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A B S T R A C T   

Biopolymers play a critical role as scaffolds used in tendon and ligament (TL) regeneration. Although advanced 
biopolymer materials have been proposed with optimised mechanical properties, biocompatibility, degradation, 
and processability, it is still challenging to find the right balance between these properties. Here, we aim to 
develop novel hybrid biocomposites based on poly(p-dioxanone) (PDO), poly(lactide-co-caprolactone) (LCL) and 
silk to produce high-performance grafts suitable for TL tissue repair. Biocomposites containing 1–15% of silk 
were studied through a range of characterisation techniques. We then explored biocompatibility through in vitro 
and in vivo studies using a mouse model. We found that adding up to 5% silk increases the tensile properties, 
degradation rate and miscibility between PDO and LCL phases without agglomeration of silk inside the com-
posites. Furthermore, addition of silk increases surface roughness and hydrophilicity. In vitro experiments show 
that the silk improved attachment of tendon-derived stem cells and proliferation over 72 h, while in vivo studies 
indicate that the silk can reduce the expression of pro-inflammatory cytokines after six weeks of implantation. 
Finally, we selected a promising biocomposite and created a prototype TL graft based on extruded fibres. We 
found that the tensile properties of both individual fibres and braided grafts could be suitable for anterior 
cruciate ligament (ACL) repair applications.   

1. Introduction 

Native tendons and ligaments (TL) are frequently subjected to ten-
sion applied by muscular contraction or other external forces. Hence, 
ductility, flexibility, and load-bearing properties are critical for artificial 
tendon scaffolds. Biopolymers play a significant role in TL tissue repair, 
whether the treatment relies on tissue engineering strategies or using 

artificial TL grafts. The biopolymer chosen for the TL graft governs the 
mechanical properties, biocompatibility, and absorption rate of the 
scaffold. Synthetic polymers are often chosen for such applications 
because of the level of control over mechanical properties, degradation 
rate, and easy reproducibility with large-scale production. Alternatively, 
natural biopolymers such as proteins are often favoured because of their 
high degree of scaffold-tissue compatibility due to the positive biological 
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recognition of their chemical make-up [1]. 
In recent years, different hybrid biocomposites based on natural and 

synthetic biopolymers have been developed to achieve the optimal 
balance between the materials’ properties for the fabrication of func-
tional scaffolds. Poly(ε-caprolactone) (PCL), polylactide (PLA) and poy 
(lactic-co-glycolide) (PLGA) are the most common synthetic bio-
polymers blended with natural biopolymers, mostly collagen and gela-
tine, to promote biocompatibility and biofunctionality of TL scaffolds 
[2–5]. For instance, PLLA/collagen blends (PLLA/Coll-75/25, 
PLLA/Coll-50/50) were prepared and used to fabricate electrospun 
tendon scaffolds [6]. PLLA/Coll-75/25 showed more desirable me-
chanical properties after incubation in PBS for 14 days, compared to the 
PLLA/Coll-50/50 [6]. PCL/collagen and PLA/collagen were 
co-electrospun to create a scaffold for the tissue engineering of 
muscle-tendon junctions (MTJ), where the collagen greatly improved 
biocompatibility and provided suitable mechanical properties matched 
with the native MTJ [5]. Gelatine was also blended with PCL to promote 
proliferation, adhesion and tenogenic differentiation of fibroblasts in 
vitro [7,8]. Furthermore, it was shown that tendon scaffolds made of 
PCL/gelatine could support the regenerated tissue of injured patellar 
tendons to restore biomechanical strength in a rabbit model [8]. Most of 
those composites have been developed by mixing materials in a solvent, 
mainly because solution electrospinning is an accessible method for TL 
scaffold fabrication [9]. 

Silk, as a natural biopolymer, is a promising candidate to blend with 
synthetic biopolymers for tissue regeneration applications [10]. In vitro 
and in vivo experiments have indicated that silk proteins show a broad 
spectrum of benefits such as mechanical properties, slow degradation, 
low toxicity, the low/absence of immunoreactivity, and the possibility 
to functionalize silk proteins with cell-adhesion domains [11–13]. As a 
result, silk has been widely used in TL tissue engineering [14–17]. For 
example, a composite of PCL and silk fibrous scaffold containing a 
cell-laden hydrogel was developed for ligament regeneration with 
improved cell delivery and infiltration [14]. Silk fibres were also used to 
braid hierarchical scaffolds for anterior cruciate ligament (ACL) regen-
eration in a sheep model [15]. Hence, adding silk to synthetic bio-
polymers can help achieve the optimal balance between 
biocompatibility, biodegradation and mechanical properties [10,18]. 

Recently, we developed biocompatible blends based on poly(p- 
dioxanone) (PDO) and poly(L-lactide-co-ε-caprolactone) (LCL) copol-
ymer with mid-term degradation rate and high elongation at break. The 
toughness of these PDO/LCL blends facilitate their use in applications 
such as TL scaffolds or suture applications. Blend containing a minority 
of PDO (10%–30%) resulted in small immiscible PDO droplets uniformly 
dispersed within the LCL matrix and demonstrated excellent in vitro 
cellular properties and toughening behaviour with a notable strain- 
hardening effect [19]. 

In this work, we aim to improve the properties of PDO/LCL blend, 
such as biocompatibility, toughness, and blend miscibility, by adding 
degummed silk and perform preliminary assessment of PDO/LCL/Silk as 
a suitable biocomposite for TL tissue engineering. PDO/LCL/Silk bio-
composites are characterized by different imaging and mechanical 
testing techniques, and both in vitro and in vivo biocompatibility ex-
periments investigated the effect of silk in the PDO/LCL blend. Finally, 
the processability and mechanical properties of a candidate PDO/LCL/ 
Silk biocomposite was compared to a PDO/LCL blend by prototyping 
fibres and grafts suitable for ACL repair. 

2. Materials and methods 

2.1. Silk fibroin preparation 

Silk cocoons were purchased from silk production centres in North-
east India. The cocoons were degummed as described previously [20]. 
Briefly, cocoons were degummed in a commercial dying machine 
(Thies), with 2 g/L sodium carbonate and 0.6 g/L sodium dodecyl 

sulphate carbonate (Sigma-Aldrich). Degumming was carried out for 20 
min at 100 ◦C. Cocoons were then washed with warm distilled water 
followed by cold distilled water. The degummed fibres were then cut 
into snippets using a cutter mill, attritor milled and spray dried, 
following a previous study [21]. 

2.2. Biocomposite preparation 

PDO/LCL/Silk composites were prepared by a solvent casting 
method at room temperature. LCL copolymer (L-lactide:caprolactone 
75:25, Mw = 430,000 Da, BMG Inc) and PDO (ηinh = 1.6 dL/g, BMG Inc) 
were used to prepare the composites. First, LCL and PDO (PDO:LCL, 2:8) 
were added in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to form 10 w/v 
% solution (P2L8 solution) using a magnetic stirrer at room temperature. 
After 30 min, when the polymers were partially dissolved in HFIP, 
1–15% of silk powder was mixed with HFIP (half of the volume used for 
dissolving polymers) and stirred for 15 min at room temperature. Then, 
the silk solution was ultrasonicated at room temperature to improve silk 
dispersion uniformly through the HFIP. Then, the silk dispersion was 
gently added to the P2L8 polymer solution. The final PDO/LCL/Silk 
mixture was stirred for 12 h at room temperature until obtaining a ho-
mogenous solution. Finally, the homogenous mixture was poured into a 
glass Petri dish and placed in a fume hood for 24 h to evaporate HFIP. 
Residual solvent was removed by vacuum drying at 60 ◦C for 24 h and 
stored in a vacuum bag at 5 ◦C. The final thickness of films was ranged 
between 200 and 300 μm. Prepared composites were named P2L8-S"X" 
whereby "X" indicates silk fraction in composites containing 20% of 
PDO and 80% of LCL. 

2.3. Material characterisation 

Infrared spectroscopy was performed using a FTIR-ATR spectrometer 
(Polymer ID analyzer, PerkinElmer) with a 4 cm− 1 resolution in the 
range of 400–4000 cm− 1 for determining functional groups. Morphology 
of the composites before and after degradation was observed by scan-
ning electron microscopy (SEM) (Zeiss 1555 VP-SEM) using platinum- 
coated samples at an accelerating voltage of 5 kV. The microscope was 
equipped with an energy dispersive X-ray spectrometry (EDS) unit for 
elemental analysis. Differential scanning calorimeter (DSC) analysis was 
performed (DSC 25, Discovery DSC Series, TA Instruments) under a ni-
trogen atmosphere with a heating rate of 15 ◦C min− 1 from 20 ◦C to 
200 ◦C. The melting temperatures (Tm) were recorded as the maximum 
of the endothermic peaks. The degree of crystallinity (Xc) expressed as a 
percentage was taken from the first heating run and calculated using Eq. 
(1): 

Xc (%)=
ΔHm

Wf ΔH◦

m
× 100 (1)  

Where, ΔHm and Wf, respectively, are the enthalpy of melting and the 
weight fraction of each polymer, determined from DSC, and ΔHm

◦ is the 
enthalpy of melting for 100% crystalline polymer. ΔHm

◦ of PDO [22], 
PLLA [23] and PCL [23] are taken as 102.9, 93 and 81.6 J g− 1, 
respectively. Although there is no data available for melt enthalpy of 
PLLA-co-PCL, according to mixture law, ΔHm

◦ of LCL was calculated as 
90.15 J g− 1 based on the PLLA and PCL values. 

Tensile failure properties of the composites were measured using 
miniaturized rectangular specimens with gauge length of 25 mm and 
width of 5 mm (based on type 5B in BS ISO 527: 2012) and an Instron 
universal tensile tester (Model 5969, Instron, High Wycombe, UK) 
equipped with a 500 N load cell. Toughness values were obtained by 
measuring the area under the stress-strain curve determined from tensile 
testing [24]. Tensile cyclic properties were studied on the rectangular 
specimens using Univert tester (Cellscale, Canada) equipped with a 200 
N load cell. Ligaments are cyclically loaded during activities of daily 
living, resulting in peak ligament strain values of less than 4% [25]. 
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Therefore, cyclic tests were performed over 5,000 cycles at 37 ◦C using a 
PBS bath during the whole test. Each cycle was programmed by 
stretching up to a strain of 5% within 5 s followed by recovering with the 
same speed (1%/s). For each PDO/LCL/Silk biocomposite, average re-
sults of five test specimens (n = 5) and three test specimens (n = 3) were 
reported for tensile failure and cyclic modes, respectively. 

We used an atomic force microscope (AFM) to study the effect of silk 
on the surface roughness and micro-topography of the composites. The 
AFM (Keysight 5500 SPM, USA) was operated high resolution under 
contact mode and all measurements were taken at a scan rate of 
1.22–2.3 lines per second at room temperature. The average roughness 
of the surface (Ra) was measured based on different random sites within 
a 10 μm × 10 μm area size, and we used Gwyddion software (v2.55) to 
reconstruct the micro-topography into 3D [26]. 

Contact angle was measured in air atmosphere and room tempera-
ture, using Ossila contact angle goniometer, to investigate the effect of 
silk on the hydrophilicity of the composites [19]. In addition, the surface 
energy of the blends was measured following ASTM D7490 using diio-
domethane (3.0 μL) and DI water (9.0 μL). The surface free energy (γs) of 
each component of composites were calculated using Owens-Wendt 
method by dispersive and polar surface energy (γd and γp) with a set of 
test liquids on a solid surface based on Eq. (2), (3): 

γs= γd
s + γp

s (2)  

γl(1+ cos θ) = 2
̅̅̅̅̅̅̅̅̅̅

γd
s .γd

l

√

+ 2
̅̅̅̅̅̅̅̅̅̅

γp
s .γp

l

√

(3)  

Where s and l denote the solid and liquid surfaces, respectively, and the 
contact angle of a liquid droplet on the surface is shown by θ [27]. By 
obtaining γs for all the samples, the surface energy contrast was 
compared according to the composition. 

The weight loss of samples was investigated during hydrolytic and 
enzymatic degradation. Specimens with 5 × 5 × 0.3 mm3 surface area 
were prepared from the cast composite films and an initial dry weight 
measurement was recorded. For hydrolytic degradation, the specimens 
were immersed in PBS (pH 7.4) at 37 ◦C under slow shaking for 365 
days. Enzymatic degradation experiments were carried out according to 
a previous method for silk-based nanocomposite films [28]. Under the 
enzymatic condition, the samples were incubated at 37 ◦C in PBS (pH 
7.4) solution containing 1.0 U/mL Protease XIV (Sigma-Aldrich). Sam-
ples were incubated in enzyme solution for 56 days under slow shaking 
and the enzyme solution was replaced with a fresh solution every 3 days. 
At each time point, the samples (n = 3 per time point) were rinsed and 
gently blotted with a KimWipe® before being vacuum dried at room 
temperature for one day. Then, the remaining weight was measured, and 
the weight loss percentage was calculated based on the initial dry 
weight. A series of specimens were also collected for studying the 
degradation through SEM. 

2.4. In vitro cell experiments 

MTS assays were performed to quantify the number of metabolically 
active cells grown in the media according to a well-known protocol [29, 
30]. Tendon-derived stem cells (TDSCs) isolated from mouse patellar 
tendon were seeded on the surface of composites in a 48-well plate 
(5′103 cells/well). Cells were cultured in minimal essential medium 
(MEM Alpha, Gibcoä) containing 10% fetal bovine serum (FBS, Gibcoä) 
and 1% streptomycin and penicillin mixture. 

Culture plates were incubated at 37 ◦C in a humidified atmosphere of 
5% CO2. After 1 or 3 days of culture, MTS assay was performed to 
evaluate cell proliferation in the growth media. In accordance with the 
CellTiter®96 AQueous Non-Radioactive Cell Proliferation Assay kit 
(Promega, USA), [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)- 2-(4-sulfophenyl)-2H-tetrazolium (MTS)] was added to the 
media at planned time points and incubated in a dark room for 2 h at 
37 ◦C, 5% CO2. Optical density (OD490) was measured in a 96-well plate 

reader (Bio-Rad, Model 680, USA) for cell proliferation tests. 
For confocal laser scanning microscope (CLSM) imaging, cells were 

fixed with 4% PFA for 15 min after 3 days of culture and washed with 
PBS after fixation. Cells were permeabilized with 0.1% Triton X-100 in 
PBS for 5 min at room temperature before being incubated with diluted 
Rhodamine phalloidin (ab235138; Abcam) (1/1000) in 0.2% BSA-PBS 
for 30 min at room temperature. Finally, cells were again washed with 
PBS before being mounted with Diamond Antifade Mountant and stored 
at − 20 ◦C. CLSM was then performed using Nikon A1Si Microscope. 

2.5. In vivo experiments 

P2L8, P2L8-S3, and P2L8-S10 films are the selected groups to study 
the effect of silk in low and high contents in vivo biocompatibility. Cir-
cular samples (n = 5 per group) were punched (diameter = 5 mm; 
thickness = 200–300 μm) from the films. All samples were disinfected 
using 70% ethanol solution and then dried in a vacuum oven for 24 h at 
70 ◦C followed by an exposition of the biomaterials to the UV light in a 
biosafety cabinet for 8 h prior to implantation. 

All animal procedures were approved by Universidad de Navarra 
Animal Ethics Committee and Navarra regional Government (Protocol 
number CEEA 004–18). Thirty BALB/c(Ola) mice aged 7 weeks were 
obtained from Harlan. Mice were anesthetised using inhalation anes-
thesia, Isofluorane (ISOFLUTEK® 1000 mg/g; Karizoo), maintained in a 
ratio of 1.5–2% throughout the complete procedure. The anesthetised 
mice were shaved dorsally, and a 1 cm incision was performed at the 
lower back of mice to generate the subcutaneous space. Two samples 
from each group per animal were implanted in the right and left sub-
cutaneous pocket space respectively. After the implantation, mice were 
housed in a barrier facility with a 24-h light/dark cycle. Mice were given 
ad libitum access to food and water and were sacrificed at 1 or 6 weeks 
after implantation (18 animals in total). At the respective final point, the 
implants were collected, including surrounding tissues, for histological 
and molecular analysis. 

2.6. Histology and molecular analysis 

The implants with surrounding tissues and capsules were washed in 
PBS and fixed in 4% PFA (PanReac, Barcelona, Spain) overnight for 
paraffin embedding following the previously described protocol 
[31–33]. Samples were dehydrated in graded ethanol and xylene, 
embedded in paraffin, and sectioned at a thickness of 4 μm. For histo-
logical evaluation, selected sections of the biocomposites implants were 
hydrated in decreasing graded ethanol and stained with Hematoxylin 
and Eosin to determine the level of fibrotic tissue and the presence of 
inflammatory cells. Immunofluorescence analysis was performed to 
specifically detect monocytes/macrophages using the primary anti-
bodies of anti-F4/80 (ab6640; Abcam). Bright field digital images were 
acquired with an Aperio scan (Leica Biosystems) and fluorescence digital 
images with a Vectra Polaris Multispectral System (PerkinElmer). 

For molecular analysis, the implants were washed in PBS and the 
total RNA extracted with TRIzol (Invitrogen) following the manufacture 
instructions. Briefly, 1 μg of RNA was retrotranscripted using qScriptTM 
Supermix (Quantabio). The qPCR was performed in a 7300 Real-time 
PCR machine (Applied Biosystems) using actin beta (Actb, 
Mm02619580_g1) as reference gene. Relative expression of the inter-
leukine 6 (Il-6, Mm00446190_m1), Interleukine 1 beta (Il-1β, 
Mm02619580_g1) and interleukine 10 (Il-10, Mm01288386_m1) genes 
were calculated using the 2− ΔΔCt method. All probes were purchased 
from Life Technologies. 

2.7. Fibre and graft fabrication 

Fibres of the biocomposites were fabricated using a 3D printer cus-
tomised with a small pellet extruder (Bravo extruder, Polylab, 
Australia), as shown in Fig. S1. First, the cast films (thickness: 0.2–0.3 
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mm) were manually chopped into small flakes, approximately 4 mm × 4 
mm, to feed the extruder. The fibre was extruded through a brass nozzle 
(diameter: 0.4 mm) and collected onto a 6.45 mm diameter rotating 
metal mandrel (12 rpm). The extrusion process was run by a G-code, 
where the extrusion speed (speed of internal screw) and temperature 
were 11.4 rpm and 190–193 ◦C, respectively. To prototype TL grafts 
from the biocomposites, seven fibres of each group were braided using a 
controlled hand-braiding technique, demonstrated in Fig. S1. 

2.8. Statistical analysis 

All data are presented as mean ± standard deviation (SD). For cell 
proliferation tests, a statistically significant difference between groups 
was accepted as p < 0.05 using Student’s t-test. For molecular analysis, a 
statistically significant difference between groups was accepted as p <
0.05 using one-way ANOVA analysis followed up by the Tukey’s Pos Hoc 
tests. 

3. Results and discussion 

3.1. Characterisations of biocomposites 

3.1.1. Role of silk in morphological, thermal, and chemical properties 
To investigate the morphology of the silk and its dispersion quality in 

PDO/LCL composites, SEM images were taken from the fractured cross- 
sections of samples (Fig. 1). The SEM image of P2L8 (Fig. 1A) shows a 

droplet-matrix morphology, indicating the blend is immiscible. The 
small droplets of PDO (<2 μm) are uniformly dispersed in the LCL ma-
trix, which results in a high interfacial surface between the PDO and LCL 
matrix. 

As shown in Fig. 1, the addition of silk into the polymeric matrix 
reduced the PDO droplet size, even in low concentrations of silk (e.g., 
P2L8-S1). Silk particles mainly ranged less than 10 μm (Fig. S2). The 
presence of silk particles (marked by yellow circles in Fig. 1) in the SEM 
images was grown by increasing the silk content. The dispersion of the 
silk particles (marked by yellow circles in Fig. 1) within the PDO/LCL 
matrix can be clearly observed in P2L8-S1 and P2L8-S3, while the silk 
agglomeration can be also seen in high contents of silk, particularly in 
P2l8-S15. The silk increased the miscibility between PDO and LCL by 
decreasing the size of PDO droplets. We postulate that the uniform size 
reduction of PDO droplets was influenced by a portion of silk, which was 
dissolved in HFIP and dispersed in the interface of PDO and LCL. Silk is 
composed of nitrogen groups due to the amino acid structure and the 
distribution of nitrogen groups, as found through EDS mapping (Fig. S3), 
demonstrates practically uniform dispersion of silk in the samples. 

The effect of silk on the thermal properties and crystallinity of bio-
composites was studied with DSC experiments, and the results are re-
ported in Fig. 1A and B and Table 1. The melting temperature (Tm) and 
degree of crystallinity (Xc) of the neat PDO are 104.41 ◦C and 72.06%, 
respectively, compared to 152.56 ◦C and 18.14% for neat LCL. The 
polymeric chains in PDO are mostly arranged in crystalline lamellae 
causing the high crystallinity; however, the random incorporation of 

Fig. 1. Morphological and thermal properties of PDO/LCL/Silk composites. (A–F) SEM images of the fractured cross-sections of P2L8 (A), P2L8-S1 (B), P2L8-S3 (C), 
P2L8-S5 (D), P2L8-S10 (E), P2L8-S15 (F); scale bar = 10 μm; yellow circles show silk particles. (G) DSC diagrams. (H) FTIR spectra of silk and PDO/LCL/ 
Silk composites. 
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caprolactone units in the LCL restricted the movement of L-lactide units, 
resulting in low crystallinity in LCL [19,34]. P2L8 and all the silk 
composites showed two melting temperatures, indicating the successful 
mixing of the components and immiscibility of PDO and LCL phases. 
Blending PDO with LCL decreased the enthalpy of melting (ΔHm) and Xc 
for both PDO and LCL phases since each polymer hinders the other 
polymeric chains’ movement to fold and join the crystallisation growth 
front, resulting in a reduction in crystallinity in both phases [35]. 

From Fig. 1G and Table 1, adding silk up to 3% into P2L8 reduced Tm 
of composites, which shows the good dispersion and interfacial bonding 
of silk in the P2L8 matrix. However, the higher contents of silk, from 3% 
to 10%, increased the Tm for both phases because of the agglomeration 
of silk powder, which is in agreement with a previous observation of 
PLLA/PCL/Silk composites reported by Balali et al. [10]. Since we 
prepared the composites by a solution mixing method, the silk may 
present in the P2L8 matrix as dissolved silk, small-dispersed particles, 
and large agglomerates. The highest concentration of silk (15%) can 
saturate both polymer phases with dissolved silk in the presence of silk 
particles and agglomerates. Hence, we postulate that the reduction of Tm 
values in P2L8-S15 was due to the strong impact of saturated dissolved 
silk against the agglomerates. The crystallinity of PDO and LCL phases 
was constantly reduced by adding silk into P2L8 (Table 1), which was 
directly influenced by the reduction of ΔHm. This reduction trend in Xc 
was mainly governed by the interfacial bonding and physical hindrance 
of the silk, which prevented the molecular movement of both PDO and 
LCL chains from full incorporation in the growth of crystalline lamella. 

According to the width of the half-height crystallisation peak (WHH) 
(Table 1) a decrease of WHH for both PDO and LCL phases can be 
observed after blending 20% PDO with 80% of LCL (P2L8), indicating 
that each polymer increases the nucleation points in the matrix of the 
other polymer, leading to the increase in crystallisation rates [36,37]. 
However, the WHH of PDO and LCL showed an increasing trend in 
P2L8-S1, P2L8-S3, and P2L8-S5, meaning that the addition of silk de-
creases crystallisation rates up to 5% of silk content [10,38]. We know 
that plasticizers reduce nucleation points [39]; therefore, silk acts as a 
plasticiser and decreases the nucleation points in the polymer matrix, 
resulting in reduced crystallisation rates of both PDO and LCL phases 
[10]. WHH values, especially for LCL phase, were reduced in P2L8-S10 
and P2L8-S15, showing an increase in crystallisation rates for the 
highest silk contents. On one hand, 10% and 15% of silk increase crys-
tallisation rates; on the other hand, those amounts of silk decrease the 
degree of crystallinity (Xc) for both PDO and LCL phases. This means that 
the highest silk contents create many imperfect and restricted crystals 
within a short time frame as the silk agglomerates, limiting crystal 
growth. 

Based on the thermal properties, there is a good dispersion and also 
reasonable interface bonding between P2L8 matrix and silk in the 
composites containing 1–5% of silk. However, P2L8-S10 and P2L8-S10 
showed poor interface bonding and dispersion loses more energy and 
inhomogeneous thermal properties compared to enhanced interface 
bonding in the thermal processing of materials [40,41]. 

To evaluate chemical compositions, the FTIR spectra were recorded 
for PDO/LCL/Silk biocomposites, P2L8 blend and silk (Fig. 1H). In P2L8 

blend, the sequential bands at 2800–3000 cm− 1 are ascribed to C–H 
stretching of − CH2 groups in all samples [42,43]. The sharp peaks 
located at 1732 cm− 1 are assigned to the carbonyl (C––O) stretching 
vibration of PDO and LCL (at 1755 cm− 1) at side chains. The peaks at 
1042, 1084, 1129, and 1181 cm− 1 belong to C–O stretching vibration of 
PDO and the sequential peaks at 1456, 1383, and 1357 cm− 1 represent 
the -CH bending vibration of PDO [37,42]. Hence, the spectra of P2L8 
reflect the functional groups in both PDO and LCL, which were reported 
in our previous work [19]. The intensity and wave number of functional 
groups strongly depend on the ratio of PDO and LCL [19]. The spectrum 
of P2L8 is similar to the spectrum of LCL rather than PDO since the LCL is 
the dominant component in the blend. 

Silk shows three absorption peaks at 1624 cm− 1 (amide I), 1514 
cm− 1 (amide II), 1235 cm− 1 (amide III), which are assigned with α-helix 
or random coil conformation, whereas the shoulder peak at 1441 cm− 1 

(amide II) and the peak at 1067 cm− 1 (amide III) are attributed to 
β-sheet conformation [10,44]. Moreover, the broad band at 3286 cm− 1 

is due to the associating vibration hydroxyl (-O-H) group in the silk’s 
chemical structure [10]. 

PDO/LCL/Silk biocomposites show a small shift in all the peaks, such 
as 1624 cm− 1, 1514 cm− 1, and 1235 cm− 1, compared to silk spectra. 
This can be an indication of the conformation transition in silk structure 
during solvent casting. The conformation transition was caused by the 
intermolecular hydrogen bonds formed by interactions between the 
hydroxyl groups of amino acids on the silk chain and the carbonyl 
groups of the esters, as previously reported for PLA/silk blend films [45]. 
Increasing the silk content in the biocomposites intensified the peaks 
related to silk’s functional groups, particularly for amide I (1624 cm− 1), 
amide II (1514 cm− 1), and hydroxyl (3286 cm− 1) groups. However, no 
new peaks were found in the spectra of the biocomposite samples, 
indicating that no chemical reaction or functionalization occurred dur-
ing the material preparation process. 

3.1.2. Role of silk in mechanical properties 
Tensile properties and example stress–strain curves of PDO/LCL/silk 

biocomposites are shown in Fig. 2A and Table 2, respectively. P2L8 
shows a notable strain-hardening effect reaching ultimate strength of 18 
MPa, 383% elongation at break and toughness of 55 MPa. The high 
elongation at break and toughening behaviour of P2L8 is caused by the 
uniform dispersion of small PDO droplets in LCL matrix. As previously 
reported, the small dispersed PDO droplets cause a high interfacial 
surface between the PDO and LCL matrix; as a result, the small droplets 
play a role in the load-bearing phase and decrease stress concentration 
in high elongations [19]. 

From Fig. 2A, silk changes the toughening behaviour of PDO/LCL/ 
Silk biocomposites. Adding 1% of silk improves tensile strength (13%) 
and elastic modulus (78%), while the elongation at break (23%) shows a 
reduction, likely due to the strong interactions between silk and polymer 
matrix, stemming from reduced free-volume and restricted molecular 
mobility of the polymer chains. A similar reinforcing effect due to strong 
interactions between the particle and polymeric matrix was observed in 
other studies [10,23,27,46]. Conversely, adding 3% and 5% of silk re-
duces the elastic modulus (up to ~ -49.8%) and ultimate strength (up to 

Table 1 
Melting temperature and crystallinity of PDO/LCL/Silk biocomposites.  

Sample PDO LCL 

Tm (◦C) ΔHm (J g− 1) WHH (◦C) Xc (%) Tm (◦C) ΔHm (J g− 1) WHH (◦C) Xc (%) 

PDO 104.41 74.16 9.46 72.06 – –  – 
LCL – –  – 152.56 16.36 12.59 18.14 
P2L8 103.73 14.12 8.18 68.63 151.27 12.60 9.82 17.47 
P2L8-S1 101.2 12.5 8.31 58.1 149.8 11.03 12.45 15.29 
P2L8-S3 92.7 10.0 9.13 48.7 139.2 9.96 14.04 13.81 
P2L8-S5 95.1 9.9 10.71 48.2 143.7 9.60 14.85 13.31 
P2L8-S10 96.7 9.2 10.64 45.0 146.0 8.13 12.47 11.27 
P2L8-S15 92.3 8.8 10.52 42.8 142.7 6.36 11.78 8.81  
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~ -16.8%) while increasing the failure strain (up to ~6.2%). The 
significantly improved elongation at break results from the uniform and 
much smaller dispersed PDO droplets in LCL matrix for P2L8-S3 and 
P2L8-S5 (Fig. 1E and F) compared to P2L8 and P2L8-S1 (Fig. 1C and D) 
[47]. This indicates that silk, in relatively low contents, softens the P2L8 
blend, which could be influenced by the solution and distribution of a 
sufficient amount of silk inside the polymer matrix, and consequently, 
enhanced miscibility. The increased miscibility is supported by the 
cross-section SEM images of the biocomposites (Fig. 1) since the size of 
PDO droplets is reduced by adding silk, especially for those above 3% of 
silk. Such softening effect and reduction in elastic modulus were pre-
viously reported for other ternary blends in which one of the component 
compatibilized two immiscible polymeric phases by reducing the size of 
dispersed droplets [48]. 

However, high contents of silk, i.e. 10% and 15%, stiffen the bio-
composites (elastic modulus up to ~190 MPa) again, while the ultimate 
strength and elongation at break decreased to 11 MPa and 169%, in 
P2L8-S15. This is confirmed by the silk agglomerates observed in P2L8- 
S10 and P2L8-S15 by SEM (Fig. 1G and H). The elastic modulus of a silk 
fibre, based on B. mori silk cocoons, could be up to 8.0 GPa, which is 
much higher than the modulus of P2L8 [13]; therefore, a high ratio of 
silk agglomerates caused higher stiffness, stress concentration, lower 
strain-hardening behaviour, and finally lower ultimate strength. As a 

result, the toughness dropped from ~50 to 54 MPa (for 0–5% of silk) to 
~20–30 MPa (for 10–15% of silk). A similar effect of a high ratio of 
agglomerates was reported in PLA/silk cast films [49], PLA/Silk elec-
trospun membranes [50], and PLA/nanoperlite nanocomposite [27]. 

Cyclic loading is commonly used to investigate the fatigue response 
of materials. Since tendons are frequently subjected to tension loads 
applied by muscular contraction, it is important to choose an optimal 
biopolymer to fabricate loading-bearing tendon grafts. Fig. 2B illustrates 
the example cyclic stress-strain curves of P2L8, P2L8-S3 and P2L8-S15 
over 50,000 s, equal to 5,000 cycles. The samples showed a sharp 
reduction in stress at the beginning, and then, a smooth constant in-
crease in the pattern because of the stress-hardening behaviour of the 
biocomposites. Fatigue resistance can be evaluated by comparing the 
maximum decrease and increase in stress. For instance, there was a 39% 
decrease in maximum stress after 167 cycles for P2L8-S3, while P2L8- 
S15 decreased by 72% after 300 cycles (Fig. 2B). Fig. 2C shows the 
maximum decrease (%) and increase (%) of stress in the biocomposites. 
Adding silk up to 3% reduced the average stress decrease from 51.5% 
(P2L8) to 40.3% (P2L8-S3); however, loading 5–15% of silk elevated the 
average stress decrease to 66.7% in P2L8-S15. Conversely, the average 
maximum increase was improved from 25.6% in P2L8 to 50.0% in P2L8- 
S5, while adding more silk reduced the maximum increase to 19.5% in 
P2L8-S15. 

The optimal fatigue resistance is assigned to minimum stress 
reduction (%) over cyclic loading. Furthermore, the stress growth, 
because of stress-hardening, could be beneficial in reinforcing the ma-
terial over time. Given this, P2L8-S3 showed the best fatigue resistances 
among the biocomposites with ~40% and ~38% of maximum stress 
increase and decrease, respectively. 

3.1.3. Role of silk in surface behaviour 
Surface properties were studied using SEM, AFM images and contact 

angle measurements, and the surface morphology of the P2L8, P2L8-S3, 
and P2L8-S15 are shown in Fig. 3Ai-Aiii, respectively. Fig. 3Ai shows a 
smooth surface morphology of P2L8, while the presence of silk particles 
is clear on the surface of P2L8-S3 (Fig. 3Aii) and P2L8-S15 (Fig. 3Aiii), 
indicating the effect of silk on roughness at the macro-scale (i.e. overall 
surface). The silk particles were agglomerated on the surface of P2L8- 
S15 more than P2L8-S3, which corresponds with silk agglomeration in 
cross-section morphologies (Fig. 1A–F). 

To further investigate the surface roughness at the submicron-scale, 

Fig. 2. Mechanical properties of PDO/LCL/Silk biocomposites. (A) Tensile stress–strain curves; (B) cyclic loading curves of P2L8 (top), P2L8-S3 (middle), and P2L8- 
S15 (bottom); (C) Changes of stress values (increase and decrease percentage) during cyclic loading tests. 

Table 2 
Tensile properties of PDO/LCL/Silk biocomposites. Reported values are shown 
as the mean (n = 5) ± standard deviation for mechanical properties.  

Sample Young’s 
Modulus 
(MPa) 

Ultimate 
strength (MPa) 

Elongation at 
break (%) 

Toughness 
(MPa) 

P2L8 199.22 ±
20.40 

18.03 ± 1.54 383.88 ± 68.36 54.91 ±
10.44 

P2L8- 
S1 

356.25 ±
44.21 

20.33 ± 1.76 294.14 ± 44.23 50.70 ± 4.28 

P2L8- 
S3 

104.94 ±
28.81 

14.94 ± 2.08 397.84 ± 88.37 54.86 ± 8.19 

P2L8- 
S5 

103.79 ±
16.85 

16.55 ± 1.67 407.74 ± 37.98 52.79 ± 8.27 

P2L8- 
S10 

189.70 ±
33.34 

14.73 ± 2.51 231.18 ± 73.91 29.38 ±
11.19 

P2L8- 
S15 

192.38 ±
26.99 

11.84 ± 0.38 169.95 ± 38.17 20.86 ± 5.91  
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3D topographic profiles (10 μm × 10 μm) and roughness analysis was 
obtained from the biocomposites’ surfaces. The 3D topographic images 
of P2L8, P2L8-S3, and P2L8-S15 are represented in Fig. 3Bi-Biii. As can 
be seen, the addition of silk increased roughness, more significantly in 
P2L8-S15 (Fig. 3Biii), mainly due to silk agglomeration. In fact, the silk 
agglomerates created high variations in amplitude. The 3D topographic 
images agree with SEM images of the surfaces (Fig. 3Ai-Aiii) and for 
better comparison, quantified results are represented in Fig. 3C and 
Table 3. Average roughness (Ra) shows an increasing trend upon 
increasing the nanoparticle content. Up to 3% of silk, the roughness 
exhibits an insignificant difference (from 33.07 nm to 56.15 nm); 
however, when silk is increased to 5–15%, the roughness increases up to 
254.4 nm. This suggests that high silk percentage creates surface 
roughness by the silk agglomerates. The maximum peak-to-valley height 
(Rt) (Table 3) also implicate the effect of silk agglomerates on surface 
roughness as the maximum heights increased sharply in the bio-
composites containing more than 3% of silk. SEM and AFM images of 
other samples (P2L8-S1, P2L8-S5, and P2L8-S10) are displayed in 
Fig. S4. 

Contact angle is influenced by the chemical nature of the polymer, 
surface roughness, surface heterogeneity, and surface energy type of the 
solvent used in the measurement and the crystallinity of the polymer 
[51]. The contact angle measurement with water and diiodomethane 
(DIM) is presented in Fig. 3D and Table 3. Water contact angles of P2L8 
are measured at approximately 81◦, which is slightly higher than the 
reported value for the PDO3LCL7 blend (containing 30% of PDO) in our 
previous study [19]. Contact angles reduced with increasing silk con-
tent, in both water and DIM. This indicates that the increase of silk 
improves hydrophilicity in the biocomposites, which could be affected 

by the chemistry of silk protein as well as surface roughness. On one 
hand, silk protein usually possesses a higher hydrophilic ability than 
polymers, because of its functional groups, resulting in changing the 
surface chemistry [52]. On the other hand, the increase of silk content 
produces surface roughness in the biocomposites; subsequently, 
increasing roughness leads to more hydrophilic surfaces (for surfaces 
showing water contact angles lower than 90◦) as the water droplet wicks 
into the grooves on the surface [53,54]. 

Surface energies were calculated using water and DIM contact angles 
(Table 3); the results indicated increasing surface energy as SF content 
increased. This improvement is due to the presence of more hydrophilic 
silk on the surface of the biocomposites and is in agreement with the 
effect of silk on improved hydrophilicity of PCL/PLA/Silk composites, 
previously reported [10,55]. Therefore, adding silk particles into P2L8 
improves the hydrophilicity and surface wettability of the blend, which 
could be beneficial in biocompatibility and cell attachment. 

3.1.4. Role of silk in degradation 
In vitro degradation investigations provide insight into possible 

degradation and erosion behaviour in vivo. Degradation of polymers can 
occur by the erosion, beginning with the cleavage of hydrolytic bonds 
leading to the formation of acidic by-products [56]. In this work, the 
acidic by-products were concentrated during degradation causing low 
pH values; however, these by-products are metabolised intracellularly 
or excreted human body during in vivo degradation [57]. Also, silk 
fibroin degrades in vitro and in vivo in response to proteolytic enzymes 
since silk is a protein-based biopolymer [58]. Hence, the degradation of 
the PDO/LCL/Silk biocomposites was investigated in both PBS (hydro-
lytic condition) and protease XIV (enzymatic condition) media over 365 

Fig. 3. Surface morphology, topography and hydrophilicity of PDO/LCL/Silk biocomposites. SEM image of the surface of P2L8 (Ai), P2L8-S3 (Aii), and P2L8-S15 
(Aiii). AFM images of P2L8 (Bi), P2L8-S3 (Bii), and P2L8-S15 (Biii). (C) Average roughness of the surfaces obtained from AFM. (D) Water and diiodomethane 
contact angles. 
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Table 3 
Surface roughness, contact angles, and calculated surface energies of the PDO/LCL/Silk biocomposites. Reported values are shown as the mean (n = 3) ± standard 
deviation for contact angles.  

Sample Average roughness (Ra, nm) Maximum peak-to-valley height (Rt, nm) Contact angle (deg) Surface energy (mN/m) 

Water Diiodomethane (DIM) γs γd γp 

P2L8 24.72 ± 4.35 143 ± 25.58 81.7 ± 0.36 51.64 ± 0.96 33.43 27.83 5.60 
P2L8-S1 37.97 ± 6.47 160.9 ± 30.42 79.59 ± 0.74 48.84 ± 0.79 35.05 28.85 6.19 
P2L8-S3 56.15 ± 36.02 211.8 ± 31.94 77.74 ± 0.90 44.93 ± 0.23 37.17 30.43 6.43 
P2L8-S5 107.3 ± 38.85 435.9 ± 160.7 75.85 ± 0.36 41.04 ± 0.76 39.20 32.44 6.76 
P2L8-S10 148.8 ± 50.82 692.1 ± 197.8 71.32 ± 1.30 36.96 ± 1.64 41.58 32.75 8.82 
P2L8-S15 254.4 ± 122.5 997.1 ± 336.4 67.07 ± 0.10 27.22 ± 0.95 45.88 36.02 9.86  

Fig. 4. Weight loss percentage of PDO/LCL/Silk biocomposites in hydrolytic (A, B) and enzymatic (C) degradations. SEM images of the fractured cross-sections of 
P2L8-S5 over hydrolytic (Di-Diii) and enzymatic (Ei-Eiii) degradation conditions; scale bar = 2 μm. 
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and 56 days, respectively. 
Fig. 4A shows the weight loss (%) of the samples under hydrolytic 

degradation conditions over 356 days, while Fig. 4B and C illustrate the 
weight loss of the samples over 56 days in hydrolytic and enzymatic 
conditions, respectively. The addition of silk up to 3% increased the 
weight loss from 54.3% (P2L8) to 60.5% (P2L8-S3) after 365 days. This 
improved degradation is because of the silk’s hydrophilicity and its ef-
fect on the structure of the biocomposites, such as cracking and surface 
erosion during degradation (SEM images shown in Fig. S5). Therefore, 
the silk enhanced water absorption, thus enabling more PDO and LCL 
hydrolysis by improving liquid penetration into the material [41]. 
Conversely, further loading of silk reduced the weight loss to 47.3% in 
P2L8-S15. This could be due to the slower degradation rate of silk than 
the polymers, especially PDO, which results in a reduction of the hy-
drolytic degradation rate of the biocomposites containing high silk 
contents. Silk is known as a non-degradable biomaterial in some prod-
ucts, like surgical sutures, because of its slow degradation [59]. There-
fore, adding high contents of silk, like 15%, increases the incorporation 
of the slow-degradable portion inside the biocomposites. This agrees 
with the cross-section SEM images of P2L8-S5 during hydrolytic 
degradation shown in Fig. 4Di-Diii. As can be seen, silk particles are 
present inside the polymeric matrix in a similar size range after 14 days 
(Fig. 4Di), 56 days (Fig. 4Dii), as well as 365 days (Fig. 4Diii). In 
particular, the PDO droplets inside P2L8-S5 degraded almost completely 
after 365 days and a porous structure was left as a result (Fig. 4Diii), 
while the silk particles remain. This observation also suggests a higher 
hydrolysis rate of PDO than LCL, which is in agreement with previous 
studies [19,56,60]. 

As shown in Fig. 4B–C, there is no significant difference between the 
weight loss results obtained from hydrolytic and enzymatic conditions. 
After 56 days, P2L8 and P2L8-S1 showed around 11% and 12.5% weight 
loss, respectively, hydrolytically and enzymatically. However, the rest of 
the biocomposites showed slightly higher degradation rates in enzy-
matic than hydrolytic conditions. For instance, P2L8-S5 lost 14% of 
weight in enzymatic conditions, while 12.2% was recorded in hydrolytic 
conditions after 56 days. In fact, the enzymatic media contains protease 
which promotes silk protein degradation [28]. However, P2L8-S10 and 
P2L8-S15 showed lower degradation than P2L8 under enzymatic con-
ditions. This could be related to the faster degradation of PDO than silk, 
as explained before. Thus, loading 10 or 15% of silk increases the 
incorporation of the slow-degradable portion inside the biocomposites. 

Fig. 4Ei-Eiii shows the morphological changes of P2L8-S5 during 
incubation in the enzyme solution. Silk particles and PDO droplets are 
clear in the polymeric matrix after 4 days (Fig. 4Ei), 14 days (Fig. 4Eii), 
and 56 days (Fig. 4Eiii), indicating similar morphologies as observed in 
hydrolytic conditions over 56 days (Fig. 4Di-Dii). This means that 
enzymatic conditions cannot result in silk degradation significantly in 
bulk. However, the difference in surface morphology can be observed by 
comparing the surface erosion of P2L8-S5 after 56 days of incubation in 
PBS and protease XIV solution (SEM images shown in Fig. S6). 

The degradability of silk has been demonstrated in different in vitro 
and in vivo models, revealing that the degradation rate can be effectively 
regulated by degumming, chemical treatment and source of silk [61,62]. 
For instance, Feng et al. [28] reported that the silk component signifi-
cantly promotes the degradability of porous Silk/cellulose composite 
films in a protease XIV solution for 21 days. The difference between 
degradation results with this present work is the silk treatment, com-
posite formulation, and physical structure. Future long-term studies in 
vivo studies will help reveal more information about the biodegradation 
of PDO/LCL/Silk composites in the extracellular matrixes of tissues that 
contain abundant proteases. 

Biodegradation can significantly affect the mechanical performance 
of the biocomposites. PDO/LCL/Silk biocomposites degrade enzymati-
cally and hydrolytically in vivo. The hydrolytic degradation may rein-
force the biocomposites over the first few months because of the 
cleavage-induced crystallisation during hydrolytic degradation time. 

We previously showed that the induced crystals over in vitro degradation 
increased the ultimate strength and modulus of PDO/LCL blends con-
taining a minority of PDO [19]. However, the mechanical properties 
may reduce dramatically in the later stages of in vitro degradation 
because of the high brittleness of the biopolymers. In vivo degradation is 
normally faster than in vitro [63] and the reduction of mechanical 
properties in vivo conditions might be faster than in vitro. But it should be 
noted that the growth of tendon tissue during the resorption of the 
biocomposites can reinforce the TL grafts. Therefore, the effect of 
biodegradation on the mechanical performance of the biocomposites 
should be evaluated for the implanted scaffolds during TL regeneration 
in large animal models. 

3.2. Biocompatibility of composites 

3.2.1. In vitro cell experiments 
Quantitative MTS results of proliferated active tendon-derived stem 

cells (TDSC) in the media are displayed in Fig. 5A. All biocomposites 
supported viable cell growth over 72 h of culture and were comparable 
with the positive control (a group without biocomposites). The addition 
of silk up to 3% enhanced proliferation; however, no further increase 
was observed in biocomposites containing 5–15%. Moreover, the sta-
tistical analysis, using Student’s t-test, showed no significant difference 
(P > 0.05) between P2L8-S3, P2L8-S5, P2L8-S10, P2L8-S15 after 72 h of 
culture. In addition, the pure silk promoted the proliferation of TDSCs in 
the medium; however, the biocomposites containing 3–15% of silk 
showed much better results with significant differences (P < 0.05). This 
could be due to the high solubility of silk since it can change the con-
centration and composition of the cell culture medium containing 10% 
fetal bovine serum. Although the pH of silk solutions ranged between 7.5 
and 7.7 in this study, the changes in supplements’ concentrations in the 
medium can significantly affect the cells’ survival, proliferation and/or 
differentiation [64]. Similar observations were reported in the other 
studies wherein the hybrid biocomposites, such as PVA/silk [65], 
PLLA/silk [66,67], PCL/silk [68], and LCL/silk [69], showed higher cell 
proliferations than pure silk samples. 

CLSM and SEM imaging were used to display the adhered cells on the 
surface of the representative samples after 72 h, including P2L8 
(Fig. 5Bi, 5Bii), P2L8-S3 (Fig. 5Ci, 5Cii), P2L8-S5 (Fig. 5Di, 5Dii) and 
P2L8-S15 (Fig. 5Ei, 5Eii). CLSM images (Fig. 5Bi-Ei) show the cyto-
skeleton of the attached TDSCs. A similar observation was found in 
CLSM and SEM images of P2L8-S1 and P2L8-S10 (Fig. S7). All the 
samples’ surfaces support adherence and retention of cells throughout 
the experiment and the cell growth. An increased cell spreading was 
found in the samples containing silk compared to P2L8. Furthermore, 
SEM images confirmed the attached cells on the surfaces of P2L8 
(Fig. 5Bii), P2L8-S3 (Fig. 5Cii), P2L8-S5 (Fig. 5Dii) and P2L8-S15 
(Fig. 5Eii), which are in correspondence with CLSM images. 

From our surface behaviour studies (Section 3.1.3), we found that 
silk improved the attachment and proliferation of TDSCs through 
different mechanisms linked to improved hydrophilicity in the bio-
composites. This enahanced hydrophilicity could be due to both the 
chemistry of silk protein and the surface roughness of the biocomposite. 
In general, enhancing the hydrophilicity of a polymer surface results in 
better cell adhesion; however, polymer surfaces of super-hydrophilicity 
(contact angle below 5◦) are not favourable to cell attachment and 
growth [70,71]. ]. The chemistry of silk protein plays a significant role 
in promoting cell attachment and proliferation. The fibroin protein in 
silk has a unique β-sheet structure containing amino acids groups, which 
provides signaling cues to the cells. As a result, silk fibroin has been 
considered as promising raw biomaterial to fabricate 3D scaffolds 
mimicking extracellular matrix (ECM) [72–75]. Surface roughness en-
hances cell attachment by providing more interactions between the cells 
and the surface, but it can also have detrimental effects, such as 
increased mechanical stress on the cells if the surface is too rough. For 
instance, we previously showed the macro-roughness level in PDO 
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isolated the fibroblast cells and hindered them from reaching each other 
[19]. In this study, a similar level of cell attachment can be found in the 
biocomposites containing 3–15% of silk; therefore, the increased 
roughness of biocomposites supports of TDSCs attachment to the sur-
faces. A similar observation was reported in previous studies, wherein 
the conjugation of silk fibroin to polylactic acid increased the hydro-
philicity, and consequently, enhanced osteoblast cell attachment and 
proliferation [76,77]. 

3.2.2. In vivo experiments 
In vivo studies using mice were conducted to understand the in-

flammatory response and foreign body reaction towards implanted 
P2L8, P2L8-S3, and P2L8-S10 films. Limited fibrotic tissue surrounded 
the biocomposites films after one and six weeks of implantation 
(Fig. S8). Histopathological analysis evaluated the local tissue response 
and H&E-stained sections displayed normal histology in all groups after 
one week and six weeks (Fig. 6). At week-one post implantation, there 
was no obvious acute inflammatory reaction found in the H&E staining 
in surrounding tissue in all samples (Fig. 6Ai-5Aiii). Moreover, after six 
weeks of implantation, no massive connective tissue was formed around 
the samples, suggesting that the acute and chronic inflammatory re-
actions are low (Fig. 6Ci-5Ciii). 

As a key determinant of the inflammation process and a histopath-
ological feature of chronic inflammation, the presence of macrophages 
was detected by F4/80 and immunofluorescence. All samples showed 
limited presence of macrophages after one week (Fig. 6Bi-5Biii), while 
P2L8 (Fig. 6Bi) the lowest presence of this immune population among 
the samples. After six weeks, P2L8-S3 (Fig. 6Dii) showed a slightly 
higher population of macrophages than P2L8 (Fig. 6Di) and P2L8-S10 

(Fig. 6Diii), which was correlated to presence of inflammatory cell 
infiltration in the H&E staining (Fig. 6Cii). In summary, the results of 
F4/80 macrophage cells showed a very low acute and chronic inflam-
mation of tissues surrounding the biocomposites film after one and six 
weeks. 

Il-6, Il-1β, and Il-10 are inflammatory cytokines typically secreted 
from activated macrophages, stimulating the inflammatory response 
and foreign body reaction towards the implanted materials. Il-6 and Il-1β 
act to make disease worse (pro-inflammatory), whereas Il-10 serves to 
reduce inflammation and is known as an anti-inflammatory cytokine 
[78]. As shown in Fig. 6Ei-Eiii, P2L8 kept a low expression of Il-6 
(Fig. 6Ei), Il-1β (Fig. 6Eii), and Il-10 (Fig. 6Eiii) after one week of im-
plantation. Moreover, all the samples showed a similar average 
expression of Il-10 (around 1.8) and P2L8-S3 expressed the highest level 
of Il-6 among samples. 

The inflammatory response is influenced by the degradation rate of 
the biopolymers. The degradation by-products, like acidic breakdown 
fragments of the biopolymers, can decrease the pH of surrounding tis-
sues and induce inflammatory reactions. Hence, the rate of degradation 
determines the local concentration of the acidic by-products [79]. In this 
work, the hydrolysis of the ester bond in LCL and PDO produces acidic 
by-products. We discussed that the degradation of P2L8 and the bio-
composites occurred throughout the surface erosion followed by bulk 
erosion in the later stages. The incorporation of silk particles on the 
surface of the biocomposites can facilitate the surface erosion and 
release of polymeric fragments by creating several cracks on the surface 
(Figs. S5 and S6 in Supporting Information). Hence, the expressions of 
Il-6 and Il-1β in P2L8-S3 and P2L8-S10 are slightly higher than P2L8 
after one week of implantation. 

Fig. 5. Quantitative results of tendon-derived stem 
cells proliferation (A) by MTS test. (Bi–Ei) Fluores-
cence microscopy images of attached cells on the 
surface of P2L8 (Bi), P2L8-S3 (Ci), P2L8-S5 (Di), and 
P2L8-S15 (Ei) after 3 days culture. (Bii-Eii) SEM im-
ages of attached cells on the surface of P2L8 (Bii), 
P2L8-S3 (Cii), P2L8-S5 (Dii), and P2L8-S15 (Eii) after 
72 h culture. Data are expressed as mean ± SD (n =
3). Statistical difference between groups is indicated 
(*p < 0.05; **p < 0.01). Scale bar = 100 μm.   
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After six weeks the expression levels of Il-6 (Fig. 6Fi), Il-1β (Fig. 6Fii), 
and Il-10 (Fig. 6Fiii) were significantly increased in P2L8. In particular, 
the average expression of Il-6 for P2L8 (Fig. 6Fi) was at least 10.0-fold 
higher than P2L8-S3 and P2L8-S10. This could be related to the higher 
concentrations of acidic by-products in P2L8 compared to bio-
composites, due to the bulk erosion stage of degradation. In fact, the 
addition of silk in P2L8 blend can moderate the concentration of the by- 
products and slow down the autocatalytic degradation wherein the 
acidic by-products cause further increased degradation of remaining 
polymers [75]. Hence, the addition of silk reduced the expressions of 
pro-inflammatory cytokines after six weeks of implantation. The higher 
increased expression of Il-10 in P2L8 shows a positive correlation be-
tween Il-6 and Il-10, which indicates multiple cell types, such as 
monocytes, macrophages, and T-cells, counteracted the high inflam-
matory response and attempted to suppress inflammatory processes [80, 
81]. 

Our observation is in agreement with previous studies in which the 
expressions of inflammatory cytokines were diminished in PP, PCL and 
PVA after adding the purified silk to those polymers [82,83]. However, 
in the current study, there is no statistically significant difference 

between groups based on one-way ANOVA analysis followed up by the 
Tukey’s Pos Hoc tests. 

3.3. Fibres and grafts 

Synthetic biopolymers and synthetic-based biocomposites are the 
most widely studied materials in TL and interface tissue engineering [1]. 
So far, we showed that the novel PDO/LCL/silk biocomposites offer 
improved tensile properties, degradation rate, in vitro and in vivo 
biocompatibility for TL tissue engineering applications. The important 
advantages of synthetic biopolymers are large-scale manufacturing, ease 
of processability, good mechanical properties, and controlled absorption 
in the human body [1,9]. Fibre extrusion in combination with the 
braiding/knitting technique is a well-known approach to creating micro- 
and nanofibrillar scaffolds with different alignment levels for tendon 
tissue engineering [1,9]. 

The addition of 3 and 5% of silk showed the best miscibility between 
PDO and LCL phases among the samples without major silk agglomer-
ation through mechanical and morphological properties. Although 
P2L8-S5 showed the lowest average elastic modulus (103.7 MPa) among 

Fig. 6. Inflammatory responses associated with 
P2L8, P2L8-S3 and P2L8-S10 implants through his-
tological and molecular analysis. H&E staining (Ai- 
Aiii) and F4/80 and immunofluorescent staining (Bi- 
Biii) sections of P2L8 (Ai, Bi), P2L8-S3 (Aii, Bii) and 
P2L8-S10 (Aiii, Biii) after one week. H&E staining 
(Ci-Ciii) and F4/80 and immunofluorescent staining 
(Di-Diii) sections of P2L8 (Ci, Di), P2L8-S3 (Cii, Dii) 
and P2L8-S10 (Ciii, Diii) after six weeks. Expressions 
of pro-inflammatory of cytokines including Il-6, Il-1β, 
Il-10 after one (Ei-Eiii) and six (Fi-Fiii) weeks of im-
plantation. There is no statistically significant differ-
ence between groups based on one-way ANOVA 
analysis followed up by the Tukey’s Pos Hoc tests. 
Scale bar = 100 μm.   
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the samples, it is close to the reported values of human ACL (111 MPa) 
[84,85]. In addition, P2L8-S5 showed the highest average strain at 
failure (407%) and excellent toughness (52 MPa). Hence, this compo-
sition was selected to compare against P2L8 in this section. P2L8 fibre 
(F–P2L8) and P2L8-S5 fibre (F–P2L8-S5) were extruded by a mini pellet 
extruder and collected onto a rotating mandrel as shown in Fig. 7Ai and 
7Aii. After that, the fibres were braided to assemble grafts and demon-
strate the biocomposite potential for TL repair applications. 

The average diameter of the fibre (n = 5) was measured to be 360 ±
35 μm and 420 ± 42 μm for F–P2L8 and F–P2L8-S5, respectively. SEM 
images of F–P2L8 shows a smooth surface (Fig. 7Bi) with an oriented 
morphology along the fibre length because of the extrusion and pulling 
force of the mandrel on the molten fibre before the polymer cooled and 
solidified. In contrast, the surface of F–P2L8-S5 (Fig. 7Ci) possesses a 
roughness, with several oriented grooves and marks due to the added 
silk. The effect of extrusion is also clear in the cross-section morphology 
of the fractured F–P2L8 (Fig. 7Bii and 7Biii). As can be seen, the PDO 
droplets are oriented in a circumferential direction caused by a rotating 
screw compressing and melting the polymer as it is extruded through the 
nozzle. Hence, an immiscible droplet-matrix morphology can be 
observed for F–P2L8-S5, which is similar to the morphology of P2L8 cast 
film (Fig. 1A). We already showed that adding 5% of silk into P2L8 
reduced the size of PDO droplets (Fig. 1D), meaning improved 

miscibility between PDO and LCL phases. Similarly, the cross-section 
morphology of the F–P2L8-S5 (Fig. 7Cii and 7Ciii) indicates enhanced 
miscibility between PDO and LCL phases, compared to F–P2L8, due to 
silk particles. EDS mapping (Fig. S9) also confirmed the fine dispersion 
silk (nitrogen element) inside the polymeric blend. 

Braiding is a common technique to improve the tensile strength of 
fibres and build TL grafts. Grafts based on F–P2L8 (G-P2L8) and F–P2L8- 
S5 (G-P2L8-S5) were fabricated through braiding seven fibres using a 
controlled hand-braiding technique. As seen in Fig. 7Di and Fig. 7Dii, 
the grafts achieved a regular pattern along the length of the braid. The 
tensile properties of fibres and grafts are represented in Fig. 8 and 
Table 4 in comparison with native ACLs. Fig. 8A displays the typical 
stress-strain curves of fibres and grafts of P2L8 and P2L8-S5. F–P2L8 
showed higher average Young’s modulus (Fig. 8B) and ultimate tensile 
strength (Fig. 8C) than F–P2L8-S5, which are in agreement with the 
results obtained for cast films (Fig. 2A). Hence, P2L8-S5 is softer than 
P2L8 in both cast film and fibre forms. Moreover, the average strain at 
failure of F–P2L8-S5 (408%) was higher than F–P2L8-S5 (302%) as 
shown in Fig. 8D. From Table 4, both F–P2L8 and F–P2L8-S5 showed 
higher modulus and tensile strength than their films (P2L8 and P2L8- 
S5). This indicates the extrusion process reinforced the material, 
which could be assigned to the pulling force of the mandrel resulting in 
the orientation of molten fibre before solidification, as confirmed by 

Fig. 7. (Ai) Schematic diagram of the set-up used in fibre fabrication. (Aii) Image of the collected fibre on the rotating mandrel. (Bi-Biii) SEM image of surface and 
fractured cross-section of F–P2L8. (Ci-Ciii) SEM image of surface and fractured cross-section of F–P2L8-S5. (Di-Dii) Demonstration of G-P2L8-S5 graft by a digit 
photograph and SEM image. 
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surface morphologies of the fibres in Fig. 7Bi and 7Ci. G-P2L8 and G- 
P2L8-S5 possess higher average ultimate strength than the relevant 
mono-fibres, indicating braiding enhanced the tensile strength. Strain at 
failure, however, was remarkably reduced after braiding. In addition, 
braiding reduced the average modulus of the fibres (approximately one- 
third), which shows that grafts are more flexible than fibres. 

Synthetic biopolymer fibres have been previously used to fabricate 
tendon grafts [1,9]. For instance, Leroy et al. [87] prototyped tendon 
grafts for ACL repair using twisted/braided fibres of 
PLA-poloxamer/poloxamine copolymers. Although the average Young’s 

modulus of the extruded fibres (diameter: 140–210 μm) was reported as 
more than 2000 MPa, their yield strains were limited to 0.7–1.3%. 
Depending on polymer compositions, the tendon grafts showed average 
Young’s modulus, yield stress, failure stress, yield strain and failure 
strains of 346–440 MPa, 19–21 MPa, 24–29 MPa, 5.4–6.4% and 
20–78%, respectively [87]. Recently, PCL/gelatin microfibers were 
wet-spun with or without hydroxyapatite particles (HAp) to design 
tendon-to-bone interface gradient [3]. By varying the flow rates, 
wet-spun fibres could be obtained with diameters of 110–400 μm and 
Young’s modulus in the range of 2.1–4.7 MPa for PCL/gelatin fibres and 
0.6–0.7 MPa for PCL/gelatin/HAp fibres. However, no mechanical 
properties were reported for the tendon scaffold made by knitting 
(crochet) in that work [3]. 

Here, the tensile properties of the grafts are in the range of the 
properties of the human ACL. For instance, G-P2L8 showed a higher 
average modulus (117.0 MPa), tensile strength (42.6 MPa), and strain at 
failure (175.3%) than the reported values for ACL (16–86 years). 
Although the average ultimate tensile strength of G-P2L8-S5 (28.2 MPa) 
is lower than the average tensile strength (37.8 MPa) of the ACL in the 
ages (16–26 years), the actual tendon graft for human ACL repair could 
achieve higher strength by optimising spinning and braiding parameters 
such as the number of fibres, the diameter of fibres and braiding pat-
terns. Therefore, the final graft for implantation could perform through 
controlled adsorption and a gradual decrease in mechanical properties 
over time. 

4. Conclusion 

In this work, novel biocomposite films based on PDO/LCL blend 
(P2L8) and silk fibroin (silk, 1–15%) were developed, characterized, and 
then used to prototype a tendon graft. 

SEM images demonstrated that silk particles remained partially 
intact and dispersed throughout the biocomposites and increased the 

Fig. 8. (A) Tensile stress–strain curves of fibres and grafts. Young’s modulus (B), ultimate strength (C), and strain at failure (D) of the fibres and grafts in comparison 
with human ACL properties [84,86]. 

Table 4 
Tensile properties of films, fibres and grafts based on P2L8 and P2L8-S5. Me-
chanical properties are shown as the mean (n = 5) ± standard deviation.  

Sample Young’s 
Modulus 
(MPa) 

Ultimate 
strength 
(MPa) 

Strain at 
failure (%) 

Toughness 
(MPa) 

P2L8 199.22 ±
20.40 

18.03 ± 1.54 383.88 ±
68.36 

54.91 ±
10.44 

F–P2L8 405.49 ±
35.61 

30.24 ± 4.20 301.75 ±
63.55 

63.52 ±
15.82 

G-P2L8 117.03 ±
10.66 

42.59 ± 1.93 175.33 ±
13.69 

57.24 ± 6.83 

P2L8-S5 103.79 ±
16.85 

16.55 ± 1.67 407.72 ±
37.96 

52.79 ± 8.27 

F–P2L8-S5 300.63 ±
10.7 

27.89 ± 0.83 406.75 ±
38.00 

75.26 ± 5.40 

G-P2L8-S5 99.61 ±
17.39 

28.23 ± 1.36 179.14 ±
9.44 

38.68 ± 3.57 

Human ACL 
(16–26 yrs) 
[84,86] 

111 ± 26 37.8 ± 9.3 60.25 ±
6.78 

10.3 ± 3.1 

Human ACL 
(48–86 yrs) 
[84,85] 

65.3 ± 24.0 13.3 ± 5.0 48.5 ±
11.9 

3.1 ± 1.5  
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miscibility between PDO and LCL phases, even when using low silk 
contents; this also reduces silk agglomerates seen at higher silk contents. 
The results of thermal properties and crystallisation behaviour of the 
composites indicated that the melting enthalpy and crystallinity of the 
biocomposites diminished upon the addition of silk because of the silk 
particle’s effect on the polymeric chain movement of both PDO and LCL 
phases. The tensile properties showed that adding 3–5% of silk reduced 
the elastic modulus (up to ~100 MPa) and ultimate strength (up to ~15 
MPa), while increasing the strain at failure (up to ~400%) because of 
the enhanced miscibility between PDO and LCL phases; confirmed by 
SEM imaging. All biocomposites containing up to 5% silk showed similar 
toughness and cyclic loading showed stress-hardening and reinforcing 
behaviour over time; P2L8-S3 exhibited the best fatigue resistance 
among the samples. Adding silk also increases the hydrophilicity, sur-
face energy and roughness of the surfaces, and in contrast to high silk 
contents (10 and 15%), low silk contents (up to 5%) led to faster 
degradation of the biocomposites. 

The incorporation of silk improves tendon-derived stem cell (TDSC) 
proliferation and attachment, with the surfaces of all biocomposites 
supporting cell growth. However, denser cytoskeleton networks were 
found in the samples containing silk compared to the neat P2L8. 
Furthermore, in vivo experiments revealed that adding silk to P2L8 
minimises the expression of pro-inflammatory cytokines after six weeks 
of implantation in a mouse model. Finally, we also demonstrated the 
potential of the biocomposites as suitable tendon graft material and 
show that the tensile properties of braided grafts are in the range of 
human anterior cruciate ligament (ACL). Hence, they could be consid-
ered for tendon and ligament repair applications. 

Overall, PDO/LCL/Silk biocomposites, containing up to 5% of silk 
particles, could be an attractive material for tendon/ligament repair 
applications. The resulting tendon/ligament graft could benefit from 
enhanced mechanical performance, good processability, excellent 
biocompatibility and a controlled adsorption rate, as well as optimisa-
tion through an advanced manufacturing process. 
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