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ABSTRACT

The aim of the study was to evaluate the effect of a cell-free hyaluronate/type I collagen/fibrin composite
scaffold containing polyvinyl alcohol (PVA) nanofibers enriched with liposomes, basic fibroblast growth
factor (bFGF) and insulin on the regeneration of osteochondral defects.

Anovel drug delivery system was developed on the basis of the intake effect of liposomes encapsulated
in PVA nanofibers. Time-controlled release of insulin and bFGF improved MSC viability in vitro. Nanofibers
functionalized with liposomes also improved the mechanical characteristics of the composite gel scaffold.

In addition, time-controlled release of insulin and bFGF stimulated MSC recruitment from bone marrow
in vivo. Cell-free composite scaffolds containing PVA nanofibers enriched with liposomes, bFGF, and
insulin were implanted into seven osteochondral defects of miniature pigs. Control defects were left
untreated. After 12 weeks, the composite scaffold had enhanced osteochondral regeneration towards
hyaline cartilage and/or fibrocartilage compared with untreated defects that were filled predominantly
with fibrous tissue. The cell-free composite scaffold containing PVA nanofibers, liposomes and growth
factors enhanced migration of the cells into the defect, and their differentiation into chondrocytes; the
scaffold was able to enhance the regeneration of osteochondral defects in minipigs.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The novel strategy of regeneration of chondral or osteochondral
defects so-called matrix-associated involves autologous chondro-

Cartilage is an avascular tissue with a limited capacity for repair.
Standard surgical techniques, such as debridement, penetration of
subchondral bone, osteotomy, joint distraction, transplantation of
autographs from a non-weight-bearing zone into a defect, and soft
tissue grafts, have the potential to stimulate the formation of a new
articular surface, and may decrease symptoms and improve joint
function. However, they are not able to restore the articular carti-
lage (Buckwalter and Lohmander, 1994; Buckwalter and Mankin,
1998; Vaquero and Forriol, 2012).
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cyte implantation (MACI) is based on autologous chondrocyte-
seeded biomaterials (Trattnig et al., 2005). The matrices already
in use in clinical practice include biopolymers, e.g. collagen I/III
membrane (Cherubino et al., 2003; Marlovits et al., 2005), hyaluro-
nan derivatives (Trattnig et al., 2005), fibrin (Visna et al., 2004),
fibrin/hyaluronate scaffold (BioCart™II) (Eshed et al., 2012).
Recently, pluripotent mesenchymal stem cells from bone mar-
row, adipose tissue, or umbilical cord blood were found to differ-
entiate into cartilage, bone or other tissues, depending on growth
factors, chemical composition, and the physical and biomechanical
properties of the matrices as well as different biomechanical load-
ing of the material (Pittenger et al., 1999; Park et al., 2011a; Jelen
et al,, 2008). MSC-based therapy has already been used in clinical
practice (Haleem et al., 2010). However, bone marrow harvest-
ing is an invasive method that may be demanding for patients.
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In addition, the isolated cells require culture under special con-
ditions, and further implantation. A promising new approach using
biomimetic scaffolds guiding cell recruitment from a body niche,
e.g. bone marrow, and their subsequent migration into function-
alized scaffold has therefore been studied (Sun et al., 2012). This
system has great potential in clinical practice, but the optimal
parameters need to be found.

Nanofibers have a large specific surface and they can be
functionalized with drugs, antibiotics, with bioactive peptides
or proteins, RNA, and DNA. (Jannesari et al., 2011; Luong-Van
et al., 2006). Sahoo et al. (2010a) reported faster bFGF release
from blended nanofibers of poly(lactide-co-glycolide) (PLGA) than
from coaxial nanofibers; however, both groups increased the pro-
liferation of MSCs. In another study, a blended PLGA scaffold
containing bFGF induced tendon/ligament-like fibroblastic differ-
entiation, including synthesis of type I collagen and tenascin-C
(Sahoo et al., 2010b). In our laboratory, we have recently devel-
oped systems of nanofibers or microfibers functionalized on the
surface (Jakubova et al., 2011; Rampichova et al., 2012), in the core
of nanofibers, or in blended nanofibers (Mickova et al., 2012; Buzgo
et al., in press) in order to prepare a drug delivery system.

Fibrin gel alone or in composite scaffolds has already been used
for repairing cartilage (van Susante et al., 1999; Hunziker, 2001;
Eshed et al., 2012; Haleem et al., 2010), bone (Kang et al., 2011),
meniscus (Longo et al., 2012), usually with growth factors. Fibrin
serves as a drug delivery system where the rate of release is medi-
ated by the interactions between fibrin and chemical, and may be
modified by the composition of fibrinogen or thrombin (Spicer and
Mikos, 2010).

Hyaluronic acid plays an important role in many physiologi-
cal and pathological processes, e.g. cell recognition, cell migration,
proliferation, cell differentiation, and inflammation. Most of these
responses are mediated through the HA-CD 44 interaction (Maniwa
et al., 2001; Laurent and Fraser, 1992). A matrix from hyaluronate
benzylic esters (HYAFF) was reported to enhance regeneration of
osteochondral defects either when seeded with MSCs or when the
scaffolds are unseeded (Radice et al., 2000). Biodegradable poly-
mers, such as hyaluronic acid, collagen and fibrin have been already
used as scaffolds for drug delivery of growth factors (Holland and
Mikos, 2003). Moreover, their three-dimensional structure pro-
vides cells with a suitable environment for adhesion, growth and
differentiation that is influenced not only by chemical stimuli but
also by biomechanical properties. They can also be combined with
nano/microparticles, nano/microfibers, or liposomes, which can
modify their structure or their biomechanical properties, or can
serve for drug delivery.

PVA is a non-toxic, biocompatible material that has been used
in medical practice, e.g. as a wound healing material, as an artifi-
cial lens, as a material for uterine artery embolization, for dry eye
treatment, etc.(McCarronetal.,2011; Walker et al.,2007; Firouznia
et al., 2008; Brodwall et al., 1997). The hydrophilic character of
PVA means that it swells in water and is water soluble. Longer sta-
bility of the material should be achieved by chemical crosslinking
(Alipour et al., 2009; Jiang et al., 2009), or by physical methods
(Senna et al., 2010; Litvinchuk et al., 2009). As PVA can be success-
fully electrospun, it is a suitable material for external application,
e.g. for wound dressing (Liu et al., 2010), and may be used as a drug
delivery system.

Applying these advanced nanofiber scaffolds with a drug deliv-
ery system would undoubtedly be advantageous for tissue cartilage
regeneration. However, no system of this type has yet been devel-
oped. In this study, we prepare nanofibers of a PVA/liposomes blend
that are enriched with growth factors bFGF and insulin, and we
test the release profile of the growth factors, and their effect on
chondrocyte viability in vitro. Then the nanofibers are embedded
in a fibrin/type I collagen/fibrin composite hydrogel, and we study

their ability to enhance osteochondral regeneration in miniature
pigs.

2. Materials and methods
2.1. Housing/animal care

For this study, five male and three female 7-month-old minia-
ture pigs (29 +10.5 kg) were used. Animal care was in compliance
with the Act of the Czech National Convention for the protection
of vertebrate animals used for experimental and other scientific
purposes, Collection of laws No. 246/1992, including amendments
on the Protection of Animals against Cruelty, and Public Notice of
the Ministry of Agriculture of the Czech Republic, and Collection of
laws No. 207/2004, on Keeping and Exploitation of Experimental
Animals.

2.2. Preparation and characterization of nanofiber scaffolds

50 mL of 12.8% (w/w) polyvinyl alcohol (PVA) solution (Sloviol®,
CHZ, Novaky, Slovak Republic) containing 0.38% (w/w) glyoxal (40%
(w/w) solution of glyoxal in water) and 0.51% (w/w) H3PO4 (85%
(w/w) phosphoric acid in water) was prepared, and mixed with
3 mL of liposomes.

Multilamellar liposomes were prepared from 6% phospholipids
(Asolectin, from soyabean, Sigma-Aldrich) by dry film method.
Briefly, 25 mg of soybean phospholipids were dissolved in chlo-
roform (1 mL) and subsequently evaporated under a flow of N, at
4°C to form a thin lipid film. The dried lipid films were then resus-
pended in 3 mL of 100 mM phosphate buffer saline (PBS) at pH 7.3
for the preparation of empty liposomes. We used liposome mix-
ture instead of pure phospholipids to facilitate the preparation of
emulsion of phospholids in PVA solution for electrospinning. The
emulsion was intensively stirred for 30 min. Electrospinning was
carried out on a Nanospider™ device as described previously in
detail (Lukas et al., 2008). A high-voltage source generated voltages
of up to 56 kV, and the polymer solutions were connected with the
high-voltage electrode. The electrospun nanofibers were deposited
on a grounded wire collector electrode. The distance between the
top of the rotating drum and the collecting plate was 12 cm. All
electrospinning processes were performed at room temperature
(RT; ~22°C) and a humidity of ~50%.

The nanofibers that were formed were crosslinked at 135°C
for 10 min and then dried in a desiccator. PVA nanofibers without
liposomes were prepared as a control.

The surface morphology was studied using a Vega scanning elec-
tron microscope (Tescan, Czech Republic). The tested materials
are not good conductive materials; a gold coating was therefore
applied on the surface to increase the surface conductivity of the
electrospun materials. From five SEM photomicrographs of both
PVA+LIP and PVA nanofibers, the pore diameter and the pore size of
the nanofibers were measured, and the porosities were calculated
using LUCIA G Image Analysis, version 4.82 (Laboratory Imaging
Ltd., Czech Republic). Nanofibers with the similar surface density
were used.

2.3. Release of the growth factors from the nanofibers

PVA scaffold with liposomes was cut into round patches, with
the area of 5cm?2, weighing 11.3 + 1.6 mg (mean and SD), and then
four samples were incubated in PBS solution containing 200 p.g/mL
insulin (Actrapid inj. 100IU/mL) and 200 ng/mL basic Fibroblast
growth factor (bFGF, human recombinant, Roche Applied Science)
atroom temperature (RT) for 30 min (PVA + LIP). Four PVA nanofiber
scaffolds without liposomes but with the same amount of growth
factors were prepared as controls (PVA group). The scaffolds were
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washed twice with PBS to avoid the excess of growth factors
adsorbed on the surface, and then incubated in 1 mL PBS for 18
days at 37 °C; the PBS was completely changed and stored at —20°C
until the measurement had been performed. The time interval
was determined keeping in mind a balance between the release
of a detectable amount of growth factors and maintenance of the
sink condition. The amount of insulin and bFGF released into the
PBS was measured using Enzyme-Linked ImmunoSorbent Assay
(ELISA), (human insulin ELISA E0448h, Uscn Life Science Inc. and
bFGF DuoSet ELISA, DY233, R&D Systems, respectively) according
to the manufacturer’s instructions, except that the bFGF-antibody
complex was detected by chemiluminescent reactions initiated by
the addition of 100 L of substrate solution SuperSignal ELISA Pico
(Pierce) to each well. The luminescence was measured at 420 nm
for 30s using a Perkin-Elmer LS 50B luminescence spectrometer,
and the concentration of bFGF was determined using a six-point
calibration curve. Both the absolute release profile and the cumu-
lative release profiles were calculated from four parallel samples for
both growth factors. The half-time of release (t) was determined
as the time at which the initial concentration cy had decreased to
c=1—(co-e~1). ELISA experiments were done at 22 °C.

2.4. Isolation, and culture of mesenchymal stem cells on
nanofibers enriched with growth factors - cell viability evaluation

Bone blood marrow was taken under general anesthesia from
the iliac bone of a miniature pig, according to Prosecka et al. (2012).
The second passage of mesenchymal stem cells (MSCs) was used for
an in vitro study.

PVA nanofibers with liposomes were cut into a circle 6 mm
in diameter, and were then incubated with PBS solution contain-
ing 200 pg/mL insulin (Actrapid inj. 100IU/mL) and 200 ng/mL
basic Fibroblast growth factor (bFGF, human recombinant, Roche
Applied Science) at room temperature (RT) for 30 min. The growth
factor-modified nanofibers (PVAGF 1%), and the control PVA scaf-
fold without growth factors (PVA 1% or PVA 10%) were seeded with
MSC (100 x 103 cells/cm?) in a medium containing 1% or 10% (w/v)
fetal bovine serum (FBS), respectively, and cultured for 7 days.

The cell viability was analyzed using the MTT test (Jakubova
et al., 2011). The optical density of 200 L solution was measured
(Asample =570 nM, Areference =690 nm). The absorbance of the sam-
ples incubated without cells was deducted from the cell-seeded
samples.

In addition, MSCs adhered to scaffolds 1 day after seeding were
stained using mouse monoclonal antibody against [3-actin, fol-
lowed by goat anti-mouse AlexaFluor 488 secondary antibody (A,
C, E), and were visualized by confocal microscopy (Zeiss LSM 5
DUO) (Aexc =488 nm, Aemy =505-550 nm). On days 1 and 7, live/dead
staining was applied and the cells were visualized for propidium
iodide and BCECF signal (Jakubova et al., 2011).

2.5. Biomechanical evaluation

The purpose of biomechanical testing was to determine the
dynamic compressive loading diagrams, and also to evaluate the
development of material stiffness or Young’s modulus under com-
pressiondeformation. The impact testing procedure was performed
using a pendulum-like machine for unconfined compression of
cylindrically-shaped samples as we previously described (Varga
et al., 2007; Handl et al., 2010) at 24 °C. The circular contact area of
the specimens was chosen with diameter ¢ = 5.5 mm, and the speci-
mens varied in thickness from 2.2 mm to 4.8 mm. The weight strikes
a specimen that is positioned perpendicular to the motion of the
weight. The process is tracked using a single detector, e.g. a piezo-
electric accelerometer. Continual reading of the time traces for
displacement, velocity and acceleration within the impact provides

all the information required for determining the continuous loading
force and also the compression of the tested specimen.

To characterize the individual samples, five measurements were
carried out at each of four different impact energies. Thus, several
trials were recorded on each sample to test the statistical disper-
sion and the reproducibility of the measurements at the same load
(impact energy).

Four types of artificial materials were used in the study -
fibrin gel with and without PVA nanofibers (1x NF Fibrin, and
Fibrin, respectively), and the composite scaffold of the compound
of fibrin, hyaluronic acid and type I collagen, also with and with-
out nanofibers (1 x NF Composite Scaffold, and Composite Scaffold,
respectively). The basic materials, in which no nanofibers were
included, were evaluated for comparison. A total of three samples
were measured for each of the materials.

2.6. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed using a Pyris
1 TGA thermogravimetric analyzer (Perkin-Elmer, USA) in a nitro-
gen atmosphere. Dry nanofibers were heated at a constant heating
rate of 5°C/min in the range of 35-800 °C. The dry nanofiber sam-
ples weighed approximately 1-2 mg. The structure of nanofibers
did not allow using higher mass of the samples. The hydrogel sam-
ples were heated at a constant heating rate of 10°C/min, from
room temperature to 85 °C. Isothermal heating was maintained for
the following 40 min at 85 °C; subsequently the temperature was
increased to 150°C at a heating rate of 10°C/min and maintained
for 5 min. The hydrogels weighed approximately, 25 mg the surface
was dried with filter paper before the analysis. Three samples for
each group were used for the measurements.

2.7. Preparation of the fibrin scaffold containing growth
factor-modified nanofibers and implantation of the scaffold in vivo

One day before the operation, the nanofibers were cut into
small pieces (1 x 2mm); the mesh was incubated in a mixture
of 200 ng/mL bFGF and 200 p.g/mL insulin at room temperature
(RT) for 30min. Then the scaffold was washed with PBS and
mixed with the culture medium - Iscove’s modified Dulbecco’s
Medium (13390, Sigma-Aldrich) supplemented with 10% fetal
bovine serum (FBS), 100IU penicillin, 100 pg/mL streptomycin,
4 mM L-glutamine, and 40 p.g/mL L-ascorbate-2-phosphate sesqui-
magnesium salt. The nanofiber mesh (80 mg/mL) was embedded
in a fibrin gel, as has been previously reported (Filova et al., 2007,
2008). Briefly, 31.58 L of type I collagen solution in 0.1 M acetic
acid (Collagen type I from calf skin, acid soluble, Sigma) was neu-
tralized with 1M KOH at about 4°C; 21 pL sodium hyaluronate
(10 mg/mL, 1500 kDa, kindly provided by CPN, CR) and nanofibers
in a medium were added into the well. Additionally, 100.8 pL
of Tissucol® solution in aprotinine (fibrinogen 70-110 mg/mlL,
aprotinine 3000 KIU/mL), and 100.8 pL/mL of thrombin solution
(41U/mL) in CaCl; (40 pmol/mL, Tissucol® Kit, Baxter) were mixed
in with the nanofiber mixture. The gels were formed at 37 °C. Sub-
sequently, a culture medium was added, and the scaffolds were
placed in an incubator with a humidified atmosphere, 5% CO, at
37°Cfor 1 day.

The surgery was performed under general anesthesia. Having
the operation field been prepared, lateral arthrotomy of the right
knee joint with medial luxation of the patella was performed. The
fibrin scaffold containing growth factor-enriched nanofibers was
implanted into the load-bearing part of the right femoral condyle
of eight miniature pigs. A scaffold was introduced into the circu-
lar defect 8 mm in diameter. The scaffold was fixed in situ with
Tissucol® tissue adhesive. As controls, two circular osteochondral
defects were drilled in the left knees of each animal; the defects
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Table 1

Software analysis of SEM photomicrographs of the nanofiber scaffold showed the diameter of the submicroscopic fibers in scaffolds with significantly larger fiber diameter
and also bigger pore size for polyvinyl alcohol PVA nanofibers than for PVA nanofibers with liposomes (PVA + LIP) (mean = standard deviation).

Nanofiber scaffold Fiber diameter (nm) Pore size (pm?) Porosity Number of
measurements

PVA 285+91° 0.268+0.28" 0.249 670

PVA+LIP 258+79 0.206 £0.22 0.256 900

* p<0.001.

were left untreated. All lesions were sutured in the observed lay-
ers: the joint theca, muscles and subcutis using absorbable catgut,
the cutis with a non-absorbable material. The sutures in the cutis
were removed 12 days after the operation. All the animals received
preventive doses of antibiotics (Peni-Kel 300; 8000 1.U./kg b.w.) and
analgesics (Vetalgin inj. ad us. vet. - metamizolum; 30 mg/kg b.w.)
by intramuscular administration.

All animals were euthanized using a stun gun 12 weeks after
implantation of the scaffold. The femoral condyles, including the
site where the test item had been administered, were sampled
and fixed in 4% phosphate buffered formaldehyde for histological
examination.

2.8. Histology

The bones were decalcified with ethylenediaminetetraacetic
acid. Histological slides were made by a routine paraffin tech-
nique, and stained with haematoxylin and eosin (HE), a combined
staining technique using Alcian Blue at pH 2.5 followed by PAS-
reaction for mucosubstances, van Gieson stain, orcein, and the
Gomori method. In addition, we used immunohistochemical evi-
dence of type Il collagen using mouse monoclonal primary antibody
against type II collagen, clone II-1I6B3 (1:10 dilution), obtained
from Developmental Studies Hybridoma Bank, developed under
the auspices of the NICHD and maintained by the Department
of Biological Sciences, University of lowa, lowa City, 1A 52242;
visualization was performed with rabbit polyclonal secondary anti-
mouse horseradish peroxidase-labeled antibody (Sigma A 9004)
and a SIGMAFAST™ 3 3/-diaminobenzidine, followed by haema-
toxylin counterstaining. For the assessment, we used NIS Elements
AR 3.0 image analyzer software (Laboratory Imaging, Prague,
CR).

2.9. The histological and histochemical scoring system

The repairs to the osteochondral defects in all groups were
compared using a scoring system for histological and histochem-
ical results with a maximum of 24 points, modified from Susante
et al. (1999). One defect from each knee was analyzed statistically.
The blind analysis was performed by two of the authors of this
paper.

2.10. Histomorphometry

The measurement of all defects was performed according to
Filova et al. (2007), and the evaluation was performed according
to Breinan et al. (2001).

2.11. Statistical analysis

Quantitative data was presented as mean & SD (standard devia-
tion). A statistical analysis was performed using One Way Analysis
of Variance (ANOVA) and the Student-Newman Keuls Method. The
level of significance was set at 0.05.

3. Results

3.1. PVA nanofibers had a higher fiber diameter and higher pore
size than PVA nanofibers with liposomes

Small unilamellar phosphatidylcholine liposomes were pre-
pared, added to PVA solution and this blend was used for nanofiber
preparation. Notably, liposomes were assembled from 6% phos-
pholipids (Asolectin) in 100 mM phosphate buffer at pH 7.3, i.e.
without any encapsulated bioactive substance. Both pure PVA and
a PVA blend with liposomes (PVA+LIP) were successfully elec-
trospun, and nanofibers were formed. Photomicrographs from
SEM showed a submicroscopic fiber diameter with a higher pore
diameter (285+91nm, and 258 + 79 nm, respectively), and also
higher pore size (0.268 +0.28 um?, and 0.206 + 0.22 .m?) of PVA
nanofibers compared to PVA +LIP, and similar porosity (Table 1). In
addition, specific structures were seen on the surface of PVA +LIP

(Fig. 1).

3.2. Liposome-enriched nanofibers with encapsulated insulin and
bFGF showed controlled release of both growth factors, but
resulted in higher absolute release of insulin

Nanofibers either with or without incorporated liposomes were
incubated with insulin and bFGF, and the concentration of the
released growth factors was determined by sandwich ELISA. The
amount of encapsulated insulin was 145.98 w.g for PVA+LIP and
73.72 ng for PVA. The amount of encapsulated bFGF was 10.78 ng
for PVA+LIP and 11.1 ng for PVA. In the case of bFGF, the cumu-
lative release profile showed controlled release of bFGF from the
nanofibers both for PVA with incorporated liposomes (PVA +LIP)
and for PVA without incorporated liposomes (PVA); the curves of
bFGF for both PVA+LIP and PVA were nearly identical, therefore
they look like one curve (Fig. 2). The half-time of release was also
similar for both samples (7pya+yp=11.4 days, Tpya=11.6 days).
Similar absolute release of bFGF was also observed (10.78 ng for
PVA+LIP, and 11.1 ng for PVA).

In the case of insulin, the cumulative release profile showed
faster release than for bFGF. However, the cumulative release
profiles for samples with and without liposomes were also simi-
lar (Tpya+pp =5.2 days, Tpya =5.7 days). Interestingly, the absolute
release profile of PVA nanofibers with liposomes showed a signifi-
cantly higherrelease of insulin (PVA + LIP = 146 pg) than the sample
without incorporated liposomes (PVA=73.7 ug).

3.3. Both in the MTT assay and in confocal microscopy, growth
factor-enriched PVA nanofibers with liposomes showed improved
cell viability

Throughout the experiment, PVA+LIP 1% GF nanofibers that
were cultured in the medium with 1% FBS displayed signif-
icantly higher absorbance in MTT than the same nanofibers
without growth factors (PVA +LIP 1%), and also significantly higher
absorbance in MTT than pure nanofibers cultured in the medium
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Fig. 1. Scanning electron microscopy of nanofibers.

Scanning electron microscopy of polyvinyl alcohol nanofibers with incorporated liposomes (PVA +LIP) (A) and pure PVA nanofibers (PVA) (B) showed submicroscopic fibers
of large diameter and large pore size in the PVA scaffold. The round patches may be survived intact incorporated liposomes, or bulges of polymer.

Fig. 2. Release of growth factors from nanofibers.

The cumulative release of both bFGF and insulin showed no significant changes between pure PVA nanofibers (PVA) and PVA with incorporated liposomes (PVA+LIP);
however, the insulin release rate was faster than the release rate of bFGF. The absolute release of bFGF showed no changes between PVA and PVA +LIP. The absolute release

of insulin from PVA +LIP was significantly higher than the release of insulin from PVA.

with 10% FBS (PVA 10%). Moreover, on day 1, absorbance of PVA
10% was significantly higher than that of PVA +LIP 1% (Fig. 3).

Confocal microscopy photomicrographs showed that a small
number of cells were adhered to all scaffolds. However, on day 1
there was a higher number of cells, and, on day 7, better cell viabil-
ity was seen on the PVA +LIP 1% GF scaffold than on PVA 10% and
PVA+LIP 1% (Fig. 4).

3.4. Nanofiber-enriched composite gel produced slightly
improved viscoelastic properties

Fig. 5 presents illustrative examples of loading diagrams of
selected samples of various materials. For each sample, the impact
energy of the loading and the initial thickness of the samples are
presented. The hysteresis curves characterize the internal damping
of the material.

In addition to the curves of the compressive forces and the
corresponding compression displacements, we also evaluated the
developments of tangent Young’s modulus vs. compression strains
(see Fig. 6). The tangent Young’s modulus must be expressed as the

Fig. 3. MTT assay.

MTT assay showed significantly higher viability of chondrocytes seeded on polyvinyl
alcohol scaffolds modified with growth factor-enriched liposomes (PVA + LIP 1% GF)
than on other scaffolds, e.g. the control scaffold without GF (PVA +LIP 1%), both were
cultured with 1% fetal bovine serum (FBS), and on the control pure PVA nanofibers
cultured in the presence of 10% FBS (PVA 10%).
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Fig. 4. Confocal microscopy of MSC-seeded nanofibers.

Cells adhered on scaffolds 1 day after seeding were stained using mouse monoclonal antibody against 3-actin, followed by goat anti-mouse AlexaFluor 488 secondary
antibody (A, B, C) and visualized by confocal microscopy. On day 1, higher densities of MSCs were observed on the PVA scaffold modified with growth factor-enriched
liposomes (PVA +LIP 1% GF) (B) and on the control pure PVA (PVA 10%) (C) cultured in either 1% or 10% of foetal bovine serum (FBS), respectively compared to PVA with
liposomes without growth factors (PVA +LIP 1%) (A) that was cultured in a medium with 1% FBS. On day 7, live/dead staining (D, E, F) showed viable MSCs on the PVA +LIP
1% GF (E), while only a few solitary cells were observed on the PVA +LIP 1% scaffold (D) and on the PVA 10% scaffold (F) (Obj. 20, magnification x2, bar=50 pm).

value defined as the slope of the tangent line to the compressive
force vs. displacement or alternatively strain diagram. The error
variances were estimated taking into account possible experimen-
tal errors in determining the initial thickness of the sample, as well
as the impact velocity and the position of the mechanical contact
at the beginning of the loading. The initial mechanical contact of
the pendulum weight and the tested sample is strongly affected
by any irregularity of the contact surface, so the reading begins
at the defined preload force (0.3 N). Precise determination of the

Fig. 5. Dynamic loading diagram of artificial cartilage materials.

Typical dynamic loading diagrams of artificial cartilage material substitutes, such as
fibrin, composite scaffold consisting of hyaluronate, type I collagen, fibrin (compos-
ite scaffold), and both scaffolds containing the same amount of nanofiber pieces as
was used in a pig study (e.g. 1 x NF fibrin or 1 x NF composite scaffold), at the defined
impact energy W for different samples thickness t. The hysteresis curves character-
ize the internal damping of the material. The fibrin gel based materials show less
stiffness.

beginning of sample loading (see Fig. 5) was the main factor in the
uncertainty.

As the impact energy has to be damped, the stiffness values,
and consequently the tangent modulus of elasticity values, must
show a significant increase in the higher range of the graphs, par-
ticularly for higher impact energies. After statistical treatment, a
comparison of the composite scaffold and the fibrin gel showed
that the composite scaffold and the fibrin gel with added nanofibers
seem to be slightly stiffer, and with a higher Young’s modulus,
than the fibrin gel or the composite scaffold without nanofibers.
Although the stiffness of the fibrin gel with a small concentration

Fig. 6. Young’s modulus course in artificial cartilage materials.

The courses of tangent Young's modulus development vs. strain for articular
cartilage substitutes fibrin gel, composite hyaluronate/type I collagen/fibrin gel
(composite scaffold) and the same scaffolds containing the same amount of
nanofibers that were used in a pig study (1x NF Fibrin, 1x composite scaffolds)
as a substitute for articular cartilage. Typical curves are drawn which statistically
represent nearly mean values obtained as the average of several samples of the same
material. The estimated error variance band is plotted for each type of material.
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Table 2

Thermogravimetric measurement of the water content (w/w) of four different
hydrogel samples: fibrin gel, composite type I collagen/hyaluronate sodium/fibrin
gel (Composite gel), composite gel containing nanofibers from polyvinyl alcohol
(PVA composite gel), and composite gel containing PVA nanofibers with liposomes
(PVA +LIP composite gel). The measurements showed a significantly higher water
content in the PVA composite gel than in the other scaffolds (mean + standard
deviation).

Hydrogels Water content (%)
Fibrin gel 87.4+0.2
Composite gel 87.8+0.44

PVA composite gel 89.7+0.2"
PVA+LIP composite gel 87.5+0.42

* p<0.001.

of nanofibers (1x NF Fibrin) is not far from the stiffness of the pure
fibrin gel, and the same is true also for the nanofiber composite
scaffold compared to the scaffold without nanofibers, there is a
detectable enhancement in stiffness. Thus nanofibers can play a
significant role in the mechanical properties of the material. This
suggests that the desirable biomechanical properties can proba-
bly be improved considerably by adding more nanofibers into the
fibrin.

3.5. Liposome-enriched nanofibers decreased the water content
both in PVA nanofiber-enriched fibrin and in a composite scaffold

Dry PVA and PVA +LIP nanofibers contained a similar amount
of free adsorbed water on the scaffold surface (4.6 +£0.9% in PVA,
and 4.8 +£0.8% in PVA +LIP). However, at temperatures higher than
100°C, the maximum weight loss was observed at 150°C. The
maximum weight loss that corresponds to the amount of immobi-
lized water was significantly higher in PVA than in PVA +LIP (PVA
8.6 +0.1%, PVA+LIP 4.0 £ 0.1%).

All hydrogels showed considerable weight loss even at a
low temperature. However, a significantly higher water content
was measured in the PVA composite gel (e.g. containing PVA
nanofibers without liposomes) than in the other hydrogels -
fibrin, hyaluronate sodium/type I collagen/fibrin composite scaf-
fold (Composite scaffold), and PVA+LIP composite scaffold (e.g.
containing PVA nanofibers with liposomes) (Table 2).

3.6. Histology

3.6.1. Scaffold group

The scaffolds were implanted into osteochondral defects
8mm in width and 2.7+0.9mm in depth in a load-bearing
part of the right lateral femoral condyle. A thin acellular layer
(0.056+0.005 mm in width) was found on the borders of the
defects. The regeneration of osteochondral defects was character-
ized by the regular formation of isogenic rows of chondrocytes near
the bases of the defect with a mean length of 0.58 +0.23 mm, and
by differentiation towards cartilage. In the central or upper part of
the defects, chondroblasts were present (Fig. 7A and C).

In the upper half of the defect, fibrocartilage was found with
occasional dense irregular connective tissue on the surface of the
defect. Neither an inflammatory reaction nor osteophyte formation
was observed in the regenerated cartilage.

At first, the differentiation was accompanied by vascularization,
but no blood vessels were found in the deeper part of the defects. In
the upper parts of the defects, fine granular or fibrous intercellular
material and also some small blood vessels were observed.

The acellular zone and the cartilage at the borders and in the
middle part of the defects were predominantly alcian blue-positive
in all repaired defects. In all animals, the basal zone was pre-
dominantly alcian blue-positive; moreover, in two animals, weak

PAS-positive staining was observed in the basis. The fine granular
material was PAS-positive, while the fibrous surface zone showed
weak PAS-positive staining (Fig. 7C).

The zone at the border of the extracellular matrix between the
normal adjacent cartilage and the newly formed fibrocartilage was
found to be type II collagen positive (Fig. 7G). However, the adja-
cent cartilage and the new fibrocartilage were found to be negative.
Positive staining of type Il collagen was also found in the dense col-
lagenous layer on the surface of the defect (Fig. 7E) as well as in the
wall of the vessels and/or near the vessels.

3.6.2. Control group

A total of 16 defects were introduced in the medial and lateral
condyles of eight minipigs. The depth of the osteochondral defects
measured in the photomicrographs was 3.6 £ 1.2 mm. An acellu-
lar zone 0.07 4 0.03 mm in width was found on the borders of the
defects. In nine defects, the regeneration was characterized by dif-
ferentiation to fibrocartilage or irregular dense connective tissue
with isogenic rows of chondrocytes of 0.1 + 0.1 mm in mean length
situated at the borders of the defect (Fig. 7B and D); the regen-
eration was rarely accompanied by bone trabecules, or even by
osteophyte formation with an inflammatory reaction in the basis
of the defect. The differentiation was predominantly accompanied
by vascularization; however, some vessels revealed signs of the
fibrinoid necrosis. Five defects were only partially covered by a
thin layer of connective tissue with isogenic rows of chondrocytes
0.02 +0.03 mm in length.

Large deposits of alcian blue-positive material were found
around cells and fibers in the upper part of the defects; only
faint PAS-positive staining was observed in the surface layer. The
fine granular material was also PAS-positive, but only faint PAS-
positivity was observed in the basal layer in the axis of the defects
(Fig. 7D).

Type II collagen staining was positive in the transition zone
between the newly formed tissue and the adjacent cartilage; the
chondrocytes near the border of the adjacent cartilage were also
positive. Moreover, in the vascularized defects, the extracellular
matrix of the fibrous tissue around the vessels was positive (Fig. 7F
and H).

3.7. Histological and histochemical score

The scaffold group showed a significantly higher histological
and histochemical score than the control group (score for the scaf-
fold group: 18 &2, score for the control group: 12 + 3, mean and
standard deviation) (Table 3). Improved properties of the newly
formed tissue were observed in the nature of the predominant tis-
sue (except for Bonding to the Adjacent Cartilage) and also in the
properties of the adjacent cartilage.

3.8. Histomorphometry

In the scaffold group, the predominant tissue of the defect
was fibrocartilage (66.8 4+ 23.6%), while in the controls the dense
irregular connective tissue (63.7 &+ 24%) was predominantly found
in the defects. In the scaffold group, a significantly higher amount
of fibrocartilage and a significantly lower amount of dense irregular
connective tissue were measured than in the controls (Table 4).

4. Discussion

4.1. A novel drug delivery system based on the intake effect of
liposomes encapsulated in PVA nanofibers

Phospholipid liposomes are known as a well-described drug
delivery system (Levchenko et al., 2012; Ulrich, 2002). Clearly,
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Fig. 7. Histological evaluation.

Histology of the osteochondral defect of the scaffold group treated with hyaluronate/type I collagen/fibrin composite gel with polyvinyl alcohol nanofibers enriched with
liposomes, bFGF, and insulin (A, C, E, G) and untreated controls (B, D, F, H) 12 weeks after implantation using HE staining (A, B), Alcian blue staining and PAS-reaction at pH
2.5 (C, D), and immunohistochemical staining using monoclonal antibody against type II collagen (E-H). The repaired tissue in the scaffold group contained differentiated
chondrocytes, which were randomly organized within mostly fibrocartilage or hyaline cartilage containing high amounts of GAGs (C) and type II collagen (E, G). Type II
collagen shows strong diffuse positivity in the upper part of the repaired tissue (E); strong positivity of the tissue can be seen at the edge of the proliferating cartilage growing
into the bone (F-H). Magnification: x100 (A-D), x200 (E, F), x400 (G, F), bar=100 pm (A-D) and 50 wm (E-H).(For interpretation of the references to color in this figure

legend, the reader is referred to the web version of the article.)

liposomes with an appropriate membrane lateral pressure have
a prospective to accommodate both polar and hydrophobic com-
pounds, due to the polar heads and hydrophobic fatty acid chains
of phospholipids (Konopasek et al., 1995). Moreover, the aqueous
liposomal core is an ideal microenvironment for accumulation and
traffic of polar compounds. We have shown that a system of this
kind can retain and accumulate compounds that can bind to or pen-
etrate through a lipid bilayer. Taking advantage of these special
properties, we have developed a drug delivery system based on a
soaking effect of PVA nanofibers enriched with liposomes.

The electrospinning process resulted in the formation of sub-
micrometer fibers. The round patches present in the liposome
nanofiber picture (Fig. 1) may be survived intact incorporated
liposomes, or bulges of polymer formed due to Raleigh instabil-
ity. Fibers with embedded liposomes were smaller in mean size,
which is preferable for cell adhesion. However, the process also
resulted in small pore size, which is associated with lower pene-
tration of cells to the scaffold (Pham et al., 2006). We have recently
reported that electrospinning resulted in the survival of at least 40%

of intact liposomes in a PVA blend and the incorporation ratio of
phospholipids into nanofibers prepared by blend electrospinning
was 57.14+5.8% (w/w) (Mickova et al., 2012). The high crosslink-
ing temperature (135°C) can degrade liposomes; however, our
aim was to modify the character of PVA nanofibers, which are
highly hydrophilic. The process enriched the fibrous mass with
phosphatidylcholine membranes, changed the hydrophilic charac-
ter of nanofibers into more hydrophobic, and moreover, decreased
the water content both in PVA nanofiber-enriched fibrin and in
a composite scaffold. This type of system has different physical
and chemical properties, which are associated with altered drug
delivery potential.

4.2. Time-controlled release of insulin and bFGF improved MSC
viability in vitro

Non-modified PVA nanofibrous scaffolds are highly hydrophilic
(Liu et al., 2010). Clearly, the hydrophilic character of the PVA scaf-
fold and its high water uptake contribute to successful wound
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Table 3

Histological and histochemical scoring system, modified from van Susante et al.
(1999); growth factor-modified scaffolds implanted in osteochondral defects (Scaf-
folds) achieved a significantly higher score than untreated defects (Controls).

Scaffolds Controls
Nature of predominant tissue
Cellular morphology (I)
Hyaline articular cartilage 4) o0 0
Incompletely differentiated (2) 6 4
Dense connective tissue and bone 0) 1 4
Alcian blue staining of the matrix (II)
Normal or near normal 3) 3 0
Moderate 2) 4 4
Slight (1) o 4
None 0) o 0
Structural characteristics
Surface regularity (III)
Smooth and intact 3) 5 0
Superficial horizontal lamination 2) 2 5
Fissures, 25-100% of the thickness (1) o 3
Severe disruption or fibrillation 0) o 0
Structural integrity (IV)
Normal 2) 2 0
Slight disruption, including cysts (1) 5 5
Severe disintegration 0) o 3
Thickness (V)
100% of normal adjacent cartilage 2) 7 3
50-100% of normal cartilage (1) o 5
0-50% of normal cartilage 0) o 0
Bonding to the adjacent tissue (VI)
Bonded at both sides and subchondral bone 2) 2 7
Bonded partially (1) 5 1
Not bonded 0) o 0
Freedom from cellular changes of degeneration
Hypocellularity (VII)
None 3) 3 0
Slight 2) 4 4
Moderate (1) o 3
Severe (0) o 1
Chondrocyte clustering (VIII)
None 2) 5 3
<25% of cells (1) 2 3
25-100% of cells 0) o 2
Freedom from degenerative changes in adjacent cartilage (IX)
Normal cellularity, no clusters, normal 3) 1 0
staining
Normal cellularity, mild clusters, moderate 2) 5 2
staining
Mild or moderate hypocellularity, slight (1) 1 6
staining
Severe hypocellularity, poor or no staining 0) o 0

healing (Liu et al., 2010). Semi-solid or gel PVA was successfully
tested for sustained release of local anesthetic lidocain (McCarron
etal,, 2011), or gentamycin (Hwang et al., 2010). We tested a novel
composite system of PVA nanofibers functionalized with phos-
phatidylcholine liposomes in vitro for drug uptake and release.

Table 4

A histomorphometric evaluation of defects showed a significantly higher amount
of fibrocartilage and a significantly lower amount of dense irregular connective
tissue in osteochondral defects with growth factor-modified composite type I col-
lagen/hyaluronate sodium/fibrin gel with liposomes (Scaffolds) than for untreated
defects (Controls).

Hyaline Fibrocartilage Dense connective
cartilage (%) (%) tissue (%)
Scaffolds 7.8+6.7 66.8+23.6" 25.3+26.7
Controls 9.3+12.6 285427 63.7+24
" p<0.05.

Insulin comprises polar areas and non-polar areas (Blundell et al.,
1971), and was reported to interact with phosphatidyl choline
bilayers (Wiessner and Hwang, 1982). In addition, insulin distri-
bution was reported to be higher among unsaturated hydrocarbon
chains of phospholipids than among saturated chains (Schwinke
etal.,, 1983).

Insulin was therefore selected as a model drug for probing the
availability of liposomal membranes embedded in nanofibers for
the interaction with proteins. By contrast, bFGF was selected as a
growth factor that was not reported to interact with phosphatidyl
choline membranes. Our data showed that the presence of lipo-
somes in the blend did not affect the cumulative release either
of bFGF or of insulin. However, the absolute amount of adsorbed
insulin was significantly higher for liposome-enriched nanofibers
than for pure nanofibers. No such difference was observed in the
case of bFGF. This kind of difference could be very useful in tis-
sue engineering, and in a general drug delivery system. The system
enabled longer release than the liposomal system proposed by Park
etal., who reported initial burst release of 34-46% insulin in 30 min,
and the slower release of 48-73% insulin from PEGylated lipo-
somes, and the release of 55-100% insulin from plain liposomes
over 72 h (Park et al., 2011b). Additionally, the growth factors were
immobilized on the scaffold and were thus prevented from wash-
ing out from the injury site. In fact, insulin- and bFGF-enriched
PVA nanofiber with embedded liposomes significantly increased
the MSC viability in our in vitro experiment (Figs. 3 and 4).

4.3. Nanofibers functionalized with liposomes improved the
mechanical characteristics of a composite gel scaffold

In order to test the performance of the system in vivo, we
developed a composite gel functionalized with liposome-enriched
nanofibers. The composite gel, however, is characterized not only
by interesting drug uptake and release properties, but also by suit-
able biomechanical parameters for the construction of artificial
cartilage. An optimal gel from the biomechanical point of view
for osteochondral application still remains to be developed. Sev-
eral gels prepared in various laboratories have been characterized
by impact energy dissipation comparable to that of native carti-
lage (see e.g. Handl et al., 2010; Kerin et al., 1998). However, the
mechanical stiffness and/or the Young’s modulus of these mate-
rials has remained insufficient and in need of improvement. Our
advanced nanofiber scaffold enriched with growth factors had a
positive effect on cell recruitment and differentiation, and the addi-
tion of nanofibers also improved the mechanical properties of the
composite gel. Adding nanofibers into the fibrin gel and also into
the composite scaffold can improve the mechanical stiffness, and
can in this way enhance the biomechanical properties almost to the
parameters of the native articular cartilage. This effect can probably
be explained by the effect of dispersed fiber reinforcement similar
to that of the native material.

4.4. Growth factor-enriched cell-free PVA-liposome composite
stimulated MSC recruitment from bone marrow in vivo

The in vitro findings on the growth factor release, cell culture,
and biomechanics of the composite gel-nanofiber system were
confirmed in our in vivo experiment. Functionalized nanofibers
were cut into small pieces 1 x 2 mm in size. These particles served
as a reservoir of continuously released growth factors, which sub-
sequently diffused into the surrounding fibrin scaffold. Although
the in vitro release rate for insulin was faster than for bFGF,
90% of the insulin was released within 9 days, and the absolute
release was higher in liposome-containing nanofibers (PVA +LIP)
than in pure PVA (Fig. 2). Our advanced nanofiber composite scaf-
fold with attached liposomes enriched with growth factors was able
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to enhance regeneration of the defect toward mostly fibrocartilage,
while untreated defects were only partially filled with mostly dense
irregular connective tissue. This advanced scaffold was shown to
be a control drug delivery system preserving or prolonging the
biological activity of the growth factors. The liposome-enriched
nanofiber composite gel from hyaluronate/type I collagen/fibrin
without cells suppressed the inflammatory reaction and the for-
mation of osteophytes, and simultaneously stimulated the basis
of the osteochondral defect into differentiation toward hyaline
cartilage and/or fibrocartilage. The effect of the composite gel
may have been positively influenced by hyaluronate, which had
previously been reported to decrease hyluronate/fibrin gel degra-
dation, and to enhance chondrocyte differentiation (Park et al.,
2009). Hyaluronic acid had a more complex effect on cell behavior,
probably also improving cell migration, proliferation and differ-
entiation in addition to its effect on the viscoelastic properties of
the scaffold. Moreover, type I collagen was able to improve the
biomechanical properties of the composite scaffold (Filova et al.,
2008).

Several techniques for stimulating bone marrow stem cell
recruitment and/or migration into defects, e.g. microfracture
and mosaicplasty, have been used in treating small chondral or
osteochondral defects. However, predominantly dense irregular
connective tissue or fibrocartilage were found to be formed.
Unfortunately, the bone marrow stimulation techniques were less
successful in patients over the age of 40 (Shapiro et al., 1993;
Buckwalter and Lohmander, 1994). Cartilage regeneration can be
improved by applying artificial scaffolds seeded either with chon-
drocytes or with mesenchymal stem cells (van Susante et al., 1999;
Solchaga et al., 1999; Hunziker, 2001; Dorotka et al., 2005; Haleem
etal.,, 2010). However, autologous chondrocyte and stem cells have
shortcomings that hamper their use in clinical practice. Firstly, they
need two surgeries that are demanding for patients. Secondly, the
amount and also the quality of the available cells decreased with
age (Leong and Sun, 2011), and, thirdly, cell cultivation requires a
special cultivation system that raised the cost of the procedures.
There are also problems associated with legal issues.

Cell-free approach based on platelet-rich fibrin glue has already
been reported (Haleem et al., 2010; Kuo et al., 2011). However, the
rapid degradation of growth factors in fibrin and also the insuf-
ficient biomechanical properties of fibrin limit the regenerative
capacity of the scaffold.

In accordance with our observation, cell-free fibrin-containing
TGF-B1 encapsulated in liposomes provided better cartilaginous
tissue formation than TFG-1 freely distributed in a fibrin gel
(Hunziker, 2001). Growth factors encapsulated in liposomes or
even bound to their surface are probably less susceptible to degra-
dation. The composition and the biomechanical properties of the
scaffold, and also the reservoir of growth factors enabling the con-
trolled release of growth factors, are essential.

In conclusion, all this data supports the possible application of
our composite scaffold containing nanofibers with liposomes func-
tionalized with growth factors as a potential material for healing
osteochondral defects. This advanced gel can be used for both cel-
lular and acellular applications.
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