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Here, we show tough materials with continuous composition and stiffness gradients, without interfaces
between regions, using inorganic/organic hybrid materials that can also be 3D printed. Sol-gel hybrid
materials have interacting and interpenetrating organic and inorganic co-networks and can deliver a
synergy of the properties of those constituents. Their mechanical behaviour can be tuned through
inorganic/organic content and cross-linking density. We describe hybrids of covalently linked silica-poly
(tetrahydrofuran) (SiO2/PTHF) that show an unprecedented range of mechanical properties. SiO2/PTHF
hybrids were formed with different silica contents, producing materials ranging from elastomeric to
glassy, with a compressive stiffness at 10% strain of between 2 and 200 MPa: at an SiO2 content of 9 wt%,
hybrids show a failure stress in compression of 8 MPa, at 70% strain, and tensile strength of 2 MPa at 80%
strain. Gradual sol-gel gelation was employed to generate monoliths with composition and stiffness
gradients without visible joins or points of weakness, and for development of ‘inks’ for additive
manufacturing of 3D structures through direct ink writing. Monoliths with gradients were at least as
strong, in tension and compression, as those made by casting a single sol. Cytocompatible materials with
seamless stiffness gradients will have many applications: one is biomimicry of natural cartilaginous
structures of the body, such as the intervertebral disc, which has a natural radial stiffness gradient.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Zonal structures with stiffness gradients are needed to mimic
the structure and properties of natural constructs, such as the
intervertebral disc (IVD) [1e3]. This requires the synergy of a ma-
terial with tuneable mechanical properties, tomatch the stiffness of
the different zones of the structure, and the ability to form a
continuous, graded structure without weak interfaces between
zones. Graded stiffness structures have been achieved with soft
erisation; DIC, Digital Image
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materials, such as hydrogels [4] by employing density differences
[5], through variation in hydrogel crosslinker [6] and the degree of
polymerisation [7]. Low strength hydrogels have been joinedwith a
50-fold difference in the initial compressive modulus (up to a
maximum of the order of 100 kPa) [8], but without systematic
measurement of strength and the stress distribution around the
interface. Similarly, a stiffness gradient in polyurethane was ach-
ieved using a variation in crosslinking density [3], measuring
relative variation in mechanical properties through the sample.
Hydrogel mechanical properties are often lower that required for
structural applications, including cartilage or bone replacement
devices, even if double networks are employed [9e12]. The ten-
dency for hydrogels to swell is also not appropriate for many ap-
plications. Composite materials are also proposed for the formation
of a stiffness gradient [13], for example through the diffusion of
nanoparticles [14] through the polymer matrix. However,
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distribution of the particles throughout the matrix is challenging
and a lack of bonding between the particles and the matrix often
leads the mechanical properties of composites to fall short of
theoretical values.

Inorganic-organic hybrid materials have the advantage of finer
scale interactions between inorganic and organic components, plus
bonding between the networks can be readily achieved [15]. Sol-gel
hybrid materials are assembled of intimately mixed co-networks of
organic and inorganic components, but above the nanoscale, sol-
gel hybrids appear as single phase materials, often transparent,
with continuous chemical and physical properties [16], dis-
tinguishing them from composites. There is large scope for tailoring
their properties through the choice of polymer, inorganic to organic
ratio (I/O) and the type of bonding between the co-networks [15].
We hypothesise that hybrid materials can be a successful alterna-
tive for the formation of a graded stiffness structure with a large
stiffness range and that the gradual gelation of the sol can be uti-
lised to form a continuous structure, by layering sols of different
compositions, leaving no interfaces between the regions of
different stiffness.

The organic component of the hybrids can be derived from
natural polymers [17e21], however, synthetic polymers offer
greater reproducibility and control of the organic-inorganic cova-
lent coupling [22]. This is of particular importance in biological
applications where a biomaterial should match the mechanical
properties of the surrounding tissue, and where each medical de-
vice produced must be precisely manufactured to the same speci-
fications. SiO2-poly(tetrahydrofuran)-poly(caprolactone) (SiO2/
PTHF/PCL-diCOOH) hybrids synthesised by in situ cationic ring
opening polymerisation (CROP) of tetrahydrofuran (THF) have co-
valent bonding between the silica and polymer chains, mediated by
glycidoxypropyl trimethoxysilane (GPTMS) crosslinker, and can
show compressive behaviour similar to cartilage tissue [23]. The
PTHF constituent is of interest as a co-polymer for biomedical ap-
plications, in part due to its high flexibility [24,25], as demonstrated
in other hybrid systems [26]. Herein, the simultaneous CROP re-
action was utilised to form a non-degradable (PCL-free) silica/PTHF
(SiO2/PTHF) with covalent coupling (Class IV hybrid system [15]),
which has previously been demonstrated to combine strong and
tough mechanical properties [27].

To further create a graded stiffness structure with a hybrid
material, tuning of the mechanical properties is required. This
tuneability has been achieved through various methods including
control of the hybrid coupling agent [28], the polymer backbone
[29] and architecture [30], nanoparticle size and I/O ratio [27,31].
Changing the inorganic/organic ratio has resulted in a ten-fold
change in both the compressive strength of SiO2-poly(-
caprolactone-co-GPTMS) [32] and in the tensile strength of SiO2/
PTHF/PCL-diCOOH hybrids [23]. However, previously reported
hybrid materials have not been produced with gradients of
properties.

The SiO2/PTHF hybrid materials presented here are bouncy and
compressible and are of particular interest due to the similarity in
properties with cartilage tissue. Tuneability of this highly elasto-
meric material system was investigated and a sol-gel synthesis
method was developed to form materials with a gradation in me-
chanical properties, the sol was tailored for direct 3D printing and
cytocompatibility was demonstrated.

2. Materials and methods

2.1. Hybrid synthesis

Materials were obtained from Sigma UK and VWR UK and used
as obtained without further purification. SiO2/PTHF hybrids were
2

prepared by a two-pot synthesis, adapting the method developed
by Tallia et al. [23,33], without the addition of poly(ε-caprolactone).
Inorganic precursor solution was prepared by hydrolysis of tet-
raethoxysilane (TEOS) in deionised water with 1 M hydrochloric
acid catalyst (3:1 vol% inwater) for 1 h. Themolar ratio of water was
4:1 TEOS and 3:1 GPTMS. Separately, the CROP of THF monomer in
100:1 GPTMS ratio was initiated using Boron trifluoride diethyl
etherate catalyst with molar ratio BF3$O(C2H5)2:GPTMS of 1:4.
10 min after catalyst addition, the TEOS solution was added to the
polymerisation reaction pot to form the hybrid sol, mixed, sealed
and aged for three days at 40 �C, after which excess THF was
allowed to evaporate (10e14 days). Hybrids were prepared in a
range of compositions denoted by their TEOS/GPTMS molar ratio in
the format Si(TEOS/GPTMS)-PTHF (e.g. Si2.5-PTHF for a
TEOS:GPTMS ratio of 2.5:1), with final silica contents from 3 to
44 wt% SiO2, of which 7 intermediary compositions (Si1, 1.75, 3.75,
7.5, 10, 20-PTHF in compression and Si1, 1.75, 2.5, 3.75, 5-PTHF in
tension) were tested in this work.

To form layered samples, a second hybrid sol which may be of
different composition was added at ageing time, tage ¼ 2 h, 1 day, 3
days. In the case of cylindrical samples for compression testing, the
second solution was poured on top of the first in a half-full mould.
For tensile test specimens, half of the hybrid sol from a disc mould
of diameter ¼ 15 cm was removed at 2 h ageing, leaving a semi-
circle of the first hybrid, after which the second solution was
added to the empty half either directly or after resealing for 1 or 3
days.
2.2. 3D extrusion printing

The Si5-PTHF composition was stirred for longer to allow
evaporation of excess THF and transferred to 3mL Luer-lock syringe
(VWR) with tapered tip, internal diameter 0.20 mm (Nordson EFD).
3D porous scaffolds were printed by Direct Ink Writing, using a
Robocaster with Robocad software (3d Inks LLC), at 8 mm s�1,
extrusion ratio of 0.0012, z spacing 0.21e0.24 mm staggered at 8-
layer intervals and strut spacing of 0.60 mm, at room tempera-
ture. The Robocaster adjusted applied force to achieve constant
extrusion rate. After printing, scaffolds were aged and dried at 40 �C
as for bulk samples.
2.3. Characterisation of hybrids

Samples were prepared for solution state 1H Nuclear magnetic
resonance (NMR) spectroscopy (400 MHz, CDCl3) by dilution of a
100 mL aliquot from the reaction before and after the catalyst in
600 mL CDCl3. Solid state 29Si magic-angle-spinning (MAS) NMR
was carried out on machined monolithic samples at 7.05 T (29Si
Larmor frequency 69.62 MHz) using a Varian/Chemagnetics
InfinityPlus-300 spectrometer. Both single pulse MAS and cross
polarisation (CPMAS) experiments were performed at a MAS fre-
quency of 5 kHz using a Bruker 7 mm HX probe. The degree of
condensation was calculated from Equation (1) [21].

Dc ¼
 "

4Q4 þ 3Q3 þ 2Q2

4

#
þ
"
3T3 þ 2T2 þ T1

3

#!
x 100%

(1)

Final inorganic content was determined by Thermogravimetric
analysis (TGA) (Netzsch Jupiter STA 449C) at a heating rate of 10 �C
min�1 from 20 to 800 �C. Thermo Scientific Nicolet iS10 Fourier-
transform infrared (FTIR) spectrometer equipped with Smart
Golden Gate for Single-Reflection Diamond Attenuated Total
Reflectance Analysis with OMNIC software was used to give spectra
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in the range 4000e400 cm�1. FTIR wavenumber (n): nasymmetric
(SieOeSi), n(SieOeC), n(CeOeC) overlapping ~ 1100-1000 cm�1;
nsymmetric (SieOeSi) ~ 800 cm�1; n(SieOH) ~ 950 cm�1;
n(CH2) ~ 3000-2800 cm�1. Normalised to the highest band at 1100-
1000 cm�1 (SieOeSi symmetric and overlapping SieOeC, CeOeC).

2.4. Mechanical testing

Uniaxial tensile testing to failure was carried out according to
ASTM D1708�13 on samples of length x width x thickness x
45 � 10 x 0.5e2 mm (measured for each sample) with 25 mm
exposed length, using Bose Electroforce Series III machine fitted
with 440 N load cell, in displacement control at a rate of
1 mm min�1. Minimum 5 valid repeats (samples failing at grips
were excluded). For samples made by layering sols, the join was
located at the centre of the sample perpendicular to the applied
force. Stress relaxation was carried out on samples of the same
dimension to 30% of the strain to failure at 10 mm min�1 and held
for 1 h. Uniaxial compression testing and cyclic compression testing
(10 cycles) were carried out on cylindrical samples of height x
diameterx 15� 10 mm using Zwick machine fitted with 1 kN load
cell, in displacement control at a rate of 1 mm min�1.

2.5. Digital Image Correlation (DIC)

DIC was conducted by creation of an ink pattern by hand on the
surface of the hybrid, photographed every 2 s during compression
tests. ImageJ was used to process images and GOM Correlate 2018
to produce strain maps with surface component facet size ¼ 100
pixels, point distance ¼ 40 pixels (parameters optimised using
stationary images).

2.6. Cell studies

As one of the intended applications of the material is a cartilage
replacement, cytotoxicity of Si5-PTHF and cell attachment to its
surface was tested using chondrogenic ATDC5 (cell line from
American Type Culture Collection). Cytotoxicity was evaluated ac-
cording to ISO 10993e5, using an MTT assay of the cells exposed to
the dissolution products of the material. Samples were prepared
and references selected according to ISO 10993e12; negative con-
trol was a high-density polyethylene film and positive control
polyurethane film containing 0.1% zinc diethyldithiocarbamate
(Hatano Research Institute). Cell metabolic activity was evaluated
using RealTime-Glo MT Cell Viability Assay (Promega) over time.
Then, for cell attachment, ATDC5 cells were seeded on sterilised
25mm2 hybrid squares at low (1� 104 cells cm�2) and high density
(5 � 104 cells cm�2) and incubated under standard culture condi-
tions with Dulbecco's Modified Eagle's Medium/Nutrient Mixture
F-12 Ham supplemented with 1 vol% antibiotic-antimycotic solu-
tion and 1 vol% L-Glutamine (all from Sigma) and 10 vol% Fetal
Bovine Serum (Gibco). At day 10, the cell cytoskeleton (actin and
tubulin) was stained, as previously described [34,35], and imaged
in a Leica SP8 inverted confocal laser scanning microscope. Statis-
tical analyses were carried out using a non-parametric Kruskal-
Wallis test followed by Dunn's multiple comparison test for mul-
tiple comparisons with GraphPad Prism version 7.

3. Results and discussion

Class IV hybrids composed of co-networks of PTHF and silica
were produced (Fig. 1a) with highly elastomeric properties (they
bounce e see supplementary video). The schematic in Fig. 1a de-
picts that the PTHF chains formed in situ and covalently bonded to
nanometre scale regions of silica (via GPTMS crosslinker). The silica
3

formed through the hydrolysis of TEOS and subsequent poly-
condensation, forming a silicate network. Above the nanoscale, a
homogeneous material was formed, as evidenced by bright field
Transmission Electron Microscopy (TEM), Fig. 1a inset. Previous
TEM imaging of PCL-SiO2 hybrids, made using the same acidic TEOS
hydrolysis to form the silica sol, showed similar homogeneity, with
approximate size of silica regions of 5 nm [36,37]. In the poly-
merisation mechanism, the GPTMS acts as the initiator: when its
epoxide ring is activated by the BF3$O(C2H5)2 catalyst, the resulting
intermediary is subject to nucleophilic attack by THF monomers.
The product is also susceptible to nucleophilic attack by THF
monomers, thus a cationic ring opening polymerisation is initiated
[33]. Colloidal silica sol, produced by acid-catalysed hydrolysis of
TEOS, was introduced into the ongoing polymerisation, where it co-
condensed with the alkoxysilane groups of GPTMS. Because GPTMS
acts as the initiator of the polymerisation, increasing the amount of
GPTMS increased the polymer content of the final hybrid. There-
fore, the TEOS:GPTMS ratio was used to control the resulting I/O
ratio of the hybrid material.

This mechanism of the formation of the hybrid material was
confirmed by a combination of 1H NMR (liquid state), solid state
29Si NMR and FTIR. 1H NMR of the polymer solution prior to addi-
tion of silica sol, before and after BF3$O(CH3)2 catalyst addition
(Fig. 1b, top and bottom respectively), confirmed the opening of the
epoxide ring of the GPTMS because peaks at d¼ 3.13, 2.77, 2.60 ppm
(shaded region), attributed to hydrogens on the epoxide carbons,
were seen before addition of catalyst but were not present after.
The formation of PTHF is indicated by the additional peaks
appearing at lower chemical shift to those of THF at d 1.85 and
3.76 ppm [38] after catalyst addition. Solid state 29Si MAS NMR
(Fig. 1c) detected Si(OeSi)n (OH)4-n (Qn) and CeSi(OeSi)n (OH)3-n
(Tn) speciation with chemical shifts centred at d ~ �110
and �60 ppm, respectively. In these cases, Qn represents silica
tetrahedronwith n bridging oxygen (SieOeSi) bonds (n� 4) and Tn

represents -On-Si-C- (n � 3) moieties [39]. The 29Si resonances
assigned to T3 species at d ~ �64 ppm arise from condensed silica
attached to GPTMS, while those assigned to Q4 species at
d ~�110 ppm represent from fully condensed silica emanating from
the TEOS source. The simultaneous observation of both T3 and Q4

species indicates the co-condensation of silica groups from GPTMS
with those of hydrolysed TEOS, thus indicating the formation of a
covalently bonded inorganic-organic network. The degree of
condensation, Dc (Equation (1)), [21] was 90.6%, which is consis-
tent with other hybrid materials prepared via the sol-gel method
using GPTMS as a coupling agent [19,40].

FTIR confirmed the compositional changes controlled by the
TEOS:GPTMS ratio of the synthesis (Fig. 1d): a relative increase in
the absorption of the SieOeSi symmetric stretch at 800 cm�1 and
the SieOH stretch at 950 cm�1 was observed as the TEOS:GPTMS
ratio increased, with a corresponding decrease in the relative ab-
sorption of the organic bands at 2800-3000 cm�1 [41,42].

By varying the ratio of silica source (TEOS) to crosslinker
(GPTMS), hybrids with a final inorganic content of between 3.6 and
44.4 wt percentage (wt%) SiO2 were produced using TEOS:GPTMS
ratios ranging from 0 (no TEOS added, so all SiO2 was derived from
GPTMS) to 20, which are denoted as Si0-PTHF and Si20-PTHF
respectively. Monolithic hybrid samples with higher silica content
than 45 wt% (Si20-PTHF) tended to crack during drying. PTHF and
the organic portion of GPTMS form the total organic content, and
the remaining inorganic content was silica, derived from the TEOS
and the inorganic portion of GPTMS. Since the THF was in excess
and some evaporated during drying, the final inorganic contentwas
determined by TGA. In hybrid samples formed from a single sol, the
inorganic content varied by around 1 wt% across a bulk sample
(height 15 mm, diameter 10 mm, Fig. 1e). The gradual gelation of



Fig. 1. (a.) Photograph of a silica/PTHF hybrid with a schematic of its co-network structure of 1e2 nm diameter silica domains covalently bonded to PTHF chains via a GPTMS
crosslinker, with a TEM image (inset) confirming homogeneity above the nanoscale. (b.) 1H NMR provided evidence of in situ CROP of PTHF through opening of the GPTMS epoxide
ring after the addition of BF3$O(C2H3)2 catalyst; (c.) FTIR showed changes in relative proportions of the SieOeSi symmetric vibration (800 cm�1) and CH2 bands (2800-3000 cm�1)
with respect to the TEOS:GPTMS ratio denoted in sample codes, i.e. Si20-PTHF had TEOS:GPTMS ratio of 20 (inorganic content of 44.4 wt% SiO2); (d.) solid-state 29Si NMR quantified
relative proportions of Tn (-On-Si-C-) and Qn (-Si-On-) species at different condensations in a hybrid with 31 wt% SiO2 (Si15-PTHF). (e.) A photograph of a cast cylindrical monolith of
the Si2.5-PTHF composition showing the inorganic content (after drying) measured by TGA in 2 mm sections. (f.) Gradual gelation of the hybrid sol was used for additive
manufacturing of 3D porous scaffolds using an “ink” of the Si5-PTHF composition, through direct ink writing; (g.) SEM images of the scaffolds showed aligned pores of ~300 mm
diameter from a top view and (h.) the layer-by-layer fusion of printed layers through the horizontal cross-section. (i.) Monolithic hybrids with a gradient of silica content and
corresponding mechanical property gradient were produced by sequentially layering sols of different compositions (from top: Si1-PTHF, Si2.5-PTHF, Si20-PTHF), after 2 h ageing.
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the hybrid sol was exploited as a printing window for direct ink
writing of porous scaffolds from the hybrid sol of Si5-PTHF
composition (Fig. 1f). To explore their potential use as tissue scaf-
folds, scaffolds were directly printed in aligned lattices, by extru-
sion of the viscous sol, giving line-of-sight channels with diameter
of around 200 mm (scaffold top view, Fig. 1g). Successive layers
(struts) fused together, forming a continuous structure at the in-
tersections through gelation, (horizontal section, Fig. 1h). Opti-
mising printing parameters for Si5-PTHF ink formulation produced
scaffolds with a channel size of 300 mm and inorganic content of
4

27.7 wt%.
The gradual gelation of the hybrid sols (of the same or different

composition) also allowed monolithic cylinders to be produced
with composition stiffness gradients by layering. Successive sols
must be layered within the 3-day ageing process, creating a single
crack-free sample with a variation in silica content along its length
andwithout a visible interface between them. Fig.1i shows a hybrid
sample (height ~10 mm) formed with a difference of 38 wt% SiO2
between either end.

Increasing inorganic content of SiO2/PTHF hybrids changes their



Fig. 2. (a.) The mechanical properties of silica/PTHF hybrid monoliths (formed from a single sol, of one composition) can be tuned by control of the inorganic-organic ratio,
illustrated by the difference in deformability by hand for 6 and 26 wt% SiO2. (b.) A plot of true stress, s*, against engineering strain, εc, gives close agreement with the stress and
strain values calculated from instantaneous sample dimensions throughout the test for Si5-PTHF sample, measured from images. (c.) Cyclic testing to 30% of failure strain shows
recoverable strains over the composition range. (d.) Compressive stiffness (measured at 10% engineering strain) increased as silica content increased, as did the strength, up to a
limit of ~30 wt% SiO2. (e.) In tension, the same trend was seen, only measured up to 20 wt% SiO2 due to testing limitations. (f.) Stress relaxation over 1 h was approximately 15%.

G. Young, F. Tallia, J.N. Clark et al. Materials Today Advances 17 (2023) 100344
properties from those of an elastomeric material, which can be
compressed easily with two fingers and undergoes large de-
formations, to those of a glassy material that fails by brittle fracture,
illustrated by the deformation of hybrids made with 6 and 26 wt%
SiO2 samples by hand in Fig. 2a.

This shows themechanical properties of hybrid materials can be
tailored [15] and is consistent with the increasing contribution to
the properties from silica as thewt% SiO2 increased. Hybrid samples
of a single composition (25wt% SiO2) showed J-shaped stress-strain
curves under compression, producing large extensions for small
initial stresses, owing to progressive alignment of polymer chains.
True stress and engineering strain values were used for calculation
of mechanical properties as they matched closely to the stress and
strain calculated from instantaneous sample dimensions measured
by image analysis (Fig. 2b). At silica contents below around 30 wt%,
samples can undergo large recoverable strains in compression, as
shown in Fig. 2c, to 10 cycles at 30% engineering strain. This is an
important property when considered for tissue replacement ap-
plications and interesting because the shape of the stress-strain
curves also matches that of cartilage [43], which shows elasto-
meric behaviour and is hard to replicate in synthetic materials
whilst maintaining sufficient mechanical strength. The hybrids
show good mechanical stability including at high polymer content,
with a stress relaxation of less than 10% over 1 min and 15% over
1 h, after extension to 30% of the failure strain (Fig. 2c).

Compressive strength at failure increased from 5 ± 1 MPa to
33± 2MPa as silica content increased up to a limit of around 30wt%
SiO2 (Fig. 2d). No further increase in strength occurred above 30 wt
% SiO2, which may be due to the interconnection of the silica
network at high I/O ratio leading to an increase in brittleness. The
strength was greater than that for similar SiO2/PTHF Class II hy-
brids, of the same composition but without covalent bonding be-
tween the inorganic and organic components [31], and other
5

authors found a similar sweet spot in the balance between strength
and flexibility at around 12 wt% SiO2 [27]. Although compressive
strain at failure decreased with increasing silica content, all sam-
ples showed elastomeric behaviour: even samples of 44 wt% SiO2
reached 13% strain before failure.

Due to the high failure strains, the compressive stress and
stiffness at 10% strain were calculated for practical comparison. The
compressive stiffness at 10% strain (E10%), increased from 2 to
240 MPa over the composition range from 6 to 44 wt% SiO2. Hence,
themechanical properties can be tailored over a 100-fold difference
in stiffness via control of the inorganic content of the hybrid. SiO2/
PTHF/PCL-diCOOH hybrids, synthesised as described by Tallia et al.
[23], also show the same order of magnitude variation in stiffness
(Table 1). Previous SiO2/poly(tetrahydropyran)/PCL hybrids showed
a three-fold increase in Young's modulus and six-fold increase in
storage modulus when increasing from 15.1 to 36.5 wt% SiO2 [29].
In tension, the stiffness and failure stress increased as silica content
increased from 2.7 ± 0.2 MPa and 1.1 ± 0.1 MPa respectively at 6 wt
% SiO2 to 9 ± 2 MPa and 13 ± 2 MPa at 19 wt% SiO2 (Fig. 2e), giving a
smaller tuneable range, over a smaller range of I/O compositions
tested. This is consistent with previous work that found an ultimate
tensile strength of 1.3 MPa at 12.8 wt% SiO2 [27].

PTHF has previously been shown to be non-cytotoxic and
showed little evidence of degradation over 3 months [44,45] and
owing to the highly elastomeric behaviour of this SiO2/PTHF hybrid
system, here one composition (Si5-PTHF) was additionally tested
for cytocompatibility and cell attachment of ATDC5 to the surface.
All tested concentrations of the hybrid material extract solution
showed chondrogenic cells metabolic activity �90%, thereby
complying with ISO 10993e5 for non-cytotoxicity. There was no
significant difference among all tested concentrations, blank and
negative (non-cytotoxic) control but all were shown to be signifi-
cantly different (p < 0.01) to the positive (cytotoxic) control



Table 1
Mechanical properties (tension and compression) of SiO2/PTHF hybrids denoted by Si(TEOS/GPTMS ratio)-PTHF with different inorganic contents (wt.% SiO2), and SiO2/PTHF/
PCL-diCOOH hybrids for comparison. s* is true stress, ε is nominal strain, ε* is true strain, E10% is the stiffness at 10% strain.

Composition
wt.% SiO2

±2
Compression Tension

s* at failure (MPa) ε at failure (%) E10% (MPa) s* at failure (MPa) ε* at failure (%) E10% (MPa)

Si1-PTHF 6 5.1 ± 1.4 67 ± 3 4.7 ± 0.6 1.1 ± 0.1 34 ± 5 2.7 ± 0.2
Si1.75-PTHF 10 8.4 ± 3.7 72 ± 4 2.2 ± 0.3 2.4 ± 1.0 80 ± 15 1.4 ± 0.3
Si3.75-PTHF 18 24.5 ± 6.9 73 ± 10 8.0 ± 0.4 10.8 ± 1.2 60 ± 3 7.2 ± 0.6
Si5-PTHF 25 29.6 ± 1.2 73 ± 5 44.1 ± 1.9 e e e

SiO2/PTHF/PCL-diCOOH 25 4.3 ± 1.0 20 ± 3 e 0.6 ± 0.2 4.7 ± 1.0 e

Si10-PTHF 32 32.7 ± 1.6 35 ± 1 86.7 ± 9.2
SiO2/PTHF/PCL-diCOOH 32 12.0 ± 3.0 10 ± 2 e

Si20-PTHF 45 25.2 ± 8.9 13 ± 4 237 ± 67
SiO2/PTHF/PCL-diCOOH 49 7.6 ± 1.2 8 ± 1 e
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(Fig. 3a.). Chondrogenic cells were seeded on the hybrid material,
attached to the surface within 2.5 h and remained metabolically
active and viable in culture over 14 days, although not proliferating
(Fig. 3b.). The staining of the cytoskeleton (actin and tubulin) of the
chondrogenic cells at day 10 shows that the cells attached and
spread on the surface of the hybrid material (Fig. 3c.). This indicates
the potential for SiO2/PTHF hybrids to be used as implant materials,
subject to further investigations.

After understanding the tuneability of the hybrid system over a
range of compositions, the next step was to develop a synthesis
method for the formation of graded hybrid samples.

Polymerisation of THF continues during the ageing time (3 days
sealed), after which THF evaporation can occur and the sample
shrinks. A second hybrid solution (of the same or different
composition) can be added to the first during this ageing time (tage).
Tomaintain the separation of the component hybrids theminimum
tage was set at 2 h so that the solutions have sufficient viscosity to
not mix completely. Fig. 4a and b compare themonoliths formed by
Fig. 3. (a.) Si5-PTHF extract solutions are non-cytotoxic to ATDC5 chondrogenic cells (MTT
metabolically active over time (n ¼ 5). (c.) Cytoskeleton (actin and tubulin, red) and nuclei (D
10. Scale bar ¼ 100 mm. (For interpretation of the references to colour in this figure legend
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the layering of two hybrid sols after 2 h ageing; of the same (Si2.5-
PTHF/Si2.5-PTHF, Fig. 4a) and different (Si2.5-PTHF/Si7.5-PTHF)
compositions (Fig. 4b). No interface was visible after gelation. The
variation in silica content through the monolith was measured
using TGA after sectioning the monoliths into 2 mm segments.
Greater differences in silica content across a 15 mm sample (from 6
to 42 wt% SiO2) were achieved by layering three hybrid sols of
different silica content (Si1-PTHF/Si2.5-PTHF/Si20-PTHF) (Fig. 4c).
When this sample was compressed, there was high deformation in
the lower silica content region (Fig. 4d), confirming the variation in
stiffness through the sample. To isolate the effect of the processing
on the interface properties (rather than the difference in compo-
sition), two hybrid sols with the same composition were joined at
different ageing times, tage¼ 2 h,1 day, 3 days, in the form of tensile
testing samples. The interface was tested in tension, perpendicular
to the applied force (Fig. 4e).

Tensile samples were prepared in an open mould so small dif-
ferences in solution depth make the join visible, compared to
results after 24 h, n ¼ 6). (b.) Chondrogenic cells seeded on the hybrid material were
API, blue) staining of chondrogenic cells seeded on the surface of hybrid material at day
, the reader is referred to the Web version of this article.)



Fig. 4. Mechanical properties of hybrids with continuous gradients. (a.) Two hybrid sols of the same TEOS:GPTMS starting ratio (2.5:1) were joined, after 2 h ageing, to form
monoliths of constant silica content ~12.5 wt% (<1 wt% difference throughout) and (b.) two hybrid sols of different starting TEOS:GPTMS ratio (2.5:1 top, 7.5:1 bottom) formed
monoliths with a difference of 12 wt% silica between top and bottom of cylinder. (c.) Up to 36 wt% difference in silica was possible by combining three hybrid sols (Si1-PTHF, Si2.5-
PTHF, Si20-PTHF) at intervals of 2 h ageing and (d.) compression of this monolith made the less stiff upper region deform significantly. (e.) A graph of tensile testing of monoliths
formed from two hybrid sols of the same composition confirmed that those joined after 2 h of ageing were at least as strong as those formed from a single sol: inset shows Si2.5-
PTHF/Si7.5-PTHF joined at 3 days ageing, failure occurs away from the interface in the less stiff region. When DIC showed homogeneous strain distribution in: (f.) Si2.5-PTHF
samples made from a single sol, (g.) for monoliths made of two Si2.5-PTHF sols joined after 2 h ageing and (h.) two Si2.5-PTHF sols joined after 1 day. (i.) A peak strain as
seen close to the interface in monoliths joined after 3 days of ageing. Scale bar ¼ 2 mm. The white line graphs (f.-i.) show a plot of the strain value along the central axis of each
cylinder (black line).
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cylindrical samples. Samples formed from hybrid sols joined at
tage ¼ 2 h never failed at the interface (n ¼ 5), including those of
different compositions, and were at least as strong as those formed
from a single hybrid sol of the same composition. This confirms that
layering the sol at 2 h ageing time did not reduce the tensile
strength of the material.

For samples formed at tage¼ 1 day, one out of five samples failed
at the interface. Samples joined at tage ¼ 3 days failed at lower
average stress: for these samples, failure happened in some cases at
the interface because of a concentration of defects due to localised
shrinkage. Samples made of different compositions (Si2.5-PTHF/
Si7.5-PTHF) show the deformation concentrated in the less stiff
region and, when using tage ¼ 2 h, also did not fail at the interface.

The inset of Fig. 4e instead shows a Si2.5-PTHF/Si7.5-PTHF
sample formed at tage ¼ 3 days, with a concentration of deforma-
tion in the less stiff region (Si2/5-PTHF) and eventual failure away
from the join.

Similar strong interfaces have been achieved in zonal hydrogels,
including a stiffer zone with modulus of the order of 100 kPa and
compressive strength of 2.5 MPa [8]. However, hydrogels are
7

currently limited to low stiffness applications. So, for example, if
considering the gels for IVD replacement application the stiffnesses
achieved were lower than required (stress in the IVD during weight
bearing activity, is approximately 2.3 MPa when lifting 20 kg with
rounded back) [46]. Furthermore, there is a lack of systematic
measurement of the strength of the interface of the gels.

A significant challenge when forming a graded stiffness struc-
ture is achieving an understanding of stress distribution around the
joins and its impact on the specimen properties. For this, DIC was
used to image the surface strain during compression of cylinders
formed from two hybrid sols of the same composition (Si2.5-PTHF/
Si2.5-PTHF) joined at tage ¼ 2 h, 1 day and 3 days (Fig. 4g, h, i
respectively, shown at 10% engineering strain). DIC uses the cor-
relation between a pattern in a small area (facet) between
consecutive images taken at 2 s intervals during the compression
test to determine the displacement of that facet and therefore the
strain vector. The vertical strain is depicted as a colour scale from
red (0%) to blue (�20%) and additionally plotted along the central
line of the cylinders (white line trace), to avoid error due to out-of-
plane motion of the curved surface. For samples joined at tage ¼ 3
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days, a strain concentration is evident at the interface (narrower
region of higher strain), whereas when sols are joined at an earlier
gelation stage of tage ¼ 2 h or 1 day, the longer-range mixing of the
sols produced a homogenous strain across the central portion of the
cylinder. The strain along the central axis was similar to that seen
during compression of cylinders formed from a single hybrid sol of
the same composition (Fig. 4f). Hence, combining the evidence of
DIC and tensile testing we show that the interface properties can be
tailored, and that the formation of an interface does not act as a
specimen defect when formed at 2 h ageing. This is an important
property of sol-gel hybrid materials.

4. Conclusions

A SiO2/PTHF hybrid system was presented with highly elasto-
meric properties, which can withstand large, recoverable
compressive strains. The tuneability of the hybrid system was
demonstrated in tension and compression, via control of the inor-
ganic/organic ratio. Uniquely, hybrid sols of different composition
were layered during the ageing process, producing samples with a
gradation of stiffness without visible internal interfaces. Samples
formed from two sols of identical composition were of equivalent
strength to monolithic samples formed from a single sol, with no
strain concentration at the interface. Thus, this constitutes a
method for the fabrication of tuneable mechanical property gra-
dients, via variation in the I/O ratio, in which the interfacial prop-
erties can also be controlled and optimised. The gradual gelation of
the hybrid sol was used for 3D extrusion printing of scaffolds and
can find application in biomedical materials and soft robotics.
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