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surgical approaches in ACL repair consist of reconstruction 
with autograft or allograft. Although the use of autografts 
is successful, there is the drawback of requiring harvesting 
of normal uninjured tissue from another part of the patient 
knee, with donor site morbidity and pain. The use of al-
lografts can alleviate most of the issues associated with  
the donor site in autologous grafts. However, contempo-
rary studies have suggested a relatively high rerupture rate 
associated with allografts, particularly in younger, more 
active patients (4). Because of the inadequacy of biologi-
cal grafts, there has been interest in developing synthet-
ic ACL substitutes since the early 1970s (5-7). Although 
these grafts have had sufficient initial tensile strength, all 

INTRODUCTION

The dense connective tissues of tendons and ligaments, 
mainly composed of collagen type I, generate movement 
and stability of tissues in the human body (1). Ruptures 
and tearing can cause great pain and instability, impairing 
the functionality of the joint complex. These tissues have a 
low healing potential and limited vascularization, so that 
sutures are an ineffective repair procedure, unable to re-
store the preinjury properties of the tissue (2). The anterior 
cruciate ligament (ACL) is the most commonly injured lig-
ament of the knee, with an annual incidence rate between 
100,000 and 200,000 in the United States (3). Current  
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the control culture plastic, but appeared to be higher when compared with the uncoated SF yarns. Although additional 
in vitro and in vivo tests are needed, the original fabrication method here described appears promising for scaffolds suit-
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showed similar problems due to particulate debris in the 
knee causing particulate-induced synovitis and, ultimate-
ly, graft failure (8). The US Food and Drug Administration 
(FDA) removed all synthetic ACL grafts from the market, 
and currently no synthetic replacements for primary ACL 
reconstruction are unconditionally approved for medical 
use in the United States. Some of these synthetic grafts 
were conditionally approved by the FDA only for revision 
surgeries (1).

Recently, tissue engineering has emerged as a promis-
ing approach for the regeneration of damaged ligaments, 
with similar mechanical and biochemical properties (9, 
10). The scaffold, influencing cell activity and extracellular 
matrix (ECM) formation, is a key component for ligament 
tissue engineering. Both in vivo and in vitro systems can be 
used for the development of a functional engineered liga-
ment. In vivo ligament engineering uses a scaffold that is 
designed to be implanted into the host and encourage tis-
sue ingrowth and neoligament formation: this scaffold may 
be seeded with cells, or modified to enhance biocompat-
ibility and host cellular response. Conversely, in vitro sys-
tems use a bioreactor in which the ligament is developed 
on a structural scaffold for subsequent host implantation. 
The potential tissue replacement rendered by this system 
would allow immediate implantation of a functional liga-
ment that is expected to undergo physiological remodeling 
in the host knee. The successful implementation of either 
system requires that the cells that populate the scaffold lay 
down collagen in an organized fashion similar to the native 
ligament, and that this neoligament holds the mechanical 
and biochemical properties required for physiologic load-
ing following implantation (7, 11). Therefore, one of the 
major goals of tendon and ligament tissue engineering is 
to design a proper biodegradable scaffold that matches the 
mechanical (tensile strength, viscoelastic and fatigue prop-
erties) and biochemical properties of native tissues (12).

Several research groups have reported on collagen (13), 
biodegradable synthetic polymers (14, 15) and composite 
materials (16) to fabricate potential ACL scaffolds. Collagen 
has been extensively investigated, but despite the different 
methods used to improve its mechanical properties, the 
strength of the collagen scaffolds is still lower than desired. 
Hence, other biologic materials, such as hyaluronic acid 
(17), chitosan (18) and alginate (19), were investigated in 
ligament tissue engineering.

In recent years, silk fibroin (SF) has been increasingly 
investigated as a possible scaffold for ligament tissue re-
construction due to its biocompatibility, slow degradabil-
ity and remarkable mechanical properties (20-24). Silk 
fibers provide an excellent combination of lightweight 
(1.3 g/cm3), high strength (up to 4.8 GPa), and remarkable 
deformation (up to 35%) (25).

Various methods have been tried to model the mechan-
ical behavior of tendon and ligaments scaffolds. Because 
of the mechanical properties similar to textile structures, 

such as the viscoelastic and nonlinear behavior, many fab-
rication textile techniques have been developed to design 
different scaffolds (26). In particular, textile-based scaffolds 
like braided (27), woven (28), wire-rope (29) or knitted (30) 
structures have been widely used in the last decade.

Architecture is an important parameter to be consid-
ered in the scaffold design because it can modulate the 
biological response and the long-term clinical success of 
the scaffold. The scaffolds can vary in terms of morphology 
(pore diameter, porosity, surface area), and mechanical 
properties under tensile and cyclic loading, according to 
fabrication parameters such as materials selection, fiber di-
ameter, braiding and twisting angles and yarn density (31).

Different cell types have been selected for seeding 
into polymeric scaffolds to regenerate damaged tendon/
ligament tissues. The most commonly used are fibroblasts, 
tenocytes and mesenchymal stem cells/marrow stromal 
cells (MSCs) (32), which can be responsible for secreting 
and maintaining the ECM. Fibroblasts are the predominant 
cell type (33), although MSCs proliferate quickly and pro-
duce more collagen in comparison with fibroblasts. These 
cells have demonstrated good capability of regenerating 
ligament/tendon tissues in in vitro and in vivo tests (2).

Attempts to improve cell adhesiveness and coloniza-
tion of the scaffolds using a gel system, such as fibrin or 
collagen gel to support cell seeding, have demonstrated 
instability in a dynamic environment such as the knee 
joint (34) and problems in nutrient transmission (28).

The major component of natural ECM of ligaments 
and tendons is collagen I, with a fibrous structure made of 
fiber bundles varying in diameter from 50 to 500 nm. To 
mimic the nano scale architecture, a few technologies of 
electrospinning (35), salt leaching (36) and self assembly 
(37) have been used to fabricate nanofiber scaffolds with 
different biodegradable polymers (38).

Nanofibrous scaffolds have a high surface to volume 
ratio. This enhances cell adhesion that leads to increased 
cell migration, proliferation and differentiated functions 
(38). However, a nanofibrous matrix alone would not be 
sufficiently strong for engineering a fibrous connective  
tissue such as that of tendons and ligaments (39).

Among the various textile and fiber-based scaffolds 
(9), hybrid structures comprising both microfibers and 
nanofibers have been developed to derive mechanical in-
tegrity from the microfibers, and a large favorable surface 
for cell attachment and growth from the nanofibers. Also, 
hybrid structured scaffolds composed of a textile structure 
and electrospun nanofibers have been recently investi-
gated (28).

Surface modifications by coating with nanofibers 
can be particularly effective in aiding cell attachment, 
growth, proliferation, and ECM deposition. Electrospun 
polymer nanofibers possess a high surface area to volume 
ratio. Through the process of electrospinning, fibers with 
diameters ranging from a few nanometers to millimeters 
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can be obtained. This will allow for increased cell adhe-
sion, suggesting that the morphology of the underlying 
scaffold may affect ECM production. Synthetic biode-
gradable polymers – e.g., polylactic glycolic acid (PLGA), 
polycaprolactone (PCL) (40, 41) – and natural polymers 
– e.g., collagen, fibroin, poly(3-hydroxybutyrate) (P3HB) 
(42) – have been widely investigated to produce electro-
spun nanofibers.

A scaffold composed of a PLGA knitted structure 
coated by PLGA nanofibers demonstrated good cell viabil-
ity and proliferation (39). Besides, an SF-knitted structure 
coated with bFGF-releasing ultrafine bioactive PLGA fibers 
enhanced collagen production and resulted in a stronger 
construct in ligament and tendon tissue engineering (2).

Zhou et al (43) proposed a method of producing the 
hybrid yarn by depositing poly(ethylene oxide) (PEO) 
nanofibers onto polyamide (PA) filaments and using a 
twisting process to improve cohesion between nano and 
micro components. These authors expected these hybrid 
structures to be particularly promising for improving the 
performance of scaffolds in tendon and ligament tissue 
engineering when using suitable biopolymers.

In our approach, a novel biodegradable nano/micro 
hybrid scaffold was developed by electrospinning P3HB or 
PCL nanofibers onto a twisted silk structure to design a suit-
able scaffold for tendon and ligament tissue engineering. 
PCL was chosen as one of the most commonly used biode-
gradable polymers due to its lack of toxicity, low cost and 
slow degradation rate, which are necessary for this specific 
application (44). On the other hand, the potential appli-
cation of P3HB in tendon and ligament tissue engineering 
was pointed out for the first time by Rathbone et al (45). 
P3HB is one of the well-characterized homopolymers of 
the polyhydoxyalkanoate family which have demonstrated 
good biocompatibility and biodegradability (46). Previous 
studies of P3HB have demonstrated good L929 cell adhe-
sion, excellent biocompatibility and lack of toxicity (45).

In this work, the electrospinning processing parame-
ters for P3HB and PCL were optimized. Then, a twisted SF 
structure was coated by electrospun P3HB or PCL nano-
fibers. Morphological, chemicophysical and mechanical 
properties of this novel scaffold were investigated. To in-
vestigate possible cytotoxic effects and cytocompatibility 
properties of this hybrid scaffold, a preliminary in vitro 
cell study was carried out with L929 cells.

MATERIALS AND METHOD

Materials

All basic chemical materials were obtained from Sig-
ma-Aldrich unless specified otherwise. P3HB was kindly 
supplied by the TianAn Biopolymer Company (China). SF 
yarns were purchased from Kiashahr Co. (Iran). Raw silk 

yarns consisted of four twisted filaments, each of them 
with 64 filaments; therefore, the total number of filaments 
in each yarn was equal to 256 (linear density of approxi-
mately 200 Den).

According to previous investigations (2, 29), the raw 
silk yarns were boiled in a degumming solution of 0.25% 
Na2CO3 solution at 95°C-98°C for 30 minutes. The pro-
cess was repeated with fresh degumming solution for 
60 minutes, followed by rinsing with distilled water. The 
parameters used for the degumming process ensured the 
complete removal of sericin, as demonstrated by the color 
change (white from yellow) of the silk yarns, according to 
the literature (22, 47). SF yarns were immersed in metha-
nol overnight to clean the silk yarns and dried for 24 hours 
before the fabrication of the nano/micro hybrid scaffolds.

Electrospinning of P3HB and PCL

PCL (Mn=80,000) and P3HB (Mw=500,000) were 
separately dissolved in dimethylformamide (DMF) and 
chloroform (CHCl3) in a 1:9 ratio at room temperature and 
at 65°C, respectively. Nanofibrous mats were produced 
with a home-made vertical electrospinning apparatus us-
ing a flat collector (Fig. 1). Each polymeric solution was 
placed in a 20-mL glass syringe and forced by a syringe-
pump (KDS 100; KD Scientific) into the spinneret, a stain-
less steel capillary tube (inner diameter = 1.1 mm). The 
spinneret was connected to the positive output of a high 
voltage power supply (HCN 35-12500; Fug Elektronik 
GmbH), and the negative pole was joined to the fiber col-
lector, a metallic plate covered with aluminum foil.

Different combinations of electrospinning parameters, 
as shown in Table I, were explored to investigate the op-
timal experimental set-up related to dimension and uni-
formity of the fibers in the electrospun PCL (ES-PCL) and 

Fig. 1 - Home-made electrospinning apparatus for the fabrication of the 
nano/micro hybrid scaffold.
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P3HB (ES-P3HB) mats. For the complete evaporation of 
the solvents, ES-PCL and ES-P3HB mats were placed un-
der a fume hood at room temperature overnight.

Fabrication of nano-micro hybrid scaffolds

Nano/micro hybrid scaffolds were fabricated by 
electrospinning of PCL or P3HB onto the surfaces of 
parallel SF yarns, followed by the twisting of nanofiber-
coated SF yarns. Specifically, 5 unidirectionally aligned 
SF yarns (length = 25 cm) were fixed with 5-mm spac-
ing on a wooden structure and placed above the flat 
collector to allow PCL or P3HB electrospun fiber de-
position onto the SF yarns, as shown schematically in 
Figure 1. The deposition time and distance between the 
wooden structure and the flat collector were optimized. 
The nanofiber-coated SF yarns were then twisted by a 
hand-twisting process to fabricate the nano/micro hy-
brid scaffolds. As previously reported (29), the twisted 
yarns were relaxed in the oven at 50°C for 30 minutes. 
The temperature of the treatment was adjusted from 
100°C (29) to 50°C due to PCL and P3HB thermal tran-
sition temperatures.

Scanning electron microscopy

ES-PCL and ES-P3HB mats and nano/micro hybrid 
scaffolds were observed by scanning electron micros-
copy (SEM, Cambridge Instrument Stereoscan 360). 
Specimens were mounted onto aluminum stubs, sputter-
coated with gold (Edwards Sputter Coater 5150B), and 
observed at different magnification (×15 to ×2,000) at 
an accelerating voltage of 10 kV. SEM images were elab-
orated using ImageJ software (US National Institute of 
Health, Bethesda, MD, USA), and the average nanofiber 
diameter was calculated by measuring 30 fibers for each 
sample.

Tensile mechanical tests

Tensile properties of the nano/micro hybrid structures 
were investigated by a MTS testing machine (MTS Sys-
tem, model 1M/H). Mechanical tests were performed on 
dry specimens (gauge length = 20 mm, n=5) of twisted 
SF yarns, SF/ES-PCL and SF/ES-P3HB samples. Tensile tests 
were carried out at a crosshead speed of 50 mm/minute 
(preload = 1 N) until specimen failure. The load (N) and 
extension (mm) were recorded; the failure load (Lmax) and 
extension (emax) were determined after plotting load/exten-
sion curves (22).

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed 
using a DMA analyzer (Q800, TA Instrument) in ten-
sile mode in the temperature range 35°C-90°C, with a 
heating rate of 3°C/minute, 1 Hz and 15 μm strain ap-
plication. Storage modulus (E’), loss modulus (E’’) and 
Tan delta (Tanδ = E’’/E’) were recorded. The tests were 
performed in duplicate, according to the Standard Test 
Method for Assignment of the Glass Transition Tempera-
ture By Dynamic Mechanical Analysis (ASTM 1640-99), 
using SF, SF/ES-PCL or SF/ES-P3HB specimens (length = 
20 mm, n=2).

Chemicophysical characterization

Possible interactions between SF yarns and ES-PCL 
or ES-P3HB were investigated by Fourier transform in-
frared (FTIR) spectroscopy with a Thermo Nicolet 6700 
FT-IR spectrometer equipped with an attenuated total 
reflectance (ATR; Single Bounce) accessory and ZnSe 
crystal.

Differential scanning calorimetry (DSC) analyses were 
performed on approximately 5 mg of SF yarns, ES-PCL,  
ES-P3HB, SF/ES-PCL and SF/ES-P3HB with a Q200 DSC 
(TA Instruments) using standard aluminum pans. Specimens 
were heated from 20°C up to 500°C, under N2 atmosphere, 
at a 10°C/minute scanning rate. Specifically, the melting/
decomposition peak values were assessed and calculated 
from the DSC thermograms.

In vitro cytocompatibility

Cytotoxicity of the extracts and cytocompatibility of SF 
yarns, SF/ES-PCL and SF/ES-P3HB were assessed using an 
L929 murine fibroblasts cell line (ECACC No. 85011425).

Cytotoxicity tests

Extracts were obtained according to UNI EN ISO 
10999-5. Specimens were in 70% (v/v) ethanol aqueous 
solution, air-dried overnight, and then rinsed in sterile 

TABLE I -  PROCESSING PARAMETERS FOR PCL AND P3HB ELECTRO-
SPINNING

Test no. Concentration 
(% w/v)

Voltage  
(kV)

Solution 
flow rate 
(ml/hour)

Distance from 
spinneret to 

collector (cm)

PCL A1 20 24 0.4 18
B1 20 16 0.3 16
C1 20 24 0.5 20
D1 17 24 0.4 18

P3HB A2 5 20 0.5 20
B2 5 24 1 20
C2 5 24 0.5 20
D2 5 24 1 22

PCL = polycaprolactone; P3HB = poly(3-hydroxybutyrate).
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phosphate-buffered saline (PBS). Three samples for each 
material were immersed in 1 ml Dulbecco’s modified  
Eagle’s medium (DMEM) with 10% fetal bovine serum 
(FBS) and 1% penicillin/streptomycin, maintaining a ra-
tio material/medium of 0.1 g/mL. After 1, 3 and 7 days 
of incubation, medium extracts were put in contact with 
L929 (cell density = 1x104 cells/mL) in 96-well tissue 
culture polystyrene (TCPS) plate for 24 hours. Tests were 
performed in triplicate. Cell viability was evaluated by 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) biochemical assay (M5655; Sigma). Cul-
ture medium was replaced with 200 μL of MTT solution 
and incubated for 4 hours at 37°C and 5% CO2. After-
wards, MTT solution was replaced with 200 μL of di-
methyl sulfoxide (DMSO; Merk), and the multiwell plate 
was shaken until complete salt crystal dissolution. Ab-
sorbance was measured using a Tecan Genius Plus plate 
reader (test wavelength: 570 nm; reference wavelength: 
630 nm). Measured absorbance was expressed as rela-
tive ratio over control cells on TCPS in DMEM incubated  
for 1, 3 and 7 days.

Cytocompatibility tests

For direct seeding, SF, SF/ES-PCL and SF/ES-P3HB 
samples were disinfected by soaking in 70% (v/v) eth-
anol aqueous solution, air-dried overnight, and then 
rinsed in sterile PBS before L929 cell seeding (cell den-
sity = 1x105 cells/mL). After 24 hours and 3 days of  
incubation, cell viability was assessed using MTT colo-
rimetric assay, as previously described.

Statistical analysis

Data for electrospun nanofiber size and tensile tests 
were statistically compared with Student’s t-test and 1-way 
ANOVA, using SPSS 13.0 software; the significance level 
was set at 0.05. Finally, to compare data between groups, 
analysis of variance was performed by post hoc Scheffé 
test. The normality of all data was checked before each 
statistical comparison.

RESULTS AND DISCUSSION

Morphology of electrospun PCL and P3HB nanofibers

The mean values and standard deviation (SD) of  
the nanofiber diameters for PCL and P3HB electrospun 
mats, as measured by SEM analysis by ImageJ software, 
are reported in Table II.

According to ANOVA, there was a significant differ-
ence (P<0.05) between the average diameter values of PCL 
or P3HB nanofibers obtained in the electrospinning condi-
tions considered (see Tab. I for the respective processing 

parameters). All samples of P3HB nanofibers were statis-
tically different according to Scheffé test. The processing 
parameters of the A2 test were recognized as the best ones 
due to the smallest diameter and standard deviation val-
ues in comparison with the other conditions. In the case 
of PCL, the electrospinning parameters of the A1 test were 
chosen due to the lower dispersion of diameter values. 
Therefore, the concentration, voltage, distance of spinneret 
to collector and solution flow rate conditions were opti-
mized as 20%, 12 kV, 18 cm and 0.4 ml/hour for PCL, and 
5%, 10 kV, 20 cm and 0.5 ml/hour for P3HB, respectively. 
Figure 2 shows SEM images of PCL and P3HB nanofiber 
samples obtained in the different electrospinning test con-
ditions, together with the respective histograms for diam-
eter distributions.

In the previous works, PLGA nanofibers were pro-
duced in the range of 300-900 nm diameter size for ten-
don and ligament hybrid scaffolds (13-15, 20-22, 25). 
Also, the average diameters of electrospun P3HB and PCL 
were reported to be 993 nm (15) and 431 nm (28), re-
spectively. The size of nanofibers fabricated in the present 
work was similar for P3HB and slightly higher for PCL, but 
these can reasonably be considered acceptable for tendon 
and ligament hybrid scaffolds.

Morphology of the nano/micro hybrid scaffold

Once optimized the electrospinning conditions, SF/
ES-PCL and SF/ES-P3HB hybrid scaffolds were fabricated, 
following the procedure described below.

The 2 main variable parameters – namely, coating 
distance and coating time – were set up for the electro-
spinning process. The coating distance determines the 
relative position of SF yarns to the needle and is there-
fore most likely to influence the coating density and 
length along the filaments (47). In this way, the optimal 
coating positions were found to be 14 and 16 cm for 

TABLE II -  DIAMETERS OF PCL AND P3HB NANOFIBERS AFTER DIF-
FERENT ELECTROSPINNING CONDITIONS DESCRIBED 
IN TABLE I

Test no. Average (micron) SD (micron)

PCL A1 1.906 0.350
B1 1.363 0.538
C1 1.774 0.523
D1 1.980 0.261

P3HB A2 1.271 0.230
B2 1.663 0.486
C2 1.297 0.435
D2 1.736 0.500

Values are means and standard deviation (SD).
PCL = polycaprolactone; P3HB = poly(3-hydroxybutyrate).



e161

Naghashzargar et al

© 2014 The Authors - eISSN 2280-8000

PCL and P3HB, respectively, a distance at which that the 
nanofibers could easily be gathered on the surface of the  
SF yarns.

To find the best coating morphology, the coating time 
was changed, while other electrospinning parameters were 
kept constant. For this reason, SF yarns were coated for dif-
ferent periods of time – namely, 5, 15 and 25 minutes.  
Figure 3 shows representative SEM micrographs of samples 
of SF parallel yarns coated by P3HB electrospun nanofi-
bers, and twisted after each coating time. By increasing 
the coating time, the nanofibers became tightly wrapped 
around the silk filaments and the SF yarn surface was  
completely covered by nanofibers after 25 minutes. The 
morphology of SF/ES-PCL samples was very similar to that 
of SF/ES-P3HB (images not shown).

Fig. 2 - SEM images of PCL and P3HB nanofibers samples obtained in 
the different electrospinning test conditions described in Table I. Insert 
boxes: related histograms of diameter distributions. PCL = polycaprolac-
tone; P3HB = poly(3-hydroxybutyrate).

Fig. 3 - The effect of the electrospinning coating time on nano/micro hybrid 
scaffolds of silk/ES-P3HB in 5 minutes (a), 15 minutes (b) and 25 minutes 
(c). Scale bar: 2 mm. ES = electrospun; P3HB = poly(3-hydroxybutyrate).

Uniaxial tensile mechanical tests

Representative load-displacement curves obtained 
for uniaxial tensile tests performed on SF/ES-PCL and SF/ 
ES-P3HB samples and twisted SF yarns (SF, as control sam-
ples), are reported in Figure 4. The first part of the curve 
represents the toe region, with a relatively low slope (i.e., 

a

b

c
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low stiffness), corresponding to the uncrimping of crimp 
in SF yarns. As it is possible to observe in Figure 4, the toe 
region for the SF sample reached a higher displacement 
(Δl=3 mm) than SF coated with electrospun PCL or P3HB 
(Δl<1 mm). By using PCL or P3HB nanofibers as a coating 
in nano/micro hybrid yarns, the stiffness in the toe region 
of the respective curves (i.e., the load necessary to stretch 
out the crimp of the SF yarns) was higher than that of the 
SF twisted yarns. This is possibly caused by an increase of 
the cohesion between the nano (ES-PCL or ES-P3HB) and 
the micro (SF yarns) parts of the structure. As the yarns 
become uncrimped, the twisted structures are stretched, 
showing a stiffer behavior (i.e., linear region). In addition, 
in the linear region, the SF/ES-coated hybrid structures ex-
hibited a higher slope than the SF twisted structure. Subse-
quently, when individual fibrils within the structure began 
to fail, damage accumulated and the structure started to 
fail (i.e., failure region) (22).

Maximum load and extension values for twisted SF 
yarns, SF/ES-PCL and SF/ES-P3HB scaffolds, calculated by 
SPSS software, are reported in Table III.

According to data reported in Table III, the SF/ES-PCL 
sample exhibited the maximum Lmax value, but the least 
emax. By contrast, the SF control structure demonstrated the 
least maximum load but the higher extension value. The 
mechanical parameters considered for SF/ES-P3HB were 
in the range of the values obtained for twisted SF and SF/
ES-PCL. This means that the presence of electrospun nano-
fibers in the nano/micro hybrid yarns led to a decrease of 
the extension (P<0.05) and an increase of the maximum 
load (P<0.05). According to the Scheffé test, the difference  
between SF/ES-PCL and SF/ES-P3HB samples was not sig-
nificant (P>0.05).

The higher Lmax value for the nano/micro hybrid struc-
tures confirmed an increase of internal forces due to the 

interaction between nano and micro components. In ad-
dition, the hybrid structures mainly derive their mechani-
cal properties from the twisted SF yarns, but nanofibers 
lock up the structure components, leading to a reduced 
emax value. The fact that coating by electrospinning can 
improve the mechanical properties of the final structure in 
hybrid scaffolds was pointed out by Sahoo et al (28).

Finally, by changing the number of twisted SF yarns 
in the hybrid structure and selecting the appropriate one 
relative to individual native tissues, the mechanical prop-
erties of the final structure can be adapted to different 
natural tendon and ligament tissues properties. Therefore, 
by coating the SF yarns with electrospun nanofibers, the 
mechanical properties can be made more similar to those 
of native tissues (29).

Dynamic mechanical analysis

In the temperature range considered, no thermal tran-
sitions were detected by observing the storage modulus  
(E’; Fig. 5a) and the Tanδ (Fig. 5b) behavior of all scaffolds. 
In fact, SF showed endothermic transitions at higher tem-
peratures (180°C and 215°C), related to thermal motions 
and/or melting phenomena involving amorphous SF chain 

Fig. 4 - Representative load-displace-
ment curves for twisted SF yarns, SF/ES-
PCL and SF/ES-P3HB hybrid structures. 
ES = electrospun; PCL = polycaprolac-
tone; P3HB = poly(3-hydroxybutyrate); 
SF = silk fibroin.

TABLE III -  MAXIMUM LOAD AND EXTENSION OF TWISTED SF YARNS, 
SF/ES-PCL AND SF/ES-P3HB HYBRID STRUCTURES

SF SF/ES-P3HB SF/ES-PCL

Maximum load, Lmax (N) 92.6±8.2 97.6±11.4 110.5±6.6

Maximum extension, emax (mm) 11.5±1.6 9.8±1.4 7.9±1.8

Values are means ± SD, n=5.
ES = electrospun; PCL = polycaprolactone; P3HB = poly(3-hydroxybutyrate); 
SF = silk fibroin.
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segments. The increase of E’ beyond 60°C is probably 
due to an increase of SF yarn stiffness by increasing the 
test temperature. The Tanδ values did not show any differ-
ences among SF and PCL and PH3B coated SF structures, 
showing that the higher elastic contribution and the viscous 
contribution of SF to the mechanical behavior of the hy-
brid scaffolds were not influenced by the test temperature. 
In addition, the coating with ES-PCL or ES-P3HB did not 
change the viscoelastic behavior of the twisted SF structure.

Thermal properties analysis

The thermal transitions of the base materials (SF yarns, 
ES-PCL and ES-P3HB) and the 2 nano/micro hybrid struc-
tures (SF/ES-PCL and SF/ES-P3HB) were investigated by 
DSC analysis. The endothermic peak temperature and re-
lated enthalpy values, as derived from the DSC patterns 
analysis, are reported in Table IV.

SF yarns displayed a broad endotherm peak at high 
temperature, attributed to the thermal decomposition 
of a well-organized crystalline SF structure (48). ES-PCL 
showed an endothermic transition related to the melt-
ing temperature, with a low enthalpy value, of the PCL 

crystalline nature (41), which was maintained even af-
ter the electrospinning process. For ES-P3HB (Tab. IV), 2 
endothermic peaks were detected, the first one centered 
at 176.5°C, with an enthalpy value in the usual range of 
P3HB crystallinity (49). The second one, with a high en-
thalpy value (ΔH=512.6 J/g), was detected at 281°C, de-
noting a better organized crystalline structure compared 
with that of PCL. In fact, P3HB is a highly crystalline poly-
ester with a high melting point, compared with the other 
biodegradable polyesters (49).

The DSC results obtained for the nano/micro hybrid 
structures (Tab. IV) prepared by coating SF yarns with ES-
PCL or ES-P3HB and twisting showed, as expected, no 
substantial differences in the melting temperature and 
enthalpy values compared with the SF yarns. Thus the 
crystallinity of the SF twisted yarns was not influenced 
by the electrospinning procedure or by the presence of 
the electrospun polymers. The melting transitions of PCL 
or P3HB were not detectable in the thermograms of the 
hybrid structures, due to the low overall quantity of de-
posited nanofibers compared with that of the SF compo-
nent, which does not allow for the identification of PCL  
or P3HB thermal transitions in the DSC traces.

FT-IR analyses

The FTIR spectra (ATR mode) of all samples are shown 
in Figures 6 and 7. Main infrared peak assignments are 
reported in Table V.

From the IR spectra analysis, it appears that in both 
nano/micro hybrid scaffolds, the SF structure was in a 
beta sheet conformation and that the ES-PCL or ES-P3HB  
coating did not interfere with the silk structure. The ab-
sence of shifts in the characteristic IR bands or the appear-
ance of new peaks showed that there were no changes  
in the chemical structure of the silk substrate after the 
electrospinning process of PCL or P3HB.

a

b

Fig. 5 - Thermomechanical analysis of twisted silk fibroin (SF), SF/ES-
P3HB and SF/ES-PCL as a function of temperature: a) storage modulus 
(E’); b) Tan delta. ES = electrospun; PCL = polycaprolactone; P3HB = 
poly(3-hydroxybutyrate).

TABLE IV -  MELTING TEMPERATURES (Tm) AND VARIATIONS OF EN-
THALPY (ΔH) OF SF YARNS, ES-PCL AND ES-P3HB, AND 
OF NANO/MICRO HYBRID STRUCTURES (SF/ES-PCL AND 
SF/ES-P3HB)

T (°C) ΔH (J/g)

SF 315.4 292.3

ES-PCL 58.2 64.1

ES-P3HB 176.5 69.4
281.6 512.6

SF/ES-PCL 315.3 288.0

SF/ES-P3HB 318.2 264.0

ES = electrospun; PCL = polycaprolactone; P3HB = poly(3-hydroxybutyrate); 
SF = silk fibroin.
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Fig. 6 - Attenuated total reflectance–
Fourier transform infrared (ATR-FTIR) 
spectra of SF, PCL nanofibers and  
SF/ES-PCL. ES = electrospun; PCL =  
polycaprolactone; SF = silk fibroin.

Fig. 7 - Attenuated total reflectance–
Fourier transform infrared (ATR-FTIR) 
spectra of SF, P3HB nanofibers and SF/
ES-P3HB. ES = electrospun; P3HB =  
poly(3-hydroxybutyrate); SF = silk fi-
broin.

TABLE V - INFRARED PEAK ASSIGNMENTS FOR SILK FIBROIN, PCL AND P3HB

Sample (ref.) Wave numbers (cm-1) Main assignments

Silk fibroin (50-52) 3,279 N-H stretching
2,922 C-H stretching
1,618 Amide I (C=O stretching)
1,513 Amide II (C-N stretching + N-H in-plane bending)
1,230 Amide III

PCL nanofibers (53, 54) 2,943-2,865 CH2 stretching
1,722 C=O stretching
1,293 C-O and C-C stretching (crystalline phase)

1,239-1,164 C-O-C stretching

P3HB nanofibers (55) 2,975 CH3 stretching
2,934 CH2 stretching

1,723 C=O stretching (crystalline)

1,300-1,230 C-O-C stretching

PCL = polycaprolactone; P3HB = poly(3-hydroxybutyrate).
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In vitro cell interaction

L929 fibroblasts were cultured for 24 hours in the pres-
ence of the extracts obtained by conditioning the twisted 
structures of SF, SF/ES-PCL and SF/ES-P3HB in complete 
DMEM culture medium for 1, 3 and 7 days.

The results of the MTT assay for L929 viability are 
reported in Figure 8. The cells cultured in the presence 
of the extracts did not show any decrease in cell viability, 
and data were comparable with the control at each time 
point, with no significant differences among the 3 struc-
tures considered (P>0.05). Therefore, no cytotoxicity was 
observed for the prepared SF-based scaffolds in these test 
conditions.

By observing the L929 fibroblast proliferation at day 
1, it can be seen that the values of cell viability shown in 
Figure 8 exceed 100% (i.e., are higher than the control, 
assumed = 100%). This can be explained by the possible 
release of short polypeptide sequences from SF yarns. In 
fact, SF is a protein mainly composed of amino acids such 
as alanine, glycine and serine, which are known to posi-
tively influence cell proliferation and metabolism (22).

Viability of L929 cells cultured in direct contact with 
SF, SF/ES-PCL and SF/ES-P3HB structures was evaluated in 
a preliminary test at 1 and 3 days after seeding (Fig. 9).

At 1 day of culture, the 3 structures showed high levels 
of cell viability, again with values exceeding the ones of 
the control (assumed as 100%), with no significant differ-
ences among them (P>0.05). Due to a technical problem 
which arose on day 2 of culture, the experiment ended at 
day 3. In fact, cell viability clearly decreased from the first 
to the third day after seeding, but the 2 hybrid structures 
showed a higher cell viability that the SF one, with a sig-
nificant difference between SF and SF/ES-P3HB (P<0.05) 

and no significant differences between each other (SF/ 
ES-PCL vs. SF/ES-PH3B).

In conclusion, the prepared nano/micro hybrid struc-
tures appear to be a promising substrate for L929 cell ad-
hesion and proliferation. The combination of ES-PCL or 
ES-P3HB with SF yarns in the twisted nano/micro structure 
may constitute a good scaffold to promote and support 
cell growth up to the regeneration of ligamentous tissue or 
tendon. In vitro tests at longer time points should be car-
ried out to investigate the influence of ES-P3HB or ES-PCL 
nanofibers on cell proliferation and colonization, sugges-
tive of how the morphology of the underlying scaffold 
may affect ECM production.

CONCLUSIONS

This study represents the first investigation of the fabri-
cation of nano/micro hybrid scaffolds composed of twisted 
SF yarns coated with PCL or P3HB electrospun nanofibers, 
in comparison with a scaffold made only of twisted SF 
yarns. The results obtained showed a slight enhancement 
of the tensile mechanical behavior, clearly due to an in-
crease of internal forces derived from a positive interaction 
between nano and micro components.

Considering the effect of the electrospun nanofibers on 
the in vitro cell/material interaction, our results suggest that 
the novel nano/micro hybrid structures are able to encour-
age an appropriate in vitro behavior of fibroblastic cells in 
terms of adhesion, attachment and proliferation. Further 
investigations will allow for a better understanding of the 
interactions between the cells and the proposed scaffolds.

It is also worth noting that the mechanical proper-
ties of the hybrid structure can be tailored by changing 

Fig. 8 - Results of cytotoxicity assay. 
L929 cells were cultured in the pres-
ence of complete DMEM culture me-
dium conditioned with SF, SF/ES-PCL 
and SF/ES-PH3B samples for 1, 3 and 
7 days. After seeding, cell viability was 
determined by MTT assay. Results are 
expressed as means ± SD percentage 
of cells vs. control (cells cultured in  
the absence of sample extracts), of  
3 independent experiments. ES = 
electrospun; PCL = polycaprolactone; 
P3HB = poly(3-hydroxybutyrate); SF = 
silk fibroin.
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the number of twisted SF yarns in the hybrid structure, to 
adapt the scaffold performance to the regeneration of dif-
ferent natural tendons and ligaments.
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Fig. 9 - Results of cytocompatibility 
assay. L929 cells were cultured in the 
presence of SF, SF/ES-PCL and SF/ES-
PH3B samples for 1 and 3 days. L929 
cell viability was determined by MTT 
assay. Results are expressed as means ±  
SD percentage of cells vs. control, 
of 3 independent experiments. ES = 
electrospun; PCL = polycaprolactone; 
P3HB = poly(3-hydroxybutyrate); SF = 
silk fibroin.
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