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12  Abstract

13 Functionally graded materials (FGMs), with varying spatial, chemical and mechanical gradients
14  (continuous or stepwise), have the potential to mimic heterogenous properties found across biological

15  tissues. They can prevent stress concentrations and retain healthy cellular functions. Here, we show for

16 the first time the fabrication of polydimethylsiloxane and poly(ether) ether ketone (PDMS-PEEK)

17 composites. These were successfully manufactured as a bulk material and functionally graded

18 (stepwise) without the use of hazardous solvents or the need of additives. Chemical, irreversible

19 adhesion between layers (for the FGMs) was achieved without the formation of hard, boundary

20  interfaces. The mechanical properties of PDMS-PEEK FGM:s are proven to be further tailorable across
21  the entirety of the build volume, mimicking the transition from soft to harder tissues. The introduction
22 of 20 wt.% PEEK particles into the PDMS matrix resulted in significant rises in the elastic modulus
23 under tensile and compressive loading. Biological and thermal screenings suggested that these
24 composites cause no adverse effects to human fibroblast cell lines and can retain physical state and
25  mass at body temperature, which could make the composites suitable for a range of biomedical
26  applications such as maxillofacial prosthetics, artificial blood vessels and articular cartilage

27  replacement.
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1. Introduction

Medical devices, implants and artificial tissues have revolutionised patient healthcare over the past
century [1,2]. Fundamentally, their success is reliant upon the combination of patient need,
sophisticated design, medical staff preference and structural biomaterials [2]. Biomaterials can be
defined as any natural or synthetically engineered substance that can replace or prolong body function
beyond its natural capacity [3—6]. Synthetic polymeric biomaterials are used extensively throughout the
biomedical industry thanks to a multitude of desirable properties, such as ease of surface modification
and device manufacture, biocompatibility, controlled mechanical properties, corrosion resistance, and
successful operation at body temperature [5,7-9] . However, trends of disease prevalence and ageing
populations are placing huge expectation and demand upon such materials and healthcare providers
[10]. Hence, there is need to produce economically enhanced polymeric biomaterials that that closely
emulate the mechanical properties of the human body.

Blending of immiscible polymers offers a potential solution to this need [11]. Blending processes are
relatively cheap and scalable, and bulk material properties can be fine-tuned for application, by
controlling fractional volumes introduced [7]. Most polymer composites, however, require the use of
additives or toxic solvents to achieve/enhance miscibility and homogeneity throughout the material with
separated phase domains [12]. Such material interfaces act as stress concentrators, leading to a loss in

mechanical properties and functionality through delamination [13]. For example, blends of ultra-high

molecular weight polyethylene (UHMWPE) and polydimethylsiloxane (PDMS) have been proposed to

form transitional implants between articulating and impact absorbing components within acetabular

cups [14]. The polymers were mixed under high shear and elevated temperature (180 °C) and a decrease

in the elastic modulus was observed by increasing the amount of PDMS within the UHMWPE matrix.

Another study reports on blends of polycaprolactone (PCL) and poly(L-lactide-co-g-caprolactone)

(PLQ) for the treatment of Patent Ductus Arteriosus (PDA, a common form of congenital heart disease)

[15]. PCL/PLC/BaSQ; solutions (BaSO4 was added for X-ray fluoroscopy) in dichloromethane were

prepared and then cast on glass substrates to obtain films. Residual solvent (which is toxic) was removed

by drying the films under vacuum at 37 °C for 7 days. The addition of PLC reduced the elastic modulus

of the blends from 175 MPa (for PCL/BaSQO,) to 110 MPa (for blends containing 50% of PLC). PCL
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was blended also with polylactic acid (PLA) in order to form peripheral nerve conduits [16].

Dichloromethane was used to prepare PCL/PLA solutions that were casted to obtain porous films. A

washing procedure in NaOH was used in this case to remove solvent residues.

Polymer composites can be processed to form functionally graded materials (FGMs) that match the
anisotropic mechanical behaviour observed in natural biological tissues [17,18]. FGMs have generated
significant interest within the biomedical research community, leading to the fabrication of numerous,
multi-material and multi-structural implants and tissue scaffolds [17,19—22]. Such devices are essential
for the promotion of normal cellular functions (adhesion, growth, proliferation and differentiation),
especially if multiple cell types exist within layers [22-26].

This study presents both the development and the stepwise-functional grading of biomedically relevant

composites comprised of PDMS and PEEK. Unlike other polymer-blended FGMs for biomedical

applications, which typically adopt biodegradable thermoplastics with varying spatial arrangements to

alter mechanical performances of scaffolds, the work undertaken utilises a thermoset matrix (PDMS)

[27-30]._This promoted the chemical adhesion between complete-graded layers to form a dense
structure. The combination of PDMS and PEEK was motivated by their contrasting mechanical
properties, which could help to bridge the gap between soft (skin, muscle and cartilage) and connective
tissue interfaces. PDMS is a flexible thermoset elastomer with a reported elastic modulus between 0.5-
3.0 MPa, rendering it well suited to soft-tissue applications (plastic reconstruction surgery, mammary
implants, joint replacement) and medical devices (balloon catheters, artificial heart valves, microfluidic
chips) [31-35]. On the contrary, PEEK is a high-performing thermoplastic (elastic modulus of 3-4 GPa),
employed within the fields of both trauma care and orthopaedics in the forms of maxillofacial implants,
articulation devices, fixation plates and screws, spinal fusion cages, wound dressings, heart valves and
pumps, thanks to its good load bearing capacity, chemical resistance and suitability to aggressive
sterilization techniques [36-42]. In the literature, the chemical synthesis of PDMS-PEEK copolymer
was attempted via the condensation of dimethylamino terminated PDMS and hydroxy terminated PEEK
oligomers [43]. The copolymer was intended to be used as impact modifier for the toughening of PEEK.
However, its thermo-oxidative instability prevented its application. Here, for the first time, it is shown
that PDMS-PEEK can be physically blended without the use of solvents or additives and the resulting
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composites can be processed via moulding. In this study, fabrication, material characterisation and
mechanical performance are highlighted, as well as cytotoxicity screening of the PDMS-PEEK

composites.

2. Materials and Methods

Fabrication of PDMS-PEEK composites

Polydimethylsiloxane (Mw_~ 60000 g/mol, Dow Corning® EI-1184 Optical Encapsulant Kit) was

purchased from Ellsworth Adhesives Ltd. Poly(ether) ether ketone powder (Mw ~ 78000 g/mol,

VESTAKEEP® 2000 UFP 20) was purchased from Evonik Industries GmbH (Marl, Germany). All
chemicals were used without further purification.

PDMS prepolymer solutions were prepared by combining part A prepolymer (dimethyl siloxane,

dimethylvinylsiloxy-terminated, dimethylvinylated and trimethylated silica) and part B curing agent

(dimethylhydrogensiloxy + catalyst) at a 1:1 ratio. Typically, the catalyst is metal-centred (platinum),

which promotes hydrosilyation reactions between terminal vinyl groups found in siloxane (part A) and

methylhydrogen siloxane units (part B) [44]. PEEK particles were then introduced into the PDMS

solution at 10 (PDMS-PEEK 10%) and 20 wt.% (PDMS-PEEK?20%). Blends with 30 wt.% and 40 wt.%

PEEK particles were also investigated; however, inconsistencies in manufacture were experienced (see

supporting information Fig. S1). Each fractional mixture was manually stirred to obtain a uniform

dispersion of the PEEK powder. This was identified at the point at which the PEEK powder was unable

to be visually separated from the bulk PDMS, forming an opaque, tan-coloured-gel like substance,

which increased in viscosity, upon rising PEEK fractional volumes.

The PDMS-PEEK dispersions were placed into a desiccator for ~20 minutes, removing air introduced
by mixing. A compressed air gun was used to break the surface tension of any remaining bubbles in the
specimens. The PDMS-PEEK mixtures were poured into machined aluminium moulds following
ASTM D638-14 (type iv); (gauge length 25.0 mm; width 6.0 mm; thickness 3.2 mm), ASTM D395-16

(type 1%) compressive set, (@ 29.5 mm; thickness 12.5 mm) standards and left to cure at 70 °C for 1
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hour. Samples were immediately removed from the oven and left to cool at room temperature, prior to

testing.

To produce functionally graded specimens, PDMS-PEEK blends of equal volume were built up in a

controlled layer-by-layer process. In this case, PDMS-PEEK?20% blends were cast first into aluminium

moulds similar to ASTM D395-16 (type 1*) compressive set, (@ 29.5 mm; thickness 12.5 mm) and left

to cure at room temperature for 24 hours. This process was repeated for subsequent PDMS-PEEK 10%

and PDMS layers. The semi-cured FG specimens were then held at 70 °C for 1 hour to ensure full cure,

before being removed from oven and cooled at room temperature. Dimensional accuracy of the attained

specimens was assessed with Vernier calliper (Digital 150mm, Duratool).

Morphology and surface characterisation

PEEK particle size was examined with Mastersizer 3000 (Malvern) laser-diffraction particle-size
analyser. Both surface and cross-sectional morphologies of the PDMS-PEEK composites were analysed
with scanning electron microscopy (TM3030, Hitachi). A 15 nm coating of Au-Pd (80:20 ratio) was
deposited onto the samples by sputter coater (Q150T ES, Quorum) prior to SEM inspection.
Chemical and thermal analysis

Energy dispersive X-ray (EDX) analysis of the composites was undertaken to examine their elemental

composition (TM3030, Hitachi). Five distinct points were assessed across five individual specimens for

each composite. Thermal behaviour of the PDMS-PEEK composites was determined by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Samples with a weight
of 10 mg were loaded into designated aluminium pans and exposed to temperatures ranging from 0-400
°C for TGA (Q5000IR, TA Instruments) and from 20-600 °C for DSC (2920, TA Instruments) at a scan
rate of 10°C/min in a nitrogen atmosphere.

Mechanical performance

Both uniaxial tensile and compressive tests were performed to characterise the mechanical properties
of the PDMS-PEEK blends, using Instron universal testing systems (Instron 3344 and 3363), equipped
with 1 kN and 10 kN load cells, respectively. Prior to the tests, a 5 N preload was applied to overcome
flexible nature of the tensile specimens, while polytetrafluorethylene (PTFE, WD-40) lubricant was
applied to the surfaces between compression plates and specimens to reduce any ‘barrelling’ effect
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caused by surface friction. A quasi-static strain rate of 0.001 s was applied in both tensile and
compressive tests. Specimen failure was identified as a drop-in load of 5%. Five tensile and five
compressive pieces were tested for each PDMS-PEEK blend.
Cytotoxicity screening

2.1.1  Cell culture
Human dermal fibroblasts (HDF), all below passage 13 (ATCC), were cultured in T80 flasks (Nunc™,
Fisher Scientific, UK) and incubated at 5% CO, atmosphere and 37 °C (HERA cell 240i, Fisher
Scientific, UK) in growth medium (GM), composed of 89% Dulbecco modified Eagle’s medium
(DMEM, Sigma Aldrich, UK), 10% foetal bovine serum (FBS, Pan Biotech, UK) and 1% penicillin-
streptomycin (P/S, Fisher Scientific, UK) until 80% confluence was obtained. Incubated cells GM was
changed every 24 h prior to being harvested for experimental use.
2.5.2 Polymer sample preparation
All samples were sterilized with ultra-violet (UV) light for >1 h, prior to being adhered to culture well
plates using an in-house bio-adhesive (aquarium glue) that was found to be biocompatible [45]. Samples
were then rinsed with 70% industrial methylated spirit (IMS) solution and left to air-dry prior to being
washed with phosphate buffered saline (PBS) solution. Each polymer disc (@ 30 mm; thickness 1 mm,;
approx. surface area 15 cm?) provided a surface-area-to-volume ratio of 3 cm? mL and was designed to
cover most of the culture area of a six-well plate. Where possible, the methodology was devised with
the international standards organisation (ISO 10993) guidelines as previously reported [46].
2.5.3 Experimental treatment
When determining the biocompatibility of biomedical materials, interactions between the chemical
leachate of such materials and cell cultures must be assessed. Hence, sample discs were used to evaluate
the indirect (n = 1) biocompatibility of each polymer per repeat (n = 3). Experiments generated n = 3
per condition, totalling n = 6 per analysis at each specific time-point, derived from n = 3 experimental
repeats. HDF cells were seeded at a density of 10* cells per cm? on tissue culture plastic within
chemically leached medium of each polymer. To obtain this, polymer blend discs were attached to
culture wells that remained acellular (containing only medium (denoted “MEDIA ONLY”). Chemically

leached medium from each polymer was then transferred to its corresponding experimental well,
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ensuring that cellular medium was directly representative of cumulative polymer degradation at each
specific time-point. Each MEDIA ONLY well was preincubated with 2 mL GM for 24 h prior to
commencing each experiment, to ensure cells were seeded within medium that had been exposed to the
chemical leachate of each polymer. Once transferred to experimental wells, acellular wells were
replenished with 2mL GM before each subsequent media change. HDF cell viability was determined at
24 h intervals (24, 48 and 72 h), prior to being fixed for morphological analyses at experimental
termination time-points (72 h).

2.5.4 Cell viability alamarBlue®

To determine proliferation/viability of HDFs when interacting with polymer composites, alamarBlue®
reagent (diluted 1:10 in DMEM containing 1% P/S) was added at 24, 48 and 72 h time-points. Cells
were washed twice with 2 mL PBS before being treated with 2 mL per well alamarBlue® stock solution
and humidified at 5% CO, and 37 °C for 4 h. 100 pL of solution, per well, was then added to a 96-black
well plate and analysed for fluorescence intensity. Increased fluorescence of alamarBlue® reagent is
indicative of an increase in cellular viability. alamarBlue® fluorescence signal was excited at 540-570
nm (peak excitation: 570 nm) and emitted at 580-610 nm (peak emission: 585 nm).

2.5.5 Immunofluorescence and morphological analyses

At experimental termination time-point (72 h), cells were washed twice in 2 mL PBS per well prior to
being fixed in 3.7% paraformaldehyde solution. Once fixed, HDF cell cultures were permeabilised
(Triton X-100, Fisher, 1:500) and labelled for cytoskeletal protein F-actin and nuclear DNA using
molecular probe rhodamine phalloidin (1:200; Life Technologies, Molecular Probes) and 4’,6-
diamidino-2-phenylindole (DAPI, 1:2000) for >1 h. Fluorescence images were captured using a Leica
DM2500 fluorescence microscope (20%) with manufacturer’s software (Leica Application Suite X), and
analysed using IMAGE J 1.50a/Fiji (Java 1.6.0_24) software (National institute of Health, Bethesda,
MD). Image inclusion criteria were set at >5 images per well. Nuclei number analysis was performed
using an in-house macroinstruction designed for Fiji image analysis software.

Statistical analysis

Both mechanical and cell-viability data sets were statistically analysed with software package (SPSS
24, IBM). 1 x 3 one-way analysis of variance (ANOV A) was undertaken to assess mechanical data that

8
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met parametric assumptions. Where significant observations were met, Tukey post-hoc analysis was
used to determine differences between sample groups. Where parametric assumptions were violated,
non-parametric Welch’s ANOVA, followed by Games-Howell post-hoc analysis, was used to
determine statistical differences between sample groups. A 6 x 3 ANOVA was undertaken to analyse
cell viability. One-way ANOVA (1 x 6) was used to analyse the morphological nuclei number
concerned with experimental termination time-points. Here, where significant interactions were
observed, Bonferroni post-hoc analysis was used to assess differences between conditions at specific
time-points. Non-parametric Kruskal-Wallis (H) analysis was undertaken where data violated
parametric assumptions. Mann-Whitney (U) tests were then utilised to determine significance between
conditions, in accordance with Bonferroni correction to account for incremental type-1 error. All data

are reported as mean + standard deviation (SD). Significance was assumed at p <0.05.

3. Results and Discussion

3.1 Morphology and surface characterisation

The replica moulding technique was used to fabricate PDMS samples with and without PEEK particles
for ease of processing and dimensional accuracy [47]. PDMS samples were optically transparent and
completely void of defects despite thicknesses up to 12.5 mm (Fig. 1a). Upon the introduction of PEEK
particles, the elastomer became both opaque and tan coloured. Polymer blends became duller and
washed out in appearance as PEEK fractional volumes increased (Figs. 1b-c and Sla). The PEEK
particles were irregular in morphology, with an average size distribution of 10-50 um (Fig. 1d). During
sample preparation, it was observed that organic solvents were not required to obtain homogenous
dispersions of PEEK particles throughout the liquid PDMS prepolymer (an advantage over previous
works) [48,49]. This was credited to the low surface tension of the PDMS prepolymer (~20 mJ/m?) that
promoted the wetting of PEEK particles (surface energy ~50 mJ/m?) and limited the formation of
aggregates [50-52]. The presence of PEEK within the PDMS elastomer had no detrimental effects upon
the curing process, which was achieved after 1 hour at 70 °C, as for pristine PDMS. Often, solvents are

an essential commodity to ensure successful multi-material processing [53]. However, their use in
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manufacturing can add significant cost (purchase, recycling and safe disposal) and be detrimental to
both animal models and the environment [54]. Hence, the materials here developed were completely

solvent-free to ensure biocompatibility and alleviate cytotoxicity [53]. SEM analysis of the obtained

composites (surfacing facing the mould, bottom) revealed a smooth surface finish for the PDMS control

sample (Fig. 1e) and enhanced surface roughness for PDMS-PEEK 10% (Fig. 1f) and PDMS-PEEK20%

(Fig. 19). The increase in surface roughness is attributed to semi-embedded PEEK particles, forming

protrusions and craters (blue arrows in Figs. 1f and 1g) across the composite surfaces. PEEK particles

were uniformly distributed throughout the sample and, as expected, their density increased with
fractional PEEK volume. Observations drawn from sample cross sections also indicated significant
PEEK homogeneity throughout the PDMS matrix for PDMS-PEEK10% and PDMS-PEEK20% (Fig.
1h-1j). During the cross-linking process, the PEEK particles remained homogenously distributed within
the PDMS matrix without precipitation or aggregation at the bottom of the mould, prompting desirable
manufacturability and consistency.

Cavities (red dashed boxes in Figs. 1i and 1j) existing within the cross-sectional area of the PDMS-

PEEK10% and PDMS-PEEK20% are attributed to directional shear forces applied by a scalpel blade

during samples preparation for SEM imaging. The cutting force caused the delamination of loosely

bound PEEK particles from their PDMS matrix. This demonstrates that the liquid PDMS prepolymer

coated the surface of each single PEEK particle (during PDMS and PEEK mixing) and broke down

aggregates in the PEEK powder without need of solvents or high shear mixing procedures.

10



Fig. 1. Photographs of bulk specimens; PDMS (a), PDMS-PEEK10% (b), and PDMS-PEEK20% (c).
Surface morphology (SEM) of PEEK particles (d), PDMS (e), PDMS-PEEK10% (f) and PDMS-
PEEK20% (g). Cross sectional morphology (SEM) of PDMS (h), PDMS-PEEK10% (i) and PDMS-
PEEK20% (j). Arrows (blue) indicate surface protrusions and craters on composite surface. Cavities
(red dashed boxes) formed during sample preparation for imaging.
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3.2 Chemical and thermal analysis

EDX analysis was performed across the surface of PDMS, PDMS-PEEK10% and PDMS-PEEK20%

as well as a PEEK reference, to determine elemental composition, and, in turn, ensure both the validity

of supplied materials and batch quality of the specimens (Fig. S2). Both silicon and oxygen are

fundamental constituents of PDMS and, hence, found in abundance in the PDMS control and the
PDMS-PEEK blends. As expected, silicon slightly declined as fractional volumes of PEEK increased,
indicating that PEEK particles were partially exposed at the surface. The minimal rise in oxygen was
attributed to the introduction of the PEEK, which was found bound to carbon throughout its structure.
A gradual rise in carbon was witnessed with increasing fractions of PEEK, as it is the primary
constituent of PEEK’s chemical skeleton.

The thermal properties of the PDMS-PEEK composites were investigated because thermal stability and
mass retention at body (37°C) and sterilisation temperatures (121°C) are prerequisites for the fabrication
of structural implants and functional biomedical devices [55]. TGA showed that the PDMS and PDMS-
PEEK composites were stable across a broad range of temperatures (Fig. 2a and S3a). Between 37-
200°C, negligible mass loss was experienced by all polymer samples. As temperatures approached
300°C, the masses retained for PDMS, PDMS-PEEK 10%, PDMS-PEEK20% and PEEK were all higher
than 98.5%. The mass retained for PEEK stayed consistent (99%) as temperatures rose to 500°C, while
significant mass reduction was observed for PDMS (-21%), PDMS-PEEK10% (-17%) and PDMS-
PEEK20% (-13%) compared to mass at room temperature, which is inversely correlated to PEEK

fractional volume. The corresponding mass losses observed between 400-500 °C are indicative of the

thermal ‘unzip-degradation’ depolymerization of PDMS. resulting in the cleavage of Si-O-Si bonds and

the subsequent formation of cyclic siloxanes of varying chain lengths [56,57]. The increased retention

of mass observed for PDMS-PEEK10% and PDMS-PEEK20% against the PDMS control is attributed

to the higher specific heat capacity of the PEEK fraction. As PEEK inclusions increased and the distance

between adjacent particles declined, higher thermal tolerances were achieved throughout the matrix.

Due to the chemical stability of PEEKs aromatic backbone, degradation of the polymer was not

witnessed between 400-500°C [58—-60]. At 600°C, mass retention for all samples demonstrated a sharp

drop, with PDMS., PDMS-PEEK10%, PDMS-PEEK20% and PEEK retaining final masses of 46%.,

12
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42%. 62% and 65%. respectively. Of all the polymers, PEEK was most thermally stable (degradation

temperature ~550 °C), consistent with the existing literature [60,61]. As temperatures surpassed 500°C,

PDMS and its composites experienced further mass loss due to thermal ‘rearrangement-degradation.’

promoting, in turn, the rearrangement of Si-O-Si bonds and the heterolytic cleavage of Si-CH; bonds,

to form methane and additional cyclic oligomers [62,63]. Between 500-600°C, thermal degradation of

PEEK was initiated, with the associated mass loss attributed to the random cleavage of ether and ketone

groups linking the aromatic rings together [60]. It was reported that beyond 650°C carbonyl groups are

cleaved, forming radical decomposition intermediates such as phenols, dibenzofuran, CO, CO2 and

carbonaceous char [60,64,65]

In Figure 2b and S3b. distinct peaks indicating melting temperature (7,,,) are witnessed at 350°C for

PDMS-PEEK10%, PDMS-PEEK20% and PEEK. A T, peak for PDMS is not observed due to its step

change occurring at a reported -40°C [66]. A step change. indicative of glass transition temperature

(T,), was observed at 140°C in PEEK (Fig. 2b), consistent with previous findings; however, this became

less prominent (reduction in area under the curve) as fractional volume of PEEK declined to 20 wt.%

[67,68]. PDMS’s T, was previously reported between -115 to -125°C [66,69,70]. The obtained TGA

and DSC data suggest that the PDMS-PEEK composites have the capacity to retain mass and phase

well beyond body and sterilisations temperatures and, hence, are suitable for biomedical applications.
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Fig. 2. TGA (a) and DSC (b) of PDMS, PDMS-PEEK10%, PDMS-PEEK20% and PEEK samples.

3.3 Mechanical performance

The mechanical properties of the PDMS-PEEK composites were evaluated in both tension and
compression (Fig. 3). All samples exhibited stress-strain behaviour that are typical of PDMS-based
materials, i.e. a period of linearity, followed by non-linearity and then subsequent ultimate failure (Fig.

3a) [71-73]. The modulus of toughness U, (calculated as the area under the graph) for both tensile and

compressive specimens was recorded. PDMS exhibited a U; of 0.7+£0.2 MPa (tension) and 2.1+0.4 MPa

(compression). The addition of PEEK fractional volumes saw a rise in toughness across all the PDMS-

PEEK composites. In tension the inclusion of 10 wt% and 20 wt% PEEK determines a 1.1-fold increase

over the control (0.840.1 MPa for PDMS-PEEK10% and 0.7+0.2 MPa for PDMS-PEEK20%).

Compared to PDMS. PDMS-PEEK10% and PDMS-PEEK20% saw 1.6-fold (3.3+0.4 MPa) and 2.1-

fold (4.4+0.2 MPa) increases, respectively.
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In tension (Fig. 3b, top quadrant), the elastic modulus (calculated for a strain interval between 10-20%
in the linear region of the curve) obtained for the PDMS control sample was 0.95+0.03 MPa, in
agreement with previous studies on PDMS-based materials [35,72,74]. The addition of PEEK
determined statistical rises (p<<0.05) in the elastic modulus for both PDMS-PEEK 10% (1.40+0.15 MPa)
and PDMS-PEEK20% (3.68+0.59 MPa), corresponding to a 1.5-fold (PDMS-PEEK10%) and 3.9-fold
increase (PDMS-PEEK20%) compared to the PDMS control, respectively. Under compressive load
(Fig. 3b, bottom quadrant), the elastic moduli recorded for PDMS-PEEK10% and PDMS-PEEK20%
were 1.80+0.32 MPa and 4.22+0.32 MPa, respectively. In this case, 1.2-fold and 2.9-fold increases were
achieved over the PDMS control (1.46+0.45 MPa) by the incorporation of 10 and 20 wt.% PEEK into
the elastomeric matrix. Statistical significance was observed between PDMS and PDMS- PEEK20%,
and PDMS-PEEK10% and PDMS-PEEK?20% but not between PDMS and PDMS-PEEK 10%. PDMS
specimens (Fig. 3c, top quadrant) exhibited a peak stress of 1.14+0.35 MPa in tension, whereas values
of 1.42+0.16 MPa (1.2-fold) and 1.57+0.2 MPa (1.4-fold) were recorded upon the introduction of 10
wt.% and 20 wt.% PEEK, respectively, with no statistical significance (p>0.05) observed between
groups. In compression (Fig. 3¢, bottom quadrant), the peak stresses of all respective groups were
significantly different (p<0.05) from each other. Peak stress values were recorded as were 5.53+0.41
MPa (PDMS), 8.92+1.15 MPa (PDMS-PEEK10%) and 13.27+1.78 MPa (PDMS-PEEK20%),

corresponding to 1.6-fold and 2.4-fold increases over PDMS, respectively.
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Evidently, the incorporation of PEEK into the PDMS matrix had a significant impact on the mechanical

performance of the polymer composite. Typically, the polymers utilised as the matrix are ‘state-of the

art’ with a designated application (PEEK for orthopaedic devices; UHMWPE for articulating femoral

heads and PDMS for soft tissues) and the fillers act to enhance or change a specific property

(mechanical, thermal, biocompatibility, etc.) [75]. Hence, it seemed appropriate to compare these novel

PDMS-PEEK materials to existing biomedical composites, specifically those with a PDMS matrix

(Table 1). For PDMS-HA composites, the elastic modulus was reported as 0.7+0.2 MPa (10 wt.% HA)

and 0.7+0.3 (20 wt.% HA), which is a 1.1-fold and 1.2-fold increase over their control [76]. Here, 1.5-

fold and 3.9-fold increase in the elastic modulus are reported for PDMS-PEEK10% and PDMS-

PEEK20%, respectively, in relation to PDMS. The ultimate tensile strength was 2.0+0.2 MPa and

2.240.6 MPa for PDMS-HA10% and PDMS-HA20%, respectively, correlating to 1.0-fold and 2.3-fold

increases over the control [76]. For the PDMS-PEEK blends, 1.4+0.2 MPa (PDMS-PEEK10%) and

1.6:0.2 MPa (PDMS-PEEK?20%), which equate to 1.2-fold and 1.4-fold increases over PDMS, were

obtained. Increased levels of elongation were also observed for PDMS-HA10%, PDMS-HA20%.,

PDMS-Polytetrafluroethylene (PTFE) 10% and PDMS-PTFE20% [77]. This trend was initially

witnessed in PDMS-PEEK10%., however for PDMS-PEEK?20% elongation at break decreased,

following the trends of Polyurethane (PU)-UHMWPE [78]

The divergence between tensile and compressive peak stresses among different groups can be attributed
to both the intrinsic properties of the composite polymers and differences in deformation mechanism
experienced by materials under load. PDMS’ structure is comprised of both cross-linked (covalently
bonded) polymer chains (forming a 3D network) and loosely bound (Van der Waals’) entangled,
amorphous chains (Fig. 4a.i) [82]. As tensile load is applied to the elastomers (above their Ty), the
secondary bonds holding the chains together break, enabling them to slide past one another reversibly
within the linear region (load carrying capacity matches deformation rate) [82]. In turn, these chains
align and re-orientate themselves parallel to the direction of loading (Fig. 4a.ii) [83]. As greater number
of polymer chains align and stretch (to absorb energy), irreversible plastic deformation occurs, exhibited
by a small but distinctive toe region in the stress-strain curve [84]. In attempt to dissipate stress, the
chemical backbone rotates until bond dislocation occurs, creating micro-cavitation, leading to failure
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(Fig. 4a.iii) [83—85]. In comparison, compressive PDMS specimens (Fig. 4b.i) experience similar chain
sliding as in tension; however, the entangled chains become interpenetrated with one another reducing
molecular mobility and increasing polymer stiffness at lower strain magnitude (Fig. 4b.ii) [86]. As the
re-orientation and superimposed polymer entanglement is passive (due to lateral contraction), the stress-
strain curve exhibited a clear heel region at relative higher strain magnitude. The subsequent increase
of the stress-strain curve is result of interlocked polymer deformation, until covalent bond breakage
leads to buckling and rupture (Fig. 4b.iii) [87].

By introducing PEEK into the elastomeric matrix, stiffness increased as a function of particle loading
(up to 20 wt.%). Rationale for this increase in stiffness is attributed to the higher concentration of PEEK
particles, restricting chain mobility and the higher intrinsic properties of the particles compared to
PDMS [88-90]. Consequently, higher loading was necessary to plastically deform the PDMS-PEEK
composites in both tension and compression, correlating with the higher elastic moduli observed. After
achieving peak stress, the process of PEEK particle detachment from the PDMS matrix ensued, leading
to voids and rupture in tension. Under compressive loading, the distance between bound PEEK particles
decreases with load, resulting in material consolidation [89]. After peak stress, the bound elastomer was
stripped away from the bound PEEK particles, generating voids that are unable to dissipate the applied
stress. Elongation at break recorded for PDMS, PDMS-PEEK10% and PDMS-PEEK20% were
189.2+13.1%, 191.7£6.0% and 180.7+15.3% in tension, respectively (Fig. 4c, top quadrant), and
31.1£9.5%, 254+3.3% and 39.0+2.1% in compression (Fig. 4c, bottom quadrant), respectively. The
results reported for PDMS agreed with previous findings [35,74]. It is understood that the levels of
elongation at break can be controlled by the fraction of particle filler as well as curing temperature and
level of cross-linker [71,74,89]. Recent examples of such behaviour include the addition of starch and
cocoa shell to PDMS (for biodegradable packaging) which caused a 10-fold and 68-fold reduction in
elongation at break [49,91].

Importantly, in this study, the addition of PEEK particles into the PDMS elastomer did not affect
sample’s elongation at break significantly (p>0.05). The ability of the PDMS-PEEK samples to retain
similar levels of ductility, yet increase their load-bearing capacity is considered highly advantageous
compared with previous works [49,91]. Hence, these polymer composites could be adopted for a far
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greater range of soft-tissue engineering applications. One example of note is the field of maxillofacial
prosthetics. Unlike commercial elastomers reported in literature, the tensile properties obtained from
PDMS-PEEK10% (1.40+0.15 MPa) composites are far more representative of submandibular tissue
(1.28+£0.06 MPa) [92,93]. It is understood that skin possesses age-dependent biomechanical properties,
and as such, the PDMS-PEEK composites could be tailored to match the mechanical properties of tissue
as a function of time [94]. Further applications could include prosthetic blood vessels (saphenous vein
and arterial walls) and articular cartilage, as the elastic moduli for the PDMS-PEEK composites are

within the reported range [25].
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Table 1. Composition and mechanical parameters of biomedical composites with PDMS matrix (RT — room temperature, CS — crosshead speed).
Composites Volume fraction Elastic modulus Ultimate tensile Elongation at Sample preparation Test parameters Ref.
(wt.%) (MPa) strength (MPa) break (%)
UHMWPE- 0 34 - - Shear mixed (100 rpm at Tensile [14]
PDMS 10 32 - - 180°C), compression CS = 50 mm/min
20 26 - - moulding (160°C)
30 11 - -
PDMS-HA 0 0.63 1.97 525 Two-roll mixer, hot Tensile [76]
10 0.70 1.98 529 compression moulding RT
15 0.72 2.14 532 (185°C for 35 min) CS =30 mm /min
20 0.76 2.25 529
25 0.87 2.26 516
30 3.23 1.46 235
PDMS-PTFE 0 - 0.70 275 Solvent casting with Tensile [77]
10 - 0.95 440 magnetic stirrer (3 hrs)
20 - 1.30 550
30 - 1.40 560
PU-UHMWPE 0 17 48 435 Powders dried (80-90°C Tensile [78]
5 23 38 375 for 12 h) RT
10 25 36 350 Melt blended, twin screwed
15 24 30 330 (160 rpm at 225-235°C)
20 32.5 23 275
25 36 19 235
30 38 15 180
UHMWPE- 0 700 48 - Rotary ball milled (300 Tensile [79]
PEEK 3 1100 30 425 rpm for 1hr), cold RT
6 1000 20 225 compression moulded (100 | CS =25 mm/min
9 900 20 100 Kg/cm?) and temperature
12 800 17 90 raised and held 0-200°C)
15 750 15 20 and held (1hr)
PEEK-PTFE 7.5 1500 784 11.2 Melt blended, twin- Tensile [80]
15 1430 77 10.5 screwed (330-350°C)
22.5 1320 70 10.4
30 1230 64.6 8.9

20




PEEK-HA 0 3000 100 - Shear mixed (40 rpm at Tensile [81]
360°C), blends granulated | 100 kN load-cell
10 3500 95 - and dried (160°C for 2 hrs), | CS = 1 mm/min
20 4000 70 - injection moulded (14 MPa
at 340-395°C at 30 rpm)
30 8000 65 - into mould (50°C),
annealed (245°C for 2 hrs).
PDMS-PEEK 0 0.95 1.14 189.18 2-part PDMS shear mixed | Tensile 1 kKN + 5 N | This
(1:1 ratio) + PEEK. preload study
Desiccated (~20 min) and
10 L4 1.42 1917 air blasted. Moulded and £=0.001s!
cured (70°C)
20 3.68 1.57 180.74
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3.4 Functional grading

Over recent years there has been extensive research surrounding the development of FGMs and FG
structures as well as the benefits they can offer to the development of biomedical implants, devices and
pharmaceuticals [21,95-97]. Such examples include the blending of acrylates and methacrylates (at
varying ratios) in attempt to replicate tissues of intervertebral disks [98]; the fabrication of
polycaprolactone (PCL) and B-tricalcium phosphate (B-TCP) porous and dense implants to promote
bone regrowth and counter osteonecrosis of femoral heads [99], and the manufacture of functionally
graded fixation plates to reduce stress shielding effects observed between cortical bone and metallic
implants [100]. Hence, it is of great biomedical significance to assess the feasibility of functional
grading of PDMS-PEEK blends and identify their suitability for biomedical application.

After the production and characterisation of the PDMS and PDMS-PEEK composites, functionally
graded specimens comprised of all three sample materials were manufactured sequentially with equally
measured volumes (Fig. 5a). Compression testing was performed on the functionally graded specimens
to determine both their mechanical robustness (compared to that of bulk specimens) and failure
mechanism (Fig. 5b). The functionally graded samples followed a comparable stress/strain behaviour
to that of bulk PDMS and PDMS-PEEK composites. The effective elastic modulus (also taken for
strains between 10-20%) for the FGM specimens was 1.98+0.21 MPa, which exceeded that of PDMS
(1.57-fold) and matched that of PDMS-PEEK 10%. It was reported that FGMs in compression followed
similar stress/strain behaviour within the linear regions as non-graded materials of similar chemical
composition, which is true of the PDMS-PEEK composites [98]. However, beyond the linear regions,
mechanical failure ensued much earlier, which was also the case for the PDMS-PEEK20% composites
[98]. Peak stress and elongation at break were calculated at 4.81+2.0 MPa and 62.4+0.08%,
respectively, far closer to those of bulk PDMS and PDMS-PEEK20%. Similarly, both trends (reductions
in peak stress and elongation at break) were observed in the compression of FGM intervertebral disks
compared to non-FGM specimens (of similar chemical composition) [98].

SEM analysis of post-test specimens suggested that hard interfaces (white dashed lines in Figs. 5c-5f)
did not exist between PDMS, PDMS-PEEK10% and PDMS-PEEK20%, supporting high adhesion

between the transitional interfaces (Figs. 5S¢ and 5d). Transitions between layers were only identifiable
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by the increased concentration of PEEK particles. Therefore, the used layer deposition technique
allowed the fabrication of monolithic functionally graded structures with PEEK particle densities up to
20 wt.%. SEM images also revealed that site failure did not specifically occur at the material interfaces
(black dashed box in Fig. Se and 5f,) indicating the potential to produce FGMs with good load-transfer
capacity. Under compressive loads, failure occurred at regions with prominent PEEK particle
agglomeration (Figs. 5d and 5f, yellow dashed box). These sites are characterised by significantly lower
amounts of elastomer holding the adjacent particles together. Hence, upon the application of load
(higher than 4.8+2.0 MPa), these regions acted as stress concentrators, resulting in micro-cavitation that
led to particle delamination from the matrix and, ultimately, material rupture [89]. Applications of such
functionally graded PDMS-PEEK composites could include multi-material, maxilla-facial prosthesis.
Whereby, PDMS and the composite variants aid to replace soft skin-tissue and cartilage, respectively
(as the load required to cause delamination/fracture exceeds that of tissues they aim to

replace)[92,93,101].
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Fig.5. Schematic (left) and photograph (right) of functionally graded PDMS-PEEK composites,
ranging from PDMS (top), PDMS-PEEK10% (middle) and PDMS-PEEK20% (bottom) (a).
Engineering stress/strain curves for functionally graded PDMS-PEEK samples in compression (b).
SEM images of PDMS to PDMS-PEEK10% (c) and PDMS-PEEK10% to PDMS-PEEK20% (d)
before compression. SEM images of PDMS to PDMS-PEEK10% (e) and PDMS-PEEK10% to
PDMS-PEEK20% (f) after compression.
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3.5 Cytotoxicity screening

The cytotoxicity of the PDMS-PEEK composites was assessed in vitro using human dermal
fibroblast (HDF) population. HDF cell lines were selected based on their proven role in wound
healing and tissue repair, as well as, their use with other biomedically relevant polymer
composites [14,102—-105]. Over the course of 72 hours, exponential growth was witnessed
across the cell population (Fig. 6a and S4a) and HDFs showed healthy morphology with
spindle-shaped cytoskeletons (red) and flat oval nuclei (blue) (Fig. 6b-6f and S4b). There
appeared no morphological change in both the cytoskeleton and nuclei of the HDFs when
exposed to the various composites, which agrees with results obtained for pure PEEK
specimens [103]. Statistical analysis revealed no significant changes (p>0.05) between the
polymer composites and control, also in terms of nuclei number per observation field (Fig. 6g
and S4c). This suggests that the polymers did not cause any adverse effects on the cell line.
PDMS-PEEK blends offered equivalent biocompatibility to that of their constituents and are

therefore of interest for soft tissue engineering [106,107].

4. Conclusions
FGMs have the capacity to mimic the natural anisotropy of the human body thus allowing potential
development of implants/devices with better mechanical and biological resemblance of the tissues they
aim to repair/replace. In this study, biomedically relevant polymer composites were constructed from
PDMS and PEEK and functionally graded up to 20 wt.% PEEK particles without the use of solvents.
Thermal, mechanical and biological screening of the novel polymer composites revealed their
advantages;

e Negligible mass loss at both body (37°C) and sterilization temperatures (121°C)

e Tailorable elastic moduli and high levels of deformation prior to failure

e Functionally graded bulk specimens without the formation of hard interfaces between material

layers
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e No adverse effects regarding proliferation or morphology of HDF cells, when exposed to
polymer leachate.

The fabrication of PDMS-PEEK composites coupled with additive manufacturing technologies could

have the capacity to generate functionally graded implants/devices bridging the gap between soft tissues

such as; skin, blood vessels and cartilage.
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