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Natural polymer-based scaffolds are generally considered as favourable matrices for 
the adhesion and growth of cells in tissue repair. One of the most popular materials in 
this respect is silk fibroin, known for its wide usage in biomedical applications. This 
work focuses on the development of electrospun scaffolds based on poly(ε-caprolactone) 
(PCL) and silk fibroin (SF) evaluated regarding the SF effect on their morphology, sur-
face wetting ability, thermal properties, and HaCaT model cell line biocompatibility. The 
study revealed that the lowest PCL/SF concentration resulted in highest bead-like mor-
phology formation, relatively thick fibers with the presence of random beads in the case 
of PCL, while uniform and thinner fibers in the case of increasing PCL/SF content scaf-
folds. The addition of SF reduced the degree of crystallinity in the PCL due to the less 
organized crystal structure, and decreased its thermal stability. Both SEM and MTT anal-
yses showed cell presence on all scaffolds three days after cell seeding. Although SF 
improved PCL hydrophilicity, as shown quantitatively by the MTT assay for improved 
cytocompatibility properties, more structured electrospun PCL/SF scaffold strategies are 
required.
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Introduction

Regenerative medicine and tissue engineering 
are regarded as promising biomedical fields for the 
regeneration of damaged tissues or organs as an al-
ternative to traditional transplantation. World public 
health is facing huge problems of tissue/organ do-
nor scarcity or postoperative inflammatory tissue 
reactions, thus scaffold cell culturing has become of 
paramount importance among many research 
groups, and is expanding continuously.1 The strate-
gies for the development of biological substitutes 

include: 1) cell isolation or cell substitutes, 2) tis-
sues isolated substitutes or 3) cells grown on or 
within matrix scaffolding, thus to maintain, restore 
or improve the function of damaged tissues.2 The 
aim of the introduction of a scaffolding material 
combined with stem cells and cells simulating 
growth factors, is to accelerate and improve the tis-
sue healing process.3 A scaffold is supposed to be 
an artificial extracellular matrix composed of syn-
thetic or natural polymers, bioceramics or hybrid 
materials, whether they are configured into fi-
brous-like, foam-like, sponge, woven, gradient or 
similar hierarchical architecture.4,5 Changes in struc-
ture and surface topography caused by fabrication *Coresponding author: E-mail: budimir.mijovic@ttf.hr
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processes may affect some of the properties of bio-
materials, such as mechanical strength, cell adhe-
sion, and degradation behaviour.

Both scaffold composition and structure are 
important in creating in vivo-like microenvironment 
that will mimic the natural cells surrounding and 
stimulate cell-specific responses to result in tissue 
repair.6 Tissue-cultured cells can sense scaffolds 
specific cues, including pores, grain size, and sur-
face topography, which will finally determine the 
cells’ fate pathways to differentiation. All a fore 
mentioned cues affect cell adhesion, crawling, 
growth, and proliferation, as well as nutrient and 
metabolite transport, and protein adsorption.7,8 In 
regard to scaffold composition, generally a natural 
material is more favourable for cell scaffold interac-
tion due to its biocompatibility and biodegradabili-
ty. However, due to immunogenicity issues, fabri-
cated materials or their combination with natural 
polymers would be a better choice. One much used 
natural polymers is that derived from the silk co-
coon. It is known for its good mechanical proper-
ties, biocompatibility, ease of processability, and 
availability.9,10 Its applications include surgical 
threads,11 blood vessels, skin and bone regeneration, 
drug transport,12–15 etc. On the other hand, poly 
(e-caprolactone) (PCL) has been hugely investigat-
ed as a matrix material to natural polymers provid-
ing good support to system biodegradability, bio-
compatibility, and mechanical stability. The main 
disadvantages of PCL are its hydrophobicity, which 
is unfavourable for cell attachment and infiltration, 
and its slow degradation, which can last up to 3 or 
4 years. Modification of its properties can be 
achieved by co-polymerization or blending with 
other polymers. Silk fibroin can be incorporated 
into poly(ε-caprolactone) (PCL) as reinforcement, 
and can significantly improve the mechanical prop-
erties of PCL, adding tuneable porosity and a dura-
ble framework to the scaffold. The added stiffness 
of PCL/silk scaffold composite can increase osteo-
blast attachment and differentiation in bone tissue 
engineering. Bone tissue engineering can be trans-
planted as grafts from other parts of the body or 
cadavers, but these strategies have many disadvan-
tages.16–19 A better alternative to the current clinical 
treatment would be to construct a scaffold matrix 
with natural or synthetic polymers, polymer blends, 
or polymer–ceramic composites, which could limit 
the need for donor tissue, extended surgery, and risk 
of infection.16 SF are favourable for bone tissue en-
gineering offering advantages such as biodegrad-
ability, biocompatibility, mechanical behavior, ease 
of processability, exceptional flexibility, and poros-
ity.17 Silk fibroin has proved to be a biocompatible 
biomaterial, which supports cell attachment for 
bone regeneration. SF is capable of enhancing new 
bone formation. The degradation rate of silk-based 

biomaterials can be tailored from months to years 
after implanting in vivo, based on processing proce-
dures employed during material formation. Many in 
vitro and in vivo studies have shown that the de-
gradability of SF porous biomaterials is related to 
the mode of processing and the corresponding con-
tent of β-sheet crystalline form. Finally, the thermal 
stability of silk biomaterials allows processing over 
a wide range of temperatures, up to about 250 °C, 
as evidenced by the ability to autoclave silk materi-
al systems without loss of functional integrity. Bio-
degradation behaviours of SF porous materials play 
an important role in regenerative biomedicine. In 
this study, a silk fibroin-based electrospun scaffold 
was developed to evaluate its effect on the response 
of HaCaT cell line, and opposite from the expected, 
it resulted in a less favourable effect of the silk fi-
broin on the adhered cells compared to the pure ma-
trix synthetic (PCL) polymer. HaCaT cells are spon-
taneously immortalized keratinocytes from adult 
human skin, and have been proposed as a model 
cell line in much skin-related research in vitro. 
These cells are non-tumorigenic and monoclonal, 
adapted to long-term growth without feed-layer or 
supplemented growth factors; they exhibit normal 
morphogenesis and express all the major surface 
markers and functional activities of primary kerati-
nocytes.20,21

Experimental part

Materials

Polymers used in this study were polycaprolac-
tone (PCL) Mn = 80,000 (Sigma Aldrich) and silk 
fibroin (SF) Mw = 250,000 (Huzhou Xintiansi Bio-
tech Co, Ltd, China) in the form of a powder. Be-
cause SF is coated with sericin, degummimg is very 
important. Sericins are a more hydrophilic protein, 
whose primary structure is richer in polar residues, 
but some of its fractions are not completely water 
soluble due to b-sheet portions. Silk fibroin used in 
this study was without sericin fractions. The remov-
al of sericin is essential for the production of 
non-cytotoxic and non-allergic biomaterials for its 
clinical applications.

Solvents used in this study were glacial acetic 
acid and acetone (Ru-Ve). The electrical conductiv-
ity of the epoxy resin 3D printed collector was ob-
tained by a graphite spray coating (CRC Industries 
Europe).

Electrospinning of the PCL/Silk fibroin solutions

Homogeneous solutions were prepared by dis-
solving the PCL in a mixture of glacial acetic acid 
and acetone, with the volume ratio of 8:2, and add-
ing the SF with constant stirring. The concentra-
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tions of the PCL were 10, 12, 14, 16, and 18 wt%, 
while the SF was 50 wt% of the mass of the PCL.

Electrospun PCL/SF scaffolds were prepared 
on a standard electrospinning device NT-ESS-300, 
NTSEE Co. Ltd., South Korea, with a modified col-
lector.22 The processing conditions were electrical 
voltage of 17–21 kV, needle tip to collector distance 
of 18 cm, and volume flow rate of 1 mL h–1.

Characterization

SEM analysis

The morphology of the pure PCL, SF, and 
PCL/SF electrospun scaffolds was observed us-
ing Tescan VEGA, Mira 3 scanning electron micro-
scope (SEM) with a previous gold coating.

FTIR-ATR spectroscopy

The characteristic absorption peaks of the PCL 
and PCL/SF electrospun scaffolds were determined 
by ATR-Fourier transform infrared (ATR-FTIR) 
spectroscopy on a PerkinElmer Spectrum One FTIR 
spectrometer. All spectra were recorded at room 
temperature in the range of 650–4000 cm–1 with a 
resolution of 4 cm−1.

Water contact angle measurement

The wetting ability of the electrospun PCL and 
PCL/SF scaffolds was determined by the contact 
angle method on DataPhysics OCA 20 Instruments 
GmbH device. The water drop volume was between 
1 to 5 µL, and each water drop angle was measured 
after 20 seconds, while the samples were measured 
in triplicate.

Differential scanning calorimetry (DSC)

Thermal analysis of the electrospun PCL and 
PCL/SF scaffolds was performed on a DSC instru-
ment Mettler Toledo DSC 822e (Mettler Toledo, 
Greifensee, Switzerland). Two heating-cooling cycles 
were performed by first cooling the sample from  
25 °C to –100 °C, and then heating from –100 °C 
do 80 °C at a heating rate of 10 °C min–1 in inert 
atmosphere. The sample weight was 5 mg, and the 
cooling was done under liquid nitrogen. The glass 
transition (Tg), melting temperature (Tm), and crys-
tallization temperature (Tc) were determined from 
the second heating/cooling cycle. The melting en-
thalpies from the second heating cycle were used to 
calculate the degree of crystallinity (χc), according 
to equation 1:
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where: ∆Hm
o is the fusion enthalpy (J g–1) determined 

by the DSC measurement, while ∆Hm
100 is the heat 

fusion of 100 % crystalline PCL (142 J g–1).23

Thermogravimetric analysis (TGA)

The thermal stability of the electrospun scaf-
folds was determined by TGA analyser, Q500  
TA Instruments. Samples of approximately 10 mg 
were heated from 25 to 700 °C at a heating rate of 
10 °C min–1 in a nitrogen atmosphere (60 mL min–1).

HaCaT cell culture

The HaCaT cells inoculum was prepared in a 
Petri dish with DMEM and 10 % fetal bovine se-
rum, incubated at 37 °C in humidified CO2 incuba-
tor, while the scaffolds were cut to fit a 24-well 
plate (16 mm diameter). Sterilization of the scaf-
folds was performed by soaking in 70 % ethanol 
and exposure to UV light for 30 min, followed by 
three consecutive washing steps in PBS and culture 
media. Before the scaffold seeding, the cells were 
densely concentrated at 100.000 cells in 200 mL of 
media. This cell suspension was added in a drop-
wise manner onto electrospun discs. The applied 
high cell density was chosen because it gives satis-
factory cell confluence 6 and 72 hours after seed-
ing, according to our earlier work.24 Furthermore, 
since the process of cell seeding and adhesion on 
new surfaces is not a very efficient process, it is 
always better to add cells in slight excess. Three 
days after seeding, six discs/scaffolds were taken 
for standard 3-(4, 5-dimethylthiazol-2-yl)-2, 5-di-
phenyltetrazolium bromide (MTT) assay. The assay 
served for visual inspection of the cell-colonised 
scaffolds after they had turned purple due to the 
presence of viable cells. A spectrophotometer was 
used to obtain the absorbance values of the pro-
duced formazan dissolved in DMSO (wavelength 
570 nm). The unseeded scaffolds were used as the 
control samples. They had undergone the same me-
dia incubation and staining treatment as the cell 
seeded scaffolds. Due to reduced manageability of 
the cell seeding procedure, all the experiments with 
HaCaT cells were performed twice in sextuplicate.

Results and discussion

Morphology of electrospun scaffolds

Generally, the morphological structure of the 
electrospun scaffolds depends on the solution param-
eters (viscosity, concentration, electrical conductivi-
ty, surface tension), and parameters of the electro-
spinning process (electric field, flow rate, needle 
diameter, and its distance from the collector). The 
SEM micrograph of the pure PCL scaffold (Fig. 1a) 
presents the formation of relatively thick fibers with 
random bead-morphology, but with mostly micel-
lar-like defects. More uniform morphology, with 
finer fibers and reduced beads was obtained for the 
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electrospun 14 % PCL/SF and 18 % PCL/SF scaf-
folds (Fig. 1c, d). The lowest PCL/SF concentration 
showed bead-like structure throughout the fibers 
length. The observed changes in the fibers morphol-
ogy generally resulted from the change in solution 
viscosity and surface tension caused by the addition 
of the SF, which sometimes needs modification of 
the initial electrical voltage set, thus finally affect-
ing fiber diameter. Diezel et al.25 have shown that 
the surface tension and viscosity of the solution 
play an important role in determining the range of 
the concentrations suitable for the formation of con-
tinuous fibers. Thus, as silk fibroin concentration 
increases, the fiber morphology changes from mi-
cellar-like structures to more uniform fibers, while 
at higher concentrations, the PCL fibers become 
thinner.

Other observations reported molecular weight 
of the components as the key factor controlling pos-
sible phase separation. Wei et al.26 have shown that 
the morphology of phase-separated nanofibers de-
pends on the relative ratio of the two polymers with 
different molecular weights.

Nanofibers consisting of a higher concentration 
of higher molecular weight polymer have a co-con-
tinuous structure, whereas in the case of a higher 
concentration of lower molecular weight polymer, 
the phase morphology of the nanofibers changes 
from co-continuous to a core-sheath structure. Silk 
fibroin is a polypeptide with high molecular weight 
consisting of heavy (350 kDa) and light (25 kDa) 
chains compared to PCL (90 kDa). Therefore, when 
the content of SF increases, it is expected that there 

will be a change in the nanofiber morphology from 
a typical core-sheath structure to a co-continuous 
structure.27 SF molecules with light (25 kDa) chains 
will be present on the surface of the PCL/SF fiber 
carrier due to their greater diffusion capacity than 
that of PCL.

FTIR-ATR characterization of the electrospun 
scaffolds

The FTIR-ATR technique was performed to 
confirm the incorporation of SF in the PCL matrix 
and its interaction with PCL matrix. The spectra of 
the SF, electrospun PCL, and PCL/SF scaffolds are 
presented in Fig. 2. The pure electrospun PCL 
shows the characteristic absorption peaks at 2944 
and 2865 cm–1, which are related to the asymmetri-
cal and symmetrical stretching of the CH2 groups, 
respectively. The most intense peak at 1720 cm–1 is 
related to the carbonyl (C=O) stretching in the 
amorphous phase.28 The absorption peaks at 1470 
and 1365 cm–1 are due to the –CH bending of –CH3 
(symmetric) and OH in-place bending vibrations, 
respectively. According to Coleman and Zarian, the 
peak at 1292 cm−1 is assigned to the backbone C–C 
and C–O stretching in the crystalline phase of the 
PCL.29 The absorption peak observed at 1238 cm−1 
was due to the C–O–C asymmetric bond. The ab-
sorption band at 1165 cm–1 is related to the axial 
deformation of the C–C(=O)–O, while the absorp-
tion band at 731 cm–1 is related to the –(CH2)– 
stretching vibration.30 The FTIR-ATR spectra of  
the SF shows the characteristic absorption peak at 
1619 cm–1 for the peptide backbone of amide I 
(C=O stretching). The amide I vibration directly de-
pends on the secondary structure of the silk fibroin 
protein backbone, and is most commonly used for 
the quantitative analysis of different secondary 
structures.31 The absorption peak at 1516 cm–1 cor-
responds to amide II (secondary N–H bending vi-
bration) due to the b-sheet structure,32 while the ab-
sorption peak at 1238 cm–1 is related to amide III 
(C–N and N–H stretching).33 The new bands are 
observed at 1628 and 1521 cm−1 in 16 % PCL/SF 
and 18 % PCL/SF electrospun scaffolds. Character-
istic, very strong C=O stretching peak for PCL is 
also present at 1722 cm−1 in pure PCL and PCL/SF 
electrospun scaffolds. The presence of SF amide 
bands along with PCL characteristic bands confirms 
the incorporation of SF in PCL matrix in electro-
spun scaffolds. These results are also in good agree-
ment with the literature data.34,35

Electrospun scaffold hydrophilicity

Water-contact angle measurements are import-
ant as they provide information concerning the in-
teraction between the material’s surface and the wa-

F i g .  1  – SEM micrographs of the PCL/silk fibroin scaffolds: 
a) PCL b) 10 % PCL/SF, c) 14 % PCL/SF and d) 18 
% PCL/SF
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ter drop. In this work, the effect of the silk fibroin 
on PCL hydrophilicity was obtained through wa-
ter-contact angle measurement on the surface of the 
PCL/FS scaffolds. Generally, PCL restricts any cel-
lular interactions, due to its hydrophobic nature and 
absence of functional groups that enable cell growth 
and proliferation. Therefore, the surface of tissue 
engineered PCL scaffolds needs to be modified in 
order to enhance their cellular compatibility. The re-
sults of the measured water-contact angles and the 
appearance of the water drop on the surface of the 
scaffolds are given in Fig. 3 and Table 1. Contact 
angle for pure PCL electrospun scaffold was deter-
mined to be 125.8 ± 5.6° owing to the hydrophobic 
nature of PCL. From the results (Table 1), we can 
see that contact angle values for PCL/SF electro-
spun scaffolds decreased from 105.2 ± 3.1° to 46.5 
± 4.3°. As expected, the results suggested that the 
high hydrophobicity of the pure electrospun PCL 
(water contact angle of 125.8 ± 5.6°) was reduced 
by the addition of the silk fibroin. The hydrophilic 
groups in SF are amine, hydroxyl, and carboxyl 
groups.36 Therefore, the addition of SF could im-
prove the hydrophilicity of the PCL/SF electrospun 
scaffolds surfaces.

According to contact angle results (Table 1), it 
is clear that, with higher concentration of PCL in 
the electrospun PCL/SF scaffolds, a lower reduction 

in water contact angle was noticed compared to 
pure PCL. Thus, the 18 % PCL/SF showed an angle 
of 105.2°, while all other PCL/SF scaffolds showed 
high hydrophilicity below 50° with less significant 
differences in the angle reduction. The wettability 
of the scaffolds resulted from the hydrophilic amide 
(–CONH) and hydroxyl (–OH) groups of the silk 
fibroin, as well as from the capillary effect generat-
ed by hydrophilic SF incorporation, and due to the 
presence of micro-/nano-pores on the electrospun 
surface. The introduction of surface hydrophilic 
groups of SF on the PCL surface led to an increase 
in surface free energy.

F i g .  2  – FTIR-ATR spectra of SF, electrospun PCL, and PCL/SF scaffolds

Ta b l e  1  – Water contact angle measured on the surface of the 
electrospun scaffolds

Electrospun scaffold θ /°

18 % PCL 125.8 ± 5.6

10 % PCL/SF 46.5 ± 4.3

12 % PCL/SF 47.8 ± 3.0 

14 % PCL/SF 38.8 ± 2.7

16 % PCL/SF 48.5 ± 5.5

18 % PCL/SF 105.2 ± 3.1

Wave number (cm–1)

T 
(%

)
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Generally, tissue cells prefer mild wetting sur-
faces, thus an optimal content combination of the 
two polymers.

Thermal properties of the electrospun scaffolds

DSC measurements were conducted to study 
the effect of SF on the thermal properties of the 
PCL/SF electrospun scaffolds. The thermal proper-
ties values after the second heating cycle include 
the glass transition temperature Tg, melting tem-
perature Tm, crystallization temperature Tc, melting 
enthalpy ΔHm, and degree of crystallinity χc, of the 
electrospun PCL and PCL/SF scaffolds (Table 2). 
The DSC heating curve of the SF, Fig. 4, is charac-
terized by the endotherm at 68 °C due to moisture 
evaporation, the Tg of its amorphous phase at 109 
°C, and the three higher temperature peaks.

The appearance of the endothermic peak at 128 
°C is related to the silk I crystals or the random coil 
structure.37 The endothermic peak at 247 °C is relat-
ed to the melting temperature of the β-plates nano-
crystals (with less ordered structure) in the silk II 
structure.37 A broad endotherm peak with an onset 
at 280 °C can be related to the thermal decomposi-
tion of a well-organized crystalline SF structure.38 
Figs. 5a and b, show the DSC curves of the electro-
spun PCL and PCL/SF scaffolds during the heating 
and cooling cycle, respectively. The electrospun 
PCL scaffold, during heating, shows the glass tran-
sition temperature and melting temperature related 
to the crystalline phase at –63.4 °C and 58.2 °C, re-
spectively. The exothermic peak at 27.6 °C relates 
to the crystallization of the PCL crystalline phase. 
These values are in agreement with PCL literature 
data.39

The Tg of the pure PCL scaffold (at –63.4 °C) 
shifted to lower temperature with the addition of the 
silk fibroin. This decrease in the Tg may be due to 
increased degree of chain mobility in the PCL. The 
Tm of the pure PCL scaffold observed at 58.2° shift-
ed to higher temperature in the case of the 12 % 
PCL/SF and 18 % PCL/SF electrospun scaffolds.

This behaviour might be due to the higher 
 ordered crystalline structure in these electrospun 
scaffolds. The crystallization temperature of the 
PCL/SF electrospun scaffolds had slightly shifted to 
a higher temperature with the incorporation of the 
SF. The addition of the SF also resulted in decrease 
of the degree of crystallinity compared to the pure 
PCL scaffold.

Thermal degradation of the electrospun 
scaffolds

To understand blend scaffolds’ thermal stabili-
ty, the thermal degradation behaviour was firstly 
observed for the pure powder SF, Fig. 6, having 
three steps of degradation. In the first step, the 
weight loss (50 to 100 °C) was due to moisture 
evaporation, which was followed by a second large 
weight loss in the temperature range from 170 to 
260 °C, corresponding to the evaporation of other 

F i g .  3  – Water drops on the surface of the electrospun scaf-
folds: a) 18 % PCL, b) 10 % PCL/SF, c) 12 % PCL/SF, d) 14 
% PCL/SF, e) 16 % PCL/SF, and f) 18 % PCL/SF

Ta b l e  2  – Transition temperatures and degree of crystallinity of the electrospun scaffolds

Electrospun scaffolds Tg/°C Tm/°C Tc/°C ΔHm/J g–1 χc/%

PCL –63.4 58.2 27.6 58.97 41.5

10 % PCL/SF –63.9 57.1 31.0 56.11 39.5

12 % PCL/SF –65.7 56.8 30.1 63.05 44.4

14 % PCL/SF –63.7 55.6 27.0 55.34 39.0

16 % PCL/SF –64.0 60.0 28.9 55.92 39.4

18 % PCL/SF –63.1 59.2 28.7 50.60 35.6
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F i g .  4  – DSC curves of silk fibroin powder during heating
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volatile components. The third weight loss was as-
sociated with the degradation of the side chain 
groups of the amino acid residues and the cleavage 
of the peptide bonds.40 Thermal degradation of silk 
proteins occurs primarily via end-group initiated 
depolymerization. The residual carbon weight was 
of 33.27 %. The DTG and TG curves of the electro-
spun PCL and PCL/SF scaffolds are given in Figs. 
7 and 8, respectively, while the temperature of 5 % 
weight loss (T5 %) and the maximum thermal degra-
dation temperature (Tmax) are summarized in Table 3.

The electrospun PCL shows a single degrada-
tion step, while the electrospun PCL/SF scaffolds 
show three steps of degradation. The electrospun 

PCL started to decompose at 340.9 °C,41 and expe-
rienced a maximum weight loss at the temperature 
of 408.4 °C, while the electrospun PCL/SF scaffolds, 
except for the 12 % PCL/SF and 14 % PCL/SF, had 
T5 % lower than 300 °C. The first, second, and third 
degradation step of the electrospun PCL/SF scaf-
folds occurred at 100–150 °C, 150–250 °C and 250 
to 350 °C, respectively. These were associated with 
the presence of the SF, while the last stage of deg-
radation, above 350 °C, was due to the decomposi-
tion of the pure PCL. The Tmax values obtained from 
321 to 336 °C and 403 to 413 °C depend on the 
PCL content. When the PCL content increased, the 
thermal stability of the electrospun PCL/SF scaf-

F i g .  5  – DSC curves of the electrospun PCL and PCL/SF scaffolds during second (a) heating, and (b) cooling cycle
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F i g .  6  – TG curves of the silk fibroin

F i g .  7  – DTG curves of the electrospun PCL and PCL/SF 
scaffolds

F i g .  8  – TG curves of the electrospun PCL and PCL/SF 
 scaffolds

Ta b l e  3  – Results of TG analysis for the pure electrospun 
PCL and electrospun PCL/SF scaffolds

Electrospun 
scaffolds

T5 %/
°C

Tf/
°C

Tmax,1/
°C

Tmax,2 /
°C

Tmax,3 /
°C

PCL 18 % 340.9 425.5 / / 408.4

10 % PCL/SF 267.4 424.4 232.8 332.1 408.4

12 % PCL/SF 339.2 430.3 200.7 335.8 412.9

14 % PCL/SF 329.2 426.2 224.7 325.7 410.0

16 % PCL/SF 241.6 424.5 230.4 327.8 407.5

18 % PCL/SF 220.1 418.7 224.5 320.9 403.4

F i g .  9  – SEM images of the electrospun scaffolds cultured 
with HaCaT cells 72 hours after cell seeding, a/a1) 
PCL, b/b1) 10 % PCL/SF, c/c1) 14 % PCL/SF and 
d/d1) 18 % PCL/SF
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folds decreased compared to the pure electrospun 
PCL. At the same time, the intensity of the SF deg-
radation peak increased. This change was due to the 
blending and incorporation of SF into the PCL ma-
trix.

Evaluation of HaCaT cells adhesion on the 
electrospun scaffolds surface

The presence of HaCaT cells on the PCL/SF 
scaffolds was evaluated by SEM, as well as by cell 
MTT assay. Fig. 9 shows the microscopy images of 
HaCaT cells attached on the PCL and PCL/SF scaf-
folds 72 hours after cell seeding. With the applied 
magnification the difference in cell density on scaf-
fold surface cannot be clearly estimated. However, 
it confirms at least that the cells are successfully 
attached and spread over all the scaffolds. To com-
pare the efficacy of cell adhesion on four different 
surfaces, the seeded scaffolds were treated with 
MTT six hours after cell inoculation. The grey bars 
in Fig. 10 show that the viable cells are present in 
similar quantity on all tested scaffolds, indicating 
that the chosen composition blends support cell ad-
hesion. To further estimate the cytocompatibility of 
the scaffolds, the cell proliferation was carried out 
72 hours after seeding using the same MTT tech-
nique. The assessment clearly showed that the cells 
had preference for one of the four tested scaffolds. 
Expectedly, the highest formazan absorbance was 
found in the most colonised (i.e. the most purple 
stained) samples, but these were the scaffolds made 
of pure PCL (Fig. 10, black bars).

This was contrary to our anticipation that the 
hydrophilic nature of silk fibroin could contribute 

favourably to cell adhesion. In contrast, three elec-
trospun PCL/SF scaffolds did not significantly dif-
fer in their performance, which suggested that the 
SF content in the electrospun scaffolds had a de-
creasing effect on cell adhesion and proliferation. It 
is known that HaCaT cells, since originating from 
adult human skin, accommodate rather slowly to 
novel surfaces,42 which certainly made an impact on 
our results and suggested a more profound study of 
their adhesion and growth properties. Moreover, it 
is well known that pure SF exhibits poor attachment 
and proliferation for some cell types, such as neuro-
nal cells, certain mesenchymal stem cells, and bone 
cells, so it is primarily used for improvement of me-
chanical strength and biodegradability in various 
blends.43,44 Finding appropriate SF portion in poly-
mer blends should be a crucial preliminary step of 
any potential cell scaffold investigations. Our re-
sults indicate that PCL-based blends, where approx-
imately one third of their compostion is SF, may not 
be suitable for HaCaT cell growth. Therefore, a sys-
tematic blending of the two polymers with great 
reputation in biomedicine, will be our future goal.

Conclusion

This work focuses on the evaluation of the 
properties of electrospun PCL/SF scaffolds con-
cerning their composition effects, and final HaCaT 
cell support function. The morphology of the fi-
brous scaffolds was influenced by the weight con-
tent of PCL to SF due to the change in solution vis-
cosity and surface tension, thus resulting in bead-like 
fibers to uniform structures in the case of lower to 

F i g .  1 0  – Formazan absorbance (A570) as indicator of HaCaT cell confluence on the electrospun PCL/SF scaffolds. During MTT 
assay, viable cells growing on the scaffolds produce formazan, which is a purple metabolic derivate of tetrazolium salt. Scaffold sam-
ples without cells were used as the blank.
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higher PCL/SF concentration, respectively. In re-
spect to surface wettability, all PCL/SF scaffolds 
showed greater hydrophilicity compared to the pure 
electrospun PCL scaffold, although higher PCL 
concentration led to lower water-contact angle 
 reduction. The addition of the SF into the pure  
PCL also affected its thermal properties. Thus, the 
PCL/SF scaffolds showed reduced both degree of 
crystallinity and thermal stability. Unexpectedly, the 
highest cell density and the best cell distribution 
was found on scaffolds made of pure PCL. Despite 
modified physical properties, the electrospun  
PCL/SF scaffolds failed the cell proliferation test. It 
seems that for improved cytocompatibility proper-
ties, more structured electrospun PCL/SF scaffold 
strategies are required.
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