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A B S T R A C T

In this study, composite nanofibrous scaffolds were obtained by electrospinning a trifluoroacetic acid solution contain-
ing B. mori silk fibroin (SF) and poly(L-lactic acid) (PLLA) in a 1:1 weight ratio. SF, PLLA and SF/PLLA nanofibres
were prepared with average diameter sizes of 360 ± 90 nm, 470 ± 240 nm and 580 ± 220 nm, respectively, as assessed
by SEM analysis.

Vibrational and thermal analyses showed that upon blending in the SF/PLLA nanofibres, the crystallisation of PLLA
was hindered by the presence of SF, which crystallized preferentially and underwent conformational changes that did not
significantly change its prevailing β-sheet structure. The two components were thermodynamically compatible and the
intermolecular interactions between them were revealed for the first time.

Human keratinocytes were cultured on nanofibres and their viability and proliferation were determined. Preliminary
in vitro tests showed that the incorporation of SF into the PLLA component enhanced cell adhesion and proliferation
with respect to the unfunctionalised material. SF has been successfully used to modify the biomaterial properties and con-
firmed to be an efficient bioactive protein to mediate cell-biomaterial interaction.

© 2016 Published by Elsevier Ltd.
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1. Introduction

Silk fibroin (SF) has been widely used for biomedical applications
(wound healing and tissue engineering) due to its outstanding mechan-
ical properties, good oxygen and water vapour permeability, hemo-
compatibility, lower inflammatory response than collagen, controlled
proteolytic biodegradation, morphologic flexibility. Furthermore, its
ability to support stem cell adhesion, proliferation, and differentiation
in vitro and promote tissue regeneration are well known [1–4]. In this
context, electrospinning has proved a popular and effective process
for producing nanofibrous scaffolds usable for drug delivery, wound
dressing and tissue engineering. The produced fibres have high spe-
cific surface area and high porosity, therefore, the micro/nanofibres
can simulate the extracellular matrix and enhance cell migration and
proliferation.

An appealing strategy towards obtaining biomimetic nanofibres
consists in processing naturally derived polymers [5–7]. A single ma-
terial hardly fulfils all the requirements of a specific biological func-
tion. Consequently, SF-based composites have been designed as a

⁎⁎ Corresponding author at: Dipartimento di Scienze Biomediche e Neuromotorie, Via
Belmeloro 8/2, 40126 Bologna, Italy.
Email address: paola.taddei@unibo.it (P. Taddei)

strategy to achieve properly modified and tailored materials [8–15].
On the way to develop bioresorbable composite scaffolds, several
studies have been performed on the influence of SF on the biodegra-
dation properties of synthetic polymeric materials [11–15]. Aliphatic
polyesters, such as poly(L-lactic acid) (PLLA), have been the most
widely bioresorbable polymers used to date; PLLA is a biocompati-
ble polymer used since a long time in many biomedical applications
(resorbable sutures, wound-healing materials, artificial skin grafts, or-
thopaedic fixation devices, controlled drug delivery systems) for its
outstanding properties such as strength and controlled degradation
[16,17]. However, PLLA has a low hydrophilicity and does not con-
tain cell recognition sites.

The use of polyblend nanofibres obtained by electrospinning mix-
tures of synthetic and natural polymers has gained increasing atten-
tion in tissue engineering, due to the possibility of retaining the me-
chanical strength and durability of a synthetic component and the bi-
ological functionality of a natural polymer. B. mori SF has been re-
cently used to obtain electrospun blended nanofibres in combination
with poly(L-lactic acid-co-ε-caprolactone) (PLLA-CL) [18], PLLA
and gelatine [8], poly(ethylene oxide) [19], poly(L-lactic-co-glycolic
acid) [20], PEG-plasticised PLLA [21]. Spider, A. pernyi and Eri SF/
PLLA composite nanofibres have been prepared and characterised
[22–25].

http://dx.doi.org/10.1016/j.msec.2016.09.055
0928-4931/© 2016 Published by Elsevier Ltd.
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Most of the above mentioned studies have focused their atten-
tion on blended devices where SF was the prevailing component
[8,11,22,23,25], while others have explored the effect of the SF/poly-
ester weight ratio on the chemical, physical and biological properties
of the scaffold [13–15,18,24]. In the present investigation, compos-
ite nanofibrous scaffolds were obtained by electrospinning a trifluo-
roacetic acid solution containing regenerated B. mori SF and PLLA in
a 1:1 weight ratio. In agreement with Lv et al. [12], this ratio has been
chosen to combine the advantageous properties of both constituents.
To induce the transformation into β-sheet [26], the nanofibres were
treated with aqueous methanol. The SF, PLLA and SF/PLLA scaffolds
were characterised by Raman and IR vibrational spectroscopy, ther-
mal analysis (Differential Scanning Calorimetry, DSC, and thermo-
gravimetry, TG), atomic force microscopy (AFM) imaging and SEM,
to investigate the possible occurrence of intermolecular interactions
between the constituents as well as to clarify the effect of electro-
spinning/methanol treatment and blending on the structure of the scaf-
folds. Regenerated SF powder and PLLA pellets, used as starting ma-
terials, were analysed as control samples.

In vitro biocompatibility of SF, PLLA and SF/PLLA was compar-
atively evaluated by means of preliminary cell tests using human skin
keratinocytes, in order to investigate their potential for biomedical ap-
plications.

2. Materials and methods

2.1. Materials

Silk fibres were obtained from the reeling of B. mori silk cocoon
threads. The fibres were cleaned by an acetone/ethanol mixture system
to remove the wax, and degummed in an aqueous solution containing
sodium carbonate (3 g/L), sodium metasilicate (3 g/L) and Marseille
soap (2 g/L) at 98–100 °C for 90 min to remove the silk sericin. Fi-
nally, the degummed silk fibroin (SF) fibres were washed thoroughly
with running water for 2 h. SF solution was prepared by dissolving the
SF fibres in 8 M aqueous LiBr solution at 60 °C for 30 min, then dial-
ysed against tap water at 5 °C for 4 days. SF powder was prepared by
freeze drying a regenerated 2 wt% SF solution.

SF powder and PLLA pellets (Lactron, Kanebo Gousen Ltd.,
Tokyo) were dissolved in trifluoroacetic acid (TFA, Wako Pure
Chemical Industries, Ltd) by stirring at ambient temperature. SF and
PLLA nanofibres were produced by electrospinning 10 wt% SF and
12 wt% PLLA TFA solutions, respectively. The composite SF/PLLA
nanofibres were obtained by electrospinning a 10 wt% binary mix-
ture of SF and PLLA (1:1 weight ratio). The electrospinning instru-
ments were from the Kato Tech. Company, Kyoto, Japan. The TFA
solution was drawn into a 5 mL syringe (SS-01T, Terumo Corpora-
tion, Tokyo, Japan) using a 21 gauge stainless needle (inner diam-
eter 0.3 mm, 38 mm long, NN-2238N, Terumo Corporation, Tokyo,
Japan), which was connected to a high voltage power supply. The flow
rate was controlled at 25 μL/min using a syringe pump. A high voltage
of around 25 kV was applied. The SF, PLLA and SF/PLLA nanofibres
were placed on an aluminium foil placed 15 cm from the capillary tip.
After electrospinning, the SF and SF/PLLA nanofibres were immersed
in 50% V/V methanol solution for 10 min, rinsed with water and al-
lowed to dry at room temperature for 12 h.

2.2. Raman and IR vibrational spectroscopy

Raman spectra were recorded on a Bruker MultiRam FT-Raman
spectrometer equipped with a cooled Ge-diode detector. The exci-
tation source was a Nd3 +-YAG laser (1064 nm) in the backscatter-
ing (180°) configuration. The focused laser beam diameter was about

100 μm and the spectral resolution 4 cm− 1. The reported spectra were
recorded with a laser power at the sample of about 60 mW.

IR spectra were recorded on a Nicolet 5700 FT-IR spectrometer,
equipped with a Smart Orbit diamond ATR accessory and a DTGS de-
tector; the spectral resolution was 4 cm− 1. At least five spectra were
recorded and averaged on each electrospun sample.

The calculated (i.e. theoretical) Raman and IR spectra of the SF/
PLLA nanofibres were obtained as the average of the two experimen-
tal spectra of SF and PLLA nanofibres after baseline correction and
normalisation of the Amide I and νC O bands, respectively, to the
intensity observed in the experimental spectra of the SF/PLLA nanofi-
bres.

2.3. DSC and TG thermal analyses

DSC thermograms were obtained by using a Mettler TA-STAR,
Model 821e calorimeter, covering 5–330 °C in a nitrogen atmosphere
(80 mL/min flow rate). The heating rate was 5 °C/min. The crys-
tallinity degree Xc% of the PLLA component was evaluated according
to the equation:

where ΔHm is the measured enthalpy of melting, ΔHexo is the mea-
sured enthalpy of an exothermal transition, and ΔHm° the enthalpy of
melting of a theoretically 100% crystalline polymer (ΔHm° = 93.6 J/
g).

TG measurements were performed with a Mettler TA-STAR,
TGA/SDTA 851e thermobalance, in a nitrogen atmosphere (80 mL/
min flow rate) with a heating rate of 5 °C/min, from 30 to 400 °C. TG
analysis was used to check the presence of TFA impurities (not de-
tected) as well as to quantify water content.

2.4. Morphology analysis: scanning electron microscopy

PLLA, SF and SF/PLLA nanofibres were examined through Scan-
ning Electron Microscopy (SEM) to evaluate fibre morphology. Sam-
ples were coated with a thin gold layer using Agar Auto Sputter
Coater. Then the samples were analysed through SEM LEO – 1430
(Zeiss) equipment at different magnifications (500 ×, 1000 ×, 2000 ×,
3000 × and 5000 ×). The average diameter size, the diameter size dis-
tribution and the pore size distribution of the electrospun nanofibres
were calculated using ImageJ software on 5000 × images.

2.5. AFM imaging

For AFM microscope imaging, nanofibre specimens were mounted
on flat steel discs by using double-sided adhesive tape. Atomic Force
Microscopy imaging was performed in ambient air and room tem-
perature in tapping-mode™ on a Multimode Nanoscope V system
(Bruker) equipped with a J-type scanner. MikroMash NSC15/AIBS
probes (MikroMasch, Estonia) were used. The height and phase sig-
nals were acquired simultaneously. Roughness was evaluated as Rq
(i.e. root mean square average of height deviations taken from the
mean image data plane); average values over five different measure-
ments were reported.

2.6. Cellular proliferation and cytotoxicity tests

HaCaT cells are immortalised human skin keratinocytes that mimic
many properties of normal epidermal keratinocytes, are not in

(1)



UN
CO

RR
EC

TE
D

PR
OO

F

Materials Science & Engineering C xxx (2016) xxx-xxx 3

vasive, and can differentiate under appropriate experimental condi-
tions [27]. Cells were maintained at 37 °C, 5% CO2, in DMEM
(Sigma-Aldrich) supplemented with 10% foetal bovine serum (FBS)
and 1% antibiotic mixture.

The lipophilic, nonfluorescent calcein-acetoxymethylester (cal-
cein-AM, Sigma-Aldrich) penetrates cell membranes and is then
cleaved by intracellular esterases, yielding the hydrophilic fluorescent
dye. Briefly, cells were settled overnight in 96-well plates (8000 cells/
well), incubated with materials for 24 h, washed with PBS, and then
incubated for 30 min at 37 °C with a solution of 2.5 μM calcein-AM
in PBS. Plates were read in a fluorescence plate reader (Infinite 200
Pro, Tecan, Wien, Austria), by using 485-nm ex and 535-nm em filters
[28].

For crystal violet assay, cells (8000 cells/well) were seeded on
96-well, incubated with materials for 24 h, then the medium was re-
moved, cells were gently washed once with 1xPBS, stained with 0.5%
crystal violet for 10 min and washed three times with water. Crystal
violet was eluted from cells with 33% acetic acid, and absorption of
the supernatant from each sample was measured at 540 nm with Tecan
plate reader [27].

3. Results and discussion

3.1. Effect of electrospinning on the PLLA component: vibrational
and thermal analyses

The IR spectra of the PLLA pellet and PLLA nanofibres (Fig. 1,
see Table S1, Supplementary material for assignments) show many
spectral differences, which revealed a higher crystalline degree for the
former.

The spectrum of the pellet showed with higher intensities the bands
at 925 cm− 1 (undetectable in the spectrum of the nanofibres) and
870 cm− 1, assignable to the α-crystal form of PLLA (i.e. a distorted
103 helix [29,30]), while the component at 955 cm− 1 (due to the
amorphous phase [29,30]) was weaker. Going from the pellet to the
nanofibres, the C O stretching at about 1750 cm− 1 and the CH3

antisymmetric bending at 1454 cm− 1 sharpened, in agreement with
Zhang et al. [30], who have reported a splitting of both these modes
upon crystallisation, due to a different packing of the groups in the unit
cell.

In the CH bending region, the components observed in the spec-
trum of the pellet at 1382, 1358 and 1304 cm− 1 underwent changes
in relative intensities and wavenumber positions upon electrospinning.
The band at 1382 cm− 1 increased in intensity, according to its as-
signment to an amorphous phase [30], while the bands at 1358 and
1304 cm− 1 decreased in intensity, according to their assignment to
the crystalline phase [30]. In the 1300–1000 cm− 1 range, where CC,
CO and COC stretching prevalently fall, the band at 1266 cm− 1, as-
signed to the amorphous phase [30], increased in intensity upon elec-
trospinning. The increase of disorder was confirmed by the trends of
the I1207/I1180 and I1128/I1084 intensity ratios which decreased from 0.68
to 0.52 and from 0.74 to 0.51, respectively, as expected on the basis
of the assignments of the bands at about 1207 and 1128 cm− 1 to crys-
talline PLLA [30], while those at about 1180 and 1084 cm− 1 are due
to amorphous PLLA [30].

The trend of the Raman spectra of the PLLA pellet and nanofibres
(Fig. 2, see Table S2, Supplementary material for assignments) con-
firmed the IR findings, showing a higher crystalline character for the
pellet.

The C O stretching band displayed different widths, wavenum-
ber positions and structures in the two samples: upon electrospin-
ning, the full-width at half maximum (FWHM) increased due to a
more prominent component at 1755 cm− 1. In the CH bending region,
the 1275 cm− 1 band appeared only in the spectrum of the electro-
spun sample, according to its more disordered character; moreover, in
agreement with Qin and Kean [31], in the spectrum of the less crys-
talline electrospun sample, the band at 1219 cm− 1 was less distinct,
while that at 1094 cm− 1 appeared more prominent. Going from the
pellet to the nanofibres, the I1129/I1044 intensity ratio decreased from
1.3 to 1.2. According to Yang et al. [32], this trend may be related to
changes in the conformational distribution, i.e. to a decreased content
of bent conformers (tt'g and tg'g) and an increased content of straight

Fig. 1. IR spectra of a PLLA pellet (a, black) and PLLA nanofibres (b, red), normalised to the band at 1454 cm− 1. The bands prevalently assignable to crystalline (C) and amorphous
(A) PLLA are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Raman spectra of a PLLA pellet (a, black) and PLLA nanofibres (b, red), normalised to the band at 1455 cm− 1. The bands prevalently assignable to crystalline (C) and amor-
phous (A) PLLA are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

conformers (tt't and tg't), consistently with an increase in the amor-
phous character, since the amorphous phase has been reported to con-
tain about 80% of tg't conformers [33].

The α-crystal marker band [29] at 924 cm− 1 was observed only in
the spectrum of the pellet. The I924/I873 intensity ratio can be consid-
ered a marker of crystallinity [34], since the band at 873 cm− 1 has
been reported to be insensitive to crystallinity [35].

The trend of the spectra below 800 cm− 1 confirms the lower crys-
tallinity of the nanofibres. The spectrum of the pellet showed the
marker bands of crystallinity [29,35,36] at about 710, 515, 410–397,
205 and 158 cm− 1 as more intense and distinct.

The DSC thermograms of the PLLA pellet and nanofibres (see
Fig. S1, Supplementary material) confirmed the morphology differ-
ences revealed by spectroscopic analyses. The DSC thermogram of
the pellet showed a glass transition at 65 °C, a small exothermic
peak at 155 °C, identified as characteristic of the α′ phase and due to
the α′ → α phase transition [37], followed by an endothermic melt-
ing peak at 169 °C. According to Eq. (1), a Xc% of 44% was calcu-
lated for the pellet. The DSC thermogram of PLLA nanofibres con-
firmed that upon electrospinning a less ordered crystalline state was
obtained; actually, the nanofibres displayed a double glass transition
[38], a crystallisation peak at 83 °C, an α′ → α phase transition at
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148 °C and a broadened and double melting peak with components at
163 and 165 °C. The first Tg at about 60 °C had a typical glass tran-
sition behaviour, appearing as a baseline inflection to the endother-
mic side; the second Tg, at 67 °C, which looked like an endothermic
crystalline melting peak, has been attributed to the enthalpy stress-re-
laxation effect [39]. These features, together with the appearance of a
large exothermic crystallisation peak and the shift of the melting peak
to lower temperatures, confirmed the less ordered state of the PLLA
nanofibres. Moreover, the broadening of the melting peak showed
that differently sized crystallites were present. These qualitative re-
sults were quantitatively confirmed by the Xc% value that decreased
to 19%.

These trends suggest that the conditions used in the electrospinning
process allowed a rearrangement of the polymeric chains (which be-
came unordered upon solubilisation in TFA) towards an ordered state,
although the crystallinity degree of the pellet was not recovered.

3.2. Vibrational and thermal analyses on SF powder and nanofibres

Figs. S2 and S3 show the Raman and IR spectra, respectively,
of the regenerated SF powder and nanofibres after immersion in
methanol solution (see Tables S1 and S2, Supplementary material for
assignments). The spectra of B. mori silk fibroin fibres are reported for
comparison. All the samples had a prevailing β-sheet conformation, as
mainly attested by the position of the Amide I, II and III bands (Tables
S1 and S2, Supplementary material).

Going from the fibres to the powder, the β-sheet content decreased;
actually, the bands characteristic of this structure (at 1085, 978 and
883 cm− 1 in Raman [40–44] and at about 1700, 1065, 975 and
1000 cm− 1 in IR [45–48]) weakened and the NH stretching region un-
derwent some changes. Moreover, the Raman I1232/I1264 intensity ra-
tio, commonly used as a marker of the β-sheet content, decreased from
1.80 to 1.26. Going from the fibres to the powder, the I850/I830 Raman
intensity ratio, widely used to describe the average hydrogen-bond-
ing state of tyrosine [42,49], increased from 1.45 to 1.81, suggesting a
change of the average Tyr environment towards a prevalently hydro-
gen bonding acceptor.

The β-sheet content in the nanofibres appeared higher than in the
powder: with respect to this sample, the I1232/I1264 Raman intensity ra-
tio increased to 1.33. This result indicates that the native structural
characteristics of SF were preserved in the solubilisation/electrospin-
ning process, since the treatment with methanol solution induced the
expected β-sheet transformation [26].

A band at 1728 cm− 1 appeared in both the Raman and IR spectra
of the nanofibres, suggesting the protonation of the glutamate (Glu)
and aspartate (Asp) residues, upon dissolution in TFA (pKa = 0.2), in
agreement with previous investigations [50,51]. As a result of the pro-
tonation, the Raman band observed at 1410 cm− 1 in the spectrum of
the SF powder shifted to 1405 cm− 1 in the SF nanofibres, due to the
loss of the contribution to the antisymmetric COO– stretching of de-
protonated Asp Glu residues. Analogously, the IR band at 1404 cm− 1

weakened. Deprotonation may also explain the shift of the IR NH3
+

stretching to higher wavenumber; this behaviour may be ascribed to
the weakening of ionic coupling interactions, due to the decrease of
the amount of COO– groups. Going from the SF powder to the nanofi-
bres, the I850/I830 increased from 1.81 to 1.97, suggesting a change in
the tyrosine average environment towards a more exposed state. This
behaviour may be explained also in relation to the presence of proto-
nated Asp and Glu residues, which may act as hydrogen bond donors.

DSC analysis confirmed the structural differences observed be-
tween the SF powder and the nanofibres. (Fig. S4, Supplementary ma-
terial). The DSC thermogram of the SF powder showed a glass transi-
tion at 185 °C, an exotherm crystallisation by random coil → β-sheet
conformational transition at 209 °C and a thermal decomposition at
287 °C. In the thermogram of the SF nanofibres, the Tg transition ob-
served at about 200 °C was not followed by the above observed crys-
tallisation peak. Moreover, the maximum of the decomposition peak
downshifted to 276 °C, i.e. a temperature typical of amorphous silk fi-
broin [52], and shoulders at 280, 284 and 295 °C were detected; an
additional peak at 302 °C was observed. It must be noted that β-sheet
decomposition has been reported to occur at about 290–300 °C [53].

3.3. Effect of blending: spectroscopic and thermal analyses of SF/
PLLA nanofibres

Figs. 3 and 4 show the IR and Raman spectra, respectively, of SF,
PLLA and SF/PLLA nanofibres. In both IR and Raman spectra of the
composite nanofibres, some bands are prevalently ascribable to the SF
component, others to the PLLA component, as detailed in Tables S1
and S2, Supplementary material.

Upon blending with the SF component, the νC O stretching
band of PLLA shifted and changed its width in both IR and Raman
spectra (Figs. 3 and 4). The IR marker bands of the crystalline phase at
about 1360, 1300 and 870 cm− 1 weakened with respect to the PLLA
nanofibres, suggesting a slight decrease in the polymer crystallinity;
this result was confirmed by the decrease of the Raman I1129/I1044 in-
tensity ratio from 1.20 to 0.98.

The IR and Raman Amide I and NH stretching bands of the SF
component in the composite underwent.

Some changes in position and FWHM upon mixing with PLLA.
Although these trends would suggest structural rearrangements, the
main conformation remained β-sheet, as revealed by the IR spectral
features at 1698, 1000 and 975 cm− 1 and by the Raman I1229/I1265 in-
tensity ratio which attained the same value as in the SF nanofibres
(i.e. 1.33). The changes observed in the C O PLLA stretching mode
may be explained both in term of a decreased crystallinity and also in
relation to the changes observed in the NH stretching of SF in both IR
and Raman spectra (Figs. 3 and 4). These trends allowed to hypoth-
esise the occurrence of hydrogen bonds rearrangements upon forma-
tion of C O⋯ H N hydrogen bonds between PLLA and SF, with-
out excluding the possibility of the involvement of other SF side-chain
groups. The constancy of the β-sheet content would suggest that these
rearrangements mainly involved amorphous domains of SF. There-
fore, also in presence of PLLA, the native structural characteristics of
SF were not lost in the electrospinning process, since the SF ability to
adopt a β-sheet conformation upon treatment with methanol solution
was preserved.

The trend of the DSC thermogram of SF/PLLA nanofibres (Fig.
S5, Supplementary material) confirmed the structural rearrangements
observed by spectroscopic analyses.

The Xc% of the PLLA component slightly changed upon blend-
ing with SF, decreasing to 17%. The thermal features observed in
the thermogram of the SF/PLLA nanofibres showed that the poly-
meric chains underwent structural rearrangements when electrospun
in presence of the SF component. In fact, a Tg peak (superimposed to
the endothermal water evaporation) at 67 °C was observed and, dif-
ferently from the thermogram of the PLLA nanofibres, no exother-
mic crystallisation peak was revealed. This result indicates that upon
blending, the thermally induced rearrangement of PLLA chains into
more ordered clusters was hindered (i.e. they became unable to crys
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Fig. 3. IR spectra of SF nanofibres after immersion in methanol solution (black, a), PLLA nanofibres (red, b) and SF/PLLA nanofibres after immersion in methanol solution (blue,
c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

tallise). The DSC thermogram of the SF/PLLA nanofibres showed a
Tg transition of the SF component at 202 °C, followed by a very small
exotherm crystallisation at 231 °C and a thermal decomposition at
279 °C. The β-sheet decomposition was covered by the PLLA decom-
position, which appeared shifted from 322 °C to 316 °C going from
the PLLA nanofibres to the SF/PLLA nanofibres.

The DSC data showed that the SF and PLLA components had a
different thermal behaviour in the composite with respect to the pure
SF and PLLA nanofibres. On the other hand, experimental and cal-
culated spectra (Fig. S6, Supplementary material) showed several dif-
ferences both in Raman and IR. These findings suggested that the
SF and PLLA components were thermodynamically compatible rather
than phase separated. The differences in the wavenumber position,

width and relative intensity of several bands between the experimen-
tal and calculated spectra (Fig. S6, Supplementary material) indicated
that intermolecular interactions (mainly hydrogen bonding) occurred
between the two components. These interactions modified the struc-
tural arrangements of SF and PLLA, without altering the ability of
SF to adopt β-sheet structure. From this point of view, the SF/PLLA
nanofibres under study were significantly different with respect to
the composite A. pernyi (Tussah) silk fibroin/PLLA nanofibres ob-
tained by He et al. [22] for which phase separation and decrease of the
β-sheet content was observed at PLLA percentages higher than 10%.
Moreover, the SF component appeared more suitable than chitosan
in the preparation of blended PLLA-containing nanofibres. Xu et al.
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Fig. 4. Raman spectra of SF nanofibres after immersion in methanol solution (black, a), PLLA nanofibres (red, b) and SF/PLLA nanofibres after immersion in methanol solution
(blue, c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

have reported that molecular interactions between chitosan and PLLA
were very weak [54].

The occurrence of hydrogen bond interactions between SF and
PLLA was demonstrated for the first time in the present study. Zhu et
al. have only speculated the formation of such hydrogen bond inter-
actions in SF/PLLA blended films [11]. However, these authors have
reported a loss of tensile strength when the PLLA content increased
from 7 to 10% as a result of a reduced interaction between the two
phases. At this purpose, it is interesting to note that in our SF/PLLA
nanofibres hydrogen bond interactions persist also at PLLA contents

as high as 50%. No obvious chemical bond reaction between SF and
PLLA-CL has been reported in SF/PLLA-CL nanofibrous scaffolds
[18] and phase separation has been shown when SF was electrospun
with poly(ethylene oxide [19]) and in SF/PLLA-PEG-PLLA hydro-
gels [13].

Our data showed that hydrogen bond interactions caused a struc-
tural rearrangement of the PLLA component towards a slightly less or-
dered state. Actually, the Raman I1129/I1044 ratio was slightly higher in
the calculated spectrum than in the experimental one (I1129/I1044 = 1.03
versus 0.98), showing that the real spectrum sug
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gests a higher amorphous character for the PLLA component than the
theoretical one. Moreover, the IR experimental spectrum displayed a
higher intensity for the bands assigned to amorphous PLLA than the
calculated spectrum (in particular, those at 1183 and 1086 cm− 1) and
displayed a lower intensity of the bands ascribed to crystalline PLLA
(in particular, those at 1367, 1302, 1207, 1129 and 868 cm− 1). The
spectroscopic and thermal results showed that in the SF/PLLA nanofi-
bres, the crystallisation of PLLA was slightly hindered by the presence
of SF. SF preferentially crystallises and its crystallisation occurs prior
to that of PLLA.

3.4. Morphological analysis: scanning electron microscopy

Fig. 5 reports SEM images of PLLA, SF and SF/PLLA nanofibres
and the analysis of fibre and pore diameter size distribution. Mem-
branes with randomly distributed nanofibres were obtained for all the
samples. PLLA nanofibres (Fig. 5 A–A′) did not show morphologi-
cal defects. On the other hand, in the case of SF/PLLA (Fig. 5 C–C′)
and SF nanofibres (Fig. 5 B–B′), a few areas with partial fibre col-
lapse were observed, probably due to fibre swelling during the immer-
sion step in methanol solution. SF, PLLA and SF/PLLA nanofibres
showed average nanofibre sizes of 360 ± 90 nm, 470 ± 240 nm and
580 ± 220 nm, respectively. The distribution of SF nanofibre diame

ters (200–400 nm) was narrower than for SF/PLLA (200–1000 nm)
and PLLA (200–800 nm) nanofibres (Fig. 5D). On the other hand,
pore size distribution was not affected by the materials used to pro-
duce the nanofibrous membranes: more than 50% of the pores were of
1–2 μm size and around 30–40% were of lower size than 1 μm (Fig.
5E). This result suggests that cells cannot penetrate into the electro-
spun substrates, in the first phases of cell proliferation, at least.

3.5. AFM imaging

Fig. 6 shows AFM perspective views of SF, SF/PLLA and PLLA
networks. AFM micrographs showed that SF nanofibres were of lower
size as compared to SF/PLLA and PLLA nanofibres, in agreement
with SEM analysis. Table S3, Supplementary material reports the av-
erage Rq roughness values measured on the nanofibres under study;
the data showed that SF nanofibres had the highest average roughness,
but also the highest associated standard deviation.

As also evident in Fig. S7, Supplementary material, the AFM
imaging shows some small surface features on the top of globally
flat round fibres. Higher resolution topographic images were obtained
only for the top portion of the fibres as the AFM probe cannot scan
properly the sides of such high-aspect ratio objects. Recorded surface
features are often ridges arranged longitudinally to the fibre direction,

Fig. 5. SEM images of A) PLLA, B) SF and C) SF/PLLA nanofibres. A′–C′: High-magnification images of A–C, respectively. D) Fibre size distribution, E) pore size distribution.
Fibre diameters were reported as average value ± standard deviation.

Fig. 6. Tapping-mode AFM images of electrospun nanofibres. The height data is displayed in a perspective view. Colour coding is performed in mixed mode, according both to the
features heights and to artificial illumination that can enhance the contrast of surface features. (A) PLLA fibres, (B) SF fibres, (C) SF/PLLA fibres.
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or sometimes perpendicularly to it. These could be likely attributed
to the spinning procedure or the possible fibre relaxation subsequent
to the spinning event. Occasionally, some small irregular bumps were
detected on the surface of the fibres (see Fig. S7, Supplementary ma-
terial for one example surface scan on a SF/PLLA fibre).

Phase imaging did not show any apparent surface domains with
measurably different surface properties on any of the fibres types that
were imaged. The lack of evident surface domains of different me-
chanical properties in the phase imaging of SF/PLLA fibres can be at-
tributed to the high compatibility between SF and PLLA.

3.6. Cellular proliferation and cytotoxicity tests

Fig. 7 shows the cellular proliferation determined by crystal violet
assay (A) and cytotoxicity assayed by calcein-AM assay (B) of ker-
atinocytes exposed to SF, PLLA and SF/PLLA nanofibres for 24 h.
Cell proliferation evaluated by crystal violet assay shows as the pres-
ence of SF in SF/PLLA composite nanofibres increases the ability of
cells to adhere to the material and to grow. The SF component appears
to enhance the cell viability of keratinocytes, if compared to their un-
functionalised counterpart, as assessed by calcein-Am assay.

The improvement of proliferation and absence of cytotoxicity (in-
deed the observed increased viability) on the composite SF/PLLA

Fig. 7. Cellular viability determined by crystal violet assay (A) and calcein-AM assay
(B) of keratinocytes exposed to SF, PLLA and SF/PLLA nanofibres for 24 h. (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

nanofibres may be attributed to the interactions between SF and cells,
which evidently have found a more advantageous microenvironment
on the composite nanofibres surface than on PLLA. It is well known
that the material surface properties (i.e. chemical composition, hy-
drophilicity, roughness, porosity) have a great influence on cell adhe-
sion and growth. Lv et al. [12] have observed an increase in human
hepatocellular liver carcinoma cell attachment upon.

Incorporation of insoluble SF microparticles into a PLLA film. Ac-
tually, a SF substratum has been reported to promote the growth of an-
chorage dependent mammalian cells, thanks to its hydrophilic nature
as well as to its ability to interact with the negative charged surface
of cell membrane [55]. On the contrary, aliphatic polyesters, such as
PLLA, have poor hydrophilic properties and lack bioactivity and cell
affinity. Therefore, the incorporation of SF into the SF/PLLA com-
posite nanofibres definitely improved hydrophilicity with respect to
pure PLLA. In general, hydrophilic surfaces display a better affinity
for cells, but lower absorption for proteins than hydrophobic surfaces
[56].

Cai et al. have reported a better osteoblast adhesion and growth on
composite SF/poly(D,L-lactic acid) (PDLLA) composite films than on
pure PDLLA films [57]. The authors have related this phenomenon
to the enrichment in nitrogen obtained upon incorporation of SF into
PDLLA, i.e. to the chemical composition of SF. SF has (Ala-Gly)n re-
peated sequences which would be present onto the outermost surface
of the PDLLA film, thus affecting cell growth. Our results may be ex-
plained accordingly and would suggest that the interactions occurring
between SF and PLLA, as revealed by vibrational spectroscopy, did
not prevent the natural cell recognition sites of SF from being exposed
towards the surface of the composite nanofibres.

4. Conclusions

B. mori SF/PLLA randomly oriented nanofibrous membranes were
successfully produced by electrospinning together with pure SF and
PLLA nanofibrous membranes. SF, PLLA and SF/PLLA nanofibres
showed an average size of 360 ± 90 nm, 470 ± 240 nm and
580 ± 220 nm, respectively.

The PLLA nanofibres had a halved crystallinity degree with re-
spect to the starting PLLA pellets. Upon blending with SF, both
SF and PLLA components underwent structural rearrangements. The
PLLA component decreased its degree of crystallinity, the SF compo-
nent underwent conformational changes that did not significantly al-
ter its prevailing β-sheet structure, suggesting that the electrospinning
process did not alter the native structural characteristics of SF. The
spectroscopic and thermal data suggest that in the SF/PLLA nanofi-
bres, the crystallisation of PLLA was slightly hindered by the presence
of SF; the SF and PLLA components were thermodynamically com-
patible and the occurrence of intermolecular interactions was demon-
strated for the first time in the present study.

Preliminary cell culture results showed that the surface of the
nanofibres was compatible with keratinocytes attachment and prolif-
eration. The incorporation of the SF component into PLLA enhanced
the properties of the unfunctionalised material. SF has been success-
fully used to modify the biomaterial properties and its use confirmed
as an efficient way to enhance the cell affinity of a biomaterial. The
reported results open the way towards future biomedical applications.
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