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Electrospun collagen is commonly used as a scaffold in tissue engineering applications since itmimics the content
andmorphology of native extracellularmatrix (ECM)well. This report describes “toxic solvent free” fabrication of
electrospun hybrid scaffold consisting of Collagen (Col) and Poly(L-lactide-co-ε-caprolactone) (PLLCL) for three-
dimensional (3D) cell culture. Biomimetic hybrid scaffoldwas fabricated via co-spinning approachwhere simul-
taneous electrospinning of PLLCL and Collagen was mediated by polymer sacrificing agent Polyvinylpyrrolidone
(PVP). Acidified aqueous solution of PVP was used to solubilize collagen without using toxic solvents for
electrospinning, and then PVPwas readily removed by rinsing inwater.Mechanical characterizations, protein ad-
sorption, as well as biodegradation analysis have been conducted to investigate feasibility of biomimetic hybrid
scaffold for 3D cell culture applications. Electrospun biomimetic hybrid scaffold, which has 3D-network structure
with 300–450 nm fiber diameters, was found to be maximizing cell adhesion through assisting NIH 3T3 mouse
fibroblast cells. 3D cell culture studies confirmed that presence of collagen in biomimetic hybrid scaffold have
created amajor impact on cell proliferation compared to conventional 2D systems on long-term, also cell viability
increased with the increasing amount of collagen.

© 2019 Elsevier B.V. All rights reserved.
Keywords:
Collagen
Biomimetic scaffold
Co-electrospinning
3D cell culture
Tissue engineering
1. Introduction

Traditional two-dimensional (2D) cell culture methods where cells
are cultivated on flat surfaces are commonly used in biological applica-
tions [1–4]. However, 2D cell culture does not reflect the 3D physiology
and function of real tissue. In native tissue, all cells are embedded in a
complex three-dimensional (3D)fibrillar network; namely extracellular
matrix (ECM) providing physical and biochemical signals to facilitate
cellular activities [5]. ECM also ensures diversifying of tissues by the
fact that coexisting of different cell types are embedded in 3Dmicroen-
vironment with varied ECM components. Therefore, transition from
conventional 2D monolayer cell culture model to more realistic and
controllable 3D cell culture models is required for functional tissue for-
mation [6].

Scaffold-based tissue engineering is commonly used approach to
overcome restrictions of 2D cell culturing, where natural and synthetic
polymers are used to mimic the physical structure and microenviron-
ment of native tissues [7,8]. Among 3D scaffold fabrication techniques;
such as salt-particle leaching [9–12], rapid prototyping [13–17], freeze
drying [18–20] and gas foaming [21–23], electrospinning [24–28] is
).
one of the most established and advanced manufacturing techniques
that yields fiber-like and porous structure similar to natural ECM
[29,30]. Interconnected porous fibers that range from nano- to micro-
scale provide easy transport of nutrients and removal of metabolic
waste, which is important for cell growth and tissue regeneration.

To date, varied synthetic polymers; including polylactic acid,
polyglycolic acid, poly (ɛ-caprolactone), poly (L-lactide-co-ɛ-
caprolactone), and natural biopolymers such as; collagen, elastin,
hyaluronic acid, silk, fibrinogen, have been employed for electrospinning
[24,31–36]. Collagen is themajor component of ECM,which is commonly
used in tissue engineering studies to mimic native microenvironment
[37–40]. Collagen plays an important role in tissue engineering since it
promotes cell proliferation and differentiation. Therefore, it has been
highly utilized either as a scaffold material by itself, or as an additive
due to its excellent biocompatibility, biodegradability and cell adhesion
features. However, electrospinning of collagen is limited by solubility re-
lated processing problems owing to collagen's cross-linked triple helix
structure. Generally, highly toxic organic solvents such as; hexafluoro
isopropanol (HFIP) are used to solubilize collagen which mostly results
in denaturation of collagen [31,41–46].

Therefore, we developed a new methodology where toxic solvent
free process of the collagen can be accomplished with the help of aque-
ous polymer sacrificing agent; PVP. So far, to the best of our knowledge,
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there have been no reports that combined polymer sacrificing agent
usage with co-electrospinning. Here, co-electrospinning technique is
associated with polymer sacrificing agent; where PVP works as a trans-
porter material for easy spinning of collagen and then acts as a sacrific-
ing agent for integration of collagen. Poly (L-lactide-co-ɛ-caprolactone)
(PLLCL) is an elastic, biocompatible, and biodegradable synthetic poly-
mer, which is approved by Food and Drug Administration (FDA) for
human clinical applications [47–52]. Therefore, it is used as a base scaf-
fold for collagen integration. Biomimetic PLLCL/PVP/Col hybrid scaffolds
were fabricated by co-electrospinning methodology. Afterwards PVP
was easily removed from hybrid electrospun scaffolds via solubilizing
inwater.Morphology, porosity, mechanical properties, chemical and bi-
ological content was investigated through SEM, FTIR, immunostaining,
tensile strength, contact angle, protein adsorption and biodegradation
analyses. For in-vitro assessment, NIH 3T3 mouse fibroblast cells were
used as a model to investigate cellular biocompatibility, cell adhesion
and proliferation on PLLCL/Col hybrid scaffolds. Cellular studies con-
firmed that the biomimetic scaffold composed of PLLCL and Collagen
Type I mimics well the morphology and function of native ECM.

2. Experimental

2.1. Materials

Poly (L-Lactide-co-ε-caprolactone) (PLLCL) was purchased from
Evonik Industries. Polyvinylpyrrolidone (PVP) (Mw 360.000),
dimethylformamide (DMF), dichloromethane (DCM), acetic acid, colla-
gen Type I from calf skin, lysozyme from chicken egg white in the form
of lyophilized powder and bovine serum albumin as lyophilized powder
(BSA) was purchased from Sigma Aldrich. Tween80, tween20, tritonX-
100 and sodium dodecyl sulfate (SDS) was purchased from Bioshop.
Anti-Collagen Type I-FTIC Antibody was purchased from Merck. For
cell culture studies; NIH-3T3 mouse fibroblast cell line (ATCC® CRL-
1658™), high glucose Dulbecco's modified eagle's medium (DMEM),
penicillin-streptomycin (P/S), trypsin-EDTA solution (0.25%, sterile-
filtered, BioReagent) from Sigma Aldrich and fetal bovine serum (FBS-
Gibco), phosphate buffer saline (PBS, pH 7.4 10×, Gibco),
dimethylsulphoxide (DMSO, Carlo Erba) were used. Resazurin sodium
salt from ChemCruz and CytoCalcein AM and Propidium Iodide dye
(AAT Bioquest) were used for cytotoxicity, proliferation and live/dead
assays.

2.2. Fabrication of PLLCL/PVP/collagen hybrid scaffolds

Electrospun polymer scaffolds; pristine PLLCL and PLLCL/PVP/Col,
were fabricated by using Inovenso (Ne300) electrospinning system.
10 wt% PLLCL was dissolved in (4.5:0.5) DCM:DMF and stirred over-
night. PLLCL solution was electrospun through 20 mL syringe and 20
gauge blunt tip needle at a flow rate of 3.0 mL/h, voltage 25 kV, and
tip collector distance 18 cm. Fibers were collected on aluminum foil
coated collector. Collected fibers were dried at room temperature
prior to further characterization steps and cell studies. For the fabrica-
tion of PLLCL/PVP/Col hybrid scaffolds, 10 wt% PLLCL was dissolved in
(4.5:0.5) DCM: DMF, 15 wt% PVP was dissolved in deionized water
and stirred overnight 1% collagen type I were solubilized in deionized
water which was acidified with 0.1 M acetic acid. 1% collagen type I
was mixed with 15 wt% PVP solution by continuous stirring. Hybrid
polymer scaffolds were fabricated by co-electrospun process of PLLCL
and PVP/Col. Co-electrospinning of PLLCL/PVP/Col was accomplished
through following parameters; the flow rate of PLLCL was 3 mL/h and
for PVP/1%Colwas 2.5mL/h, distance 10.5 cm and voltage was arranged
to 30 kV. Further, collected PLLCL/PVP/Col scaffoldswere immersed into
deionized water for 2 days to solubilize and remove PVP. Hybrid scaf-
folds were dried at room temperature and stored at −20 °C for further
analysis and cell studies.
2.3. Characterization of hybrid scaffolds

Surfacemorphology andfiber diameter of pristine PLLCL, PLLCL/PVP/
Col and PLLCL/Col scaffolds (after removing PVP) were visualized via
scanning electron microscope (SEM; FEI Quanta 250 FEG). Through
argon gas, surface of the scaffolds was coated with thin gold layer
(Emitech K550X). Image J Software (NIH) was used to evaluate average
fiber diameters of scaffolds.

Fourier Transform Infrared (Perkin Elmer - diamond/ZnSe crystal)
analysis was performed in ATR mode to identify the presence and ab-
sence of PVP and collagen in electrospun scaffolds. The optimum scan
range was between 650 and 4000 cm−1 wavenumbers. The resolution
rate was 4 cm−1 and scan number was 20. Obtained data was plotted
and analyzed by OriginPro (Northampton, MA) software.

Wettability of hybrid scaffolds was investigated using water contact
angle measurements. The contact angle of scaffolds; PLLCL, PLLCL/PVP/
Col, and PLLCL/Col (after removing PVP) were measured by contact
angle meter in static mode after dispensing 5 μL water onto scaffolds.
Five different sets were measured for each individual scaffold and the
average value was evaluated (Attension).

TA XT Plus Texture Analyzer (Stable Micro Systems)was used to an-
alyze the mechanical strength of PLLCL, PLLCL/PVP, PLLCL/PVP/Col, and
PLLCL/Col (after removing PVP) scaffolds. Four replications of each scaf-
fold were tested while using 5 kg load, and elongation speed was ad-
justed to 20 mm/min. Stress-strain curves, young modulus and
ultimate tensile strength were evaluated.
2.4. Collagen immunostaining

PLLCL, PLLCL/PVP, PLLCL/PVP/Col, and PLLCL/Col (after remov-
ing PVP) scaffolds were stained by Monoclonal IgG1 conjugated
to FITC antibody against collagen to examine the presence of colla-
gen after sacrificing agent removal. First, 1% BSA was used as
blocking agent, and Monoclonal IgG1 conjugated to FITC antibody
against collagen was mixed with 0.5% BSA, then scaffolds were in-
cubated overnight at room temperature. After incubation, scaffolds
were rinsed with 1× PBS three times. Fluorescence microscope
(Zeiss Observer Z1) was used to visualize collagen containing
electrospun scaffolds.
2.5. Protein adsorption analysis

Bicinchoninic acid (BCA) assay (Pierce™, Thermo Scientific) was
used to determine total amount of adsorbed protein on scaffolds.
PLLCL, PLLCL/PVP and PLLCL/PVP/Col scaffolds were screened against
BSA solution in which protein concentration range was 25–2000
μg/mL. For each concentration three replications were made. SDS was
used to solubilize adsorbed proteins on PLLCL scaffolds. Absorbance
wasmeasured at 562 nm (Fisher Scientific™ accuSkan™GOUV/Vis Mi-
croplate Spectrophotometer) and graphs were plot by Origin Pro
(Northampton, MA) software.
2.6. Biodegradation analysis

To analyze the biodegradation, PLLCL/Col scaffolds were incu-
bated in enzymatic solutions. Scaffolds were cut in square shapes
(1.5 cm2 × 1.5 cm2), and then scaffolds were immersed in 1.5
μg/mL of lysozyme containing 1× PBS solution. Scaffolds were incu-
bated at 37 °C with constant shaking for 20 weeks (Thermo Shaker
MS100). Prior to analysis, scaffolds were washed with deionized
water and dried in vacuum desiccator. Biodegradation analysis was
done for each scaffold through weight loss calculation and morphol-
ogy change that was visualized by SEM.
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2.7. 3D cell culture, cell viability and toxicity studies

NIH3T3mouse fibroblast cell linewas used as amodel system for 3D
cell culture formation. Co-electrospun PLLCL/PVP/Col scaffoldswere im-
mersed in deionized water for 2 days to remove sacrificing agent PVP.
PLLCL, PLLCL/PVP, PLLCL/PVP/Col and PLLCL/Col scaffoldswere sterilized
under ultraviolet light (UV) for 30 min and placed in 96 well plate
(BioLite, Thermo Scientific) with three replications. 2D cultured and ex-
panded NIH 3T3 cells were harvested by using 0.25% Trypsin/EDTA so-
lution, and cells were seeded over each scaffold with a 3D control
groups (PLLCL) and incubated overnight. Scaffolds were taken from
Fig. 1. a) Schematic illustration of biomimetic hybrid scaffold fabrication; including co-electrosp
scaffolds; b) PLLCL/PVP/Col, c) PLLCL/Col (after PVP removal) (scale bar 10 μm). Immunostained
bar 20 μm). Fiber diameter distribution of f) PLLCL/PVP/Col and g) PLLCL/Col (after PVP remov
culture medium and put in clear wells, washed with 1× PBS to remove
unattached cells and completed with fresh culture medium.

Cytotoxicity, proliferation and viability analysis were performed up
to 14 days by alamar blue and live/dead assays. Before each analysis,
3D cell cultured hybrid scaffolds were washed with 1× PBS. For alamar
blue analysis 1% stock solution of resazurin sodium salt was prepared
and diluted to be 0.01% as a final concentration in culture medium and
incubated 2–4 h. After incubation, absorbance values of solutions were
measured at 570–600 nm.

CytoCalcein™ Green and Propidium Iodide (PI) dyes (AATBioquest)
were used for live/dead analysis of short and long-term 3D cell cultures.
inning process and polymer sacrificing agent removal. SEMmicrographs of co-electrospun
scaffolds against Col Type I; d) PLLCL/PVP/Col, and e) PLLCL/Col (after PVP removal) (scale
al) scaffolds.



Fig. 2. a) Stress-strain curve, and b) tensile test results of pristine PLLCL, PLLCL/PVP, PLLCL/
PVP/Col and PLLCL/Col scaffolds.
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Equal amount of CytoCalcein and PI is mixed in buffer solution and ap-
plied over sampleswith equal amount of culturemedia. After 30min in-
cubation at 37 °C, cells were analyzed using fluorescence microscope
(Zeiss Observer Z1).

For SEM analysis 2500 cell/well were seeded on PLLCL/0.4%Col scaf-
folds. Prior to completion of incubation at 1, 3, 5 and 7 day, 4% parafor-
maldehyde was used to fix cells. Then, paraformaldehyde solution was
washed three times with 1× PBS and scaffolds were dried at room tem-
perature for further SEM analysis.

3. Result and discussion

3.1. Morphology of electrospun scaffolds

Electrospinning technique is utilized in this work to mimic fibrillar
structure of native ECM. Optimization of electrospinning parameters
was accomplished to obtain uniform homogeneous fibers, which is sig-
nificant for 3D cell culture studies.

In recent studies, both collagen and hybrid polymers were com-
monly solubilized in HFIPwhich is highly toxic solvent, especially for bi-
ological applications. It was also reported that HFIP solubilized
electrospun collagen gets mostly denaturated and lost its triple helix
structure [42]. To avoid this, co-electrospinning of collagen was accom-
plished in the presence of water solubilized sacrificing polymers such as
PVP.

First, to optimize the electrospinning parameters of PLLCL, varied
concentrations of PLLCL (5%, 8% and 10%) were solubilized in
4.5:0.5 mL DCM:DMF solution [53,54]. At each concentration flow rate
(3 mL/h) was constant, applied voltage and distance was varying in be-
tween 22–25 kV and 16–18 cm respectively. Elongated beads turned
into uniform smooth homogeneous fibers and fiber diameters were in-
creased with an increasing PLLCL concentration; 5% PLLCL 0.395 ± 0.99
μm, 8% PLLCL 0.522 ± 0.92 μm and 10% PLLCL was 1.312 ± 0.22 μm
(Fig. SI1).

Later, to solubilize and facilitate the co-electrospinning of collagen,
PVP was solubilized in water that was acidified with 0.1 M acetic acid
solution. Co-electrospinning process was carried out with simultaneous
deposition of PLLCL and PVP/Col solutions (Fig. 1a). The resulting PLLCL/
PVP/Col scaffold showed distinct fiber morphologies based on utilized
polymers;where thick fibers correspond to PLLCL, and thin fibers corre-
sponds to PVP/Col (Fig. 1b and c). As demonstrated in SEM images, co-
electrospun scaffolds exhibit bead-free, smooth fibers with intercon-
nected porous structure. To solubilize and remove the polymer-
sacrificing agent PVP, PLLCL/PVP/Col scaffold was washed with deion-
ized water. After solubilization of sacrificing polymer only homoge-
neous, uniform and thick PLLCL/Col fibers remained confirming the
removal of PVP (Fig. 1c). Also, fiber diameter distribution confirmed
the presence and absence of PVP in both scaffolds; where Fig. 1b and c
corresponds to Fig. 1f and g, respectively. The average fiber diameter
of PLLCL in hybrid scaffold is 1.55 ± 0.27 μm and PVP fiber diameter is
0.349 ± 0.07 μm. After removal of polymer-sacrificing agent PVP, the
average fiber diameter of PLLCL/Col scaffold is calculated as 1.50 ±
0.21 μm, confirming removal of PVP fibers.

3.2. Characterization of hybrid scaffold content

Immunostaining was performed to identify collagen in co-
electrospun hybrid scaffolds both in the presence and absence of poly-
mer sacrificing agent. FITC conjugated monoclonal IgG1 antibody
against collagen type I was used to stain collagen on PLLCL/PVP/Col
and PLLCL/Col scaffolds. Immunostaining analysis revealed relatively
uniform distribution of collagen through PLLCL/PVP/Col and PLLCL/Col
scaffolds (Fig. 1d and e). Even after removal of polymer sacrificing
agent, strong fluorescence signal is obtained indicating the presence of
collagen (Fig. 1e). As expected, no fluorescence signal was obtained
for control group scaffolds; PLLCL and PLLCL/PVP (Fig. SI2).
On the other hand, removal of sacrificing agent PVP was confirmed
by FTIR analysis (Fig. SI3). The PVP containing scaffold shows\\OH
stretching at 3434 cm−1, C\\N stretching of N-vinylpyrrolidone ring at
1283 cm−1 and C_O group at 1650 cm−1 representing amide groups.
According to FTIR results PVP successfully removed from the hybrid
scaffold by washing processes and only PLLCL/Col remained.
3.3. Mechanical characterization via tensile testing

Fig. 2b summarizes the tensile testing results of electrospun fibers
and co-electrospun hybrid scaffold. The tensile modulus of pristine
PLLCL was found to be 1.15 ± 0.02 MPa, however it increased to
6.32 ± 2.62 MPa by co-spinning, representing PLLCL/PVP. The in-
crease in tensile modulus can be attributed to the inhomogeneous
distribution of fiber diameters in PLLCL/PVP (see SEM images and
fiber diameter distribution). Here, PVP fibers cause significant sepa-
ration of PLLCL fibers, avoiding them to form large diameter fiber
bundles. Hence, tensile modulus of PLLCL/PVP co-electrospun fibers
exhibit substantial increase compared to pristine PLLCL fibers. In
the case of formation of hybrid PLLCL/PVP/Col scaffold, the tensile
modulus (1.01 ± 0.07 MPa) was found to be converging to the pris-
tine PLLCL fibers and it increased to 1.84± 0.16MPa upon removal of
PVP sacrificing agent. The electrospinning process providing to fabri-
cate close interacted chains because of the conformance of fibers in
contrast to bulk polymer, and therefore it is expected to increase
the strength while tension applied where fibers oriented to the
same direction. Since PVP fibers were thinner than PLLCL, exhibiting
weak mechanical properties by lowering the overall ultimate
strength. However, by addition of collagen to scaffold the highest ul-
timate strength was obtained due to collagen's intramolecular hy-
drogen bonding properties inducing bundle formation by
reinforcing PLLCL fibers. As seen in Fig. 2a the hybrid scaffold has ex-
hibited higher tensile strength at all elongation state, which corre-
sponds to the reinforcing effect of collagen to the PLLCL fibers. In
overall, the reinforcing effect of collagen has proven by the substan-
tial development in the mechanical property of the biomimetic hy-
brid scaffold.



Fig. 3. a) Contact angle and b) protein adsorption results of pristine PLLCL, PLLCL/PVP, PLLCL/PVP/Col and PLLCL/Col scaffolds.
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3.4. Contact angle analysis

Surface wettability has a direct impact on cell adhesion, growth, pro-
liferation and differentiation [31,55]. Here surface wettability was exam-
ined in terms of contact angle analysis. Water contact angles were
measured for pristine PLLCL, PLLCL/PVP, and PLLCL/Col scaffolds before
and after removal of sacrificing agent, as shown in Fig. 3a. An average con-
tact angle for pristine PLLCL was 136.6° ± 2.6 which indicates its hydro-
phobic nature. Average contact angle of PLLCL was reduced to 19.2° ±
5.6 after co-electrospinning with PVP due to highly hydrophilic property
of PVP. After removal of sacrificing agent, contact angle value of PLLCL/
Col scaffold increased to 119° ± 1.01° confirming the removal of hydro-
philic PVP. Overall analysis showed that surface wettability can be ad-
justed based on collagen amount, and the co-electrospun scaffolds can
be easily transformed in between hydrophilic and hydrophobic states.
3.5. Protein adsorption

For the success of a 3D cell culture approach, cell adhesion onto scaf-
fold is crucial. Cell adhesion and proliferation occurs through favored
Fig. 4. a) SEM micrographs of enzymatic degradation of PLLCL/Col scaffold for 20 week incuba
scaffolds during 20 week incubation.
cell-scaffold interaction, which is mostly triggered by cell receptors
and ECM proteins. Therefore, protein adsorption on a scaffold is directly
correlated with cell adhesion process. Here, protein adsorption analysis
was done to investigate suitability of co-electrospun hybrid scaffolds for
3D cell culture applications. Firstly, scaffolds immersed in a range of BSA
solutions (25–2000 μg/mL) andwere incubated, and then adsorbed pro-
teins were extracted from scaffolds by SDS detergent solubilization
(Fig. 3b). Amount of adsorbed protein showed a steady increase and
reached to an equilibriumat varied protein concentrations, which refers
to themaximum protein holding capacity for each scaffold. Results con-
firmed that all scaffolds are favoring protein adsorption therefore ex-
pected to favor cell adhesion as well.
3.6. Biodegradation analysis

To determine the feasibility of using co-electrospun PLLCL/Col scaf-
fold for regenerative purposes, biodegradation profile was evaluated
by means of structural integrity, weight loss and porosity. Here,
electrospun pristine PLLCL was utilized as a control scaffold (Fig. SI4).
Fig. 4 shows biodegradation profile of PLLCL/Col scaffold during
tion period, b) weight loss and c) porosity change profiles of pristine PLLCL and PLLCL/Col
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20weeks. As depicted in Fig. 4a, surface erosion and fiber cleavage occur
starting from 9th week that confirms biodegradation and loss of struc-
tural integrity. During enzymatic degradation, the amount of weight
loss increased from 1.3% ± 0.59 to 12.1% ± 0.47 for pristine PLLCL
where it increased from28.5%±0.85 to 54.5%±0.58 for PLLCL/Col scaf-
fold in between 9th to 20th weeks (Fig. 4b). It was also observed that
porosity increased up to 37.8% ± 3.5 for pristine PLLCL where it in-
creased up to 19.8% ± 1.1 for PLLCL/Col at 20th week (Fig. 4c). Com-
pared to pristine PLLCL, PLLCL/Col scaffold showed higher weight loss
Fig. 5. a) Cell proliferation profiles of NIH 3T3 mouse fibroblast cells on biomimetic hybrid scaff
cells on biomimetic hybrid scaffolds for b) 1., 3., 5. and 7. day and c) 1., 7. and 14. day cell culture
Control. (Green: live cells, red: dead cells).
indicating higher degradation rate. Collagen is an amorphous biopoly-
mer; therefore, it increases the degradation rate of hybrid scaffold.

3.7. Cell viability and toxicity of NIH 3T3 on PLLCL/Col hybrid scaffolds

In tissue engineering and 3D cell culture studies the ideal scaffold is
expected to promote cell growth anddifferentiation. To evaluate the cell
adhesion, spreading and proliferation, NIH 3T3 mouse fibroblast cells
were seeded and cultured on PLLCL/Col hybrid scaffold. For comparison
olds, evaluated by Alamar blue assay. Cell viability evaluation of NIH 3T3 mouse fibroblast
periods (scale bar: 100 μm). TCPS represents 2D Control and pristine PLLCL represents 3D



1060 E. Türker et al. / International Journal of Biological Macromolecules 139 (2019) 1054–1062
purposes pristine PLLCLwas used as a 3D control scaffold and TCPS (tis-
sue culture polystyrene) was utilized as a 2D control. The proliferation
profile of NIH 3T3 cells on PLLCL/Col hybrid scaffolds are shown in
Fig. 5a. Although the proliferation rate of NIH 3T3 cells were higher on
PLLCL scaffold than that of cells on hybrid PLLCL/Col, NIH 3T3 cells
were successfully proliferated on hybrid PLLCL/Col. Furthermore, cell vi-
ability and proliferation are investigated by live/dead analysis (Fig. 5b
and c).

Cell proliferation is also affected by the removal of sacrificing agent
PVP; on day 3 the number of adhered cells was slightly higher on
PLLCL/Col scaffold than PLLCL/PVP/Col scaffold, indicating biocompati-
bility of hybrid PLLCL/Col scaffold. Proliferation and cell viability are in-
creased on PVP removed scaffolds; preventing toxic effect of PVP and
introducing biological functional groups of collagen probably provides
improved microenvironment for cells. In 14-day cell culture studies, it
was noted that the cell viability is decreasing for 2D control group due
to excess proliferation, however 3D structure of hybrid PLLCL/Col scaf-
fold promotes cellular adhesion and proliferation even in long term.

3.8. Cell morphology of NIH 3T3 cells on hybrid PLLCL/Col scaffolds

Cell-scaffold interaction and cell morphology was investigated for
7 days and analyzed by SEM as shown in Fig. 6a, b, c and d. After seeding
Fig. 6. SEM micrographs for evaluation of NIH 3T3 fibroblast cell adhesion and proliferation o
showing filopodia formation of NIH 3T3 fibroblast cells on PLLCL/Col scaffold.
and culturing of NIH 3T3 fibroblast cells on hybrid PLLCL/Col scaffold,
cells started to adhere and spread over the fibers starting from day 1.
Following 3 days in vitro cell culture, cells strongly adhered and easily
spread on PLLCL/Col surface confirming that PLLCL/Col scaffold highly
favors cell affinitywhilemimicking natural ECMmicroenvironment. Fa-
vored cell-scaffold interaction, as well filopodia formation (Fig. 6e) was
observed which was likely due to collagen content that promotes cell
adhesion. Later by day 7, PLLCL/Col scaffold was completely covered
with thick layer of cell-sheets indicating that PLLCL/Col scaffold has
good biocompatibility for 3D cell culture and tissue engineering
applications.

4. Conclusion

In the field of scaffold-based tissue engineering natural biopolymers
or hybrid scaffolds are commonly preferred over synthetic ones. Colla-
gen is one of the mostly used and heavily investigated biopolymers,
since it is the most abundant protein in human body and also a major
component of native ECM. Electrospinning of collagen received great at-
tention, since it mimics native ECMmicroenvironment while providing
fibrillar structure and biocompatibility at the same time. However,
harmful and toxic solvents such as; HFIP are mostly used to solubilize
collagen. In the present study, a “toxic solvent free” methodology was
n PLLCL/Col scaffold a) 1, b) 3, c) 5 and d) 7. day cell culture periods. e) SEM micrograph
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developed to avoid heavy chemicals. Instead of toxic solvents, water-
based sacrificing polymer PVP was utilized for co-electrospinning pro-
cess; later it was easily removed through rinsing with water. A biomi-
metic hybrid scaffold, PLLCL/Col, that mimics the native structure and
microenvironment of ECM, has been fabricated combining sacrificing
agent approach with co-electrospinning process. PLLCL/Col scaffold ex-
hibits ECM-like 3D network structure, while addition of collagen im-
proved mechanical and surface properties of scaffold for biological
applications. Moreover, presence of collagen improved cell adhesion
and proliferation on long-term cultures compared to standard 2D cell
culture models. It has been demonstrated that developed methodology
is a novel and bio-friendly method that is especially suitable for 3D cell
culture and tissue engineering applications.
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