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Objective: The aim of this study was to test polymeric materials (collagen, fibrin, polyimide

film, and polylactic acid) for single- and multi-layer scaffold formation.

Materials and methods: In our study, we used rabbit bone marrow stem cells (rBMSCs) and

human mesenchymal stem cells (hMSCs) with materials of a different origin for the

formation of an artificial scaffold, such as a collagen scaffold, fibrin scaffold produced

from clotted rabbit plasma, electrospun poly(lactic acid) (PLA) mats, polyimide film (PI), and

the combination of the latter two. Cell imaging was performed 3–14 days after cell

cultivation in the scaffolds. Time-lapse imaging was used to determine hMSC mobility

on the PI film.

Results: Cell incorporation in collagen and clotted fibrin scaffolds was evaluated after 2-week

cultivation in vitro. Histological analysis showed that cells penetrated only external layers of

the collagen scaffold, while the fibrin clot was populated with rBMSCs through the entire

scaffold thickness. As well, cell behavior on the laser micro-structured PI film was analyzed.

The mobility of hMSCs on the smooth PI film and the micro-machined surface was 20

� 2 mm/h and 18 � 4 mm/h, respectively. After 3-day cultivation, hMSCs were capable of

spreading through the whole 100 � 10 mm-thick layer of the electrospun PLA scaffold and

demonstrated that the multilayer scaffold composed of PI and PLA materials ensured a

suitable environment for cell growth.

Conclusions: The obtained results suggest that electrospinning technology and femtosecond

laser micro-structuring could be employed for the development of multi-layer scaffolds.

Different biopolymers, such as PLA, fibrin, and collagen, could be used as appropriate

environments for cell inhabitation and as an inner layer of the multi-layer scaffold. PI could
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be suitable as a barrier blocking cell migration from the scaffold. However, additional studies

are needed to determine optimal parameters of inner and outer scaffold layers.

© 2017 The Lithuanian University of Health Sciences. Production and hosting by Elsevier

Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The field of stem cell therapy and tissue engineering is rapidly
developing for a wide range of applications. Current therapies
include bone regeneration, treatment of insulin delivery
disorders [1,2], and cardiovascular and nervous tissue repair
[3–6]. Scaffolds are used as drug delivery systems or as a base
for cells in tissue engineering [7]. Artificial polymeric scaffolds
serve as an extracellular matrix substitute for cell adhesion,
proliferation, and differentiation. Artificial scaffolds developed
from different type of materials using various fabrication
techniques should meet the following requirements: (1) to be
biocompatible with cells; (2) to be nontoxic (polymer and its
degradation products); (3) to have good mechanical properties
and flexibility; (4) to have controlled biodegradability; (5) to
have an easily formed porous structure; (6) to have appropriate
thermoplastic properties [8,9]. Moreover, communication
between grafted cells and the neighboring tissue should be
ensured [4,10]. Potential scaffold materials are classified as
natural (collagen, gelatin, fibrin, alginate, etc.) and synthetic
polymers (polylactic glycolic acid, polyurethane, polycapro-
lactone, etc.) [11]. Conventional fabrication techniques (e.g.,
gas foaming, salt leaching, freeze-drying, etc.) are widely used
for designing artificial scaffolds. The main disadvantage of
these scaffold fabrication techniques is that they cannot
enable precise architecture of a 3D scaffold pore; moreover, cell
viability can also be affected by the presence of toxic solvents if
they are not completely removed [12]. Electrospinning is one of
the alternative approaches. It is a simple, cost-effective, and
versatile technique that allows formation of biocompatible
nano-fibrous scaffolds for tissue engineering. Nano- or micro-
fibrous mats can be deposited on various substrates, including
a grounded metal plate, dielectric materials, and even the
human body [13,14].

Deposited mats can also be lithographically patterned [15]
and even dry etched in plasma [16], ablated with an ultra-fast
laser [17,18], or transferred on other substrates using micro-
contact printing [16].

To the best of our knowledge, electrospinning on ultra-fast
laser micro-machined polyimide (PI) film substrates has not
been performed so far; however, the use of the Kapton film
[19,20] or even the polyimide polymer solution itself [21] for
electrospinning has already been reported.

In the present study, differently fabricated scaffolds
were tested with rabbit bone marrow stem cells (rBMSCs)
and human mesenchymal stem cells (hMSCs) for the
formation of an artificial scaffold: collagen sponge, fibrin
clot, micro-structured PI film, and electrospun poly(lactic
acid) (PLA) mats. Furthermore, a multi-layer scaffold designed
from micro-structured PI and electrospun PLA mats was
investigated.
2. Materials and methods

2.1. Cells

rBMSCs were derived directly from the rabbit bone sacrum by
puncture using an 18G needle, syringe, and 0.02 mg/mL
heparin (Sigma–Aldrich, Germany) solution as an anticoagu-
lant. Bone marrow suspension was centrifuged using Ficoll-
Paque density gradient; mononuclear cell fractions were
placed into T25 tissue flasks (Orange scientific, Belgium) in
Dulbecco's Modified Eagle Medium (DMEM) (Sigma–Aldrich,
Germany) supplemented with 15% fetal calf serum (FCS,
Gibco, USA), and the cells were cultivated with antibiotics
(penicillin 100 U/mL and streptomycin 100 mg/mL, Sigma–
Aldrich, Germany) at 37 8C and 5% CO2. After 2-week
cultivation, only stem cells were left as an adherent culture.

The license for the use of laboratory animals (No. 0171,
31-10-2007) was received from the Lithuanian Food and
Veterinary Service.

hMSCs (Lonza, USA) were cultured at 37 8C in humidified 5%
CO2 atmosphere using BD MosaicTM hMSC Culture Medium
with supplement (Lonza, USA).

2.2. Scaffolds

In our study, we used commercially available bovine
type I collagen sponge (Southern Lights Biomaterials, UK),
fibrin produced from clotted rabbit plasma, several combina-
tions of commercially available 12.7-mm thickness Kapton®

50HN PI film (DuPontTM, Wilmington, DE, USA) and electro-
spun PLA (Nature Works, USA) mats (4% PLA electrospun
solution in chloroform solvent was prepared). Scaffold
structures were visualized by employing a scanning
electron microscope (SEM) Quanta 200 FEG (FEI, Hillsboro,
Oregon, USA).

Air bubble-free scaffolds were placed on tissue culture
plates (5 cm) covered with 2% low melting agarose (Sigma,
Germany) and DMEM where niches for implants were formed.
Then, scaffolds were placed in these niches, and the cells were
gently introduced into them using a syringe and a 21G needle
(�2 � 106 rBMSCs per 0.5 � 0.5-cm scaffold).

rBMSCs were introduced into the fibrin scaffolds by the clot
formation technology. Rabbit plasma was collected into
heparinized tubes and separated from cells by centrifugation
at 1500 � g for 15 min. Before polymerization, plasma was
mixed with differentiated cells cultured in the growth medium
(DMEM, 10% FCS). For 1 mL of the final mixture, we used
2.5 � 106 of live cells. After cell addition, the mixture was
gently stirred and left until clotted. Five minutes after cell-
fibrin scaffold formation, the mixture was gently introduced
on a 12-well tissue culture plate.
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Collagen and fibrin-cell scaffolds were maintained in
DMEM with 10% FCS and antibiotics (penicillin 100 U/mL,
streptomycin 100 mg/mL) and supplemented with 0.5 ng/mL
TGFb (Sigma–Aldrich, Germany). The medium was changed
every 3 days. Cell persistence in the scaffolds was examined
histologically 2 weeks after cell seeding.

Free standing electrospun mats, PI films with micrometer
hole arrays as well as a PI supporting grid structure with
electrospun PLA polymer microfiber mat were investigated.
Holes in the PI films were micro-machined employing 4 W
average power Yb:KGW femtosecond laser Pharos (Light
Conversion, Vilnius, Lithuania) and FemtoLAB micro-machin-
ing workstation (Altechna R&D, Vilnius, Lithuania). The
sample was placed on the motorized XYZ translation stages
and positioned with respect to the microscope objective-
focused 515-nm wavelength (second harmonic) laser beam.
The polymer microfiber mat on the PI supporting grid structure
was deposited from PLA by employing NanospiderTM (Elmarco,
Liberec, Czech Republic) electrospinning setup. The laser
structured PI films were sewed on the polypropylene spun-
bonded non-woven substrate. Polymer jets from Taylor cones
are formed when created electrostatic forces exceed surface
tension of a polymer solution. Polymer jets split to microfibers
while moving to a grounded electrode covered by a PI film on
the substrate. Electrospun mats from PLA microfibers were
formed under the following conditions: applied voltage 50 kV,
distance between electrodes 13 cm, environmental tempera-
ture 20 8C � 2 8C, humidity 60% � 5%, and electrospun micro-
fibers collection time 3 min. More details about the employed
techniques for the later scaffold fabrication can be found
elsewhere [12].

hMSC were grown on the PI film, PLA, and PLA-PI film
scaffolds under conditions described above. For time-lapse
recordings, 2 � 105 cells were seeded on the PI film. PLA-PI film
scaffolds were seeded with 2 � 106 hMSCs and cultivated
under the same conditions.

2.3. Histological analysis

Scaffolds with cells were cut with a microtome and set to the
standard preparation procedures. Histological analysis of
collagen and fibrin cell-scaffold sections was performed using
Axio Imager Z1 (Carl Zeiss, Germany) and software AxioVision
4.7.1 (Carl Zeiss, Germany). The slices were stained with
hematoxylin/eosin and were analyzed under a light micro-
scope.

2.4. Cell imaging

hMSCs were grown for 3 days in the scaffolds (PLA, PI film, and
PLA-PI film) and then labeled with CellMaskTM Deep Red
plasma membrane stain and Hoechst 33342 (Molecular Probes,
USA) according to the manufacturer's protocols. Images
were acquired using an Olympus IX81 microscope (Olympus
Europe holding Gmbh, Germany) and an Orca-R2 digital
camera (Hamamatsu Photonics K.K., Japan) with the fluores-
cence excitation system MT10 and XCELLENCE software
(Olympus Soft Imaging Solutions Gmbh, Germany). Cell
mobility measurements were performed at 37 8C in a humidi-
fied atmosphere of 5% CO2 using an incubation system
INUBG2E-ONICS (Tokai Hit, Japan) with an incubator, mounted
on the stage of the motorized Olympus IX81 microscope.

2.5. Statistical analysis

Data analysis was performed using SigmaPlot software (Systat,
USA), and the data are presented as mean � SE. Statistical
analysis was performed using the Student t test. Differences
were considered statistically significant at P < 0.05.

3. Results

3.1. Cell penetration in fibrin clot and solid-state collagen
scaffolds

The penetration rate of rBMSCs within the collagen sponge
and the fibrin clot was investigated (Fig. 1). Cells were grown
in vitro and survived in the scaffolds for 2 weeks. Histological
analysis (Fig. 1B) revealed that 90% of the cells resided in the
zone of the external collagen scaffold layer. The average cell
infiltration depth was 400 � 45 mm. Fig. 1D indicates that
rBMSCs occupied the entire volume of the 3D fibrin scaffold
formed by the clot formation technique.

3.2. Cell behavior on micro-machined PI

Previously described scaffolds (Fig. 1) with the varying size of
pores formed by disorderly arranged fibrin and collagen fibers
had limited applications to some extent. It is possible that
cells could escape to the neighboring environment from such
an implanted collagen or fibrin scaffold. Development of a
multi-layer scaffold with an impermeable outer layer could be
a proper solution to overcome this limitation. However,
sufficient nutrient transfer to the internal layers of the multi-
layer scaffold should be ensured. For that purpose, PI films
with micrometer hole arrays were investigated. Femtosecond
laser ablation was employed to obtain a micro-structured
pattern, i.e. a porous grid, in the PI film with precise
dimensions (Fig. 2).

hMSCs were grown on the smooth and micro-machined PI
film (Fig. 3), and the impact of surface differences on cell
mobility was evaluated. Mobility of hMSCs on the smooth PI
and laser micro-machined PI film was 20 � 2 mm/h (n = 50) and
18 � 4 mm/h (n = 50), respectively.

3.3. Development of a multi-layer scaffold

Further investigations were directed to fabrication of a multi-
layer scaffold by combining two techniques: electrospinning
and laser micro-machining. Free-standing electrospun mats
could be used for production of an inner layer of the scaffold
and provide a proper environment for cell inhabitation. These
composite electrospun mats can be produced from a wide
range of polymeric solutions. The main advantages of such a
scaffold, e.g., composed from PLA, are controlled mat density
of the surface area for cell attachment and high porosity,
which enable persistent nutrition uptake. In this study, we
tested PI films with micrometer hole arrays and electrospun
PLA polymer microfiber mat (Fig. 4).



Fig. 1 – Cell incorporation in the collagen scaffold and the fibrin clot. SEM images of polymerized collagen (A) and fibrin
scaffolds (B). Hematoxylin-eosin staining of collagen (C) and fibrin (D) scaffolds introduced with rBMSCs.
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At the beginning of the deposition process, the PI film was
firstly covered by a thinner layer of PLA microfibers, and later
on when the mat became thicker, the diameter of the
deposited microfibers increased. The diameter of electrospun
PLA microfibers varied from 0.22 mm to 17 mm, due to quick
evaporation of the chloroform solvent in the PLA solution.

Comparative analysis of the multi-layer (PLA-PI) scaffold
specimens revealed the dependence of PLA fiber mat density
Fig. 2 – SEM images of laser micro-machined holes in the PI film
diameter (B) holes in the PI film.
on the micro-structured PI film pattern (Fig. 4). More fibers
(approximately by 40%) were deposited on the same area of the
PI film with micro-machined holes of 100 � 100 mm (Fig. 4A)
compared with mats on the PI film with a few micrometer
diameter hole array (Fig. 4B).

Our results showed that hMSCs were capable to spread
through the whole 100 � 10-mm PLA scaffold thickness after 3-
day cultivation (Fig. 5B). Fig. 5B, D, F demonstrates that both
. The regularly arranged grid of 100 T 100 mm (A) and 4-mm



Fig. 3 – hMSC mobility on the micro-structured PI film. Images of a migrating cell (indicated by the white arrow) at different
time points (0, 4, and 12 h) (A-C); (D) estimation of the cell trajectory (green line) using XCELLENCE software.
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single materials PI or PLA as well as the multi-layer scaffold
composed of PI and PLA materials ensured a suitable
environment for cell growth.

4. Discussion

In order to reduce cell migration and to provide an appropriate
environment for the regeneration of tissues and organs, 3D
porous scaffolds were investigated. Scaffold design as well as
initial cell infusion should meet certain requirements:
biocompatibility (i), biodegradability (ii), mechanical proper-
ties in consistent with implantation site (iii), interconnected
Fig. 4 – SEM micrographs of electrospun PLA fibers on the micro-
regularly arranged grid of 100 T 100 mm (A) and 4-mm diameter (B
film).
pore structure and high porosity to ensure cellular penetration
and adequate diffusion (iv), and cost effective manufacturing
technology (v) [22].

Procedures of cell implantation may be improved by
applying injectable (e.g., fibrin gels or fibrin as naturally
clot-forming protein) and solid-state forms of artificial scaf-
folds as cell carriers. In the present study, differently processed
collagen and fibrin scaffolds were investigated. Cells were
seeded into collagen sponges, whereas the clot formation
technique was applied for the construction of 3D cell-fibrin
scaffold derivatives. The obtained differences at the cell
penetration level in these two scaffolds were mainly deter-
mined by the cell-scaffold complex formation technique. After
structured PI film. PLA mats deposited on the PI film with a
) holes (yellow dotted lines depict holes structured on the PI



Fig. 5 – hMSC incorporation into the scaffolds of different architecture. Morphology of electrospun PLA fibers (A), and
two-layer scaffolds of PLA fibers and the PI film with micro-structured holes (C, E). (B, D, F) hMSC in the scaffolds 3 days after
the seeding (red – plasma membrane stained with CellMaskTM Deep Red stain; blue – nuclei stained with Hoechst 33342).
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2-week cultivation, rBMSCs were observed only on the external
surface of the collagen scaffold, while the entire fibrin clot was
occupied by rBMSCs. Our results indicate that different
techniques may enhance scaffold inhabitation by cells.
However, primary sufficient cell incorporation and survival
in the scaffold is limited by its thickness, as a result of
inconsistent oxygen and nutrient transfer to the deeper levels.

The common feature of the previously described scaffolds
is disorderly arranged pores. Variable pore sizes enable cells to
escape from such structures and to migrate from the
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implantation site to the neighboring environment that may
lead to the loss of function. This is extremely important to
avoid unexpected effects for the applications where cells have
to be maintained at the implantation site. The aim of this
study was to design a multi-layer scaffold. The micro-
machined PI film, which was reported as biocompatible
material [23,24], was chosen for the outer layer formation.
Laser processing of polymers can induce some defects, i.e.,
thermal damage via melting and vaporization as well as
morphological changes that can be minimized by shortening
the laser pulse length [25]. Even with a femtosecond laser, the
wetting properties of surfaces can still be altered by surface
texturing and nano- and/or micro-textures could be generated,
depending on the chosen processing parameters. Moreover,
wetting is often anisotropic due to anisotropy of the laser-
induced micro- and nano-structures. The wetting properties of
PI depend on micro- and nano-structures generated during
laser ablation [26]. For that purpose, time-lapse experiments
with hMSC were performed on the laser micro-machined and
smooth PI film. Our results revealed that hMSC mobility was
not influenced by the examined surfaces and suggested PI as a
proper material for the design of the semi-permeable
(permeable for nutrition uptake and impermeable for cell
trans-migration) outer scaffold layer.

PLA free-standing electrospun mats were tested for the
development of the internal part of the multi-layer scaffold. In
the present study, we evaluated the penetration of cells
through �100 mm PLA mats. One of the main challenges in
tissue engineering applications that needs to be overcome is
limited cell colonization throughout pores, since pores have a
varying size and are too small or too large between fibers
[27,28]. Different methods are being used (salt leaching, gas
foaming, etc.) for manipulating electrospun scaffold structures
in order to increase the pore size or loosen the scaffold. The
pore size and the fiber diameter also strongly correlate, where
a reduction in the diameter of the fiber reduces the pore size of
the meshes, which hinders cell infiltration or migration. It is
difficult to separate the interdependence of the pore size and
the fiber diameter and, therefore, to obtain a scaffold with
nano- or micro-scale fibers but with macro-scale pores
(10–500 mm). There are many parameters affecting electro-
spinning fiber diameters: deposition conditions, polymers
properties (conductivity, viscosity), solvent system and its
properties. By increasing the dielectric constant of the solvent,
the final fiber diameter can be decreased in the same
electrospinning conditions. The polarity of the solution is
another important factor in reducing the final fiber diameter.
The porosity of electrospun material increases while the fiber
diameter is decreasing [29–31]. The pore size can be controlled
by using patterned electrodes [32] or ‘‘templating’’ with
insulating [29] or conductive [29,33] collectors. Under a strong
electric field, insulating substrates can be polarized, which
could consequently affect the distribution of the original
electric field. Electrospun fibers can be attracted to the
protrusions of the appropriate insulating substrates, due to
opposite charges generated by static induction and polariza-
tion on protrusions [32]. Our findings with laser micro-
machined insulating PI carriers are in agreement with those
of other authors [32], where it was reported that fewer fibers
were deposited in the non-conductive hole, i.e., insulating
protrusions, as its diameter decreased. At the same time,
fiber density decreased. An opposite behavior was observed
when conductive substrates were used [29]. The diameter of
electroconductive wires and the combination of protrusions,
other parameters, such as dimensions and spacings of
protrusions, as well as wire spacings in woven collectors,
may also affect the interactions between fibers and collectors,
which can further influence the patterning of fibers [33].

The proposed technique combining precise micro-
machining of designed porosity substrates/carriers together
with high throughout fiber deposition via electrospinning
enables control of the cells and penetration of nutrition
to the scaffold structure. At the same time, it affects
deposition of the polymer fiber mesh due to an impact on
the local electric field variations induce by the dielectric
PI mesh carriers. The designed PLA fibrous mesh as well
as the multi-layer scaffold made of micro-machined PI
and electrospun PLA mesh provided a suitable environment
for cell growth.

5. Conclusions

The obtained results suggest that electrospinning technology
and femtosecond laser micro-structuring could be employed
for the development of a multi-layer scaffold. Different
biopolymers as PLA, fibrin, and collagen could be used as
appropriate environments for cell inhabitation. PI could be
suitable as a barrier blocking cell migration from a scaffold.
However, additional studies are needed to determine optimal
parameters of inner and outer scaffold layers.
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