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Abstract
While silkfibroin (SF)-basedfibrousmatrices are often considered as templates tomimic the native
biomineralization process, their limited ability to induce apatite deposition hinders their potential
applications in bone tissue engineering. In this study, it was hypothesized that the incorporation of
anionic fibroin derived polypeptides (Cs), generated through theα-chymotrypsin digestion of SF, into
SFwould induce apatite deposition. The effect of Cs incorporation and content on themineralization
offibrous, electrospun (ES) SFmatrices, was assessed in simulated body fluid (SBF).Moreover, the
potential role of Cs inmediating the proliferation and osteoblastic differentiation of seeded
mesenchymal stem cells (MSCs), in vitro,was also investigated.Methylene blue staining indicated that
the ES SFmatrices became increasingly negatively chargedwith an increase inCs content.
Furthermore, themechanical properties of the ES SFmatrices weremodulated through variations in
Cs content. Their subsequent immersion in SBF demonstrated rapidmineralization, attributable to
the carboxyl groups provided by the negatively chargedCs polypeptides, which served as nucleation
sites for apatite deposition. SeededMSCs attached on all scaffold typeswith differences observed in
metabolic activities when cultured in osteogenicmedium. Relative to basalmedium, there was an up-
regulation of alkaline phosphatase, runt related transcription factor 2 and osteocalcin in osteogenic
medium (at days 14 and 21). Cell-inducedmineralizedmatrix deposition appeared to be accelerated
onCs incorporated ES SF suggesting an osteoinductive potential of these polypeptides. In sum, the
ability to incorporate Cs into SF scaffolds offers promise in bone tissue engineering applications.

1. Introduction

The field of bone tissue engineering strives to offer an
alternative approach to bone repair, by restoring tissue
function through delivery of viable elements and
integration into living tissues [1]. Osteoblastic cells
from a donor source can be seeded in vitro onto
biocompatible, degradable scaffolds and implanted
into a defect site either immediately or after an
optimized culturing period. To this end, the composi-
tion and three-dimensional (3D) structure of the
initial construct are all critical to success, and ideally
these should mimic the native extracellular matrix

(ECM), which is dominated by mineralized collagen
fibres [1].

In recent years, proteinaceous silk-based materials
have been considered as templates for mimicking bio-
mineralization [2]. The Bombyx mori cocoon-derived
silk, constituted by two proteins; fibrous silk fibroin
(SF), which are enveloped by sericin, a family of glue-
like proteins that hold two SF fibres together, thus
forming the composite fibres of the cocoon case and
protecting the pupa during metamorphosis [3]. It has
been demonstrated that silk fibres allow apatite
deposition when immersed in body fluid mimicking
solutions [2]. Apatite formation is initiated by the
complexation of calcium ions with negatively charged
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groups, such as the carboxyl groups carried by Asp and
Glu found in the amino acidic sequence of sericin [4].
However, sericin has been shown to induce an
immune response [5] and is removed from silk for
biomedical applications, though this significantly
reduces the ability to induce apatite deposition [2].
While the resulting SF can be considered for biomater-
ial applications attributable to its biocompatibility,
controlled degradation in vitro and in vivo and its pep-
tidic structure that allows the incorporation of macro-
molecules [6], its ability to spontaneously induce
apatite formation within physiological boundaries is
significantly reduced [2]. To this end, the incorpora-
tion of negatively charged particles represents a strat-
egy to enhance apatite formation. In fact, apatite
growth in SF-based biomaterials has been previously
demonstrated by incorporating negatively charged
groups such as phosphates [7, 8], carboxyl [9], hydro-
xyl [9] and sulfonic groups [10]. In contrast, the incor-
poration of positively charged particles such as poly-
Lys into SF did not affect the mineralization pro-
cess [11].

SF is composed of light and heavy chains linked by
a disulfide bond and is rich in hydrophobic β-sheet
forming blocks linked by small hydrophilic linker seg-
ments [12]. The crystalline regions are mainly com-
posed of Gly-X repeats, where X could be Ala, Ser, Tyr
or Val, leading to an assembled hydrophobic, strong
and tough material [6]. It has been shown that the
digestion of an aqueous solution of SF with α-chymo-
trypsin generates peptidic fractions (Cp and Cs pep-
tides) of highly regulated chemistries, namely fibroin
derived polypeptides (FDPs) [13]. The Cp fraction,
composed of hydrophobic peptides that precipitate
during hydrolysis, has a Mw of 40 kDa. It is charge-
free and composed of the repetitive –(Ala-Gly)n–
sequences, typical of the crystalline region of SF. The
Cs fraction, on the other hand, has Mw between 2 and
10 kDa, is negatively charged and is the result of a
complex mixture of water soluble peptides formed by
the amorphous regions of SF [4]. Recently, it was
demonstrated that the incorporation of the anionic
FDPs (Cs peptides) in fibrous dense collagen gel scaf-
folds accelerated the deposition of apatite when
immersed in Kokubo’s simulated body fluid (SBF)
[13]. In addition, the osteoblastic differentiation of
mesenchymal stem cells (MSCs) seeded in 3D within
the dense collagen gel scaffold was accelerated in the
presence of Cs peptides [14].

In order to develop a functionalized SF-based scaf-
fold for bone tissue engineering applications, in this
study, it was hypothesized that the incorporation of Cs
peptides into SF would induce apatite deposition and
enhance the osteoblastic differentiation of seeded
MSCs. Therefore, electrospun (ES) SF fibres, incorpo-
rated with different concentrations of Cs, were gener-
ated to provide an ECM-like structure [15]. The effect
of Cs concentration on the charge, structural, mor-
phological and mechanical properties of the as-made

ES SFmatrices was investigated. Themineralization of
acellular ES SF matrices was assessed by immersion in
SBF [16]. Furthermore, MSC seeded ES SF matrices
were cultured in both basal and osteogenic media. The
viability, proliferation, expression of genes involved in
the osteogenic pathway, and cell-induced mineralized
ECMdepositionwere investigated.

2.Materials andmethods

2.1. Preparation ofCs peptides incorporated ES SF
matrices
SF was extracted from Bombyx mori cocoons (pur-
chased from the Department of Agriculture and
Environment, Council of Research in Agriculture and
Analysis of Agriculture Economics, Padova, Italy).
Sericin removal from silk was carried out by autoclav-
ing at 120 °C for 15 min, followed by rinsing in
distilled deionized water (DIW) [17]. The resulting SF
fibres were neutralized and dissolved in a saturated
lithium bromide solution (Sigma-Aldrich, Italy) at
60 °C. The 10% (w/v) solution was dialyzed against
DIW with D9402 dialysis tubing cellulose membrane
(Sigma-Aldrich, Italy), to generate a final SF aqueous
solution with concentration of ∼2% (w/v). This
solution was then used to prepare solvent cast SF films
and to generate FDPs by dissolving α-chymotrypsin
(an enzyme-to-substrate ratio of 1:100) where after
24 h at 37 °C, the supernatant was freeze-dried to
recover the soluble peptides (Cs fraction).

The electrospinning of fibrous SF matrices with
different Cs concentrations was carried out as pre-
viously described [18]. ES SF matrices were prepared
by dissolving pre-prepared solvent cast SF films in for-
mic acid (98 vol%, Sigma-Aldrich, Italy) at room
temperature under gentle stirring. SF solution at 8%
(w/v)was then transferred into a 50 ml syringe and ES
via an ad hoc apparatus [19] by applying a flow rate of
0.8 ml h−1, an electric field of 15 kV, and an electrode
distance of 13 cm for a deposition time of 6 h. For Cs
incorporated ES SF matrices, the lyophilized anionic
FDPs were added to the spinning solution at 1%, 2%,
5% and 25% (w/w) concentrations to fabricate
SF+Cs 1%, SF+Cs 2%, SF+Cs 5% and SF+Cs
25%, respectively, and were compared with neat ES SF
matrices. All ES matrices were dried at room temper-
ature under a chemical hood overnight, followed by
treatment in methanol for 20 min to increase SF crys-
tallinity [20].

2.2.Methylene blue dye binding
The capacity of ES SF and Cs incorporated SFmatrices
to bind cationic dye (methylene blue, 0.1%; Sigma-
Aldrich, Canada) was investigated as an indicator of
their electronegativity. Samples were cut into 1 cm2

squares and immersed in the dye solution at 37 °C for
30 min, followed by rinsing in DIW. Specimens were
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maintained under darkness to prevent dye
photobleaching.

2.3. Streaming potential
The streaming potential of the ES SF and Cs incorpo-
rated SF matrices was measured with an asymmetric
clamping cell using an electrokinetic analyzer (Anton
Paar, Graz, Austria) [10]. The measurements were
performed at room temperature in 10 mM KCl and
pH 7.4. Streaming potential measurements were
converted into Zeta Potential (ζ-potentials) using the
modified Smoluchowski-Helmholtz formulation [21].

2.4.Mechanical analysis
Tensile testing was carried out on ES SF and Cs
incorporated SF matrices (n=4). Specimens (30 mm
length, 10 mm width, 0.8 mm thickness) were
mounted into the grippers of a Univert tensile testing
instrument (CellScale Biomaterials, Canada). Tensile
testing was performed with a 10 N load cell and a
controlled displacement rate of 0.1 mm s−1. The initial
load versus displacement data was processed to
generate corresponding stress–strain curves. The ulti-
mate tensile strength (UTS) and apparent modulus
were calculated as the maximum stress point and the
slope of the elastic deformation region, respectively, of
the stress–strain curves.

2.5.Mineralization in SBF
Kokubo’s SBF (1.5X) was prepared as previously
described [22] and used to investigate the mineraliza-
tion potential of the ES SF and Cs incorporated SF
matrices. Samples were cut into 0.5 cm2 squares and
sterilized by immersion in 70% ethanol for 30 min
prior to being extensively washed three times with
sterile-filtered SBF before immersion in a standardized
SBF:protein ratio of 15:1 (mlmg−1) at pH 7.45±0.02
and 37 °C for up to 7 d. The solution was replaced at
two-day intervals by fresh, sterile-filtered SBF.

2.6. Attenuated total reflectance-fourier transform
infrared spectroscopy (ATR-FTIR)
ATR-FTIR spectroscopy was used to characterize Cs
peptides, ES SF and Cs incorporated SF matrices, as-
made, as well as post conditioning in SBF (at days 1, 3
and 7) and cell culture (at day 21). Conditioned
samples were washed three times in DIW and freeze-
dried for 24 h at−104 °C and 14 mTorr (BenchTop K
freeze-dryer). Spectra were collected (Spectrum 400,
Perkin Elmer, USA) using a resolution of 1 cm−1, an
infrared range of 4000–650 cm−1 and 64 scans. Spectra
were then corrected with a linear baseline and normal-
ized (absorbance of Amide I at 1643 cm−1=1.5)
using Spectrum software (Perkin Elmer, USA).

2.7. Scanning electronmicroscopy (SEM)
ES SF and Cs incorporated SF matrices as-made, as
well as post conditioning in SBF (at days 1, 3, and 7)

and cell culture (at day 21) were morphologically
characterized through SEM analysis. Samples were
fixed in 4% formaldehyde for 30 min, rinsed with
DIW for 10 min and then dehydrated through an
ethanol gradient followed by immersion in 1,1,1,3,3,3-
hexamethyldisilazane (Sigma-Aldrich, Canada). All
analyses were performed on Au/Pd sputter coated
samples with a Jeol JSM-7400F scanning electron
microscope at 2 kV and 20 mA. Fibre diameters in the
ESmatrices were quantitatively characterized by image
analysis of SEM micrographs. Images were imported
into ImageJ (NIH, USA) and the fibre diameters
(n=20 per image) were measured manually to
determine their distribution in each ESmatrix.

2.8. X-ray diffraction (XRD)
XRD was used to investigate the crystal structure of
particles deposited on ES SF and Cs incorporated SF
matrices. Samples were collected at day 7 in SBF,
washed three times in DIW and freeze-dried as
described above. The XRD patterns were obtained
using a Bruker D8 Discover (Germany), a range from
6° to 60° 2-theta degrees at 40 kV and 40 mA. Three
frames of 23° were recorded for 9 min and merged
during data post processing. The International Centre
for Diffraction Data (ICDD) database was used to
identify the phase composition.

2.9. Culturing of seededMSCs onCs incorporated
ES SFmatrices
Passage 9 Mus musculus C57BL/6 bone marrow
derived MSCs (Life technologies; Gibco) were incu-
bated at 5% CO2 and grown to 80% confluency at
37 °C. The expansion and growth medium consisted
of Dulbecco’s modified eagle medium (DMEM/F-12)
supplemented with 10% foetal bovine serum and
5 μg ml−1 gentamicin antibiotic. ES matrices were cut
into 0.5 cm2 squares and sterilized by immersion in
70% ethanol for 30 min followed by washing three
times in sterile phosphate buffered saline. MSCs were
plated at a density of 5×103 cells cm−2 on the ES
matrices which were then transferred into 24-well
plates. Culturing was carried out in either growth
medium (basal medium) or in osteogenic differentia-
tion medium that consisted of DMEM/F-12 supple-
mented with 50 μg ml−1 of ascorbic acid, 40 mMof β-
glycerophosphate and 10 nMof dexamethasone for up
to 21 days. Cell media were replaced at two-day
intervals.

2.10. SeededMSCviability
Confocal laser scanning microscopy (CLSM; Carl
Zeiss LSM510) was used to image viability and
morphology of seeded MSCs at days 1, 7, 14 and 21 in
culture. Seeded cells were stained with 3 μM calcein
AM solution (i.e. in culture media) and incubated at
37 °C for 15 min prior to viewing. Excitation and
emission wavelengths of 490 and 530 nm were used to
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visualize the stained cells by plane scanning. The
resulting emissions from the stain were detected for
image assembly.

2.11. SeededMSCmetabolic activity
The alamarBlue® assay (Life Technologies, Canada)
was used to investigate themetabolic activity of seeded
MSCs as an indicator of cell viability and proliferation
[23]. ES matrices were stained in growthmediumwith
10% alamarBlue® reagent and incubated for 4 h under
darkness in 5% CO2 and 37 °C. A fluorescent detec-
tion system was employed using a TECAN 9600 epi-
fluorescent plate reader with excitation at 530 and
590 nm for emission detection. Analysis was carried
out at days 1, 7, 14, and 21 and plotted against the
fluorescent intensity, which was proportional to the
magnitude of metabolic activity. Data were normal-
ized againstfluorescent intensity at day 1.

2.12. SeededMSCgene expression
Quantitative polymerase chain reaction (q-PCR) was
conducted to amplify alkaline phosphatase (Alp),Runt-
related transcription factor 2 (Runx2), and osteocalcin
(Ocn) transcripts as indicators of the osteogenic
differentiation of seeded MSCs. Samples cultured in
both basal and osteogenic media were subjected to the
PureLink® RNA kit (Life Technologies, Canada). This
generated RNA transcripts that were reverse tran-
scribed to cDNA by 200 U μl−1 M-MulV reverse
transcriptase (NEB, USA) in a solution containing 10X
reaction buffer, 2.5 mM of each deoxynucleotide
triphosphate (NEB, USA), RNAse inhibitor at 10 U
μL-1, total RNA transcripts in water, and 50 μM oligo
d(T). The reverse transcription reaction underwent
incubation at 37 °C for 1 h and the temperature was
increased to 50 °C upon completion to denature the
reverse transcriptase. SYBR® Select (Life Technologies)
q-PCR master mix and primer pairs: Alp forward: 5′-
GGG AGA TGG TAT GGG CGT CT-3′, reverse: 5′-
AGG GCC ACA AAG GGG AAT TT-3′; Runx2
forward: 5′-ATC CCC ATC CAT CCA CTC CA-3′,
reverse: 5′-CTG TCT GTG CCT TCT GGG TT-3′;
Ocn forward: 5′-GAC AAAGCC TTCATG TCC AAG
C-3′, reverse: 5′-AGC AGG GTC AAG CTC ACA
TAG-3′; Gapdh forward: 5′-AAG GGC TCA TGA
CCA CAG TC-3′, reverse: 5′-CAG GGA TGA TGT
TCT GGG CA-3′ (200 nM each) were prepared for
entry into the 7900HT q-PCR thermocycler (Applied
Biosystems, USA). Cycling conditions were as follows:
an initial denaturation of 95 °C for 10 min, followed
by 45 repeats of 95 °C of denaturation for 15 s and an
annealing/extension phase of 45 s. Using the 2−ΔΔCt

cycle threshold method, data were normalized to the
expression ofGapdh.

2.13. Statistical analysis
Statistical analysis was carried out using an ordinary
one-wayANOVAwith a significance level=0.05.

3. Results

3.1. Characterization of as-made ES SF andCs
incorporated SFmatrices
SF matrices were produced by electrospinning solu-
tions with different concentrations of Cs peptides. The
incorporation of these anionic FDPs into the various
ES SFmatrices was confirmed throughmethylene blue
staining (figures 1(A) and (B)). ES SF has the ability to
bind the cationic dye due to its net negative charge.
Furthermore, there was an increase in colour intensity
with Cs content in the matrices. Accordingly, zeta
potential analysis showed a decrease in the surface
electronegative charge value of the ES SF through Cs
incorporation, demonstrating statistically significant
effects above 2% incorporation (figure 1(C)). ATR-
FTIR spectroscopy allowed for the structural charac-
terization of the as-made materials (figure 1(D)). The
spectrum of ES SF is recognized through the twomain
absorption bands at 1626 and 1517 cm−1 for amide I
and II, respectively, revealing its dominant β-sheet
conformational structure (figure 1(D)). The spectrum
of Cs peptides, on the other hand, revealed that its
structure is dominated by random coil conformation
through the amide I absorption band at 1643 cm−1.
There were no observed changes in structure through
incorporation of different concentrations of Cs pep-
tides. In fact, due to overlapping, the two other main
absorption bands found in the Cs peptides spectrum,
at 1375 and 1227 cm−1, corresponding to CH3 bend-
ing absorption and to the amide III absorption bands,
respectively, were not observed in the spectra of Cs
incorporated SF matrices. SEM micrographs showed
no changes in the fibre morphology of ES SF through
Cs incorporation (figures 2(A)–(E)). There was no
significant difference in fibre diameter of the various
matrices, which indicated an average value of approxi-
mately 800 nm in all materials (figure 2(F)). The
mechanical properties of ES SF, SF+Cs 5% and
SF+Cs 25%matrices were evaluated through tensile
testing (figure 3). The incorporation of Cs modulated
the mechanical properties of ES SF as revealed by the
different stress–strain curves of the matrices
(figure 3(A)). Compared to the values generated for
neat ES SF matrices, the UTS (figure 3(B)) and
apparent modulus (figure 3(C)) values significantly
increased (p< 0.05) in SF+Cs 5% and significantly
decreased (p<0.05) in SF+Cs 25%matrices.

3.2.Mineralization of ESCF andCs- peptide
incorporated SF in SBF solution
The mineralization of ES SF and Cs-incorporated SF
matrices was analysed in 1.5X SBF for up to 7 days.
SEM micrographs of Cs-incorporated ES SF matrices
showed particle deposition as early as day 1 in SBF
(figures 4(Aii–iv); figures S1(B)–(Eii–iv)) is available
online at stacks.iop.org/BMM/14/015006/mmedia.
Qualitatively, particle deposition appeared to increase
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with Cs content (figure S1). In contrast, there was no
particle deposition observed on ES SF matrix, at all
time points (figures 4(Bii) and S1(Aii–iii)). ATR-FTIR
spectra of Cs-incorporated SF matrices showed that
the absorption bands related to phosphate (ν1 at 1070
and 1033 cm−1) and carbonate (ν3 at 1450 and
1420 cm−1) groups, increased with time (figures 4(C)
and S2(B)–(E)). Furthermore, at day 7 in SBF, the
spectrum of SF+Cs 25% exhibited higher intensities
for the absorption bands associated with the phos-
phate groups compared to those in the other Cs
incorporated matrices (figure S2(F)). On the other
hand, the spectra of the neat ES SFmatrix did not show
any differences up to day 7 in SBF (figure S2(A)). XRD
diffractograms at day 7 in SBF confirmed that a
crystalline phase was present only inmatrices incorpo-
rated with 5% and 25% Cs peptides (figure 4(D)).
Peaks characteristic of apatite pattern, at 32, 47 and 54
2-theta degrees were detected on thesematrices.

3.3.MSC responses to ES SF andCs-incorporated SF
matrices
CLSM of calcein AM stainedMSCs at days 1, 7, 14 and
21 demonstrated extensive cell viability on all ES
matrices which was not affected by Cs incorporation
in ES SF (figure 5). However, a delayed cell growth at
day 7 in the SF+Cs 25% matrix in both basal and
osteogenic media was observed (figure 5). Cell meta-
bolic activity indicated an increasing trend up to day
14, followed by a decrease at day 21 in both basal
(figure 6(A), left) and osteogenic (figure 6(A), right)
media. In basal medium, MSC metabolic activity was
not affected by Cs incorporation at days 14 and 21
while a significant difference (p<0.05) was observed
at day 7 when seeded on the neat ES SF matrix. Under
osteogenic medium, MSC metabolic activity was
significantly lower (p<0.05) on ES SFmatrix at day 7
and higher (p<0.05) on ES SF+Cs 25% matrix at
days 14 and 21.

Figure 1.Macroscopic images of as-made ES SFmatrices pre (A) and post (B)methylene blue staining. SF has a net negative charge,
which allows for dye binding.Matrices incorporated withCs appeared to bind greater extent of dye. (C)Zeta Potentialmeasurements
of ES SF andCs-incorporated SFmatrices. Above 2%Cs, therewas a significant (p<0.05) decrease in negative charge valueswith an
increase inCs concentration. (D)ATR-FTIR spectra of as-madeCs peptides, ES SF andCs-incorporated SFmatrices. Therewere no
differences observed in the spectra of all the ESmaterials.
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q-PCR analysis at days 14 and 21 assessed the
expressions of Alp, Runx2 and Ocn as indicators of
MSC osteoblastic differentiation (figure 6(B)). The
results revealed that whileMSCs seeded on allmatrices
and cultured in osteogenic medium expressed these

markers (figure 6(B) right), only those seeded on the
Cs-incorporated SF matrices and cultured in basal
medium expressed these markers (figure 5(B), left). At
day 21 in osteogenic medium, the level ofOcn expres-
sion was lower (p<0.05)whenMSCs were seeded on

Figure 2. (A)–(E) SEMmicrographs of as-made ES SF andCs-incorporated SFmatrices. No qualitative differences infibre
morphology due toCs incorporationwere observed. (F) Fibre diametermeasurement. There were no significant differences
(p<0.05) in the fibre diameters of the various ES SFmatrices due toCs incorporation.

Figure 3.Mechanical analysis of as-made ES SF andCs-incorporated SFmatrices. (A)Representative tensile stress–strain curves. (B)
UTS and (C) apparentmodulus of ES SF, SF+Cs 5%and SF+Cs 25%matrices. *Indicates significantly higher (p<0.05)
while×indicates significantly lower (p<0.05) values compared to neat SF.
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ES SF+Cs 25% matrix (figure 6(B), right). Further-
more, the levels of expression of the three markers
were lower (p<0.05) under basal medium at both
time points when MSCs were seeded on ES SF matrix
(figure 6(B), left). Statistically non-significant fluctua-
tions in the level of expressions of Alp, Runx2 (at days
14 and 21) and Ocn (at day 14) were observed in all
matrices cultured in osteogenicmedium.

SEM analysis and ATR-FTIR spectroscopy of ES
SF matrices in basal and osteogenic media at day 21
were used to assess any mineralized ECM deposition
(figure 7). SEM micrographs indicated that cells were
anchored and flattened on the ES SF+Cs 25%matrix
under osteogenic medium (figures 7(A) and (B), left),
corroborating the CLSM images. In addition, there
was extensive cell-mediated ECM mineralization on
this matrix (figure 7(A), right). In contrast, under the
same conditions, the neat ES SFmatrix did not display
the same level of mineralization (figure 7(B), right).
ATR-FTIR spectra did not show any absorption bands
related to phosphate or carbonate groups in basal
medium (figure 7(C), left), while those in osteogenic
medium, indicated increasing absorption bands rela-
ted to both phosphate and carbonate groups in Cs-
incorporated SF matrices and appeared to increase
with Cs content (figure 7(C), right). No differences
were observed in the spectra of the neat ES SF matrix
as-made, acellular and when seeded with MSCs at day
21 in osteogenicmedium (figure 7(D), left), suggesting
that the unmineralized ECM deposition did not affect
the intensity of any of the absorption bands. On the
other hand, the absorption bands related to both
phosphate and carbonate groups were detected in the
spectrum of the MSC-seeded ES SF+25% matrix
(figure 7(D), right). Acellular ES SF matrices at day 21
in both basal (figure S3, left) and osteogenic (figure S3,

right) media did not display any increase in the
absorption bands of phosphate and carbonate groups
suggesting that the mineral deposition was cell-
mediated.

4.Discussion

This study has found that the functionalization of ES
fibrous matrices of SF through incorporation of
anionic FDPs, represented a promising strategy to
template the biomineralization process, as well as to
promote the induction of osteogenesis of seeded
MSCs. Natural bone is a biocomposite in which
inorganic hydroxyapatite nano-crystals are deposited
within, and on collagen fibres and arranged into a 3D,
hierarchically organised structure [24]. Hydroxyapa-
tite deposition is thought to be controlled by negatively
charged noncollagenous proteinswith specific binding
sites that are carried by acidic amino-acid side chains,
such as those rich in Asp [25]. These binding sites
interact with calcium and phosphate ions present in
physiological fluids in a specific manner to trigger
apatite nucleation [25]. Upon their formation, the
nuclei spontaneously grow by further addition of
calcium and phosphate ions to induce the maturation
phase of apatite crystals [25].

Electrospinning is a frequently applied technique
in the manufacture of fibrous matrices used in fabri-
cating bone ECM-like structures to template the bio-
mineralization process [26–31]. Matrix fibre diameter,
which range fromnano-to-microscale dimensions can
be controlled by regulating factors, such as solution
properties (e.g. pH, concentration and viscosity), elec-
tric field strength, and tip-collector distance [32].
Since anionic FDPs are negatively charged [4, 13], and
can alter the spinning solution properties, their

Figure 4. (A) SEMmicrographs of ES SF+Cs 25%matrix as-made (i), and at days 1 (ii), 3 (iii) and 7 (iv) in SBF. Particle deposition
was detected between days 1 and 7 in SBF. (B) SEMmicrographs of ES SF as-made (i), and at day 7 (ii) in SBF.No particle deposition
was detected. Figure S1 provides SEMmicrographs of allmaterials at the various time points. (C)ATR-FTIR spectra of ES SF+Cs
25%matrix as a function of time in SBF. Absorption bands related to phosphate and carbonate groups increasedwith time up to day 7.
The spectra for all othermaterials are given in figure S2. (D)XRDdiffractograms of ES SF andCs-incorporated SFmatrices at day 7 in
SBF. Patterns attributable to an amorphous phasewere indicated in ES SF, SF+Cs 1%and SF+Cs 2%matrices. In contrast,
patterns attributable to amore crystalline phasewere indicated in ES SF+Cs 5%and SF+Cs 25%matrices. Asterisks indicate 32,
47, and 54 2-theta degrees observed in crystalline apatite phase.
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addition may affect both the spinning process and
resulting fibre dimensions. Nevertheless, it was found
that a Cs concentration of up to 25% (w/v) can be suc-
cessfully incorporated into the spinning solutionwith-
out altering either the spinning solution properties or

the electrospinning process. For this reason, the
morphology and sub-microscale diameter of the
resulting fibres in the various Cs-incorporated SF
matrices weremaintained. However, at higher Cs con-
centrations, the spinning solution dripped from the

Figure 5.CLSM images of calcein AM stainedMSCs cultured onES SF andCs-incorporated SF at days 1, 7, 14 and 21 under basal and
osteogenicmedia.MSCswere observed to be growing both in space and in time on all the ESmatrices.
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spinneret and did not result in fibre formation (data
not shown). This may have been due to a drop in dope
viscosity with increasing Cs concentration. Methylene
blue staining and zeta potential analysis confirmed the
net negative charge of the resulting ES SF matrices
functionalized with anionic FDPs. Methylene blue
staining qualitatively evaluated the successful incor-
poration of the Cs peptides, which carry an abundance
of anionic carboxylic groups that bind the dye [33].
Furthermore, zeta potential analysis quantified the
increasing negativity of the matrices of higher Cs con-
tent. On the other hand, due to the overlapping of the
main absorption bands of Cs and SF, it was difficult to
differentiate the impact of Cs incorporation on the
overall network structure of SF through FTIR
spectroscopy. Tensile testing revealed typical stress–
strain curves for ES SFmatrices [34, 35], with an initial
region characterized by high resistance to deformation
(elastic region). This is a result of the cohesive forces
generated by the fibre assembly and large number of
fibre-to-fibre contact points. After this initial region, a
yield point is reached where the modulus gradually
decreases as a consequence of fibre slippage (plastic
deformation region). The latter region of the stress–
strain curve can be observed from the failure point
where the fibres failed, resulting in specimen rupture.
Interestingly, the incorporation of Cs peptides modu-
lated this profile. SF+Cs 5% showed a higher resist-
ance to deformation followed by a shorter plastic
deformation region suggesting a more brittle beha-
viour compared to SF. This is in line with previously

reported results on the effect of polaxomer 407 incor-
poration into ES SF. The incorporation of 5% polax-
omer 407, an FDA approved compound commonly
used to increase the surface hydrophilicity of scaffolds
and improve cell attachment, increased the modulus
of ES SF [36]. On the other hand, SF+Cs 25%
revealed an overall decrease in the mechanical proper-
ties. These findings suggested that Cs peptides have a
concentration dependent effect on the mechanical
properties of the ESmatrices.

Immersion of the functionalized ES SF matrices
into SBF allowed for the characterization of their
mineralization capacity [37]. The incorporation of Cs
peptides into ES SFwas thought to facilitate the stabili-
zation of calcium-phosphate clusters by forming a
structured template where the surface is enriched with
the negatively charged Asp andGlu that carry carboxyl
groups, which are known to be critical for the hetero-
geneous nucleation of apatite [8]. This structure aimed
to enhance the sequestration of calcium-phosphate
nuclei present in the supersaturated solution by form-
ing protein-mineral complexes [38]. The ion com-
plexes are initiated by the strong interactions between
Ca2+ ions and carboxyl groups of the Cs incorporated
SF matrices, followed by further interactions with
PO4

3− ions due to supersaturation effects to form criti-
cally sized nuclei that subsequently grow into apatite
crystals [39]. This apatite nucleation and growth pro-
cess appeared to be dependent on Cs peptides con-
centration. Indeed, XRD diffractograms indicated that
an amorphous mineral phase was present on the

Figure 6. (A)Metabolic activity ofMSCs cultured onES SF andCs-incorporated SF up to day 21 in basal (right) and osteogenic (left)
media.MSCmetabolic activity under basalmediumwas higher (p<0.05) onES SF at day 7.MSCmetabolic activity under osteogenic
mediumwas higher (p<0.05) onES SF+Cs 25%at days 14 and 21. (B)Expression ofAlp,Runx2 andOcn genes inMSCs cultured
on ES SF andCs-incorporated SF at days 14 and 21 in basal (right) and osteogenic (left)media. Under basalmedium, the expression of
Alp inMSCswas higher (p<0.05) onCs-incorporated SFmatrices when compared to SFmatrices alone.Runx2 andOcnwere
expressed inCs-incorporated SF under both basal and osteogenicmedia.
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Figure 7. (A) SEMmicrographs of a cell attached on the surface of the ES SF+Cs 25%matrix through extracellular projections (left).
Extensivelymineralized cell-deposited ECMonES SF+Cs 25% in osteogenicmedium (right). Insert, highermagnification of
mineral particles. (B) SEMmicrographs ofMSCs cultured onES SF at day 21 in osteogenicmedium (left). ECMdeposited onES SF
matrix cultured in osteogenicmedium (right). Insert, highermagnification highlighted aminimal deposition ofmineral particles. (C)
ATR-FTIR spectra ofMSC seeded ES SF, SF+Cs 5% and SF+Cs 25%matrices at day 21 in basal (left) and osteogenic (right)media.
Absorption bands related to phosphate and carbonate groupswere detected in ES SF+Cs 5%and SF+Cs 25%matrices. (D)ATR-
FTIR spectra of ES SF (left) and SF+CS 25% (right)matrices as-made and at day 21 in osteogenicmedium, acellular and cell-seeded.
Only the cell-seeded ES SF+Cs 25% spectrum showed absorption bands associatedwith phosphate and carbonate groups.
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surface of ES matrices functionalized with 1% and 2%
Cs peptides. On the other hand, ES matrices functio-
nalized with 5% and 25% Cs peptides displayed a
more mature crystalline structure, compatible with
that of an apatitic phase [40]. While the deposition of
particles reported here were found to be characterized
by a morphology consistent with that of apatite crys-
tals observed in previously reported studies of functio-
nalized ES SF [2, 11], the incorporation of Cs-peptides
in SF offers advantages. For example, while sericin is
known to induce apatite formation, its removal from
silk is deemed necessary as it triggers an immune
response [2]. However, this results in SF lacking the
necessarymineral binding sites which then needs to be
taken outside of physiological boundaries to induce
mineralization, e.g. through alternate soaking in satu-
rated calcium and phosphate solutions [11].

The creation of a scaffold that both chemically and
structurally mimics the native bone ECM is critical in
supporting cell adhesion and potentially assisting in
new bone formation [41]. The sub-microscale dia-
meter of ES SF fibresmimicked the fibrous ECM com-
ponents [15] and supported MSC attachment,
proliferation and osteogenic differentiation [3].
Osteoinductive molecules are frequently incorporated
into SF based materials to improve osteogenic out-
comes [25, 42]. Previous approaches have relied on
combining the osteoconductive properties of hydro-
xyapatite particles through their direct incorporation
into ES matrices with other osteoinductive molecules
such as BMP-2 [42]. Alternatively, the osteoinductive
potential of pre-mineralized ES SF on seeded cells has
been investigated by incorporating an apatite-binding
molecule, Asp, into ES SF matrices to initially induce
its deposition, followed by cell seeding [25]. In this
study, the osteoinductive effect of anionic FDPs on
seeded cells was directly investigated, without a pre-
mineralization step, or without coupling with other
osteoinductive molecules. MSCs were simply seeded
on Cs-incorporated ES SF matrices and cultured in
osteogenic medium to investigate any osteoinductive
potential of Cs peptides.

MSCs were found to adhere and proliferate on all
ES SFmatrices. However, the slower rate of cell attach-
ment observed on the ES SF+Cs 25%matrix at day 7
may be due to the modified surface charge as a con-
sequence of Cs peptides incorporation. Accordingly,
the metabolic activity of MSCs was slightly reduced by
the presence of Cs peptides up to day 7 in basal med-
ium culture. This observation may also be due to the
surface wettability of the matrices, which affects cell
attachment [43]; i.e. when a material is either too
hydrophobic [44] or too hydrophilic [45], protein
adsorption is hindered, and consequently, cells cannot
attach to the surface of the material [44, 45]. The opti-
mum contact angle value for MSC attachment has
been reported to be in the 70° range [46], which is
similar to values obtained for ES SF and SF+Cs 5%
matrices from contact angle analysis, 72.13°±3.24°

and 71.32°±1.15°, respectively, and in line with pre-
vious findings on contact angle values for ES SFmatri-
ces produced with similar parameters [36]. In
contrast, SF+Cs 25% matrix exhibited a greatly
increased hydrophilicity to the point that the contact
angle analysis could not be performed since, as soon as
the water droplet was deposited on the matrix surface,
it was immediately adsorbed into the matrix porous
structure.

The increase in metabolic activity in MSCs seeded
on ES SF matrix cultured in basal medium compared
to those cultured in osteogenic medium suggested an
increase in proliferation of undifferentiated cells [47],
where cells committed to osteoblastic differentiation
express a lower proliferation potential [48, 49]. On the
other hand, themetabolic activity of cells seeded on ES
SF+Cs 25% matrix was higher in osteogenic med-
ium when compared to those cultured in basal med-
ium. Therefore, it can be proposed that the anionic
FDPs exhibited a stimulatory effect on cell prolifera-
tion similar to that observed with insulin-like growth
factor 1 (IGF-1). IGF-1 has been shown to promote
both cell proliferation and their mineralization capa-
city in osteogenic medium thus representing a power-
ful osteoinductive molecule [50]. Indeed, the
expression of genes known to be involved in the osteo-
genic pathway, even in basal medium, may be attrib-
uted to an osteoinductive potential of the Cs peptides.
Cs peptides have a net negative charge, which is also a
characteristic of noncollagenous binding proteins pre-
sent in the mineralized tissues, in vivo [37]. For this
reason, it was postulated that Cs peptides may accel-
erate the osteoblastic differentiation of seeded MSCs,
by mimicking the role of the noncollagenous binding
proteins which are known to regulate the osteogenic
pathway [37]. Alp, an early marker of osteogenesis is
related to the pre-osseous cellularmetabolism and ela-
boration of a bonematrix that is chemically mineraliz-
able [51]. Runx2 is the master osteoblast transcription
factor, which regulates numerous genes that deter-
mine the osteoblastic phenotype. Therefore, its
expression is sufficient to induce the expression of a
number of osteogenic markers in non-osteoblastic
cells [52]. Ocn, a late marker of osteoblastic differ-
entiation pathway, is a tissue specific protein that is
secreted only bymature osteoblasts [53]. Interestingly,
the level of Ocn expression was maintained between
days 14 and 21 in ES SF and SF+Cs 5%, but showed a
decrease in the case of SF+Cs 25%. Previous studies
have reported that the expression of Ocn does not
change once mineral nodules are formed during the
mineralization process [54–57]. However, a decrease
in Ocn expression has been reported and associated
with apoptosis during cell differentiation, where an
accelerated differentiation process was shown to
increase the number of apoptotic cells [58]. Further-
more, cell death by apoptosis has been reported at
advanced stages of mineralization [59]. Indeed, since
the extent of mineralization in the cell produced ECM
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was more apparent on the ES SF+Cs 25% matrix, it
can be hypothesized that the decrease in Ocn expres-
sion in this matrix was attributable to its advanced
mineralization stage thus triggering cell apoptosis and
suggesting the accelerated osteoblastic differentiation
of MSCs. Furthermore, since the deposition of cal-
cium-phosphate mineral is the terminal stage of the
osteoblastic differentiation process [60], this confirms
the osteoinductive potential of Cs peptides and echoes
previous finding in three dimensional osteoid
mimicking dense collagenous scaffolds [14]. However,
future investigation on apoptotic markers will be
required to confirm this hypothesis.

In sum, the top-down approach in fabricating Cs
peptides and incorporation into ES SF provides an
interesting alternative to previous reports using other
osteoinductive additives [25, 42, 50]. The ability of Cs
peptides to induce apatite deposition in vitro and
accelerate osteogenic outcomes represents a promis-
ing approach for bone repair therapies. Follow-up
in vivo studies will be essential in evaluating the host
response to, and the potential osteoinductive proper-
ties of, Cs-incorporated SFmatrices.

5. Conclusions

Fibrous Cs peptide-incorporated SF scaffolds were
successfully produced through an electrospinning
technique. The incorporation of Cs peptides induced
the deposition of apatite on SF matrices, and allowed
for the adhesion, proliferation and effectively acceler-
ated the late osteogenic differentiation of seeded
MSCs, in vitro. Therefore, the incorporation of Cs
peptides into SF-based scaffolds holds promise in bone
tissue engineering applications.
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