine surface was
completely smooth (Fig. S8d;-d,), the formation of small hackle-like features, usually seen in brittle
fractures,® was visible after 7 days in PBS (Fig. S8d;-d,). This was found to be only a surface effect,
since they were not observed in the inner part exposed by cutting a section (Fig. S8d;). Hence, the
partial release of PCL degradation products from the scaffolds during immersion in PBS was deemed
to be surface degradation as it did not cause evident variations in the shape, volume or morphology of
the scaffolds.

On immersion in PBS, a stiffening of the scaffold was noticed (Fig. 5a), with mean stress ( | o* | ) and
strain ( | &* | ) at failure of 1.2 £ 0.2 MPa and 25.2 + 4.4 %. Soaked scaffolds showed a reduction of
~10 % in strain at failure, but maintained the same compressive strength as pre-soaking samples. This
was an important finding because it showed that SiO2/PTHF/PCL-diCOOH hybrids scaffolds did not
exhibit a rapid loss of mechanical properties upon soaking, rather the mechanical properties were
maintaned over degradation and only changed according to the variation in I/O ratio.

3D scaffolds with a network of interconnected pores have been extensively investigated as guide and
support for tissue repair,'>'*>"® but articular cartilage regeneration™ is still an unmet clinical need.
The combined effect of the graded structure and the distribution of the biological components and
fluids makes articular cartilage an extraordinary viscoelastic material with the ability to withstand a

60,61

countless number of compression cycles.’” It shows compressive strength of 22-37 MPa, with

physiological activities applying stresses in the range 1-18 MPa,** *

and maximum compressive strain
in the range 24-28 %.%°' Si80-CL hybrid scaffolds successfully showed a non-linear elastomeric

deformation with the ability to recover the deformation, mimicking the behaviour of native cartilage
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with comparable failure strain (from ~36 to ~25 % over 7 days in PBS). The failure stress (~1.2 MPa)
is lower than the one reported for cartilage, being positioned at the lower limit of the range of
physiological stresses. The low compressive strength may limit the patients in their initial activities;
however, the colonisation of the scaffold with newly formed cartilage would then add further support
and guarantee enough mechanical properties in vivo. Improvement in the 3D printing process and

design of pore architecture could increase mechanical properties further.

Cartilage Cell Studies

The combination of the 3D printed architecture of the SiO,/PTHF/PCL-diCOOH hybrids and their
mechanical behaviour suggests they could be suitable for articular cartilage regeneration. In sports
injuries, the microfracture technique is used, where microfractures are punched into the underlying
subchondral bone to release bone marrow containing stem cells. However, success of has been limited
to the first two years following surgery due to fibrocartilage formation rather than highly organised
articular (hyaline) cartilage®. In vitro cell cultures of ATDCS5 cartilage cells in Si80-CL scaffolds
suggest that the material has the ability not only to support robust cell attachment (Fig. 6a), viability
and growth to fill pore structures (Fig. 6b), but also to induce chondrogenic differentiation and hyaline
cartilaginous matrix formation, as evidenced by the robust expression of Sox9, Collagen Type II and
Aggrecan (Fig. 6¢c-e), which are associated with high quality articular cartilage production. Images
were taken of cross-sections through the middle of the 3D scaffolds. Importantly, hyaline-like matrix
formation was preferential over production of other types of cartilage matrix, as the expression of
Collagen Type I (fibrous cartilage) or Collagen Type X (ossification) was negligible (Fig. S9). When
the cells were cultured on PCL scaffolds of similar architecture (pores 250 pum % 600 um x ~100 um h,
Fig. S10), less Sox9, Collagen Type II and Aggrecan (Fig. 6f-h) were expressed compared to cells
cultured on the hybrids. The results were confirmed by qPCR (cells cultured on Si80-CL scaffolds
expressed significantly up-regulated col2al and aggrecan genes) and quantitative dimethylmethylene
blue (DMMB) assay (Fig. 6i-1). The improved synthesis of negatively charged sulfated
glycosaminoglycan (GAG), which produces swelling pressure through interaction with the interstitial
fluid®®, could potentially contribute to superior compressive stiffness of engineered tissue on Si80-CL

scaffolds in comparison to conventional scaffold materials such as PCL. Improved cartilage matrix
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formation on the hybrids is likely to be due to a number of factors including suitable surface chemistry,

stiffness of the material and more importantly pore architecture, because chondrocytes cultured in
excessively large pores are likely to experience environments similar to monolayer culture and
undergo dedifferentiation, during which cells assume fibroblastic characteristics and lose their
capacity to form hyaline cartilaginous tissue.®”*® The silica component of the hybrid may also have
provided improved cell recognition sites, which are absent in conventional PCL.** Therefore,
SiOy/PTHF/PCL-diCOOH scaffolds are promising alternatives for their use in skeletal tissue

engineering.

Conclusions

In conclusion, we presented a novel hybrid synthesis that combines sol-gel with in situ CROP of THF
in mild conditions. This allowed the production of SiO,/PTHF/PCL-diCOOH hybrid materials with
unprecedented versatile features: elastomeric “bouncy” behaviour, self-healing ability without any
external trigger and suitable viscosity for 3D extrusion printing. The properties and the shape of the
final device can be tailored with a view to the desired application by simply changing the
inorganic/organic ratio and the printing design, leading to a new system with a great potential in
applications such as self-healing coatings and 3D printed scaffolds for tissue regeneration.
Biodegradation studies in PBS showed slow loss of PCL components. Encouraging results were
obtained from in vitro chondrogenic differentiation, making SiO,/PTHF/PCL-diCOOH scaffolds
suitable candidates for articular cartilage regeneration. The innovative synthesis can be applied to
other suitable monomers, paving the way to a new class of hybrid materials impossible to achieve by

other means.

Data and material availability
Experimental section, supplementary figures and videos are available in Electronic supplementary

information (ESI). Raw data is available on request from rdm-enquiries@imperial.ac.uk.
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Figure Captions and Tables

Figure 1. SiO,/PTHF/PCL-diCOOH hybrid synthesis: a, Flowchart of the synthesis protocol to
prepare hybrid materials in form of monoliths (e.g. cylindrical sample (J = 9 mm, height = 10 mm)
shown in the inset of D1 step) and 3D porous scaffolds (e.g. cubic scaffold of 8x8%8 mm shown in the
inset of D2 step). b, Typical 'H-NMR spectra in CDCl; of the solution containing organic precursors
(step A in a) that show the effect of the addition of BF;-OEt,, which catalyses the CROP reaction
described in ¢. The spectrum at the bottom, obtained before BF;-OEt, addition, displays the
characteristic peaks of the starting reagents (THF, GPTMS, PCL-diCOOH): the three peaks
highlighted in the blue region (quartet at o= 2.60 ppm, triplet at 5= 2.77 ppm and multiplet at o=
3.13 ppm) correspond to GPTMS epoxide ring. The spectrum at the top is obtained after 1.5 h from
BF;-OEt, addition (before mixing with inorganic precursor solution): the peaks in the blue region are
missing, demonstrating the completion of the opening of GPTMS’ epoxide ring; this is combined with
the appearance of PTHF peaks (multiplet at 5= 1.62 and triplet at 6= 3.41 ppm, orange regions),
confirming the ring-opening polymerisation of THF. ¢, Reaction mechanism for cationic ring-opening
polymerisation of THF; intermediate 5 includes the hypothesised interactions among organic
components. d, Schematic of the SiO,/PTHF/PCL-diCOOH hybrid material, demonstrating the
hypothesised GPTMS-mediated covalent bonding between inorganic and organic components and
interactions between polymer chains; inset: TEM image (scale bar = 50 nm) showing the homogeneity

of the hybrid network at the nanoscale.

Figure 2. Mechanical properties of the SiO,/PTHF/PCL-diCOOH hybrids in the bulk state: a,
Example of Si80-CL hybrid disc (& = 90 mm, height = 2 mm); b, Manual bending of the Si80-CL disc
shown in a; ¢, Uni-axial tensile testing of a rectangular specimen (25%10 mm; thickness = 0.6-2 mm)
manually cut from a disc; d, Mean true stress (o*) and true strain (&*) at failure relative to the silica
content (Si0, wt.%) as result of tensile testing; e, Storage modulus (£°) and loss modulus (£’) relative
to the silica content (SiO, wt.%) as result of DMA analysis in tension on the five hybrid compositions
at 1 Hz. The inset shows the magnification of the results for Si0-CL, Si60-CL and Si70-CL. (see
Table 1 for correspondence SiO, wt.% - sample acronym). Error bars in d and e represent the standard

deviation.

Figure 3. Autonomous and intrinsic self-healing ability: a, Optical microscope images of samples
of the five hybrid compositions before creation of a defect (top) and after self-healing at R.T. (bottom).
Rapid healing was observed for samples with silica content < 17.4 wt.%, hence images for Si0-CL,
Si60-CL and Si70-CL, were taken after only 5 s from defect creation; Si80-CL and Si90-CL showed a

slower recovery, therefore images were taken after 24 h from defect creation. Scale bar = 500 um. b-c-
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d, SEM images of a defect created on a Si0-CL sample and allowed to heal only partially (i.e. only the
lower portions of the opposing surfaces were put in contact when re-joined) to show the bridging
effect along the fractured surfaces during the self-healing process. The margins of the defects are
visible in b and a magnification of the bridging is reported in ¢; this behaviour was confirmed also on
other areas of the sample (d). Scale bars: 50 um in b; 10 um in c-d. e, Typical stress-strain graph of
quantitative self-healing tensile test on Si0-CL (true values of stress (o*) and strain (£*) were
considered). It shows the comparison between the curve obtained from the fresh sample (‘Before self-
healing’) up to failure and the curve obtained from the same sample after it has been fractured into two
pieces, allowed to reattach for 24 h at R.T. and humidity of ~50 % and then re-tensile tested up to
failure (“After 24h self-healing’). The inserts display a typical Si0-CL sample going through this

sequence.

Figure 4. 3D extrusion printed scaffolds: a, Example of a scaffold (8x8x8 mm), with a grid-like 3D
porous structure with aligned 90° layers (obtained from the repetition of 2 orthogonal layers, each
consisting of a linear array of parallel struts); b, SEM image of a horizontal section showing the
interaction among struts belonging to three different layers (identified with “1-2-3” from the outer to
the inner layer): the fusion between two adjoining struts is highlighted with a dashed line; ¢, Example
pCT image (cubic child volume, dimensions 1235 pm) of a 3D printed Si80-CL scaffold, showing 3D
rendering of the struts used for the pCT image analyses in d to f; d strut and e interconnecting channel
thickness visualised illustrating connectivity coloured by local diameter that fits within the structure; f,
Strut and interconnecting channel size distributions calculated from d-e and binned as a percentage of
the total. Scaffold porosity of 40% was calculated from these distributions (within the 42 + 4%
measured with He pycnometry); g- i, SEM images of top surface, horizontal (x-y) section and vertical
(z-y) section, respectively, of a 3D printed Si80-CL scaffold. Scale bars: 100 um in b; 250 pm in c-e;
200 pm in g-i.

Figure 5. Compression testing on Si80-CL scaffolds: a, Typical true stress-strain graph (o*-¢*) for
a Si80-CL scaffold as prepared (“Pre-soaking”) and after soaking in PBS for a week (“After 7 days
PBS”). Non-linear elastomeric behaviour was recorded until failure occurred; failure was identified by
the dramatic change in the trend towards a horizontal fragmented graph due to the fracture of the
different scaffold layers. A stiffening of the hybrid was observed upon soaking as consequence of the
degradation of the polymer component (Fig. S8). Modulus of toughness (Uy), that represents the
energy required to bring the sample to failure, was 142 kPa and 113 kPa for pre- and post-soaking
tests, respectively; b, Typical cyclic loading conventional stress-strain (o.-€,) curves for a Si80-CL
scaffold, showing its ability to recover the shape at the chosen level of strain. An anomalous first cycle
is detected and is attributed to the combination of two effects: (i) The irreversible rupture of single

labile struts, which are inherent in the not perfectly regular structure of the scaffold but were proven
20
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not to affect the mechanical behaviour significantly. (ii) The Mullins Effect, a characteristic featured
by pure elastomers, which is mechanical stress softening due to the transformation of hard domains to
soft domains that determines a decrease in stress on unloading compared to loading, giving rise to
hysteresis.”” "' This phenomenon occurs mostly in large strain cyclic loading tests in the first few
cycles because of the sliding between elastomer macromolecular chains under mechanical stress,
which causes the temporary elimination of hard domains present in the microstructure by removing
entanglements in its internal structure. This effect is mostly recovered after the stress is removed, with
the exception of some entanglements that cannot be recovered and are removed in the first few

cycles.”" The other nine cycles almost perfectly overlap, with a very small hysteresis.

Figure 6. In vitro cell studies on Si80-CL and PCL scaffolds: a, Immunohistochemical staining of
cell nuclei (DAPI, blue fluorescence), Vimentin intermediate filaments (green fluorescence) and F-
actin microfilaments (red fluorescence). Cells infiltrated the pore structure within the scaffold and
expression of Vimentin and F-actin is evidence of functional cell adhesion. b, WST-1 assay of
ATDCS seeded Si80-CL scaffolds cultured for up to 14 days (n = 3). The gradual increase in optical
density of WST-1 solution was evidence of on-going cell survival and continual cell growth on the
scaffolds. e-h, Immunohistochemical analysis of day-21 ATDCS5 seeded Si80-CL and PCL constructs
with markers for cartilage-related proteins. Robust chondrogenic differentiation and hyaline
cartilaginous matrix formation on Si80-CL scaffolds was confirmed by staining for Sox9 (marker for
chondrogenic differentiation), Aggrecan (cartilage-specific proteoglycan) and Collagen Type II (a
constituent of hyaline cartilage) (c-e). Hyaline cartilaginous matrix formation appeared suboptimal in
PCL scaffolds (f-h). i-k, Analysis of expression of Sox9, Col2al and Aggrecan using real-time qPCR
(n = 3) confirmed the observations from immunohistochemistry. There was negligible Collagen Type I
(fibrocartilage marker) and X (hypertrophic cartilage marker) on either type of scaffolds (Fig. S9). 1,
DMMB assay demonstrated that cells cultured on Si80-CL scaffolds synthesised significantly more
SGAG than those on PCL scaffolds. * p<0.05. Scale bars in a, c-h = 100 pm. Error bars in b and 1
represent the standard deviation, error bars in i-k represent range (upper and lower limits) of relative

gene expression.
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Table 1. Acronyms of the SiO,/PTHF/PCL-diCOOH hybrid samples (1* column) and corresponding

ratios between inorganic and organic components: the ratio between TEOS and PCL-diCOOH in the

starting sol-gel reaction (2" column); the actual values of I/O wt.% measured from TGA in the final

hybrid samples (3™ column). When no TEOS is present (Si0-CL) the SiO, fraction is entirely due to

GPTMS inorganic contribution.

Acronym Starting Final I/O wt.%
TEOS/PCL- (measured from TGA)
diCOOH wt.%

Si0-CL 0/100 2.5/97.5
Si60-CL 60/40 12.3/87.7
Si70-CL 70/30 17.4/82.6
Si80-CL 80/20 24.7/75.3
Si90-CL 90/10 38.7/61.3

22
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Figure 1. SiO2/PTHF/PCL-diCOOH hybrid synthesis: a, Flowchart of the synthesis protocol to prepare hybrid
materials in form of monoliths (e.g. cylindrical sample (@ = 9 mm, height = 10 mm) shown in the inset of
D1 step) and 3D porous scaffolds (e.g. cubic scaffold of 8x8x8 mm shown in the inset of D2 step). b,
Typical 1H-NMR spectra in CDCI3 of the solution containing organic precursors (step A in a) that show the
effect of the addition of BF3-OEt2, which catalyses the CROP reaction described in c. The spectrum at the
bottom, obtained before BF3-OEt2 addition, displays the characteristic peaks of the starting reagents (THF,
GPTMS, PCL-diCOOH): the three peaks highlighted in the blue region (quartet at 8 = 2.60 ppm, triplet at &
= 2.77 ppm and multiplet at 8 = 3.13 ppm) correspond to GPTMS epoxide ring. The spectrum at the top is
obtained after 1.5 h from BF3-OEt2 addition (before mixing with inorganic precursor solution): the peaks in
the blue region are missing, demonstrating the completion of the opening of GPTMS' epoxide ring; this is
combined with the appearance of PTHF peaks (multiplet at 3 = 1.62 and triplet at d = 3.41 ppm, orange
regions), confirming the ring-opening polymerisation of THF. ¢, Reaction mechanism for cationic ring-
opening polymerisation of THF; intermediate 5 includes the hypothesised interactions among organic
components. d, Schematic of the SiO2/PTHF/PCL-diCOOH hybrid material, demonstrating the hypothesised
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GPTMS-mediated covalent bonding between inorganic and organic components and interactions between
polymer chains; inset: TEM image (scale bar = 50 nm) showing the homogeneity of the hybrid network at
the nanoscale.
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Figure 2. Mechanical properties of the SiO2/PTHF/PCL-diCOOH hybrids in the bulk state: a, Example of Si80-
CL hybrid disc (@ = 90 mm, height = 2 mm); b, Manual bending of the Si80-CL disc shown in a; ¢, Uni-axial
tensile testing of a rectangular specimen (25x10 mm; thickness = 0.6-2 mm) manually cut from a disc; d,
Mean true stress (0*) and true strain (g*) at failure relative to the silica content (SiO2 wt.%) as result of
tensile testing; e, Storage modulus (E") and loss modulus (E”) relative to the silica content (SiO2 wt.%) as
result of DMA analysis in tension on the five hybrid compositions at 1 Hz. The inset shows the magnification
of the results for Si0-CL, Si60-CL and Si70-CL. (see Table 1 for correspondence SiO2 wt.% - sample
acronym). Error bars in d and e represent the standard deviation.
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Figure 3. Autonomous and intrinsic self-healing ability: a, Optical microscope images of samples of the five
hybrid compositions before creation of a defect (top) and after self-healing at R.T. (bottom). Rapid healing
was observed for samples with silica content < 17.4 wt.%, hence images for Si0-CL, Si60-CL and Si70-CL,
were taken after only 5 s from defect creation; Si80-CL and Si90-CL showed a slower recovery, therefore
images were taken after 24 h from defect creation. Scale bar = 500 um. b-c-d, SEM images of a defect
created on a Si0-CL sample and allowed to heal only partially (i.e. only the lower portions of the opposing
surfaces were put in contact when re-joined) to show the bridging effect along the fractured surfaces during
the self-healing process. The margins of the defects are visible in b and a magnification of the bridging is
reported in c; this behaviour was confirmed also on other areas of the sample (d). Scale bars: 50 um in b;
10 um in c-d. e, Typical stress-strain graph of quantitative self-healing tensile test on Si0-CL (true values of
stress (0*) and strain (€*) were considered). It shows the comparison between the curve obtained from the
fresh sample (‘Before self-healing’) up to failure and the curve obtained from the same sample after it has
been fractured into two pieces, allowed to reattach for 24 h at R.T. and humidity of ~50 % and then re-
tensile tested up to failure (‘After 24h self-healing’). The inserts display a typical Si0-CL sample going
through this sequence.
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Figure 4. 3D extrusion printed scaffolds: a, Example of a scaffold (8x8x8 mm), with a grid-like 3D porous
structure with aligned 90° layers (obtained from the repetition of 2 orthogonal layers, each consisting of a
linear array of parallel struts); b, SEM image of a horizontal section showing the interaction among struts
belonging to three different layers (identified with “1-2-3" from the outer to the inner layer): the fusion
between two adjoining struts is highlighted with a dashed line; ¢, Example uCT image (cubic child volume,
dimensions 1235 um) of a 3D printed Si80-CL scaffold, showing 3D rendering of the struts used for the uCT
image analyses in d to f; d strut and e interconnecting channel thickness visualised illustrating connectivity
coloured by local diameter that fits within the structure; f, Strut and interconnecting channel size
distributions calculated from d-e and binned as a percentage of the total. Scaffold porosity of 40% was
calculated from these distributions (within the 42 + 4% measured with He pycnometry); g- i, SEM images of
top surface, horizontal (x-y) section and vertical (z-y) section, respectively, of a 3D printed Si80-CL scaffold.
Scale bars: 100 um in b; 250 ym in c-e; 200 ym in g-i.
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Figure 5. Compression testing on Si80-CL scaffolds: a, Typical true stress-strain graph (o*-¢*) for a Si80-CL
scaffold as prepared (“Pre-soaking”) and after soaking in PBS for a week (“After 7 days PBS”). Non-linear
elastomeric behaviour was recorded until failure occurred; failure was identified by the dramatic change in

the trend towards a horizontal fragmented graph due to the fracture of the different scaffold layers. A
stiffening of the hybrid was observed upon soaking as consequence of the degradation of the polymer
component (Fig. S8). Modulus of toughness (UT), that represents the energy required to bring the sample to
failure, was 142 kPa and 113 kPa for pre- and post-soaking tests, respectively; b, Typical cyclic loading
conventional stress-strain (oc-ec) curves for a Si80-CL scaffold, showing its ability to recover the shape at
the chosen level of strain. An anomalous first cycle is detected and is attributed to the combination of two
effects: (i) The irreversible rupture of single labile struts, which are inherent in the not perfectly regular
structure of the scaffold but were proven not to affect the mechanical behaviour significantly. (ii) The Mullins
Effect, a characteristic featured by pure elastomers, which is mechanical stress softening due to the
transformation of hard domains to soft domains that determines a decrease in stress on unloading compared
to loading, giving rise to hysteresis.70, 71 This phenomenon occurs mostly in large strain cyclic loading tests
in the first few cycles because of the sliding between elastomer macromolecular chains under mechanical
stress, which causes the temporary elimination of hard domains present in the microstructure by removing
entanglements in its internal structure. This effect is mostly recovered after the stress is removed, with the
exception of some entanglements that cannot be recovered and are removed in the first few cycles.71 The
other nine cycles almost perfectly overlap, with a very small hysteresis.
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Figure 6. In vitro cell studies on Si80-CL and PCL scaffolds: a, Immunohistochemical staining of cell nuclei
(DAPI, blue fluorescence), Vimentin intermediate filaments (green fluorescence) and F-actin microfilaments
(red fluorescence). Cells infiltrated the pore structure within the scaffold and expression of Vimentin and F-
actin is evidence of functional cell adhesion. b, WST-1 assay of ATDC5 seeded Si80-CL scaffolds cultured for

up to 14 days (n = 3). The gradual increase in optical density of WST-1 solution was evidence of on-going
cell survival and continual cell growth on the scaffolds. c-h, Immunohistochemical analysis of day-21 ATDC5

seeded Si80-CL and PCL constructs with markers for cartilage-related proteins. Robust chondrogenic
differentiation and hyaline cartilaginous matrix formation on Si80-CL scaffolds was confirmed by staining for
Sox9 (marker for chondrogenic differentiation), Aggrecan (cartilage-specific proteoglycan) and Collagen
Type II (a constituent of hyaline cartilage) (c-e). Hyaline cartilaginous matrix formation appeared
suboptimal in PCL scaffolds (f-h). i-k, Analysis of expression of Sox9, Col2al and Aggrecan using real-time
gPCR (n = 3) confirmed the observations from immunohistochemistry. There was negligible Collagen Type I

(fibrocartilage marker) and X (hypertrophic cartilage marker) on either type of scaffolds (Fig. S9). |, DMMB

assay demonstrated that cells cultured on Si80-CL scaffolds synthesised significantly more sGAG than those
on PCL scaffolds. * p<0.05. Scale bars in a, c-h = 100 um. Error bars in b and | represent the standard
deviation, error bars in i-k represent range (upper and lower limits) of relative gene expression.
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