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Abstract Bone tissue engineering is an alternative approach
to bone grafts. In our study we aim to develop a composite
scaffold for bone regeneration made of doped zirconium
oxide (ZrO2) conjugated with poly(lactic-co-glycolic acid)
(PLGA) particles for the delivery of growth factors. In this
composite, the PLGA microspheres are designed to release a
crucial growth factor for bone formation, bone morphoge-
netic protein-2 (BMP2). We found that by changing the
polymer’s molecular weight and composition, we could con-
trol microsphere loading, release and size. The BMP2 released
from PLGA microspheres retained its biological activity and
increased osteoblastic marker expression in humanmesenchy-
mal stem cells (hMSCs). Uncapped PLGAmicrospheres were
conjugated to ZrO2 scaffolds using carbodiimide chemistry,
and the composite scaffold was shown to support hMSCs
growth. We also demonstrated that human umbilical vein
endothelial cells (HUVECs) can be co-cultured with hMSCs
on the ZrO2 scaffold for future vascularization of the scaffold.
The ZrO2 composite scaffold could serve as a bone substitute
for bone grafting applications with the added ability of releas-
ing different growth factors needed for bone regeneration.
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Bone tissue engineering

1 Introduction

Bone is a dynamic tissue with the ability to heal and repair
without scaring. Nevertheless, in cases of delayed union or
large non-healing fractures resulting from trauma, tumors,
infections or congenital abnormalities, bone graft procedures
are required (Braddock et al. 2001). Current treatments for
bone loss are autograft procedures, allograft procedures or
bone graft substitutes such as metals and ceramics (Mourino
and Boccaccini 2010; Porter et al. 2009). Such procedures
are limited due to restricted availability and have high rates
of complications such as donor site morbidity, pain, deep
infections, hematomas, inflammations, and immune rejec-
tion (Khan et al. 2008; Salgado et al. 2004).

Bone tissue engineering, involving scaffolds, cells and
growth factors, has emerged as an alternative approach to
bone grafting that could overcome the above mentioned
problems. Scaffolds for tissue engineering should be porous,
three-dimensional, biocompatible and provide an environment
that enables cells to proliferate and function. Moreover, bone
graft substitutes should be osteoconductive, osteoinductive,
easy to use and cost effective (Salgado et al. 2004). The use
of different scaffold materials for bone tissue engineering has
been reported: ceramics, polymers and their composites
(Salgado et al. 2004). Composite scaffolds have the advantage
of being osteoconductive, due to the ceramic component, while
enabling a sustained release of growth factors from the poly-
meric component. Another key element in bone tissue engi-
neering is the cell sources that are associated with bone forma-
tion as well as vascularization of the construct. Bone marrow
derived mesenchymal stem cells (MSCs) are the main cell
source utilized clinically and experimentally for bone
tissue formation (Colnot 2011). MSCs are multipotent non-
hematopoietic cells capable of self-renewal. Under appropri-
ate conditions, MSCs have the capacity to differentiate into
cells of different lineages including bone (Barry et al. 2001;
Caplan 2007; Karp and Leng Teo 2009). MSCs are found
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primarily in bone marrow but they have also been isolated
from adipose tissues, peripheral blood and umbilical cord
blood (Caplan 2007; Rosada et al. 2003). MSCs can easily
be isolated from patients and cultured in vitro; they are also
hypo immunogenic (Dominici et al. 2006). Other cells such as
endothelial cells, also suggested as precursors for scaffold
vascularization, which also affects bone tissue regeneration
and may be a limiting factor for appropriate bone formation
(Grellier et al. 2009; Lovett et al. 2009; Rouwkema et al.
2008). Often, to pre-vascularize bone tissue constructs, endo-
thelial cells are co-cultured in vitro with bone cells or
osteoprogenitor cells such as MSCs (Grellier et al. 2009;
Kaully et al. 2009). Other studies initiated vascularization by
adding growth factors that stimulate endothelial cell recruit-
ment and proliferation (Chen et al. 2007; Richardson et al.
2001).

The last key element required for successful bone tissue
engineering is growth factors. Growth factors expressed
during fracture healing, have been studied and it is believed
that the factors may serve as signaling agents that enhance
bone formation in the tissue-engineered construct. One
such important group are bone morphogenetic proteins
(BMPs)—members of the transforming growth factor-β
superfamily, with an important role in cell growth and bone
formation (Lieberman et al. 2002; Reddi 1998). BMPs play a
critical role in bone healing, as they are important regulators of
MSC proliferation and osteogenic differentiation (Groeneveld
and Burger 2000; Reddi 1998). Among the BMP family,
BMP2 is one of the most potent osteoblastic differentiation
inducers of mesenchymal progenitor cells and is clinically
approved for the treatment of fractures and spinal fusions
(Haidar et al. 2009; Xiao et al. 2007). BMP2, however, is a
very expensive protein and a delivery system with local
and sustained release will allow usage of lower amounts
of BMP2.

PLGA-copolymers made of poly(lactic-co-glycolic acid),
particles are extensively used for the delivery of proteins,
drugs, and other factors such as cytokines and hormones
(Benny et al. 2005; Joki et al. 2001; Kim et al. 2003;
Mullerad et al. 2000). PLGA was approved by the FDA for
drug delivery devices and is being studied extensively for
use in other applications including cardiovascular diseases,
cancer, vaccines and tissue engineering (Jain 2000; Lu et al.
2009). The advantages of PLGA particles are their technical
versatility, biocompatibility and biodegradability (Berkland
et al. 2003, 2002; Johansen et al. 1998). Various parameters
such as polymer composition, size or surface properties can
be customized to achieve different loadings and distinct
polymer erosion profiles in order to control the release of
encapsulated therapeutics (Vasir and Labhasetwar 2007;
Walter et al. 2001, 1999).

In the current work we propose to improve zirconium
oxide (ZrO2) scaffolds for bone tissue engineering by

conjugating PLGA microspheres that contain BMP2. The
ability to engineer bone tissue is studied by culturing
hMSCs, evaluating the biological activity of the released
BMP2, and co-culturing hMSCs and HUVECs as a first step
towards a vascularized bone construct.

2 Materials and methods

2.1 Preparation of PLGA microspheres

PLGA microspheres were prepared using the double-
emulsion-solvent-extraction- technique. Briefly, 200 mg
PLGA (Lactel®, Birmingham, AL) of various molecular
weights (low MW-I.V:0.26–0.54 dL/g, medium MW-I.V:
0.55–0.75 dL/g, high MW-I.V: 0.95–1.20 dL/g) with a
50:50 lactic acid-to-glycolic acid ratio were dissolved in
dichloromethane (BioLab®, Lawrenceville, GA). An aque-
ous solution (0.1 ml) containing protein, ribonuclease-I as a
model protein or BMP2 (0.01–1 mg) in phosphate buffered
saline was emulsified into the dissolved polymer using
ULTRA-TURRAX® (IKA, Staufen, Germany) homogenizer
at 12,000 rpm for 1 min on ice. The primary emulsion (W/O)
was then emulsified into 1.5 ml of a 1 % (w/v) aqueous
solution of polyvinyl alcohol (PVA) (Sigma-Aldrich™, St.
Louis, MO) in DDW using homogenization at 6,000 rpm for
30 s on ice to form a multiple emulsion (W/O/W). The
resulting emulsion was mixed with 50 ml of a 0.1 % (w/v)
aqueous solution of PVA and stirred at room temperature for
5 min. Afterwards, 50 ml of a 0.1 % (w/v) PVA aqueous
solution with 20 % iso-propyl-alcohol were added, and the
solution was stirred for 30 min. The formed particles were
recovered by centrifugation at 1,000 rpm and washed three
times. Particles were re-suspended in water, lyophilized
(Edwards™, Crawley, UK) and stored under desiccant con-
dition at −20 °C.

2.2 PLGA particle morphology and size analysis

PLGA particle surface morphology and shape were studied
using a Quanta 200 scanning electron microscope (FEI™,
Hillsboro, OR). Average size and size distribution was de-
termined by a laser diffraction particle size analyzer LS230
(Beckman Coulter Inc., Brea, CA).

2.3 Protein loading efficiency

Protein loading efficiency was determined by hydrolyzing
10–20 mg of loaded PLGA microspheres in 0.1 N NaOH.
The total loading of ribonuclease-I and BMP2 in the micro-
spheres was determined using the microBCA protein assay
kit (Pierce™, Rockford, IL) and BMP2 Elisa detection kit
(Peprotech Inc., Rocky Hill, NJ), respectively. The loading
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efficiency was calculated as follows: the total protein loading
amounts measured divided by the initial protein amount used
for microsphere preparation.

2.4 Protein release kinetics from PLGA particles

The release of ribonuclease-I and BMP2 from PLGA micro-
spheres was studied by incubating microspheres in PBS
buffer (pH 7.4) at 37 °C with agitation for 4 weeks. At
different time points, the upper medium was collected and
replaced with fresh PBS and protein release was determined.
Ribonuclease-I concentration was determined using the
microBCA kit (Pierce™) and the BMP2 concentration was
determined using BMP2 Elisa detection kit (Peprotech Inc.).

2.5 Cell culture

Human umbilical vein endothelial cells (HUVECs) were
isolated from the lumen of the vessel wall using 1 mg/ml
collagenase-I (Sigma-Aldrich™) for 30 min as previously
described (Dahan et al. 2012). Human bone marrow derived
MSCs (Lonza™, Basel, Switzerland) and HUVECs were
cultured in alpha-MEM (Biological Industries™, Beit
Haemek, Israel), supplemented with 5 ng/ml basic fibroblast
growth factor (bFGF). Medium was supplemented with 10%
fetal bovine serum (Biological Industries™, Beit Haemek,
Israel), 1 % Pen-Strep® (Invitrogen™, Carlsbad, CA), and
0.4 % Fungizone® (Invitrogen™). Osteoingenic differentia-
tion was induced by cultivation in DMEM with D-glucose
1,000 mg/lit, L-glutamine, 0.05 mM ascorbic acid-2-
phosphate, 10 mM β-glycerophosphate, and 0.1 μM dexa-
methasone (all purchased from Sigma-Aldrich™). Cultures
were maintained at 37 °C in a humidified incubator with
5 % CO2.

2.6 Biological activity of BMP2 released from PLGA
microspheres

The biological activity of BMP2 released from the micro-
spheres was evaluated using light microscopy and a real-time
reverse-transcriptase polymerase chain reaction (real-time
RT-PCR). For these studies, four experimental groups were
investigated: I- hMSCs cultivated with microspheres loaded
with 10 μg BMP2, II- and III- hMSCs cultivated without
microspheres and hMSCs cultivated with empty micro-
spheres made of capped PLGA (negative controls) and IV-
hMSCs supplemented with 100 ng/ml free BMP2 (positive
control). Changes in cell morphology and calcium deposi-
tion of differentiated hMSCs in comparison to undifferenti-
ated hMSCs were followed for 12 days post cultivation using
light microscopy (Eclipse TE 2000-S, Nikon, Tokyo, Japan)
and the von Kossa staining method, respectively. When
staining for von Kossa, cells seeded on cover slips were

fixed with 4 % paraformaldehyde (PFA, Sigma-Aldrich™)
for 30 min at room temperature, washed and incubated with
1 % silver nitrate (Carlo ERBA, Milan, Italy) for 20 min
under UV light. Thereafter, samples were washed again,
dehydrated through graded alcohol (70 %, 96 %, 100 %,
each for 1 min), cleared in xylene and imaged using Eclipse
TE 2000-S. Changes in the gene expression profiles of
hMSCs were evaluated by real-time RT-PCR. After 14 days
of culture, mRNA was isolated using Tri-Reagent (Sigma-
Aldrich™) and 1 μg of total RNA was reverse transcribed
using the VersoTM cDNA kit (Thermo Scientific Inc.,
Waltham, MA). Subsequently, cDNA was amplified using
the Power SYBER® Green PCR Master Mix (Applied
Biosystems™, Foster City, CA). The reaction was moni-
tored using the 7300 Real-Time PCR System (Applied
Biosystems™). Expression levels of the genes of interest
(collagen-I, alkaline phosphatase, osteonectin, osteocalcin,
bonesialoprotein) were normalized to the hGAPDH house
keeping gene. Primers used for amplification of cDNA
include:

& Collagen-I:

forward: 5′-CTGGCCTCGGAGGAAACTTT-3′
reverse: 5′-GGAAATTCCTCCGGTTGATTT-3′

& Alkaline phosphatase:

forward: 5′-TTCCTGGGAGATGGGATGG-3′
reverse: 5′-TTGTGGTGGAGCTGACCCTT-3′

& Osteonectin:

forward: 5′-TGAGGACAACAACCTTCTGACTG-3′
reverse: 5′-ATCTTCTTCACCCGCAGCTT-3′

& Osteocalcin:

forward: 5′-CAAAGGTGCAGCCTTTGTGT-3′
reverse: 5′-GCGCCTGGGTCTCTTCACTA-3′

& Bonesialoprotein:

forward: 5′-GAGGAAGCAATCACCAAAATGA-3′
reverse: 5′-TGAGAAAGCACAGGCCATTC-3′

& GAPDH:

forward: 5′-CATGTTCGTCATGGGTGTGAA-3′
reverse: 5′-GTGCAGGAGGCATTGCTGAT-3′

2.7 Cell cultivation on ZrO2 scaffolds

hMSCs or HUVECs (3 104 cells/scaffold) were drop-wise
seeded on pre-wetted ZrO2 scaffolds (Sponceram®, Zellwerk,
Eichstädt, Germany) in 24-well tissue culture plates and
allowed to adhere for two hours. Scaffolds were then trans-
ferred to six-well tissue culture plates and growth medium
was slowly added to each well. Cell viability on the
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scaffolds was followed using AlamarBlue® cell viability
assay (AbDserotec™, Oxford, UK) according to manufac-
turer’s protocols. Three hours post incubation the fluorescence
of 100 μl samples from each well was read using the Synergy
HT Multi-Mode Microplate Reader (BioTek™, Winooski,
VT) and fluorescence values were translated into cell number
using a calibration curve.

2.8 Osteogenic differentiation of hMSCs on ZrO2 scaffolds

ZrO2 scaffolds seeded with hMSCs in standard growth me-
dium or in osteoinductive growth mediumwere cultivated on
ZrO2 scaffolds for 60 days and then fixed with 4 % PFA
(Sigma-Aldrich™) for 30 min at room temperature, stained
with 0.01 mg/ml FITC-phalloidin (Sigma-Aldrich™) and
0.5 μg/ml DAPI (Sigma-Aldrich™) in PBS. Scaffolds were
imaged with the LSM 700—Inverted confocal microscope
(Zeiss, Oberkocahen, Germany). Mineralization was evalu-
ated using the von Kossa staining protocol. Fixed scaffolds
were incubated with 1 % silver nitrate for 20 min under UV
light. Scaffolds were washed twice with DDWand incubated
with 5 % thiosulfate for 5 min at room temperature. Scaffolds
were then dehydrated through graded alcohol (70 %, 96 %,
100 %, each for 1 min) and cleared in xylene.

2.9 Co-culture of hMSCs and HUVECs on ZrO2 scaffolds

For the co-culture experiments, hMSCs were seeded and
cultured until cell number has reached 3 105 cells per scaffold,
as determined by the AlamarBlue® assay (AbDserotec™).
HUVECs expressing green fluorescent protein (GFP) were
then seeded in a 1:1 ratio with hMSCs. After 30 days of co-
culture on the ZrO2 scaffolds, cells were fixed with 4 % PFA
(Sigma-Aldrich™) for 30 min at room temperature, perme-
abilized with 0.1 % Triton-X-100 (Merck, Whitehouse
Station, NJ) in PBS for 15 min at 4 °C and stained with
50 μg/ml propidium iodide (BD, Franklin Lakes, NJ).
Scaffolds were imaged with the LSM 700 – Inverted confocal
microscope (Zeiss, Oberkocahen, Germany).

2.10 Production of a composite scaffold

ZrO2 scaffolds were pre-wetted in HEPES/NaOH buffer
(pH 7) for one hour. Subsequently, the scaffolds were
washed and 10 mg of microspheres made of uncapped
PLGA (50:50) with a molecular weight of 0.55–0.75 dL/g
were added to each scaffold with 1 mM Sulfo-EDC (Sigma-
Aldrich™) and 30 μM NHS (Sigma-Aldrich™) in
HEPES/NaOH buffer (pH 7). After 3 h, scaffolds were
washed extensively in DDW for the removal of unattached
microspheres. ZrO2 scaffolds and composite scaffolds were
imaged using a scanning electron microscope Quanta 200
(FEI™).

3 Results

3.1 Microsphere size and surface morphology

The shape and surface morphology of PLGA microspheres
after freeze-drying was analyzed using scanning electron
microscopy. PLGA particles had a spherical shape with a
smooth surface area (Fig. 1a). The average size and size
distribution of microspheres prepared from PLGA polymers
differing in their molecular weights were determined using a
laser diffraction instrument. All microsphere preparations
had a narrow size distribution and the average particle diameter
increased as the molecular weight of the polymer increased
(Fig. 1b).

3.2 Microsphere loading and release profile

The effect of the polymer molecular weight and the initial
protein loading on the loading efficiency was studied first on
a model protein, ribonuclease-I, which resembles BMP2 in
its molecular weight and isoelectric point. As seen in Fig. 2a,
the loading efficiency increased when using polymers with
higher molecular weights. However, increasing the initial
loading of ribonuclease-I from 0.1 mg to 1 mg led to a
decrease in the loading efficiency from 93 % to 54 %, re-
spectively (Fig. 2b). All preparations were characterized by a
burst release during the first days of the release. However,
microspheres prepared with a low molecular weight polymer
had a burst release of ~80 %, which was reduced to 50 %
when using high molecular weight PLGA (Fig. 2c).

3.3 BMP2 loading and release kinetics

PLGA microspheres prepared from medium MW (0.55–
0.75 dL/g) copolymers with ester end groups (capped) had
a better BMP2 loading efficiency than PLGA microspheres
composed of copolymers with acid end groups (uncapped,
Fig. 3a). Microspheres prepared with capped PLGA micro-
spheres had a smaller protein burst release (26 %) than
uncapped PLGA microspheres (49 %, Fig. 3b). The effect
of adding polyethylene glycol (PEG) to the internal phase
was also tested, as it is known to limit penetration of protein
to the interfacial film of the primary water-in-oil emulsion,
which should result in a reduction of the burst release.
However, the addition of PEG400 did not change the burst
release of the protein (~50 %, Fig. 3b). All preparations
exhibited a burst release after 1 day and complete release
of BMP2 was achieved within 2 weeks of incubation.

3.4 Bioactivity of BMP2 released from PLGA microspheres

The biological activity of BMP2 released from microspheres
composed of capped PLGA with a medium MW (0.55–
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0.75 dL/g) was evaluated using light microscopy and von
Kossa staining. For these studies, hMSCs were cultivated
with PLGA microspheres for 12 days and the effect of the
released BMP2 on cell morphology and calcium deposition
was studied (Fig. 4). Undifferentiated hMSCs incubated
without microspheres (negative control) proliferated in a
well-organized pattern exhibiting elongated morphology
and no calcium deposit. In contrast, hMSCs cultivated with
free BMP2 (positive control) added to the growth medium
grew in clusters and black dots indicative of calcium de-
position were observed. hMSCs cultivated with empty mi-
crospheres had an elongated morphology, similar to the

undifferentiated hMSCs, while hMSCs cultivated with micro-
spheres loaded with BMP2 had also grown in clusters and
showed light calcium deposition similar to the positive con-
trol. Real time RT-PCR analysis of hMSCs cultivated with
BMP2-loaded microspheres for 2 weeks demonstrated in-
creased expression levels of the collagen-I and osteonectin
genes, which are indicative of osteogenic differentiation
(Fig. 4c). Osteonectin was significantly increased compared
to the positive control and empty microsphere groups.
Alkaline phosphatase, bonesialoprotein and osteocalcin genes
were not induced by free BMP2 or BMP2 released from
PLGA microspheres.

Fig. 1 Morphology and size of
PLGA particles. Scanning
electron microscopy image of
PLGA particles (a). The effect of
the PLGA molecular weight
(low: 0.26–0.54 dL/g, mid: 0.55–
0.75 dL/g, high: 0.95–1.20 dL/g)
on the diameter distribution of
the PLGA particles (b). Diameter
was calculated as percent of
particle volume in the sample

Fig. 2 Encapsulation efficiency
and release kinetics of
ribonuclease-I from PLGA
particles. Encapsulation
efficiency of ribonuclease-I in
particles with different PLGA
molecular weights (low: 0.26–
0.54 dL/g, mid: 0.55–0.75 dL/g,
high: 0.95–1.20 dL/g) (a) and
initial protein loadings (b).
Cumulative release of
ribonuclease-I from particles
made with different PLGA
molecular weights (low: 0.26–
0.54 dL/g, mid: 0.55–0.75 dL/g,
high: 0.95–1.20 dL/g) (c) (n=3)
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3.5 hMSCs osteogenic differentiation on ZrO2 scaffolds

hMSCs were cultivated on ZrO2 scaffolds for 60 days in an
undifferentiating growth medium or in an osteoinductive
medium. As seen by confocal microscopy, the undifferenti-
ated cells (Fig. 5a) grew extensively and filled the scaffold’s
pores, while in the same period of time osteogenic-induced
cells only grew on the pores’ surface (Fig. 5b). Von Kossa
staining performed on scaffold-seeded cells revealed high
mineralization of the scaffold cultivated with osteogenic-
induced hMSCs (Fig. 5d, indicated by brown coloring) in
comparison to scaffolds cultivated with undifferentiated
hMSCs (Fig. 5c).

3.6 Co-culturing hMSCs and HUVECs on ZrO2 scaffolds

Cultured hMSCs proliferated rapidly on ZrO2 scaffolds for
the first 3 weeks, reaching steady-state growth around
3.5 105 cells per scaffold (Fig. 6a). In contrast, HUVECs
alone did not survive on ZrO2 scaffolds (Fig. 6b). However,
hMSCs seeding and culturing on ZrO2 scaffolds 2 weeks
prior to the seeding of HUVECs expressing GFP enabled the
growth and proliferation of HUVECs-GFP over a period of a
month (Fig. 6c).

3.7 Production of a composite ZrO2 scaffold and hMSCs
cultivation

Scanning electron microscopy was used to study the surfaces
of ZrO2 scaffolds and composite scaffolds (Fig. 7a and b).
Carbodiimide chemistry was used to create the composite
scaffold in which PLGA microspheres are seen (Fig. 7b).
Cell growth of hMSCs cultivated on the composite scaffolds
had a slower initial growth rate compared to hMSCs grown
on ‘clean’ scaffolds; however, after 3 weeks cell density
was similar, fluctuating around 3.0·105 cells per scaffold
(Fig. 7c).

4 Discussion

Bone tissue engineering is an alternative approach for the
treatment of delayed union or non-union fractures.
Engineering a three-dimensional substitute for bone tissue
regeneration is a multi-step process that needs to take into
consideration cell and scaffold parameters. For a tissue to be
fully constructed, one also needs vascularization and growth
factors such as BMP2 that will enhance proper bone forma-
tion. In this study we demonstrate the use of PLGA micro-
spheres as a BMP2 delivery system that can be incorporated
into ZrO2 scaffolds used for bone regeneration.

In our experiments we succeeded in producing spherical,
non-porous and micro-sized PLGA particles that can be
loaded with the desired protein. The size, encapsulation
efficiency, and release kinetics of the delivery system have
an important effect on the total dose and duration of protein
release. These parameters are affected by the protein’s parti-
tion coefficient, the polymer’s molecular weight, and the
initial loading of the protein. To optimize these parameters,
we used capped PLGA polymers (ester end-group) and
ribonuclease-I as a model protein, given that it has a similar
isoelectric point and molecular weight as our target protein,
BMP2, and it is more affordable. Using a higher molecular
weight PLGA polymer resulted in particles with increased
size, increased encapsulation efficiency, and reduced burst
release, which is in line with previous work (Hamishehkar
et al. 2009; Viswanathan et al. 1999). The higher molecular
weight PLGA probably created a more viscous primary
emulsion, which can better sustain the homogenization
forces, hence yielding larger microspheres (Mehta et al.
1996; Mohamed and van der Walle 2008). Additionally,
lower molecular weight polymers are more soluble in the
organic phase, leading to longer solidification time, resulting
in increased diffusion of the protein in the non-solidified
matrix. The increased diffusion facilitates the extraction of
the protein to the surface of the microspheres and into the
continuous aqueous phase (Mehta et al. 1996; Yeo and Park

Fig. 3 Encapsulation efficiency
and release kinetics of BMP2
from PLGA particles. BMP2
encapsulation efficiency in
capped and uncapped PLGA
particles (a). Cumulative release
of BMP2 from capped PLGA,
capped PLGAwith the addition
of PEG400, or uncapped PLGA
(b). Preparations were made with
PLGA of 0.55–0.75 dL/g
molecular weight of and a
lactide-to-glycolide ratio of
50:50 (n=3)
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2004). The lower molecular weight preparations also had a
smaller particle size, resulting in a higher ratio of surface area
to volume, thus increasing the protein diffusion (Allison
2008; Yeo and Park 2004). The last parameter affecting the
encapsulation efficiency, which we tested, is the initial pro-
tein concentration used for loading the PLGA particles. Our
results show that when the protein concentration was in-
creased, the loading efficiency decreased dramatically. It
may be that for each protein, there is a maximal amount of
protein that could be entrapped in the PLGA microspheres
depending on the protein partition coefficient and size.

After optimizing the microencapsulation process with a
model protein, BMP2 encapsulation efficiency and its re-
lease kinetics were studied. In this set of experiments parti-
cles prepared with capped (ester end-group) and uncapped
(carboxylic end-group) PLGA polymers were studied. These
two types of polymers were investigated because one of our
approaches to incorporating the microspheres into the ZrO2

scaffolds is based on carbodiimide chemistry, which in-
volves the reaction of a carboxylic group. Using capped
PLGA led to high encapsulation efficiency (94 %), similar
to previously reported studies (Isobe et al. 1996; Kempen

Fig. 4 Biological effect of BMP2 released from PLGA particles on cell
morphology (a) and calcium deposition (b) on hMSCs. Light micros-
copy images of hMSCs cultivated for 12 days with growth medium
(negative control), growth medium supplemented with 100 ng/ml
BMP2 (positive control), growth medium with empty microspheres
(Empty MS), and growth medium with BMP2 loaded microspheres

(BMP2 MS). mRNA expression levels of collagen-I, osteonectin, alka-
line phosphatase (ALP), bonesialoprotein (BSP) and osteocalcin in
MSCs (c). The results are calculated as the mRNA level for each
treatment group normalized to GAPDH, divided by the mRNA level
of undifferentiated hMSCs (negative control) (n=3)
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et al. 2008; Kempen et al. 2009; Lochmann et al. 2010; Ruhe
et al. 2003). On the other hand, the use of the uncapped
polymer resulted in reduced encapsulation efficiency
(24.6 %) and a higher burst release (49 %) compared to the
capped polymer preparations (26 %). This finding could
indicate that hydrophobic interactions are the dominate
forces between the BMP2 and the polymer, as polymers with
ester end groups are capable of more hydrophobic interac-
tions, also leading to slower water penetration, resulting in
slower diffusion of the protein. In contrast to our results,
Ruhe et al. and Li et al. demonstrated a burst release of less
than 5 % using similar polymer composition (Li et al. 2009;
Ruhe et al. 2003). In the latter studies, however, a carrier
protein was used and only 18 % of the encapsulated protein
was released over 4 weeks. Aiming to decrease the burst
release, we added PEG to the internal phase during prepara-
tion of the primary emulsion, in order to limit protein pene-
tration to the interfacial film of the primary water-in-oil
emulsion, thus decreasing protein anchorage to the polymer
layer (Dorati et al. 2005; Pean et al. 1999). Unfortunately, the
addition of PEG400 to the preparation with an uncapped
PLGA polymer did not lead to a decrease in the burst release.
These results are in line with Kang et al. who also added PEG
to the microsphere preparation and demonstrated an increase

in the burst release that was attributed to the porous mor-
phology of the microspheres produced with PEG (Kang and
Singh 2001).

The PLGA microsphere preparation procedure involves
the use of organic solvents and mechanical forces, which
may affect the activity of the encapsulated protein.
Therefore, we studied the biological activity of the released
BMP2 from the microspheres. Our results clearly demon-
strate that BMP2 retained its biological activity and hMSCs
cultivated with BMP2-loaded microspheres showed a dis-
tinct morphology and grew in clusters similarly to hMSCs
cultivated with free BMP2. These results are supported by
Rodrıguez et al. who reported that osteogenic differentiation
of hMSCs was accompanied by considerable alterations in
morphological and cytoskeletal organization when cultured
in an osteo-differentiation medium (Rodriguez et al. 2004).
After 2 weeks of cultivation with the BMP2-loaded PLGA
microspheres, the hMSCs showed increased expression levels
of the collagen-I and osteonectin genes—indicative of osteo-
genic differentiation. Nevertheless, other osteogenes such as
osteocalcin, alkaline phosphatase and bonesialoprotein were
not induced by free BMP2 or BMP2 released from PLGA
microspheres. It is possible that the cultivation time was not
sufficient to induce changes in the expression levels of these

Fig. 5 Osteogenic
differentiation of hMSCs on
ZrO2 scaffolds. Fluorescent
micrographs of hMSCs (a)
and osteogenic induced hMSCs
(b). Cell nuclei marked with
DAPI (blue) and actin fibers are
marked with phalloidin-FITC
(green). Von Kossa staining of
c hMSCs and d osteogenesic
induced hMSCs after 60 days of
cultivation on ZrO2. Brown color
indicates calcium deposition
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genes or that the expression of different genes is elevated
during the first days of cultivation and then decreases to
control levels. This hypothesis is supported by previous stud-
ies demonstrating that the expression levels of these genes,
aside from the collagen-I gene, are time dependent (Frank
et al. 2002; Jaiswal et al. 1997; Shea et al. 2003; Suck et al.
2007). A study by Shea et al. showed that addition of BMP2
resulted in high levels of collagen-I throughout the entire
cultivation period, while the level of osteocalcin was elevated
on day 10, and the level of osteocalcin was elevated on day 2
and 16 (Shea et al. 2003). Studies also showed that alkaline
phosphatase levels increased in the first days and then de-
creased to control levels (Frank et al. 2002; Jaiswal et al. 1997;
Suck et al. 2007). Finally, we addressed the growth of cells on
the ceramic ZrO2 scaffold and the release of BMP2 from the
PLGA particles added to the scaffold. The ceramic ZrO2

scaffolds possess a macroporous structure connected via mi-
cro porous channels, resulting in a large surface area enabling
cell adherence, growth and extracellular matrix production. In
our studies, osteogenic-induced hMSCs showed high miner-
alization of the scaffold by deposition of calcium, although
their growth rate was slower in comparison to the undifferen-
tiated hMSCs, which grew extensively and filled the scaf-
fold’s pores. In contrast, the ZrO2 scaffold did not support

HUVEC growth and proliferation. This observation may con-
sistent with the fact that HUVECs need an appropriate matrix
in order to adhere and proliferate (Deb et al. 2010; Thimm
et al. 2008). In addition, many biomaterials are pre-coated
with fibronectin, laminin, gelatin or collagen, which enhance
HUVEC viability (Deb et al. 2010; Thimm et al. 2008). As we
did not want to alter the ZrO2 scaffold or composition, we
addressed this problem of enhancing HUVEC viability and
proliferation by pre-culturing the scaffolds with hMSCs. The
rationale behind this was that the hMSCs cultured on the ZrO2

scaffolds would secrete an extracellular matrix that may sup-
port the adherence and proliferation of HUVECs. In addition,
it is well known that osteoblastic and osteoprogenitor cells
secrete VEGF (vascular endothelial growth factor), which is a
potent angiogenic growth factor that stimulates endothelial
cell proliferation (Rouwkema et al. 2006; Rouwkema et al.
2008; Santos and Reis 2010). Co-culturing endothelial cells
with osteoblast cells is also known to stimulate vessel-like
structure formation, which were not formed in mono-cultures
of HUVECs, and that these co-cultures are superior in effec-
tive bone formation in vivo (Hofmann et al. 2008; Kim et al.
2008). Our co-culture experiments on the ZrO2 scaffolds
demonstrated that hMSCs succeeded in developing a sur-
rounding, which enhanced adherence and proliferation of

Fig. 6 Cell cultivation on ZrO2

scaffolds. Viability of hMSCs (a)
and HUVECs (b) cultured
on a ZrO2 scaffold (n=3).
Confocal micrographs of hMSCs
and HUVECs-GFP (green)
cultivated on a ZrO2 scaffold
for 30 days (c). Cells were
fixed and stained with
propidium iodide (red)
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HUVECs. Nonetheless, more studies focusing on the osteo-
genic differentiation potential of hMSCs, and vessel formation
by endothelial cells in the co-culture need to be pursued.

Finally, we addressed the importance of supplementing
the scaffold with appropriate growth factors, which can
enhance bone formation. Most polymer-ceramic composites
studied to date are based on ceramic particles that are added
to a polymeric scaffold or are laid on calcium phosphate
cements embedded with PLGA particles (Habraken et al.
2007). Polymeric scaffolds with added ceramic particles lack
mechanical properties, while calcium phosphate cements
embedded with PLGA particles show incomplete release of
the encapsulated therapeutics. In our work we aimed to
develop a composite scaffold, comprising a ZrO2 component
and a polymeric delivery component that can deliver the
required factors. Therefore, our approach was to incorporate
PLGA microspheres into the porous structure of ZrO2 scaf-
folds using carbodiimide chemistry. Scanning electron mi-
croscopy studies have shown that a large amount of micro-
spheres was introduced into the ZrO2 scaffold. However, the
microspheres’ morphology appeared to be altered by the
chemical reaction and the microspheres formed aggregates.
It is possible that the polymer’s carboxylic end groups
reacted with each other to create acid anhydrides. Another
possibility is that the polymer’s carboxylic end groups could

have reacted with amine groups of proteins located on the
surface of the microspheres. Nevertheless, the ZrO2 scaf-
folds and bone marrow-derived hMSCs demonstrate that
the composite scaffolds support cell growth and that the
favored surface properties of the scaffold, in respect to cell
adhesion and proliferation, were not affected by the modifi-
cation of the scaffold with PLGA microparticles. Moreover,
hMSCs demonstrated a rapid growth rate for the first
3 weeks, at which time it plateaued. These findings are in
contrast to Suck and Roeker et al., who observed a decrease
phase in the number of preosteoblastic cells after 2 weeks of
cultivation on ZrO2 scaffolds (Roeker et al. 2009; Suck et al.
2007). Our results also differ from Seebach et al., who
cultured hMSCs on six different scaffolds for bone regener-
ation, and showed that the number of hMSCs that adhered
remained constant over the 10 days (Seebach et al. 2010).

5 Conclusions

We have succeeded in developing a composite system that is
based on PLGA microspheres entrapping BMP2, integrated
into a ZrO2 scaffold. We have demonstrated that although
using harsh conditions for the preparation of PLGA particles,
the BMP2 released from PLGA microspheres retained its

Fig. 7 ZrO2 and composite
scaffolds and hMSCs cultivation.
Scanning electron microscopy
images of a ZrO2 scaffold (a)
and a composite ZrO2 scaffold
incorporated with PLGA
particles (b). Viability of
hMSCs seeded on ZrO2

scaffolds and composite
scaffolds over time (c) (n=3)
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biological activity and osteoblastic marker expression was
induced in hMSCs. The composite scaffold has the mechan-
ical properties of the ZrO2 scaffold and the PLGA particles
exhibit a full release of the growth factor, given that they
are not fully embedded within the ceramic component.
Nonetheless, further investigation of the osteogenic differen-
tiation of hMSCs cultivated on the composite scaffolds is
warranted. We successfully co-cultured hMSCs with endothe-
lial cells that could enable construction of a pre-vascular
network that will overcome limitations of nutrient and oxygen
diffusion into the scaffold. Positive results from future studies
will further confirm the potential of such composite scaffolds
for bone tissue regeneration.
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