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A B S T R A C T

Polycaprolactone (PCL) scaffolds have been widely investigated for tissue engineering applications, however,
they exhibit poor cell adhesion and mechanical properties. Subsequently, PCL composites have been produced to
improve the material properties. This study utilises a natural material, Bombyx mori silk microparticles (SMP)
prepared by milling silk fibre, to produce a composite to enhance the scaffolds properties. Silk is biocompatible
and biodegradable with excellent mechanical properties. However, there are no studies using SMPs as a re-
inforcing agent in a 3D printed thermoplastic polymer scaffold. PCL/SMP (10, 20, 30 wt%) composites were
prepared by melt blending. Rheological analysis showed that SMP loading increased the shear thinning and
storage modulus of the material. Scaffolds were fabricated using a screw-assisted extrusion-based additive
manufacturing system. Scanning electron microscopy and X-ray microtomography was used to determine
scaffold morphology. The scaffolds had high interconnectivity with regular printed fibres and pore morphologies
within the designed parameters. Compressive mechanical testing showed that the addition of SMP significantly
improved the compressive Young's modulus of the scaffolds. The scaffolds were more hydrophobic with the
inclusion of SMP which was linked to a decrease in total protein adsorption. Cell behaviour was assessed using
human adipose derived mesenchymal stem cells. A cytotoxic effect was observed at higher particle loading
(30 wt%) after 7 days of culture. By day 21, 10 wt% loading showed significantly higher cell metabolic activity
and proliferation, high cell viability, and cell migration throughout the scaffold. Calcium mineral deposition was
observed on the scaffolds during cell culture. Large calcium mineral deposits were observed at 30 wt% and
smaller calcium deposits were observed at 10 wt%. This study demonstrates that SMPs incorporated into a PCL
scaffold provided effective mechanical reinforcement, improved the rate of degradation, and increased cell
proliferation, demonstrating potential suitability for bone tissue engineering applications.

1. Introduction

3D printing technologies are enabling the development of complex
multi-material structures for tissue engineering applications that are
beginning to more accurately reflect the multifaceted biophysical en-
vironment within tissues [1,2]. The advancement of 3D printing or
bioprinting is facilitating advancements in a range of tissue engineering
applications such as bone, cartilage, cardiac, skin, vasculature, and the
development of biomimetic disease models [3–8]. However, a key
priority is the development of advanced biomaterials that are

compatible with bioprinting technologies but also provide superior
physical and biological properties. This is of utmost necessity in bone
tissue engineering applications, which has a demanding set of re-
quirements due to the complexity and remarkable properties exhibited
by the nanoscale organised hierarchical composite tissue. In this ap-
plication, the biomaterial must withstand significant mechanical forces
generated in the tissue and promote osteogenic cell behaviour.

A widely investigated biomaterial is the synthetic polymer, poly-
caprolactone (PCL), which has been used for bone tissue engineering
applications and in vivo is degradable, bioresorbable, and biocompatible
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[9,10]. These properties can be readily exploited in tissue engineering
applications because PCL can easily be processed as it has a low melting
temperature (~60 °C), soluble in a range of solvents (e.g. chloroform,
dichloromethane, toluene, and acetone), excellent blending compat-
ibility, and suitable rheological and viscoelastic properties enabling the
fabrication of a variety of scaffolds using both conventional and ad-
ditive manufacturing techniques [9–11].

Despite these advantages, PCL has a degradation profile that can be
too long to match the formation and ingrowth of neotissue – it can take
up to 4 years to degrade; depending on structural properties (e.g.
thickness, porosity, and quantity), molecular weight, and the biological
environment [9,12–15]. Furthermore, the biomechanical properties of
PCL scaffolds are not appropriate for load bearing applications such as
in bone tissue engineering and orthopaedics. PCL, in common with
other synthetic polymers, also lacks biological cues and binding motifs
to promote cell adhesion and modulate cell behaviour whilst the hy-
drophobic chemistry reduces cell attachment and spreading.

Subsequently, strategies to improve the degradation, mechanical,
and bioactivity properties of PCL scaffolds are required. The mechanical
properties can be improved through blending with both synthetic and
natural polymers and the incorporation of particulate fillers such as
bioceramics and carbon nanomaterials [16–18]. The functionalisation
of specific chemistries and biological motifs onto the scaffold surface
can enhance the bioactivity of scaffolds [19]. Whilst incorporating
bioactive biomaterials such as collagen, gelatine, hydroxyapatite, tri-
calcium phosphate, and bioactive glass can promote cell attachment,
proliferation, and differentiation down specific cell lineages
[16,20–22]. For example, the development of a composite scaffold
containing poly(L-lactic-co-ε-caprolactone), bovine bone matrix, and
gelatin promoted faster and mature bone regeneration in human pa-
tients [23,24]. This demonstrates that the biological properties of PCL
can be improved through the incorporation of the appropriate biolo-
gical motifs.

The aim of this study is to address the challenges inherent to PCL of
mechanics, degradability, and bioactivity by using silk as the material
filler in the form of silk microparticles (SMPs). Silk is a protein-based
natural polymer fibre, primarily composed of fibroin (core) and sericin
(coating), which is biocompatible, biodegradable, and has excellent
mechanical properties [25–28]. It has been used in Food and Drug
Administration (FDA) approved medical devices such as sutures and has
been investigated as a scaffold for tissue engineering applications
[25–28]. In the three-dimensional (3D) bioprinting space, silk has
predominantly been used as dissolved silk fibroin solution to produce
hydrogel bioinks [29–31]. However, the dissolution process is time
consuming and requires toxic chemicals. The production of silk parti-
cles directly through mechanical cutting and milling overcomes these
issues. Moreover, the particles retain the natural microstructure of silk.
SMPs and fibres have successfully been used as filler agents to enhance
the mechanical and biological properties of scaffolds [32–37]. A rigid
particle filler in a polymeric matrix can improve the compressive
modulus, creep resistance, and fracture toughness of the composite
[38,39]. Rajkhowa et al. demonstrated a 40-fold increase in compres-
sive modulus and yield strength of a porogen leached silk scaffold re-
inforced with SMPs [40]. Furthermore, Mandal et al. [36] used alkali-
hydrolysed silk microfibres as a filler in a silk scaffold whilst Gupta
et al. [37] used chopped silk fibres to reinforce a lyophilised silk and
hydroxyapatite coated scaffold which showed a 5-fold increase in
compressive modulus. Additionally, Zhang et al. used SMPs, micro-
fibres, and nanofibres to reinforce a 3D printed chitosan hydrogel
which showed a 5-fold increase in compressive modulus and aided in
printing fidelity and stability of the structure whilst maintaining bio-
compatibility [32,33]. Subsequently, the development of a PCL and
SMP composite scaffold may improve the physical and biological
properties of a scaffold for tissue engineering applications. The use of
SMPs as a filler provides an alternative to other explored filler materials
such as graphene, carbon nanotubes, hydroxyapatite, and bioglass

which have been investigated to modulate mechanical and biological
properties [16–18,22]. SMPs are biodegradable thus pose less of a cy-
totoxic and inflammatory risk compared to the use of graphene and
carbon nanotubes whilst still providing an improvement to mechanical
performance. Furthermore, silk has been shown to promote miner-
alisation and osteogenic behaviour in scaffolds thus can be utilised in a
similar strategy as the inclusion, for example, of hydroxyapatite and
bioglass [37,41–46]. Subsequently, a PCL/SMP composite scaffold can
be used by itself or in combination with co-printing of hydrogels,
containing SMPs, for bone tissue engineering applications [32,33,47].

Screw-assisted extrusion-based 3D printing was utilised in this study
to produce PCL based scaffolds. This technique has previously been
used to produce scaffolds for tissue engineering applications with
homogenous and high particle loadings [16,48]. Furthermore, this
process offers simplicity in use, lower cost to competing technologies,
applicability to a wide range of materials including highly filled particle
composites, and can be combined with multiple extrusion heads to
fabricate multi-material scaffolds including the printing of cells. Alter-
native technologies such as selective laser sintering (SLS) have been
employed to fabricate complex porous PCL scaffolds without the use of
support structures [49,50]. However, they typically have partially
melted structures which can limit their mechanical properties and the
partially melted or loose powder potentially poses inflammatory risks,
although thermal post-processing steps can minimise these issues [49].
SLS also cannot be easily used to generate multi-material scaffolds with
distinct material regions, furthermore, cells are not able to be included
in the printing process. Subsequently, the use of extrusion processes
using polymer melts or solutions offers a simpler and widely accessible
approach but may require support structures for complex structures.

This study presents a composite 3D printed PCL scaffold reinforced
with SMPs to improve the mechanical, biological, and degradation
properties. The rheological and thermal properties of the PCL/SMP
composites with different particle loadings were evaluated. The scaf-
folds were fabricated using a screw-assisted melt extrusion 3D printing
system and scaffold morphology was characterised using scanning
electron microscopy and micro-computed tomography. The effect of
SMP loading on the surface roughness, mechanical properties, wett-
ability, protein adsorption, and in vitro enzymatic degradation of the
scaffolds was assessed. Finally, human adipose derived stem cells were
used to assess the in vitro biological properties of the scaffold with cell
metabolic activity, viability, and morphology evaluated.

2. Materials and methods

2.1. Materials

Bombyx mori silk fibres (Automatic Silk Reeling Unit,
Ramanagaram, India) which was reeled and undegummed was pro-
cessed using a previously reported protocol [51]. The silk was de-
gummed using a rotary textile dyeing machine (Ahiba IR Pro, Data-
color, USA) for 30 min at 98 °C in a 2 g/L sodium carbonate (Sigma-
Aldrich, USA) and 1 g/L olive oil soap (Vasse Virgin, Australia) solu-
tion, with a material mass (g) to solution volume (mL) ratio of 1:50. The
degummed silk fibres were washed three times each in tap water then
deionised water to ensure the removal of all chemical traces. Finally,
the silk fibres were dried overnight at 40 °C. The SMPs were produced
using a physical milling process previously reported that consists of a
combination of chopping, wet milling and spray drying [52]. PCL
(Mw = 50,000 Da, CAPA 6500, Perstorp, UK) in the form of 3 mm
pellets was used as the polymer matrix.

PCL/SMP composites were prepared through melt blending. PCL
pellets were melted at a temperature above 80 °C and then SMPs were
added to the PCL melt to achieve the desired particle loadings of 10 wt
%, 20 wt%, and 30 wt% SMPs. The mixtures were physically blended
for at least 15 min to ensure a homogeneous dispersion of silk powder.
Finally, the prepared blends were cooled and cut into smaller pieces

C. Vyas, et al. Materials Science & Engineering C 118 (2021) 111433

2



ready for scaffold fabrication and experimental testing.

2.2. Particle characterisation

The SMP morphology was assessed by scanning electron microscopy
(SEM) and laser diffraction particle size analyser.

The particles were sputter coated with platinum for 60 s obtaining a
~10 nm coating and then imaged with SEM (S-3000N, Hitachi, Japan)
with an accelerating voltage of 10 kV. The particle morphology was
assessed using the open source software Fiji.

A laser diffraction particle size analyser (Mastersizer 3000, Malvern
Panalytical, UK) was used to quantify the particle size and volume
distribution. The SMPs were dispersed in water (refractive
index = 1.33) and the particle refractive index was 1.561. A Mie
scattering and a general-purpose analysis model was used. Sonication
was employed prior to measurement to reduce bubble formation and
disperse any agglomerates. Five measurements of the dispersed SMPs
were performed.

2.3. Rheology

The rheological properties of PCL/SMP composites were measured
using a dynamic rotational rheometer (HR-3 Rheometer, TA
Instruments, USA). Due to the difficulty in obtaining high shear rates
with a polymer melt in a rotational rheometer the Cox-Merz rule was
used to correlate the dynamic oscillatory low-shear data obtained with
high-shear viscosity, generating the complex viscosity (η*) [53].

Samples were prepared by melt-blending into a disc shape of 15 mm
diameter and 1 mm thick. Oscillation testing was implemented using a
parallel plate geometry (plate diameter 40 mm), geometry gap of 1 mm,
and temperature of 140 °C. Amplitude sweep measurements with a
strain value of 10−1 to 102%, frequency kept constant at 1 Hz, were
performed in advance to ensure the selected strain value was within the
linear viscoelastic range (LVR). A 1% strain value was then chosen for
the dynamic frequency sweep tests with a frequency range of 0.1 to
100 Hz.

2.4. Thermal analysis

Thermal analysis of PCL and PCL/SMP scaffolds was performed
using differential scanning calorimetry (DSC, Q100, TA Instruments,
USA) with a nitrogen atmosphere. An indium standard was used to
calibrate the heat enthalpy and temperature of the DSC. Each sample
(n = 3) of ~5 mg was placed in an aluminium pan for the measure-
ment. All specimens were heated to 70 °C at a rate of 10 °C/min from
the ambient temperature to erase the previous thermal history. This was
followed by cooling to −30 °C and reheating up to 70 °C at a rate of
10 °C/min to evaluate the thermal properties including melting beha-
viour and crystallisation. The following equation was used to calculate
the degree of crystallinity (Χc) (54):

= ×c (%) Hm
. Hm

100%
(1)

where ΔHm refers to the melting enthalpy from the second heating
curves, φ, is the weight fraction of PCL in the composites, and ΔHm* is
the melting enthalpy of the polymer with complete crystallisation, for
PCL was reported to be 142 J/g [55].

2.5. Scaffold fabrication

Scaffolds were fabricated using a screw-assisted extrusion-based
additive manufacturing system (3D Discovery, RegenHU, Switzerland).
The scaffolds were designed with a 0°/90° lay-down pattern, 300 μm
fibre diameter, 300 μm pore size, and 255 μm layer-thickness. The
material and screw chamber temperature were kept constant at 140 °C
and 90 °C, respectively, and an air pressure of 6 bar was supplied to the

material chamber. Qualitative observation showed that a higher ma-
terial chamber temperature was required to allow continuous move-
ment of material into the screw chamber, thus the temperature was
raised to 140 °C to enable this. The screw rate was kept constant at
7.5 rpm for all material compositions, however, the feed rate was varied
to obtain an appropriate fibre diameter, due to changes in viscosity of
the composites, which was assessed using an optical microscope (VHX-
5000, Keyence, Japan). Subsequently, a feed rate of 11.75, 12.75,
13.25, and 13.75 mm/s was selected for PCL, 10 wt%, 20 wt%, and
30 wt% SMPs, respectively. Higher percentage SMP loadings, 40 wt%,
was attempted. However, the high particle filler content resulted in
repeated blocking of the extrusion nozzle. Furthermore, the increase in
viscosity required a significant increase in temperature (200 °C) to
maintain material flow which potentially can cause material degrada-
tion. The printed scaffolds were 40 mm × 40 mm × 2.5 mm with a
one-layer thick brim around the perimeter to provide adhesion to the
print platform. Scaffolds were cut to 6.5 mm × 6.5 mm × 2.5 mm, a
calliper was used for quality control, for experimental studies.

2.6. Scaffold characterisation

2.6.1. Scaffold morphology
Scaffold morphology was assessed through SEM and micro com-

puted X-ray tomography (μCT).
The scaffolds for SEM (S-3000N, Hitachi, Japan) were sputter

coated for 60 s with platinum to obtain ~10 nm coating and imaged
with an accelerating voltage of 10 kV. Top-down and cross-sectional
images were obtained. Energy dispersive X-ray spectroscopy (EDX;
Oxford Instruments, UK) was used to investigate the elemental com-
position of the scaffold surface after in vitro cell culture.

Three-dimensional imaging was obtained using μCT (SkyScan 1172,
Bruker-microCT, Kontich, Belgium). Scanning parameters were set to
9 μm pixel size, X-ray source with 100 kV and 100 mA and using no
filters. Samples were rotated 360° around their vertical axis with a
rotational step of 0.4 degrees. The images were reconstructed using the
software (NRecon, Bruker-microCT, Kontich, Belgium) and subse-
quently analysed with another software (CTAn, Bruker-microCT,
Kontich, Belgium) which allowed for quantitative analysis of the scaf-
folds morphological parameters such as porosity, pore size, fibre dia-
meter, and surface to volume ratio. Interconnectivity was calculated
with an algorithm, as previously described, by considering only the
open and accessible pore volume within the scaffold [56,57].

2.6.2. Surface topography
The surface roughness (Sa) of the scaffolds (n = 3) was assessed

through optical profilometry using a laser scanning digital microscope
(LEXT OLS4100, Olympus, Japan) at ×50 magnification on an in-
dividual fibre with a scanning area of 257 × 258 μm. The areal scan-
ning method was used to measure a specific area of the surface to obtain
the mean surface roughness, Sa, which is a 3D parameter of the ar-
ithmetic mean roughness obtained from the 2D parameter (Ra).

2.7. Mechanical assessment

2.7.1. Bulk mechanical properties
Uniaxial compression using a universal testing machine (INSTRON

4507, UK) was used to assess the bulk mechanical properties of the
scaffold and the role of SMPs in reinforcing the PCL matrix. The samples
(n = 5) in the dry state were compressed at strain rate of 0.5 mm/min
with a 2 kN load cell up to a strain of 40%. The compressive Young's
modulus was calculated from the gradient of the linear elastic region.
The compressive strength at 1, 10, and 40% strain and the yield
strength (using 2% strain offset method, typical of polymeric materials)
are reported (Fig. S1 - supplementary information).
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2.7.2. Nanoindentation
The nanomechanical properties of the PCL/SMP scaffolds were

characterised using nanoindentation (Hysitron TI 950 Tribo-Indenter,
Bruker, USA). The equipment was fitted with a standard three-sided
pyramidal (Berkovich) probe and the probe area (A) function was ca-
librated independently before the test. A 50 μm spacing was used be-
tween indents with 10 indents for each sample.

Samples were mounted in epoxy and polished down to a 40 nm
surface finish. The indenter was forced into the sample at 400 μN/s for
5 s, held at a peak load of 2000 μN (Pmax) for 2 s and unloaded at
400 μN/s. The force and displacement were recorded for the entire
duration of the test. The nanoindenter data analysis software (Hysitron
TI 950 Tribo-Indenter, Bruker, USA) was used to estimate hardness (H).
The software uses, Pmax and A for hardness estimation.

=H P
A
max

(2)

where Pmax is 2000 μN and A is the contact area [58].
The unloading segments of each indentation was analysed using the

data analysis software which follows the Oliver-Pharr model [59] to fit
the initial unloading portion (95%–80%) of the force-displacement
curve and extracts the Reduced Modulus (Er).

=E
S

A2r
(3)

where S is the contact stiffness and A is the projected contact area [59].

2.8. In vitro enzymatic degradation

The degradation properties of the PCL and PCL/SMP scaffolds were
assessed using a model accelerated in vitro enzymatic degradation
method based on previous studies with slight modification [51,55]. All
samples were first conditioned to 20 °C ± 2 °C and 65% ± 2% re-
lative humidity for at least 48 h. The weight of each sample was then
recorded before sterilisation by 30 min of ultraviolet (UV) irradiation.
Control samples (n = 3) were immersed in 1 mL of 0.1 M phosphate
buffered saline (PBS) at pH 7.4 solution in a 24-well plate. Experimental
samples (n = 3) were placed in a solution of 1 mL of 0.1 M PBS con-
taining 0.5 mg/mL of lipase from Thermomyces lanuginosus (Novo
Nordisk, Copenhagen, Denmark). Samples were then incubated in a
standard cell culture incubator (5% CO2, 37 °C, and 95% humidity) and
removed after 6, 12, 24, 48, and 96 h. During the incubation, the lipase
and PBS solution were changed every day to ensure enzyme activity.

At each time point, samples were removed and rinsed with deio-
nised water three times and dried in a fume hood overnight. The dried
samples were then conditioned again to 20 °C ± 2 °C and 65% ± 2%
relative humidity for at least 48 h and re-weighed. The weight loss of
each sample was expressed as a percentage of the original weight. The
scaffold mass was considered zero when the scaffold structure itself was
degraded and only pieces remained. The scaffold surface morphology
was evaluated qualitatively during the degradation process using laser
scanning digital microscopy (LEXT OLS4100, Olympus, Japan) at each
time point.

2.9. Wettability

The wettability of the scaffolds was determined through a static
water contact angle measurement (KSV Cam 200, Finland). Images
were obtained immediately after droplet formation on the scaffold
(n = 3) and analysed using the Sessile drop technique.

2.10. Protein adsorption

Fetal bovine serum (FBS) was used as a model protein system to
quantify the amount of protein that would adsorb onto the scaffolds.

The bicinchoninic acid assay (BCA) (Micro BCA Protein Assay Kit,
Thermo Fisher Scientific, USA) was used following the manufacturer's
instructions and experimental procedure based on previously reported
studies [60]. Briefly, the scaffolds (n = 3) were pre-wet using a PBS
solution in an incubator (5% CO2, 37 °C, and 95% humidity) overnight.
The samples were then immersed in a 10% FBS solution and kept in the
incubator for 12 h. The scaffolds were then gently washed in PBS to
remove excess and unattached protein. Samples were moved to a new
plate to guarantee that only protein adsorbed to the scaffolds was
quantified and the working reagent was added. After 2 h of incubation
(5% CO2, 37 °C, and 95% humidity), 150 μL from each sample was
transferred to a 96-well plate and read at an absorbance of 562 nm
using a microplate reader (Infinite 200, Tecan, Switzerland). The
amount of protein absorbed was calculated according to a standard
curve generated by a dilution series of bovine serum albumin (BSA)
standards and normalised to non-protein treated samples (n = 3).

2.11. Biological assessment

2.11.1. Cell culture and seeding
The printed scaffolds were washed twice in sterile PBS, sterilised by

immersion in 80% ethanol for 2 h, washed again twice with sterile PBS,
and then dried overnight in a sterile tissue culture laminar flow cabinet
ready for cell seeding.

Human adipose derived stem cells (hADSCs, STEMPRO™, Thermo
Fisher Scientific, USA) were used for in vitro biological assessment of
the scaffolds. hADSCs were maintained and expanded in MesenPRO
RS™ media containing 2% (v/v) growth supplement, 1% (v/v) gluta-
mine, and 1% (v/v) penicillin/streptomycin, and incubated using
standard conditions (5% CO2, 37 °C, and 95% humidity). The culture
medium was changed every three days. Cells were harvested at passage
7 and at ~80% confluency using a 0.05% trypsin-EDTA solution
(Sigma-Aldrich, USA). A cell suspension was prepared (0.33 × 106/mL)
and 25,000 cells in 75 μL of media were statically seeded onto each
scaffold. The solution was pipetted on top of the scaffold in a non-
treated 48-well plate and incubated in a standard cell culture incubator
for 2 h to allow cell attachment, before the addition of 325 μL fresh
media supplement. The cell culture media was changed every three
days. Non-treated well plates were used to minimise cell migration and
attachment to the underlying tissue culture plastic (TCP), as proposed
by Sobral et al. [61]. All cell seeded scaffolds were transferred to a new
48-well plate on day 1.

2.11.2. Cell metabolic activity
Cell metabolic activity was assessed at day 1, 3, 7, 14, and 21 after

cell seeding, using the resazurin assay (Sigma-Aldrich, UK), commonly
referred to as Alamar Blue, which functions by the reduction of re-
sazurin to resorufin by metabolically active cells. This assay can provide
an indication of cell proliferation. On day 1 all samples (n = 12) were
transferred to a new 48-well plate to enable quantification of cell at-
tachment and prevent unattached cells from influencing the result. TCP
was used as a positive control, non-seeded scaffolds as a negative
control, and media as a blank. At each time point, a 10% by volume
(40 μL) of resazurin solution (0.01% (v/v)) was added to each sample
and incubated for 4 h. After incubation, 150 μL of each sample was
transferred to a 96-well plate and the fluorescence intensity was mea-
sured (540 nm excitation/590 nm emission wavelength) with a plate
reader (infinite 200, Tecan, Switzerland). Samples were washed twice
in sterile PBS to remove the resazurin solution before the addition of
fresh media.

2.11.3. Cell viability
Cell viability was assessed using a Live/Dead assay kit

(ThermoFisher Scientific, UK) at day 21 according to the manufacturer's
instructions. Culture media was removed from the samples and TCP
control and washed twice with PBS before adding 500 μL of a calcein-
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AM (2 μM) and ethidium homodimer-1 (EthD-1, 4 μM), PBS solution.
Ethanol treated TCP samples were used as EthD-1 positive controls
(dead). The samples were then incubated for 25 min in an incubator.
Scaffolds were imaged with an inverted fluorescence microscope (Leica
DMI6000 B, Leica Microsystems, Germany). Day 1 imaging was at-
tempted, however, the EthD-1 would bind to the SMPs giving rise to
false positives in the dead channel (Fig. S2 - supplementary informa-
tion).

2.11.4. Cell morphology
Cell attachment and morphology on the scaffolds was imaged using

SEM (Hitachi S-3000 N, Hitachi, Japan) on day 7, 14, and 21. Scaffolds
were gently washed twice with PBS and then fixed with 2.5% glutar-
aldehyde solution for 1 h. After fixation, scaffolds were washed with
PBS twice, followed by dehydration in a sequential series of ethanol
concentrations (50, 60, 70, 80, 90, and 100%) for 15 min at each
concentration with the 100% ethanol concentration repeated.
Hexamethyldisilazane (HMDS, Sigma-Aldrich, UK) and ethanol in a
50:50 mixture was then used to treat scaffolds for 15 min. Finally, a
100% HMDS solution was used and the samples were then left to dry for
24 h in a fume cupboard to allow the HMDS to evaporate before pla-
tinum coating and SEM imaging.

2.12. Statistical analysis

Statistical analysis was performed using one-way analysis of var-
iance (ANOVA) and multiple comparisons with Tukey post-hoc test
using GraphPad Prism software (Graphpad Software Inc., USA) and all
values are reported as mean ± standard deviation (SD). The differ-
ences between means were considered significant at *p < 0.05,
**p < 0.01, ***p < 0.001 and ****p < 0.0001.

3. Results and discussion

3.1. Silk microparticle morphology

The SMPs were characterised by a laser diffraction particle size
analyser and SEM to determine particle morphology (Fig. 1). The par-
ticles have an irregular shape with a spherical cauliflower-like mor-
phology and an equivalent sphere diameter of ~6–7 μm and 90% of the
particles sized below ~10 μm. The particle volume distribution is re-
latively narrow with only a single peak, which demonstrates that the
SMP fabrication process produces uniform particles.

3.2. Composite rheology

The PCL/SMP composites were analysed to assess the impact of

SMPs on the rheological behaviour of the polymer matrix (Fig. 2). The
rheological results were reproducible even after repeated melt-cooling
rheology measurements, which indicated good stability and dispersion
of the SMPs within the PCL matrix with no additional crystal alignment
or degradation induced by the temperature cycling [62]. The storage
(G′) and loss (G″) modulus of PCL and PCL/SMP blends all showed li-
quid-like behaviour with G″ higher than G′ at 140 °C, regardless of the
SMP weight loading. As the SMP loading increased, from 10% to 30%,
both G′ and G″ of the composites increased with the silk content, which
agrees with previous studies on PCL-based nanocomposites filled with
clay [63], starch-based nanoparticles [54], nano-hydroxyapatite and
tricalcium phosphate particles [64]. The addition of SMPs caused a
more pronounced effect on G′ than on G″, thus enhancing the elasticity,
which is characterised as a pseudo-solid-like-response of the composite
material [63].

The loss factor tan δ, which indicates the ratio of the loss modulus to
storage modulus, as a function of frequency shows that the tan δ of pure
PCL decreases with increasing frequency, indicating its viscoelastic li-
quid-like behaviour (Fig. 2b). At frequencies lower than 10 rad/s, there
is a clear difference between PCL and PCL/SMP composites with the tan
δ for pure PCL being much higher, indicating the evident elastic re-
sponse introduced by the addition of SMPs with less energy being dis-
sipated. As the silk content increases, the PCL polymer macromolecule
motion is largely retarded by the presence of the SMPs and thus the
polymer relaxation is slower at low frequencies [54]. At higher fre-
quencies (> 10 rad/s) the tan δ of all samples converge and the ma-
terials exhibit an increasing elastic response as the difference between
G' and G" decreases.

The complex viscosity (η*) as a function of frequency is dependent
on the SMP content (Fig. 2c) As the SMP content increases the η* in-
creases, which agrees with the change observed in the G′ and G″. The
30 wt% SMP composite showed the largest increase in η* compared to
other samples, due to a more pronounced particle reinforcement in the
polymer network structure. As the frequency increases a clear shear
thinning behaviour is observed which is more prominent with in-
creasing silk loading especially at 30 wt% SMP which has the largest
decrease in η*. The change in viscosity is due to the structural re-
organisation of the polymer network due to the introduction of the SMP
filler which results in particle-particle and particle-polymer interac-
tions. The shear thinning behaviour observed is typical of particle filled
polymers and can be associated with the inter-particle distances being
disturbed which results in reduced particle-particle interactions thus
disrupting the initial 3D structure [65]. The particles are rearranged in
the direction of flow with a layered structure forming within the matrix
which is less resistant to flow, and the materials behave in a more non-
Newtonian shear-thinning manner.

Fig. 1. Silk particle morphology. a) Particle volume distribution; Dx (10) = 2.39 μm ± 0.0228, Dx (50) = 5.72 μm ± 0.00953, Dx (90) = 10.6 μm ± 0.0582, and
volume moment mean, D (4, 3) 6.14 μm ± 0.0067. b) Representative SEM image of the SMPs (scale = 5 μm).
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3.3. Thermal analysis

DSC was used to determine the thermal properties of the PCL/SMP
composite with the cooling and subsequent heating curves allowing the
determination of the crystallisation peak temperature (Tc), crystal-
lisation enthalpy (ΔHc), melting temperature (Tm), ΔHm, and Xc (Fig. 3.
and Table 1). The addition of SMPs led to an increased Tc with the
increase independent of SMP loading. The pure PCL showed a

crystallinity of 45.6%, similar to previous reported studies [54,66].
Increasing the SMP loading led to a decrease in ΔHc and subsequently
the Xc of the composite. The SMPs had limited influence on the Tm even
with a decrease in the ΔHm.

An increase in the crystallisation temperature after adding SMPs
may indicate that the particles can act as heterogeneous nucleating
agents and lower the nucleation free energy required for the PCL ma-
trix, therefore resulting in higher Tc [54]. The decrease in crystallinity

Fig. 2. Rheological properties of PCL and SMP composites. Frequency dependency of a) dynamic storage modulus (G′) and loss modulus (G″), b) tan δ, and c)
complex viscosity (η*).

Fig. 3. DSC a) cooling and b) second heating curves of PCL/SMP composite scaffolds.
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caused by the addition of SMPs suggests an interaction with the PCL
matrix which disrupts crystal formation [67]. A similar reduction in
matrix crystallinity has also been reported in other particle reinforcing
studies such as nano-cellulose reinforced polyethylene oxide [68]. A
decrease in the ΔHm of the composite is most likely caused due to the
increasing SMP content and less PCL per unit weight as the melting
behaviour was not affected by SMP as only a small change in melting
temperature was observed.

3.4. Scaffold morphology

The 3D printed scaffold morphologies were observed using SEM and
μCT (Figs. 4 and 5). The SEM shows that the composite PCL/SMP

scaffolds were successfully 3D printed. The scaffolds have a regular
overall geometry with 0°90° architecture (log-pile) and the printed fi-
bres and pores between them are clearly defined and uniform. The in-
creasing loading of SMPs is clearly observed in the rougher surface of
the printed fibres and particles embedded in the fibre cross-sections.

The scaffold dimensions closely matched the designed criteria of
300 μm for both fibre diameter and pore size. The scaffolds were de-
signed with a 300 μm pore size as studies have demonstrated values in
this region are suitable for bone tissue engineering applications, al-
though the specific pore size is dependent on the final application
[69–71]. The fibre diameter decreased with increasing loading of SMP
with 30 wt% SMP having a diameter of 269.9 ± 5.0 μm compared to
pure PCL of 301 ± 5.3 μm. As the fibre diameter decreased, with in-
creasing loading of SMP, the resulting pore size increased (Fig. 5a). The
total porosity was approximately 55% for all scaffolds. Scaffold inter-
connectivity was>85% for all scaffolds at a pore threshold size of
200 μm and approaching 100% at smaller thresholds (Fig. 5b). Full
morphological measurements can be observed in Table S1 in the sup-
plementary information. This demonstrates excellent interconnectivity
and a major advantage of using additive manufacturing for the fabri-
cation of scaffolds. Pore interconnectivity is crucial to allow tissue in-
growth and diffusion of nutrients, gases, biomolecules, and waste re-
moval throughout the scaffold [72–75]. The change in rheological

Table 1
DSC data of PCL/SMP composite scaffolds obtained from the cooling and the
second heating DSC curves.

Tc (°C) ΔHc (J/g) Tm (°C) ΔHm (J/g) Xc (%)

PCL 29.64 64.48 59.34 64.77 45.6
10% SMP 32.98 55.86 57.38 55.59 43.5
20% SMP 31.82 49.52 60.38 47.98 42.2
30% SMP 32.02 41.66 59.58 41.23 41.5

Fig. 4. Scanning electron microscopy images showing: a, e, i, m) top view (scale = 200 μm); b, f, j, n) fibre surface (scale = 50 μm); c, g, k, o) cross-section
(scale = 200 μm); and d, h, l, p) fibre cross-section (scale = 50 μm) of the 3D printed PCL/SMP scaffolds.
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Fig. 5. μCT X-ray tomography imaging and analysis of the 3D printed PCL/SMP scaffolds. a) Fibre diameter, pore size, and porosity of the scaffolds. b) Accessible
porosity of the scaffold as a function of pore diameter threshold. c) and d) μCT reconstructions of the scaffold. e) Cross-section of the PCL scaffold.

Fig. 6. Bulk and nano mechanical properties of the PCL/SMP scaffolds. a) Representative bulk compression stress-strain curves of the scaffolds. b) Compressive
Young's modulus of the scaffolds. c) Reduced Young's modulus and hardness determined through nanoindentation.
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behaviour of the composite material affects material flow thus the fibre
dimension. Although the printing process has been optimised; the small
changes in dimensions throughout a scaffold are not immediately ob-
vious from SEM characterisation but is clear when using μCT which
allows the entire structure to be measured. Additionally, some fibre
delamination can be observed at 30 wt% SMP loading which is not
observed on the other scaffolds but is related to differences in actual
fibre dimension to the design dimensions (Fig. S3 – supplementary in-
formation). Further optimisation is required of the 3D printing process
parameters to reach the desired design criteria.

Finally, no information can be determined about the SMP dis-
tribution within the PCL matrix using μCT as the absorption contrast
was not sufficient to segment the SMPs from the PCL. However, the
SMPs are assumed to be homogenous within the PCL due to the

thorough physical blending process and then mixing within the screw-
chamber in the extruder during printing. Furthermore, the interfacial
surface energy in the PCL/SMP system will play a critical role in their
dispersion, the spherical shape of the SMPs is likely to assist in dis-
persion due to the lower surface area compared to particles with a flaky
morphology that can tend to aggregate [76]. The SEM images show an
apparent homogenous distribution on the fibre surface and cross-sec-
tion (Fig. 4).

3.5. Mechanical properties

The bulk and nano mechanical properties of the PCL/SMP scaffolds
were evaluated using uniaxial compression testing and nanoindenta-
tion, respectively. The bulk mechanical properties are important, as

Fig. 7. Surface roughness and wettability of the PCL/SMP scaffolds. a) Laser microscopy 3D topographic reconstruction of the scaffolds and high magnification of the
fibre surface (scaffold reconstruction: scale = 500 μm and fibre surface: scan size = 257 × 258 μm). b) Water droplet profiles on the scaffold surface. c) Surface
mean roughness, Sa, and d) water contact angle measurements of the scaffolds.
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they need to match the intended tissue and withstand physiological
forces imposed on the structure, especially in load bearing applications
such as bone and cartilage. The nanomechanical properties influence
cell behaviour through mechanotransduction pathways as the cells
sense the biophysical environment [77–79]. Thus, both should be de-
signed for the intended application.

The PCL/SMP scaffolds show typical behaviour of a cellular solid
with the stress-strain profiles showing an initial linear elastic beha-
viour, plateau phase, and then a densification region (Fig. 6a) [80]. The
bulk compressive modulus significantly increased with increasing
loading of SMPs from 67.51 ± 4.25 MPa to 119.70 ± 7.34 MPa for
PCL and 30 wt% SMP, respectively (Fig. 6b). Although the compressive
modulus of cortical bone is considerably higher (7–18 GPa), the 30 wt%
SMP scaffold is within the lower region of trabecular bone (0.1–5 GPa)
[81]. The difference between 10 wt% and 20 wt% SMPs scaffolds is
minimal and not statistically significant. This may have arisen due to
the differences in scaffold morphology with the 20 wt% SMP scaffolds
having a smaller fibre dimeter and larger pore size than the 10 wt%
SMP scaffolds, thus the 3D printing process parameters requires further
optimisation, as previously stated. Subsequently, the mechanical
properties may not follow a proportional relationship with particle filler
loading.

The nanomechanical properties also increase with loading of SMPs
into the PCL matrix (Fig. 6c). The reduced Young's modulus sig-
nificantly increases from 0.55 ± 0.03 GPa to 1.31 ± 0.33 GPa for PCL
and 30 wt% SMP, respectively. The stiffness of the scaffold surface
significantly increases with inclusion of SMPs and stiffer surfaces pro-
mote osteogenic differentiation; a surface elasticity of ~40 kPa pro-
motes osteogenic behaviour, thus the stiffness of the PCL/SMP com-
posite is considerably higher [79]. However, the elastic modulus of
trabecular bone observed through nanoindentation is higher (> 7 GPa)
[82,83]. The hardness also significantly increases with SMP loading
with the moduli increasing from 39.47 ± 3.08 MPa to
72.64 ± 30.96 MPa for PCL and 30 wt% SMP, respectively. However,
these values are lower than the hardness observed in trabecular bone
(~500 MPa) [83]. A similar nanomechanical behaviour is observed
between 10 wt% and 20 wt% SMPs scaffolds which agrees with the
observation for the bulk mechanical properties. However, this may be
related to the quantity of SMPs present at the fibre surface influencing
these nanomechanical properties. As qualitative observation of the fibre
surface shows similar quantity of SMPs between 10 wt% and 20 wt.
SMP scaffolds but a large increase at 30 wt% (Fig. 4n). A threshold may
be reached at 30 wt% which influences particle packing, distribution
volume, and particle-polymer interactions. This can be observed
through the previous rheological and thermal analysis which shows a
clear trend related to increasing SMP content with 30 wt% having a
distinct behaviour, especially rheological. This particle threshold be-
haviour may be responsible for the nanomechanical and in addition, the
bulk mechanics observed.

The inclusion of SMPs as a reinforcing agent within the PCL matrix
provides a significant increase to both the bulk and nanomechanical
properties of the scaffold compared to PCL alone. Further investigation
is required to elucidate the influence of SMPs on the PCL matrix and
subsequent bulk and nanomechanical properties.

3.6. Surface roughness and wettability

The surface topography and wettability of the 3D printed PCL/SMP
scaffolds were determined through laser microscopy and water contact
angle measurement, respectively (Fig. 7). Biomaterial surface topo-
graphy and wettability are important as they influence protein ad-
sorption and cell-material interactions [19,84–86]. The characterisa-
tion and engineering of the surface properties will enable the
facilitation of specific cell behaviour.

Laser microscopy demonstrated that all 3D printed scaffolds had
good print quality, with well-defined fibres and uniform pore

distribution, complimenting the SEM and μCT imaging. The surface
morphology of the pure PCL scaffolds shows hexagonal surface features
and a considerable number of hollow voids or pits clearly observable
(Fig. 7a). These features can be attributed to crystalline microstructure
formation and the rheological behaviour during extrusion and the
subsequent cooling resulting in the observable hexagonal and pitted
surface features [65,87,88]. The hollow pitted surface of the scaffold
fibres disappeared with the addition of SMPs as the crystallisation ki-
netics and rheology were altered, as previously demonstrated in the
DSC and rheological analysis. The fibre surface morphology is sensitive
to changes in rheology as demonstrated by Huang et al. in a 3D printed
PCL scaffold including multi-walled carbon nanotubes which resulted in
a ‘sharkskin’ effect on the fibre surface [17]. The inclusion of SMPs did
not alter the overall fibre morphology, remained circular and non-
wavy, but became significantly rougher due to the presence of micro-
particles and altered the colouration of the scaffolds.

The addition of SMPs into the PCL scaffolds resulted in a colour
change from white to a yellowish tinge throughout, which increased
with higher silk loading (Figs. 7a and S4 – supplementary information).
The cause of the yellowing is unclear, whilst the microparticles them-
selves do have an off-white yellowish colour, the scaffolds printed with
high SMP content were considerably more yellow than the original
particles [52]. There could be a degree of thermal degradation of the
silk due to the high temperature used during the printing process,
however, thermal analysis shows that the printing temperature of
140 °C is considerably lower than the degradation temperature of silk
particles, approximately 300 °C [33]. Another possible cause may be
thermal oxidation of some of the side chains in fibroin. Four major
amino acid residues in the silk fibroin chain (glycine, alanine, serine
and tyrosine) can be involved in thermal oxidation reactions, with the
reaction products producing pigmented phenolic groups that contribute
to the colour development. Nevertheless, high temperature printing
could lead to instability in the SMPs due to oxidation reactions, thus,
further investigation of SMP stability is required. Therefore, printing in
an inert environment or at lower temperatures might be considered in
the future to avoid any potential degradation effects.

The PCL/SMP scaffold surface roughness, Sa, increased with larger
SMP loading (Fig. 7c). The Sa of the pure PCL scaffolds was
1.03 ± 0.01 μm; the SMP containing scaffolds had a significantly
higher Sa of up to 1.22 ± 0.04 μm, at 30 wt% SMP. There was no
significant difference between SMP containing scaffolds, the size and
distribution of the SMPs appeared to be homogeneous within the PCL
matrix, thus resulting in a similar mean surface roughness regardless of
SMP loading.

The wettability of a biomaterial surface is dependent on surface
chemistry and roughness with hydrophilic surfaces having a water
contact angle less than 90° whilst above this value the material becomes
hydrophobic. The wettability of the PCL/SMP decreased (hydro-
phobicity increased) with increasing SMP content with the contact
angle significantly increasing from ~80° to ~100° for PCL and PCL/
SMP 30 wt%, respectively (Fig. 7b and d). PCL is an inherently hy-
drophobic polymer with typically a contact angle above 90°, the lower
value in this study can be attributed to the large pores in the printed
structure which allows the droplet to seep into the structure [9]. The
increase in hydrophobicity with increasing SMP content can be attrib-
uted to two parameters: the increase in surface roughness and the
highly crystalline content of SMPs. As observed by laser microscopy the
surface roughness increases with increasing SMP content. As PCL is
inherently hydrophobic the increase in roughness will increase the
hydrophobicity. The interaction between the liquid (water) phase and
solid phase (PCL matrix) is energetically unfavourable and the increase
in surface roughness, thus, surface area subsequently has a negative
effect on wetting [89–91]. Furthermore, SMPs produced through phy-
sical milling maintain relatively high contents of the crystalline regions
of fibroin with β-sheet hydrophobic domains populating the structure,
which results in the hydrophobic nature of the SMPs [92,93]. The
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incorporation of SMPs have been shown to increase the hydrophilicity
of a chitosan hydrogel [33]. However, as chitosan is hydrophilic the
increase in surface roughness by inclusion of SMPs promotes en-
ergetically favourable interactions thus an increase in wettability.

3.7. Protein adsorption

The total amount of protein adsorbed onto the composite surface
was determined through immersion of the scaffolds in a 10% FBS so-
lution for 12 h (Fig. 8). Control samples incubated in PBS show a large
amount of protein (fibroin) present on the SMP containing samples with
the protein quantity following the trend of increasing SMP loading and
no protein observed on PCL only scaffolds (Fig. S5 – supplementary
information). This allows a method to quantify the amount of fibroin
protein at the surface; the experimental samples were normalised to
these controls. The results show a decreasing trend in protein adsorp-
tion with higher SMP loading in the scaffolds. The 30 wt% SMP scaf-
folds have significantly lower protein adsorption than all other scaffold
types whilst 10 wt% and 20 wt% SMP scaffolds have similar quantities
of protein adsorbed.

Typically, hydrophobic materials can adsorb more protein than
hydrophilic surfaces [94,95]. The binding of protein on hydrophilic
surfaces requires the displacement of water, which creates an energy
barrier which must be overcome. Although hydrophobic surfaces can
bind through internal hydrophobic domains in the protein this can lead
to unfolding and denaturing of the protein. Subsequently, under-
standing the protein adsorption kinetics, conformation at the surface,
and adhesion strength are important factors in determining cell beha-
viour. Bovine serum albumin is a major component of FBS and has been
shown to have increased adhesion on surfaces with contact angles
higher than ~60–65° [96]. The SMP scaffolds reduce the amount of
protein adsorbed even though they are more hydrophobic than the PCL
only scaffolds. The increase in roughness should also enhance the
available surface area for protein binding.

The presence of silk fibroin, predominately as crystalline β-sheets in
the SMPs, may minimise protein adsorption onto the PCL surface.
Protein adsorption onto differently processed silk cast films showed that
higher crystallinity and hydrophobicity reduced protein adsorption
[97]. Thus, the highly crystalline and hydrophobic SMPs may reduce
protein affinity for the surface and decrease the available surface area
for protein adsorption. The kinetics and specific protein adsorption
need to be evaluated to understand the mechanism of protein binding
on SMPs and the composite material scaffold, thus, subsequently how
protein adsorption influences material-cell interactions.

3.8. Enzymatic degradation

The main degradation route for PCL is hydrolysis of ester bonds
which is highly reliant on material crystallinity and water uptake thus
in typical in vitro and in vivo conditions is slow [9,14,98]. Accelerated
degradation model studies using chemical or enzymatic methods are
necessary to ascertain the role that material fillers such as SMPs have on
the degradation profile of a PCL-based composite and can also be used
to determine any cytotoxicity associated with degradation by-products
[9,55,99–101]. The PCL/SMP scaffolds degradation profiles were
evaluated using a model accelerated enzymatic method employing a
lipase from Thermomyces lanuginosus. The change in scaffold mass,
morphology, and surface corrosion are investigated (Figs. 9 and 10).

Control groups immersed in PBS buffer showed no apparent change
in mass which indicates that hydrolytic degradation of the scaffolds did
not occur. This is expected as PCL shows little hydrolytic degradation in
PBS or water for up to a year [14,15]. In the enzymatic degradation
solution, pure PCL scaffolds showed the highest stability throughout the
whole period. The presence of SMPs in the composite scaffolds ac-
celerated the degradation process; all PCL/SMP scaffolds lost their
scaffolding structure within 3 days. By day 3 all PCL/SMP scaffolds
were fully collapsed and the sample degradation solution appeared
turbid due to the release of the SMPs, whilst 20% of the original PCL
weight remained (Fig. 9b and c). The degradation rate observed for
PCL/SMP scaffolds with different silk loadings were not statistically
significant.

Structural changes in scaffold morphology were observed during the
degradation process (Fig. 9a). All scaffolds changed in appearance
within 6 h of enzymatic degradation, with a less shiny appearance
possibly reflecting the loss of PCL at the surface and the appearance of
more SMPs (observed as white particles) exposed on the scaffold sur-
faces. After 48 h degradation, the scaffolds exhibited uneven fibre edges
due to enzyme corrosion. All scaffold fibres appeared thinner compared
to the original structures. The PCL/SMP scaffolds had the greatest fibre
diameter reduction (with only 1/2 or 1/3 remaining) compared to pure
PCL scaffolds. Correspondingly, inter-fibre pores became larger and
delamination between adjacent layers occurring with some fibres be-
coming detached from the scaffolds.

To observe the degradation process in more detail, single fibre
surface morphology and height changes were recorded for each scaffold
(Fig. 10). The fibre surface progressively became rougher and the fibre
diameter decreased. The enzymatic degradation of the scaffolds creates
holes in the scaffold surface; as lipase only degrades PCL when the holes
in the PCL matrix became larger than the size of the embedded SMPs,
these particles become detached and released into solution. Thus, as the
SMPs are released this increases the available surface area within the
PCL matrix for the enzyme to degrade which increases the degradation
rate. As the printed fibres were optimised for the same diameter, the
high SMP loading scaffolds contained less PCL, which will then also
lead to increased scaffold degradability.

Furthermore, the reduced crystallinity of PCL after SMP inclusion,
as previously described, could make the PCL more prone to degradation
by lipase. Several studies on the degradation behaviour of PCL suggest
that the degradation process is selective, with the amorphous regions
being attacked and degraded prior to the crystalline regions. The pro-
posed explanation is the sufficient spatial degree of freedom in the
amorphous regions that allows better penetration of the enzyme into
the polymer chains [102,103].

Polymer scaffold degradation is a chemical/biological cleavage
process of polymer chains into oligomers, monomers or other low
molecular weight degradation product that will eventually be meta-
bolised and removed [14,104].The degradation rate of pure PCL is slow
(up to several years in vivo) compared to other biopolymers, which can
cause issues depending on the specific tissue engineering application
requirements [12,105,106]. As a key goal is matching the degradation
rate with the rate of new tissue formation, the faster rates of

Fig. 8. Protein adsorption of the PCL/SMP scaffolds after incubation in a 10%
FBS solution for 12 h.
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Fig. 9. Accelerated enzymatic degradation of the PCL/SMP scaffolds. a) Microscopy images of the scaffolds before and after 6 and 48 h degradation with SMPs
appearing as white particles in the degraded scaffolds (scale = 400 μm). b) Degradation profile of scaffold mass remaining up to 4 days with and without enzyme. c)
Images of the scaffolds in the enzyme solution at day 3.
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Fig. 10. Surface degradation topography and height profile (scale bar = 50 μm; height mapping scan size = 257 × 258 μm).

Fig. 11. a) Cell metabolic activity on the PCL/SMP scaffolds at day 1, 3, 7, 14, and 21. Cell viability on b) PCL, c) 10 wt%, d) 20 wt%, and e) 30 wt% SMP scaffolds at
day 21 (scale = 100 μm).
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degradation brought by the addition of SMPs could be advantageous
compared to pure PCL scaffolds. Nonetheless, how these results will
translate to in vivo behaviour is unclear and further animal testing is
required to evaluate if the introduction of SMPs can translate to im-
proved degradation rates and to understand if there any adverse effects
from the released SMPs.

3.9. Biological assessment

The PCL/SMP scaffolds have been initially biologically assessed by
the seeding and culture of hADSCs for up to 21 days in vitro and the cell
metabolic activity, viability, and morphology was evaluated (Figs. 11
and 12).

Cell metabolic activity increased in all scaffolds, as measured by an
increase in the fluorescence intensity through the Alamar Blue assay, up
till day 7 (Fig. 11a). At day 7, the 20 wt% SMP scaffolds had the highest
fluorescence intensity whilst the 30 wt% had the lowest. A slight de-
crease and stabilisation in fluorescence intensity is observed by day 14
and 21 in the PCL, 10 wt%, and 20 wt% SMP scaffolds which can be
attributed to a confluent state being reached and a reduction of the
metabolic activity of the cells. The 10 wt% SMP scaffolds had the
highest fluorescence intensity by day 21. However, a significant re-
duction in fluorescence intensity is observed for the 30 wt% SMP
scaffolds between day 7 and 14 which then remains stable till day 21.
This decrease can potentially be attributed to material cytotoxicity at
high concentrations of SMPs and reduction in cell numbers.

Cell viability was observed at day 21 using a live/dead assay, which
indicates that the PCL, 10 wt%, and 20 wt% SMP scaffolds support
viable cells (Fig. 11b–d). The observation of dead cells was complicated
due to the SMPs binding EthD-1 stain, as previously described (Fig. S2),
thus the determination of the number of unviable cells was not possible.
The 30 wt% SMP scaffolds showed only a few observable viable cells in
the entire scaffold (Fig. 11e).

Cell morphology, spreading and migration throughout the scaffolds
was observed using SEM at day 7, 14, and 21 (Fig. 12). The PCL, 10 wt
%, and 20 wt% SMP scaffolds all supported considerable cell pro-
liferation and migration throughout the scaffolds by day 21, as de-
monstrated by the presence of cells throughout the scaffold cross-sec-
tion and not concentrated in a specific location. Only a few cells are
observable at all-time points for the 30 wt% SMP scaffolds. The PCL and
10 wt% SMP scaffolds show dense cell and ECM formation by day 14
and at day 21, especially in the 10 wt% SMP scaffolds, the pores are
beginning to become blocked due to cell proliferation and ECM de-
position. Most noticeably is the different cell morphology observed on
the 20 wt% SMP scaffolds. The hADSCs are tightly bound to the fibre
surface forming dense sheets across the fibres surface whilst the cells in
the PCL and 10 wt% SMP scaffolds show considerably more spreading,
bridging between fibres, and ECM production. A similar tightly bound
cell morphology is observed on the 30 wt% SMP scaffolds at day 21.
The difference in cell morphology, spreading, and migration observed
on the scaffolds may be due to changes in the surface properties of the
scaffold as a result of SMPs increasing the surface stiffness and rough-
ness, hydrophobicity, and reducing the amount of protein adsorbed.
This will change the cell-material interactions via the adsorbed proteins
and subsequently the presentation of integrin binding clusters which
will influence cell behaviour [107]. The distribution of the SMPs at the
PCL matrix surface will alter the distribution and conformation of the
adsorbed proteins, furthermore, the stiffer surface of the SMP will alter
mechanotransduction pathways within the cells, which may be con-
ducive for promoting osteogenic differentiation [77–79].

A significant feature observed was the formation of small particles
(< 1 μm) and a crust-like layer on the 20 wt% and 30 wt% SMP

scaffolds by at least day 14 (Figs. 12 and 13). EDX analysis of the
particles shows the presence of calcium which is not observed in the
surrounding area where no particles or crust are present. Silk fibroin
has been demonstrated to regulate the nucleation and mineralisation of
calcium phosphates such as hydroxyapatite [41–43,108–114]. The
presence of SMPs may act as a nucleating point and allow precipitation
and calcium mineralisation from the cell culture medium. The amor-
phous regions of silk between the crystalline β-sheets have been shown
to be responsible for nucleating hydroxyapatite in a similar process to
collagen type I in bone [112]. Although the SMPs are highly rich in
crystalline β-sheets, amorphous regions are still present. Additionally,
the change in cell morphology observed between 10 wt% and 20 wt%
SMP scaffolds could be related to the hADSCs undergoing osteogenic
differentiation due to the high presence of a calcium-based mineral.
Furthermore, silk fibroin is composed primarily of glycine and alanine
and these are the principal degradation by-products which can be uti-
lised for neo-protein synthesis, potentially supporting the increase in
cell proliferation observed in this study [25].

Further investigation is required to elucidate the mechanism of
calcium mineral formation, the specific form of calcium, and if the
process is spontaneous or cell mediated. At higher SMP loading the
mineralisation process becomes more obvious. Furthermore, the ad-
verse cellular response observed at high SMP loading may be related to
the calcium mineralisation, which may cause physical damage to the
cells or due to an increase in the intracellular or local intercellular
calcium ion concentration, further study is required to understand this
phenomenon. Additionally, the degradation of the SMPs into smaller
fragments, silk nanoparticles, during the cell culture period may induce
a cytotoxic effect at high concentrations as Naserzadeh et al. have de-
monstrated during cell culture of fibroblasts and human umbilical vein
endothelial cells incubated with silk nanoparticles [115]. This ob-
servation is also in agreement with a previous study on cytotoxicity of
silk nanoparticles that at low concentrations showed no cytotoxicity,
whereas a decrease in cell viability was observed with higher con-
centrations [116]. Thus, further investigation is required to determine
the optimum silk loading in the composites and the influence of SMP
degradation has on biocompatibility. Furthermore, the influence of
SMPs and calcium nucleation requires in vivo investigation to determine
how the material responds in a complex biological environment and
subsequent cell and tissue response.

The results indicate that the PCL, 10 wt%, and 20 wt% SMP scaf-
folds support metabolically active and viable cells which can proliferate
up to day 21 whilst the 30 wt% SMP scaffold exhibits a cytotoxic be-
haviour from at least day 7. The 10 wt% and 20 wt% SMP scaffolds
show equal or better biocompatibility than PCL alone. Although a cy-
totoxic behaviour is observed at the highest particle loading, the scaf-
folds at 10 wt% exhibited significant advantages in terms of mechanical
reinforcement, increased degradation rate, and cell proliferation thus
higher SMP loadings may not be necessary to achieve the desired im-
pact. The 3D printed PCL/SMP scaffolds show potential suitability for
load bearing applications such as bone or cartilage tissue engineering.
However, further understanding of the influence of SMPs on the os-
teogenic or chondrogenic differentiation of hADSCs is required.

4. Conclusion

This study demonstrates the development and characterisation of a
new composite material, a PCL blended with SMPs. The composite
material has been used to fabricate scaffolds for bone tissue engineering
applications using screw-assisted extrusion-based 3D printing. The
rheological behaviour of the PCL/SMP composite showed an increase in
material elasticity and shear-thinning behaviour. Scaffolds were

Fig. 12. Cell morphology of the hADSC seeded PCL/SMP scaffolds at day 7, 14, and 21 with top-view (scale = 300 μm) and cross-section (scale = 200 μm) as
observed by SEM.
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successfully fabricated up to 30 wt% SMP loading and showed uniform
morphology. The incorporation of SMPs reinforced the PCL matrix
improving the mechanical properties of the scaffolds and are within the
lower region of trabecular bone mechanical properties. The scaffold
showed increasing roughness and hydrophobicity with higher SMP
loading due to the highly crystalline β-sheets in the SMPs. The presence
of SMPs accelerated the enzymatic degradation of the scaffolds. A clear
difference is observed in material properties with all SMP containing
samples compared to PCL alone typically correlating to increasing SMP
content. However, the mechanical and protein adsorption properties
follow a non-proportional trend for 10 wt% and 20 wt% which have
similar values, further investigation is required to understand this be-
haviour. Preliminary biocompatibility studies showed that hADSCs
were viable and proliferated up to 21 days on scaffolds up to 20 wt%
SMP loading, however, 30 wt% SMP scaffolds exhibited cytotoxicity.
Considerable calcium mineral deposition was observed on the SMP
scaffolds as silk facilitates the nucleation and mineralisation of calcium,
further investigation is required to determine how this influences the
osteogenic differentiation of hADSCs. The presence of SMPs in the
scaffolds significantly improved the degradation rate, mechanical
properties, and cell proliferation of the scaffolds indicating that key
disadvantages of PCL can be improved by incorporating silk particles.

The results demonstrate that the 3D printed PCL scaffolds reinforced
with SMPs have improved degradation and mechanics with potential

osteogenic properties. This study offers a promising alternative ap-
proach to overcome limitations associated with PCL-based scaffolds for
load bearing tissue regeneration.
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