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Abstract

The aim of this work was to study the bone repair induced by bone morphogenetic protein-2
(BMP-2), rat mesenchymal stem cells (rMSCs), and platelet-derived growth factor (PDGF-

BB) incorporated in a macroporous beta-tricalcium phosphate ($-TCP) system fabricated by
robocasting, and to identify the most beneficial combination in a critical rat calvaria defect. BMP-2
was formulated in microspheres to provide a prolonged, local concentration, whereas PDGF-BB,
which acts during the initial stage of defect repair, was incorporated in a thin layer of crosslinked
alginate. Approximately 80% of PDGF-BB and 90% of BMP-2 were released into the defect during
the first 2 d and 3 weeks, respectively. Histological analyses indicated a minor synergistic effect in
the BMP-2-MSC groups. In contrast, significant antagonism was found with combined BMP-2 and
PDGF-BB defect treatment. The high-grade repair induced by BMP-2 rules out any advantage from
combining BMP-2 with PDGF-BB or MSCs, at least with this scaffold and defect model.

1. Introduction

The use of autologous or allogenic bone grafts for
bone healing has drawbacks [1-3]. Bioactive systems
with three main components, i.e. a scaffold, cells,
and growth factors (GFs), have been proposed as an
alternative strategy. Key parameters to design and
fabricate functional, bioactive systems comprise the
composition, pore architecture (including porosity,
pore size, interconnectivity, and channel orientation)
[4-7], as well as the capacity for controlling GF release
[8]. However, conventional methods [8—11], such as
solvent casting/particulate leaching, melt molding,
and gas foaming, generally resultin non-homogeneous
structures with irregular pore shapes, insufficient pore
interconnectivity,and poor reproducibility. By contrast,
rapid prototyping (RP) techniques facilitate the
elaboration of different polymer and ceramic scaffolds
with varying geometries [12—-16]. In particular, the
direct-write assembly (robocasting) technique, applied
to develop the herein studied f-tricalcium phosphate
(B-TCP) system, permits obtaining structures with
well-defined and reproducible architectures with
improved porosity [17-20].

Pore sizes of less than 1 ym have been reported to be
essential for protein interactions and, therefore, scaffold
bioactivity. Pores in the range of 1-20 um allow cellu-
lar attachment and development, and pores wider than
100 um favor bone ingrowth and new vessel formation
[21,22]. Moreover, calcium phosphates provide Ca** as
well as PO*~ in the fracture environment, which may
promote tissue healing and new bone formation [23].
Compared to other calcium phosphates, f-TCP shows a
high resorption rate and biodegradability [24]. Scaffolds
are intended to substitute for the multiple functions of
the lost extracellular matrix (ECM). However, despite
their optimized structure, scaffolds fail to achieve the
molecular complexity and organization of native tissue
matrices. This flaw has led to scaffold improvement by
incorporating cells and signaling molecules that, in turn,
stimulate cell migration, proliferation, and differentia-
tion, all of which are essential for tissue development,
homeostasis, and repair. The implantation of such mes-
enchymal stem cell (MSC)-seeded, porous structures
into bone defects enhances tissue formation. MSCs are
capable of self-renewing and differentiating into osteo-
blasts [25]. Based on their role as signaling proteins in
bone healing, GFs contribute greatly to render bioac-
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tivity to supportive structures [26—28]. To date, only
bone morphogenic protein (BMP)-2 and BMP-7 are
in clinical use due to their osteoinductive capacity that
promotes differentiation of MSCs into osteoblasts and
ECM formation [26]. However, their short half-lives call
for alternative formulations to delay their degradation
and extend their active phase [29]. However, platelet-
derived growth factor (PDGF) has chemotactic and
mitogenic effects on osteoblast lineage cells and osteo-
blasts [27]. Thus, PDGF stimulates osteoblast prolifera-
tion and also differentiation. Moreover, PDGF is known
for its angiogenic effect through the upregulation of
vascular endothelial growth factor (VEGF) expression.
Because angiogenesis is critical in skeletal development
and bone fracture repair, PDGF may enhance bone
regeneration not only by attracting osteoprogenitor cells
and inducing their proliferation but also by stimulating
angiogenesis [30].

The overall objective of this study was to investi-
gate the local osteogenic effect of BMP-2, rMSCs, and
PDGEF-BB incorporated in a macroporous 3-TCP scaf-
fold designed to mimic the physiological GF delivery
sequence, and to identify the combination that best
regenerates an 8 mm critical-size rat calvariabone defect.
A -TCP scaffold with a predefined, porous, radial archi-
tecture was elaborated by robocasting, subsequently
loaded with BMP-2, incorporated in microspheres of
PLGA 75:25 as a sustained-release formulation, rMSCs
(rat MSCs), or both,and evaluated in terms of bone heal-
ing. In addition, the impact of the in vitro culture period
was studied by comparing 3 week rMSCs with overnight
cultures. Alternatively to the rMSCs, two distinct doses of
PDGF-BB and their combination with BMP-2 in micro-
spheres of PLGA 50:50 were evaluated. The PDGF-BB
was incorporated in a thin layer of crosslinked alginate,
which surrounded the scaffold for fast release.

Although calcium phosphates are widely used in
bone tissue engineering, the literature presents only few
studies on RP of scaffolds that support a physiological
bone regeneration process. In this study, both cells and
GFshave been incorporated into a scaffold fabricated by
robocasting. This scaffold provides controlled porosity
to enhance MSC differentiation into osteoblast. Beyond
that, the release rate of the two GFs was controlled to
imitate the physiological sequence. PDGF-BB was
included in an alginate film to make it available for the
initial step of the healing process. In contrast, BMP-2
was formulated in microspheres for prolonged release,
asitacts throughout the whole regeneration period.

According to the literature, this may be the first
study regarding a scaffold produced by robocasting
and loaded with a combination of cells and GFs that is
evaluated both in vitro and in vivo.

2. Materials and methods

2.1. System preparation
Robocast f-TCP scaffolds were purchased from and
made by Ceramics 3D LLC (Badajoz, Spain),according
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to our specifications. A fabrication process described
in the literature was applied [17, 18, 31, 32]. Briefly, a
robotic device was used to deposit layers of slurry to
form a mesh of ceramic rods via direct-write assembly.
According to the reports of the manufacturer [17, 18,
31,32], the procedure consists of depositing the slurry
(a stable suspension of calcium phosphate particles)
via a printing syringe into an oil bath. Subsequently,
the scaffolds are sintered at a pre-established
temperature.

The cylindrical scaffolds with an external diameter
of 8 mm and a central, round hole 3 mm in diameter
consisted of the described layers of -TCP rods (84 wt%
S-TCP and 16 wt% a-CPP [a-calcium pyrophosphate])
in alternating concentric versus radial patterns, which
led to highly regular macroporosity. The central scaf-
fold hole was filled with a cylindrical tablet of micro-
spheres.

BMP-2 (Biomedal Life Sciences, Sevilla, Spain) con-
taining microspheres of either PLGA 75:25 (Resomer®
RG7558S, Evonik, Germany) or PLGA 50:50 (Resomer®
RG504, Evonik, Germany) were prepared by the double
emulsion method as previously described [33]. Briefly,
180 g of rhBMP-2in 200 uL of 0.07% polyvinyl alcohol
(PVA) were vortexed with 2mL of a PLGA methylene
chloride solution (50 mgmL™"). Then, the emulsion
was poured into a 0.1% PVA (w/v) solution to evapo-
rate the organic solvent. Microspheres were collected by
filtration and lyophilized. The tablets were fabricated
by compressing a variable quantity of microspheres
(depending on the encapsulation efficiency) that con-
tained an effective amount of 6 ug of BMP-2, complete
with 15 mg with blank microspheres, at 37.5 MPa for
2 min using a Carver hydraulic press.

The scaffolds were coated with a thin layer of algi-
nate according to their experimental application (table
1). Thus, the scaffolds were immersed for 20 min in an
alginate solution (1.5% w/v) and the alginate was sub-
sequently crosslinked with CaCl, (0.75% w/v). Then,
CaCl, remains were removed in three wash steps of
10 min each and the scaffolds were freeze-dried. A few
minutes before implantation, the tablet was introduced
into the central hole and 250 ng or 500 ng of PDGF-BB
ina 12 uL solution (acetic acid 20 mM and BSA 0.1%)
was dropped inaliquots of 1.5 uL onto each of the eight
sections of the external structure (figure 1(a)).

S-TCP scaffolds filled with a tablet of microspheres
prepared with PLGA 75:25 were designated P-scaffolds.
Scaffolds coated with alginate and filled with a tablet of
microspheres of PLGA 50:50 were named AP-scaffolds.

2.2. System characterization

Microsphere size was assessed with a particle size
analyzer (Mastersizer 2000; Malvern Instruments).
Several batches of microspheres with BMP-2 were
prepared using '*I-BMP-2 to determine encapsulation
efficiency and to perform the in vivo release assays.
BMP-2 was labeled with '2°T according to the iodogen
method [34]. Briefly, 25 uL. of BMP-2 (1 mgmL™!) and
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Table 1. Experimental groups (9 rats each).

Group Comments

C Control group: empty defect

P-B* Blank group: blank system

P-BMP*P System with 6 ug BMP-2 in microspheres
P-MSC-O/N System seeded with 200000 cells, cultured overnight
P-MSC-3w System seeded with 200000 cells, cultured for 3 weeks

P-BMP-MSC-O/N
P-BMP-MSC-3w
AP-B?

AP-BMP*®
AP-MSC-O/N
AP-BMP-MSC-O/N
AP-PDGF-250"
AP-PDGF-500
AP-BMP-PDGF-250
AP-BMP-PDGF-500

System seeded with 200000 cells, cultured overnight, and 6 4g BMP-2 in microspheres
System seeded with 200000 cells, cultured for 3 weeks, and 6 g BMP-2 in microspheres
Blank group: blank system

System with 6 4g BMP-2 in microspheres

System seeded with 200000 cells, cultured overnight

System seeded with 200000 cells, cultured overnight, and 6 4g BMP-2 in microspheres
System with 250 ng PDGF-BB in the alginate layer

System with 500 ng PDGF-BB in the alginate layer

System with 250 ng PDGF-BB in the alginate layer and 6 4g BMP-2 in microspheres
System with 500 ng PDGF-BB in the alginate layer and 6 ug BMP-2 in microspheres

* Including 3 additional animals for in vivo system characterization.
" Including 5 additional animals for in vivo release assays.

10 4L of '%°INa (1 mCi) (Perkin-Elmer, Boston, MA),
adjusted to 100 L with 0.5M phosphate buffer, pH
7.0, were placed in a Pierce® pre-coated iodination
tube (Thermo Scientific, Rockford, IL). After 15 min
of incubation at room temperature and 120 rpm,
100 uL of saturated tyrosine solution in PBS was added
to eliminate the unreacted '*°I. Purification of the
reaction mixture was performed using a Zeba"" Spin
Desalting Column (Thermo Scientific) following the
manufacturer’s instructions. 2°I-BMP-2 labeling yield
and radiolabeling stability were checked by thin layer
chromatography as described previously [35].

125I_PDGE-BB (Perkin-Elmer) was used to deter-
mine the incorporation efficiency of the PDGF-BB in
the alginate film and to perform the in vivo release assay.

The specific surface area (BET area) of the exter-
nal phosphate structure of the P-scaffolds and AP-
scaffolds was assessed by nitrogen adsorption (Gemini;
Micromeritics, Norcross, GA).

Porosity (P) of the external phosphate and the tab-
let of microspheres were calculated separately using the
gravimetric method and equation (1):

P(%) = (1 - @) X 100 (1)
ptrue

where p,pp and pyre are the apparent and real densities
of the scaffolds or tablets, respectively. The p,p, of
each scaffold or tablet equals its total mass divided
by its total volume. The p,e was assessed by means
of a helium pycnometer (AccuPyc 1330 Pycnometer;
Micromeritics). Tablet porosity was also determined
by mercury intrusion porosimetry (Autopore IV
9510 Porosimeter; Micromeritics).

Morphology of the assembled system was observed
by stereo microscopy (Leica M205 C, Leica LAS, v.3
software) and scanning electron microscopy (SEM; Jeol

JSM-6300). Atomic force microscopy (AFM) operating
in tapping mode (Nanoscope IIIa; Digital Instruments
Veeco, Santa Barbara, CA) was used to scan the -TCP
surface and grain size distribution.

2.3. Cells: rat bone marrow stem cell isolation

Bone marrow rMSCs were obtained from femur and
tibiae bone marrow of 6 week-old male Sprague-
Dawley rats as described [36]. Whole bone marrow
was pooled and resuspended in Dulbecco’s minimal
essential medium with 4.5gL"~! glucose, 20% fetal
bovine serum (FBS), 50 UI mL™! penicillin, 50 ug mL™"
streptomycin, and 200 mM stabilized L-glutamine,
seeded on cell culture plastic, and incubated at 37°C
and 5% CO,. Cells were detached when confluent and
were frozen for later experimental use.

2.3.1. Cell seeding
Scaffolds were sterilized with UV light on both sides
for 30 min each and subsequently immersed for
5min in PBS to favor scaffold wettability. Thereafter,
scaffolds were placed in 48-well culture plates, seeded
with 2 x 10° rMSCs, and incubated for 2 h at 5% CO,
and 37 °C for cell attachment. Then, 1.5 mL of fresh
culture medium was added. Medium was changed
every 3 to 4d. According to the experimental groups
(table 1), cells were cultivated either overnight (O/N)
or for 3 weeks before implantation. After a rinse step
with PBS, scaffold-adhered cells were quantified by the
metabolic reduction of XTT (2,3-bis(2-methoxy-4-
nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl)]-
2H-tetrazolium hydroxide) (XTT colorimetric assay;
Roche, Madrid, Spain) at 492 nm (reference 690 nm).
To visualize viable cells, scaffolds were incubated
for 30 min in 500 L of 1 ugmL™! calcein AM (Fluka;
Sigma-Aldrich, Madrid, Spain) in PBS. After a wash
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Figure 1. f-TCP scaffold characteristics. (a) Stereo microscope images of the #-TCP scaffold indicating the eight sections where
the PDGF-BB droplets were placed. (b), (c) SEM images of the macropores and micropores of the external f-TCP structure. (d)—(g)
Parameters and image obtained by AFM: (d) nanoporosity; (e), (f) f-TCP grain height; and (g) intergrain distance. Scale bars:
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step, cells were observed with a Zeiss (Jena, Germany)
Axiovert40 CFL inverted microscope and photomicro-
graphs were taken with a Canon (Tokyo, Japan) Power-
Shot A620 digital camera.

2.4. Flow cytometry analysis

rMSCs were cultured on P-scaffolds and AP-scaffolds
in triplicate as described above. At each sampling time
point, cells were detached with 0.5mL of trypsine
for 8 min at 37 °C. Then, the cells were incubated at
4°C for 30 min with FITC mouse anti-rat CD45"
(BD Pharmingen), PE mouse anti-Rat CD90/Mouse

CD90.1™ (BD Pharmingen), and V450 hamster anti-
rat CD29™ (BD Horizon) antibodies. Subsequently,
cells were washed three times with 200 L of PBS
each and centrifuged at 4 °C for 8 min at 300g. Every
system was analyzed in triplicate with a Miltenyi Biotec
flow cytometer (Macsquant Analyser, Germany). An
aliquot of rMSCs from culture plastic (2D culture) was
analyzed as a control to scaffold-seeded cells.

2.5. Animal experiments
Male Sprague-Dawley rats weighing 250-300 g were
used in this study. All experiments were previously
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approved by the Ethics Committee for Animal Care
of the University of La Laguna and were performed in
conformity with the EC directive on Care and Use of
Animals in Experimental Procedures (2010/63/UE).
Experimental groups are detailed in table 1.

2.5.1. Surgical procedure

Surgical procedures were performed under aseptic
conditions as previously described [8]. A standardized,
critical, circular, transosseous defect of 8 mm in
diameter [37] was set in the crania of anesthetized
rats (ketamine 100 mgkg ™' and xylazine 10 mgkg ™).
First, buprenorphine (0.05 mgkg™') was administered
subcutaneously (SC) to reduce postsurgical pain. Once
the calvaria bone was exposed, the defect was created
withabone trephine bur under continuous saline buffer
irrigation. Then, the scaffold was inserted, the skin was
stapled, and 1 mL of saline solution was injected SC
to restore blood volume. Atipamezol (1 mgkg™") was
administered SC to reverse the anesthesia, and 12h
and 36 h later SC injections of buprenorphine were
administered.

2.5.2. In vivo release assay: 'I-BMP-2 and '*I-
PDGF-BB

125]_.BMP-2 and '»’I-PDGF-BB release kinetics were
monitored periodically by measuring the remains at
the calvaria defect using an external gamma counter
(Captus”; Nuclear Iberica) as previously described and
validated [38]. Briefly, the detector was placed onto the
defect site of sedated rats (Ketamine 75-100 mgkg ™)
and the remaining radioactivity was measured at
27keV.Readingat time point 0 was considered the given
dose (100%).

2.5.3. Scaffold evolution in vivo

A total of 12 rats were used to study the evolution of
the scaffold material after implantation. After 4 weeks,
three rats of each of the AP-B and AP-BMP groups
were sacrificed and the scaffolds were extracted.
Similarly, after 12 weeks, the scaffolds of three rats in
each of the P-B and the P-BMP groups were recovered.
The scaffolds were washed with Milli-Q water, the
central tablet was isolated, and both components
were freeze-dried. Gel permeation chromatography
was used to determine the weight-average molecular
weights (Mw) and polydispersity (pd) of the polymers.
A Waters” chromatograph equipped with a pump
(Model 510), Rheodyne injector, differential refraction
index detector (Model 410), and three columns
(Styragel® HR4, HR3, and HR1) was applied at 31 °C
for data acquisition using Waters Breeze software.
Polystyrene monodisperse standards (Tokyo Soda)
were used as references.

The empty phosphate external structure was ana-
lyzed before and after implantation by x-ray diffrac-
tion (XRD) (Phillips X’ pert automated diffractometer
using Cu Ka radiation at A = 1.5418 A) and compared
to native bone pattern.

Cdel Rosario et al

2.5.4. Histology, immunohistochemical and histomor-
phometrical evaluation

To determine the bone-regenerative effect of the
released rhBMP-2, PDGEF-BB, scaffolds seeded with
rMSCs, as well as their combinations, 15 groups of 9
rats each were examined at 4, 8, and 12 weeks post-
implantation (table 1).

Samples were fixed (10% formalin solution) and
decalcified in Histofix® Decalcifier (Panreac, Barcelona,
Spain) and prepared for histological analysis as previ-
ously described [39]. New bone formation was identi-
fied by hematoxylin-erythrosin staining. The degree
of new bone mineralization was assessed with VOF
trichrome stain, for which red and brown staining indi-
cates advanced mineralization, whereas less mineralized,
newly formed bone stains blue [40]. Sections were ana-
lyzed by light microscopy (LEICA DM 4000B). Com-
puter-based image analysis software (Leica Q-win V3
Pro-image Analysis System, Barcelona, Spain) was used
to histomorphometrically evaluate all sections per speci-
men. A region of interest (ROI) for quantitative evalua-
tion of new bone formation was defined as the area of the
tissue within the defect. The ROI consisted of a circular
region of 50 mm?, the center of which coincided with that
of the defect site. New bone formation was expressed asa
percentage of repair by applying equation (2)

new bone area

% repair = —— — X 100.
original defect area within the ROI
(2)

Neovascularization was quantified to determine
blood vessel density and vessel surface area within the
ROL. For this purpose, sections were immunolabeled
with an anti-von Willebrand factor polyclonal anti-
serum (1/50) (DAKO, Barcelona, Spain) as described
[39]. Reaction specificity was confirmed by replacing
the specific antiserum with normal serum. Blood ves-
sel density was expressed in absolute values and vessel
surface area in mm? based on the quantitative evalua-
tion of the ROL

Statistical analysis was performed with SPSS.19
software. We compared the distinct treatments at every
individual time point (4, 8 and 12 weeks) using the non-
parametric Mann—Whitney U-test. Significance was set
atp < 0.05.Results are expressed as means + SD.

3. Results

3.1. System characteristics
Size, weight, specific surface area (BET area), and
porosity of the external empty phosphate structure and
the central microsphere tablet are detailed in table 2.
The mean volume diameter of the PLGA 75:25
microspheres was 182.7 um. BMP-2 encapsulation effi-
ciency was 78.1 & 9%. The PLGA 50:50 microspheres
showed similar values; the mean diameter was 191.1 ym
and the encapsulation efficiency was 71.4 + 5.8%. The
incorporation efficiency of the PDGF-BB in the algi-
nate film was 95.4 + 6.0%.
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Table 2. Morphological and physical scaffold parameters.

External structure

External structure Internal 75:25 Internal 50:50

P-scaffold AP-scaffold tablet P-scaffold  tablet AP-scaffold
Porosity (%) (gravimetric method) 77.27 £ 0.02 76.55 + 0.02 28.35 + 0.02 20.95 + 0.02
Porosity (%) (mercury porosimetry) — — 23.6 21.6
BET area (m*g™?) 0.95 + 0.03 1.04 + 0.03 — —
Total pore volume of pores < 140nm (mm’g~!) 1.32 1.47 — —
Weight (mg) 44.59 + 4.82 46.70 + 0.53 14.6 + 0.25 14.6 + 0.5
Diameter (mm) 7.94 + 0.17 7.94 + 0.17 3.05 + 0.01 3.05 + 0.01
Internal hole (mm) 3.10 = 0.05 3.10 = 0.05 — —
Height (mm) 1.56 + 0.11 1.56 + 0.11 2.03 + 0.05 1.88 + 0.08

Scaffold macroporosity was visible to the naked
eye and is reflected in figure 1(b). Microporosity and
nanoporosity were detected by SEM (figure 1(c)) and
AFM (figure 1(d)), respectively. The height of the
p-TCP grains was 4.4 nm and the intergrain distance
was 27.4nm (figures 1(e)—(g))). The contribution of
pores smaller than 140 nm to the porosity was deter-
mined by nitrogen adsorption and is given in table 2.

3.2. Cell culture

Compared to the 2 X 10° initially seeded cells,
cell numbers on the external g-TCP structure
were 5 X 10* + 1.0 x 10* after O/N incubation,
2.8 X 10° + 0.2 X 10° after 3 weeks of culture, and
7 x 10* + 0.6 x 10* after O/N incubation of the
alginate film-coated scaffold. Calcein AM staining
revealed cell adhesion after O/N incubation (figure
2(a)). After 3 weeks, the macropores were completely
filled with cells, and cellular bridge formation between
the scaffold bars was clearly observable (figure 2(b)).

3.3. Flow cytometry

Flow cytometry analysis demonstrated that rMSCs
were mainly positive for CD90 and CD29 and negative
for CD45 as expected [41]. According to the data
obtained for these surface markers, rMSCs conserve
their monolayer phenotypein 3D conditions, regardless
of their time in culture and the type of scaffold (figure

2(0)).

3.4. Invivo GFreleaseassay

GF release from the implants was assessed at the defect
site by monitoring the remaining '>’I-BMP-2 of the
P-scaffolds and AP-scaffolds and the '°I-PDGF-BB of
the AP-scaffolds. We detected no difference between
the !2I-BMP-2 profiles of either type of scaffold
(figure 3). During the initial 24 h, approximately
1.8 ug of BMP-2 was released. After 3 weeks, almost the
total amount of BMP-2 had been delivered at a rate
of approximately 200 ngd™". In contrast, the PDGF-
BB adsorbed to the crosslinked alginate was released
rapidly, whereby 83% was released during the first 2 d.
Thereafter, the release rate declined and the PDGF-BB
was completely released within approximately 2 weeks
(figure 3).

3.5. Invivosystem degradation

The Mw of the remaining PLGA 75:25 (60 kDa)
microspheres at the defect site decreased to
approximately 16 kDa over the course of 12 weeks
(figure 3). In contrast, the resulting Mw of the PLGA
50:50 (50kDa) microspheres was approximately
8.7kDa after 4 weeks (figure 3). Thereafter, it was no
longer possible to collect PLGA 50:50 microspheres.
In contrast, the #-TCP scaffold conserved its chemical
composition. XRD patterns showed that the peak
height ratios between 27.8 and 31.07 and between
31.07 and 34.44 did not change with time. However, in
samples of the P-BMP group an increase of background
in the range of 30.85-35.17 was detected at 12 weeks,
which coincided with a broad peak observed in the
native bone sample (figure 4). These data supportbone
tissue formation within the 3-TCP scaffold.

3.6. Histological and histomorphometrical
evaluation

3.6.1. Histological evaluation

No orlittle tissue formation was observed in the control
(C) and blank (P-B and AP-B) groups (figures 5(a)—(f))
throughout the experimental period.

Four weeks post-implantation, there was a slight
increase in the degree of repair in the P-BMP group
(figure 6(a)), AP-BMP group (figure 6(b)), and their
combinations with rMSCs (P-BMP-MSC-O/N;, fig-
ure 6(c); P-BMP-MSC-3w, figure 6(e); AP-BMP-MSC-
O/N, figure 6(d)) compared to the rest of the experi-
mental groups. Mineralized, newly formed bone was
observed both in the phosphate zone of the scaffold and
in the central area (figures 6(d) and (e)). Detailed analy-
sisrevealed that much space was occupied by bone mar-
row (figure 6(f)). Furthermore, immature bone con-
taining abundant preosteoblast-like cells was observed
(figure 6(g)). However, a poor repair response was found
in most of the experimental groups with rMSCs (figure
7(a)),PDGF-BB (figure 7(b)),and PDGF-BB combined
with BMP (figure 7(c)). The modest quantity of newly
formed bone was poorly mineralized and located on the
peripheral area of the defect (figures 7(a)—(c)).

Eight weeks post-implantation, the AP-PDGF-250
(figure 8(a)), AP-PDGF-500 (figure 8(c)),and AP-MSC-
O/N (figure 8(e)) groups,as well as P-MSC-O/N (figure
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Figure 2. Representative fluorescence photomicrographs of calcein-stained rMSCs in P-scaffolds after overnight incubation (a) and
3 weeks of culture (b). Representative flow cytometry analysis of cell-surface markers in rMSCs cultured in plate (2D-culture), in the
P-scaffold overnight (P-MSC-O/N), in the AP-scaffold overnight (AP-MSC-O/N), and in the P-scaffold for 3 weeks (P-MSC-3w)
(c). The mean percentage of all cells from three independent experiments is shown in the table (d). Scale bars: (a), (b) =50 ym.
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Figure 3. Cumulative PDGF-BB and BMP-2 release profiles after implantation of the AP-scaffolds and P-scaffolds (1 =5). Inset:
progression of the weight-average molecular weight (Mw) of PLGA microspheres incorporated in AP-scaffolds and P-scaffolds

implanted in an 8 mm rat bone defect (n=3).
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Figure4. Comparison of the XDR pattern of the native calvaria bone with the patterns of P-scaffolds before implantation and after
extraction from the P-B and the P-BMP experimental group 4 and 12 weeks post-implantation.

8(b)) and P-MSC-3w (figure 8(d)) groups, showed a
slight increase in their repair responses at 4 weeks. Con-
versely, all groups with BMP-2 (figures 9(a) and (b))
and their combinations (figures 9(c)—(f)) had a signifi-
cantly enhanced repair response at 4 weeks. In addition,
immature bone was observed in the areas surrounding
the newly formed bone tissue. In the P-scaffold groups,
many PLGA 75:25 microspheres were still detectable in
the central defect area (figures 9(a), (c) and (e)).

At 12 weeks, while the blank defects remained
unchanged compared to those at 8 weeks (figures 5(e)

and (f)), the P-MSC-O/N (figure 10(a)) and P-MSC-
3w (figure 10(c)) groups showed a slight increase in
bone formation. In the AP-MSC-O/N group, the
increase in repair from weeks 8 to 12 was negligible
(figure 10(c)). The groups treated with BMP-2 and
their combinations with cells (P-BMP, figure 11(a);
P-BMP-MSC-O/N, figure 11(c); P-BMP-MSC-3w,
figure 11(e); AP-BMP, figure 11(b); AP-BMP-MSC-
O/N, figure 11(d)) exhibited an important increase in
bone formation. The repair in the BMP-MSC group
was to some extent more evident than that in the
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Figure 5. Representative photomicrographs of horizontal sections of calvaria defects in rats in the experimental groups P-B and
AP-Bat4 (a), (b),8(c),(d),and 12 (e), (f) weeks post-implantation showing little or no defect repair. The scaffold structure (a)—(f)
as well as the microspheres in one of the systems (a), (c), (e) were evident at all three time points. CT: connective tissue; f-TCP: beta-
tricalcium phosphate; Ms: microspheres; IB: immature bone; MB: mineralized bone. Scale bar = 1 mm.

BMP-2 group. However, after 8 weeks, the AP-scaf-
folds loaded with BMP-2 and either of the two doses
of PDGF-BB (AP-BMP-PDGF-250, figure 11(f); AP-
BMP-PDGEF-500, not shown) had generated similar
responses as observed in the AP-BMP and AP-BMP-
MSC-O/N groups (figures 11 (b) and (d)).

However, the degree of repair in groups AP-BMP-
PDGF-250 (figure 11(f)) and AP-BMP-PDGF-500
was substantially lower than in groups AP-BMP and
AP-BMP-MSC-O/N at 12 weeks (figures 11(b) and
(d)).Hence, the repair response with BMP-2 was lower
when combined with PDGF-BB than when applying
BMP solely (AP-BMP). In the groups with the low
repair response, the mineralized, newly formed bone
was only observed in the defect periphery, the outer
zone of the scaffolds, 8 and 12 weeks post-implantation.
On the contrary, defect areas of the groups with high-
grade repair were almost healed. The -TCP scaffolds
(P-scaffolds and AP-scaffolds) remained in the implan-
tation zone. No signs of scaffold fragment phagocyto-
sis were detected, although fragmentation and erosion
were observed in different zones of the phosphate
structure (figures 5-11). New bone filled virtually all
available space between the bars and covering all scaf-
fold surfaces, with the growing bone in intimate con-
tact with the phosphate structure (figure 11(g)) and the
central zone almost completely filled. Although some
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PLGA 75:25 microspheres still remained in the cen-
tral area (figure 11(g)), they were covered by growing
bone, which filled the spaces in between. In contrast,
remnants of PLGA 50:50 microspheres were observed
only 4 weeks post-implantation (figure 11(h)). Detailed
analysis revealed absence or only minor presence of
immature bone. In addition, normally distributed bone
marrow was observed between the bone trabeculae.
The analysis of transversal sections from animals
euthanized 12 weeks post-implantation showed little
or no bone formation in groups P-B and AP-B (figures
12(a) and (b)). There was newly formed bone through-
out the defect area in the groups with BMP-2 holding
scaffolds as well as groups BMP-MSC and BMP-PDGF-
BB (figures 12(c)—(f)). Mineralization in newly formed
bone was similar to that in host bone. In rats implanted
with P-scaffolds, bone thickness in the defect area was
greater than in the host bone, although much of the
space was occupied by the microspheres and the f-TCP
structure (figure 12(c)). However, bone thickness in
defects implanted with PA-scaffolds was similar to that
inthehostbone (figures 12(d)—(f)). Bone structure also
resembled that of the host bone with both types of scaf-
folds. Bone trabeculae were observed around the -TCP
fragments and the 75:25 microspheres in P-scaffolds
(figure 12(g)), and bone marrow was observed in the
fragment area of the AP-scaffolds (figure 12(h)).
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BMP-MSC-3w  BMP-MSC-O/N

Figure 6. Representative photomicrographs of horizontal sections of calvaria defects in rats in the experimental groups P-BMP
(a), AP-BMP (c), P-BMP-MSC-O/N (b), AP-BMP-MSC-O/N (d),and P-BMP-MSC-3w (e) showing differential degrees of repair

4 weeks post-implantation. (f), (g) Details at high magnification illustrate newly formed bone and bone marrow in the defect center
(f) and within the newly formed bone mineralized bone (red), and areas of immature bone (blue) with numerous preosteoblastic
cells (g). p-TCP: beta-tricalcium phosphate; Ms: microspheres; IB: immature bone; MB: mineralized bone; BMa: bone marrow;
POB: preosteoblastic cells. Scale bars = 1 mm (a)—(e), 200 ym (f), 100 ym (g).

3.6.2. Histomorphometrical evaluation

At 4 weeks post-implantation, histomorphometrical
analysis confirmed defect repair ranging from 10%
to 25% of the total area with significant differences
between both BMP-2 and its combinations with rMSCs
with respect to the rest of the groups (figure 13).

Eightweeks post-implantation, repair was less than
20% in the control and blank groups as well as in the
groups treated with PDGF-BB or rMSCs (both O/N
and 3 weeks), with no significant difference between
them (figure 13). The groups treated with BMP-2 or
BMP-2 combined with either PDGF-BB or rMSCs
exhibited defect repair of approximately 40%, repre-
senting a significant difference compared to the other
groups (figure 13).

Compared to 8 weeks post-implantation, the situ-
ation had not changed much after 12 weeks; grades of
repair in the control and blank groups (P-B and AP-B)
and groups AP-MSC-ON, AP-PDGF-250, and AP-
PDGF-500 were similar to those before then (figure 13).
However, defect repair with rMSC seeded P-scaffolds
gave rise to rates of approximately 40%, with signifi-
cant difference compared to both the control and blank
groups (figure 13). Groups treated with BMP-2 or its
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combination with rMSCs further increased their repair
rates (figure 13). Particularly, P-scaffolds loaded with
BMP-2 alone or in combination with rMSCs showed
defect repair of approximately 80%.

The vascularizing effect of PDGF-BB was studied
in the AP-scaffold. There was a moderate increase in
blood vessel density in the groups treated with PDGF-
BB or BMP-2 combined with PDGF-BB at either dose
throughout the whole experimental period. Particu-
larly at 8 weeks post-implantation, differences in blood
vessel density were significant compared to the control
and blank groups (figure 14(a)). There were no sig-
nificant differences in vessel surface areas within the
PDGEF-BB treated groups at any time point (figure
14(b)). Although the data suggested a tendency for
increased vessel formation between 4 and 8 weeks in
the groups treated with PDGF-BB and its combina-
tions, this did not seem to have any effect on the defect
repair rate.

4. Discussion

In this study, the robocasting method was used to
fabricate highly regular, macroporous f-TCP scaffolds
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for bone repair characterized by decreasing pore sizes
toward the internal zone.

MSC differentiation and proliferation of preosteo-
blastic cells have been reported to be highly suscepti-
ble by the pore geometry of a scaffold [42]. The thin
bars as well as the microporosity and nanoporosity
contributed to the increased specific surface area of the
B-TCP scaffolds and enhanced the contact area between
the material and the biological environment. In fact,
enhancement of cell interaction due to nanotopogra-
phy has been reported in previous works [43]. Perhaps
as a consequence, there was substantial cell viability on
the #-TCP scaffold material; rMSCs attached, spread,
and proliferated well on the scaffold surfaces. After 12 h,
calcein AM fluorescence images showed fully spread
cellsand relatively few round cells on the O/N scaffolds.
Cell survival in 3D constructs is limited by oxygen and
nutrient supply. However, the highly porous and inter-
connected structure of the scaffolds fabricated by robo-
casting favored cell adhesion and survival. High prolif-
eration and a resulting high cell density were observed
on the #-TCP scaffolds over the course of 3 weeks; the
rMSCs had generated bridges between the pore-form-
ing bars. Virtually all the pore space was occupied by
cells. In addition, analysis of cell surface markers sug-
gested that the phenotype did not alter during culture
time.

There has been a lively interest in determining the
optimum material pore size and structure. On the
whole, most studies agree with a pore diameter in the
range of 100-1000 ym [44-46], the necessity of inter-
connected pores, and interconnections of more than
approximately 50 ym [47] to allow for tissue ingrowth
and formation. Bohner and Baumgart [48] found that
a pore diameter in the range of 200—-800 xm is optimal
but that this optimum depends on the size and type
of bone to be substituted. The herein presented data
demonstrate that the pore size of 450—-850 ym together
with the high pore interconnectivity of the f-TCP scaf-
fold were appropriate for in vitro cell cultures. However,
the - TCP scaffolds barely stimulated cells in vivo, as
they did notinduce a response in the blank groups. The
repair induced by the seeded rMSCs was only evident in
the groups P-MSC-O/N and P-MSC-3w after 12 weeks.

Bearing in mind that PDGF-BB is involved in the
initial phase of the bone regeneration process [28],
it was spread on the alginate film of AP-scaffolds for
fast release. Despite its chemotactic and mitogenic
properties, and despite our hypothesis stating that it
may be applied as a substitute for the rMSCs, it did not
lead to any improvement in the course of the experi-
ment. The PDGF-BB induced repair was in the range
of 15-20%, similar to that of most of the rMSC and
blank groups. Among the groups treated with a single
element, rMSCs, PDGF-BB, or BMP-2, only BMP-2
induced a significantly higher repair. The overall data
may suggest a tendency for an increased response with
the combinations of BMP-2 and rMSCs. Although dif-
ferences were not statistically significant, a synergistic
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Figure 7. Representative photomicrographs of horizontal
sections of calvaria defects in rats in the experimental groups
AP-MSC-O/N (a), AP-PDGE-250 (b),and AP-BMP-
PDGF-250 (c) confirming little defect repair at 4 weeks
post-implantation. CT: connective tissue; - TCP:
beta-tricalcium phosphate; BMa: bone marrow; Ms:
microspheres; IB: immature bone; MB: mineralized bone.
Scale bar = 1 mm.

effect was observed after 12 weeks independent of the in
vitro culture period and type of scaffold.

Also, PDGF-BB was included in the scaffold because
of its indirect role in angiogenesis. Despite being more
pronounced at short experimental periods, vasculari-
zation parameters tended to be higher in the PDGF-BB
groups than in the BMP groups. Higher blood vessel
densities were observed only in the groups treated with
the combinations BMP-2 and MSCs or PDGF-BB (both
doses) compared to single GF groups 12 weeks after
implantation. The initial effect of PDGF-BB on new
blood vessel formation and growth translates into vas-
cular network restructuring and maturation in thelong
term. However, the effect observed at first decreased
over the course of the 12 weeks, except for the BMP-2
groups. Thus, a greater amount of vascularized bone
coincided with higher degree of repair. As a result of
the poor bone formation in the non-BMP groups, these
defects were partially filled with connective tissue with
areduced overall vascularization.

The modest bone repair observed in the groups
treated with PDGF-BB alone was not unexpected and
consistent with previous observations [49-51]. How-
ever, the expected synergistic effect when combining
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Figure 8. Representative photomicrographs of horizontal sections of calvaria defects in rat in the experimental groups AP-
PDGF-250 (a), AP-PGDF-500 (c), AP-MSC-O/N (e), P-MSC-O/N (b), and P-MSC-3w (d) showing differential defect repair 8 weeks
post-implantation. - TCP: beta-tricalcium phosphate; CT: connective tissue; Ms: microspheres; MB: mineralized bone. Scale bar =

BMP and PDGF-BB was not observed. This combina-
tion even resulted in an antagonistic phenomenon—
the bone-forming response with BMP-2 alone was
higher than when combined with PDGF-BB. Despite its
limitation, the literature about the effect of PDGF-BMP
combinations is controversial. The different animal
models, composition and architecture of scaffolds,and
GF sources and the high doses used by some authors
together with the fact that, to our knowledge, the lit-
erature does not reflect any study on the combination
of PDGF-BB and BMP-2 with a scaffold prepared by
robocasting all hinder direct comparison of our data.
Zhanget al [52] reported that the delivery of PDGF-BB
and BMP-7 encoding adenovirus through mesoporous
bioglass/silk fibrin scaffolds induced significantly more
new bone formations than the scaffolds alone or BMP-
7-containing scaffolds in osteoporotic, critically sized
femur defects in ovariectomized rats [52]. Park etal [53]
observed that AABMP2-transfected MSCs combined
with 10 ug of PDGF-BB in a collagen hydrogel in an
8 mm, critically sized, calvarial defect led to high bone
repair and significantly increased bone mineral density
compared to the BMP-2/MSC group. Only Marden
etal [54] observed an in vivo inhibitor effect of PDGF-
BB on the bone regeneration induced by BMP-3 (osteo-
genin). The authors studied PDGF-BB in the dose range
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of 20-200 pg combined with 30 versus 150 ug of BMP-3
inaninsoluble collagenous bone matrix implanted into
8 mm craniotomies in rats [54]. Similarly contradictory
results were observed in vitro. Park et al [53] demon-
strated in vitro that PDGF-BB suppresses osteogenic
differentiation. The authors suggest attributing these
findings to a reduced gene expression of BMP-2 [53].
Notonly Parketal [53] butalso Chan et al [55] observed
the antagonistic effect of PDGF-BB on TGFf family
members. The authors showed that PDGE-BB induces
microRNA-24, which downregulates Tribbles-like pro-
tein-3 ('Trb3). Repression of Trb3 reduced expression of
Smad proteins and consequently decreased BMP and
TGFp [55]. In contrast, the in vitro studies of Kim et al
[56] revealed that the combination of PDGF-BB and
BMP-2, immobilized in heparin functionalized tita-
nium, enhanced osteoblast functions compared to the
single GFs [56].

Part of these inconsistencies, found with the com-
binations of BMP-2 and PDGF, may have their origin
in GF ratios, scaffold type, varying models for bone for-
mation, and even assessment methods (i.e. x-ray opac-
ity, micro-CT, bone mineral density versus histological
analysis of bone area), which may be adding more con-
fusion to the issue. Furthermore, it should be empha-
sized that all the previously cited studies lasted 4 weeks,
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Figure9. Representative photomicrographs of horizontal sections of calvaria defects in rats in the experimental groups P-BMP (a),
AP-BMP (b), P-BMP-MSC-O/N (c), AP-BMP-MSC-O/N (d), P-BMP-MSC-3w (e),and AP-BMP-PDGF-250 (f) showing a high
degree of defect repair with new bone formation in the #-TCP as well as in the central area of the scaffold 8 weeks post-implantation.
J-TCP: beta-tricalcium phosphate; BMa: bone marrow; Ms: microspheres; MB: mineralized bone. Scale bar = 1 mm.

Figure 10. Representative photomicrographs of horizontal sections of calvaria defects in rats in experimental groups P-MSC-O/N
(a),AP-MSC-O/N (b), and P-MSC-3w (c¢). Differential defect repair had occurred 12 weeks post-implantation in the f-TCP as
well as the central area of the scaffold between the specimens implanted with either the P or the AP system. 3-TCP: beta-tricalcium
phosphate; CT: connective tissue; Ms: microspheres; MB: mineralized bone. Scale bar = 1 mm.
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Figure 11. Representative photomicrographs of horizontal sections of calvaria defects in rats in the experimental groups P-BMP
(a), AP-BMP (b), P-BMP-MSC-O/N (c), AP-BMP-MSC-O/N (d), P-BMP-MSC-3w (e),and AP-BMP-PDGF-250 (f) showing

the highest degree of defect repair observed in all experimental groups 12 weeks post-implantation, except for group AP-BMP-
PDGF-250. (g) Details at high magnification, illustrating newly formed bone in intimate contact with -TCP (arrows) as well
asresidual PLGA 75:25 microspheres remaining at that moment. (h) High magnification photomicrograph of PLGA 50:50
microspheres immersed in connective tissue in the core of the system 4 weeks post-implantation. f-TCP: beta-tricalcium phosphate;
BMa: bone marrow; Ms: microspheres; MB: mineralized bone. Scale bar = 1 mm (a-f), 250 ym (g), 100 gm (h).

052-490ad-dINg

whereas the inhibitory effect in this study was observed
after 12 weeks. Also, the GF sources differed, such as GF
encoding adenovirus, AdBMP2-transfected BMSCs,
or recombinant GFs as presented in this study. Herein,
the system was designed for a fast release of PDGF-BB
to achieve a high PDGF/BMP ratio at an early stage.
Hence, for the 250 ng of PDGF-BB combined with 6 ug
of BMP-2, the ratio was, according to the release pro-
files, 10:1, 2:1, and 3:1, after 1, 4, and 7 d, respectively.
However, most of the mentioned works did not study
the in vivo GF release kinetics, with the exception of
Marden et al [54]. Unfortunately, the latter work only
provides the in vivo PDGF-BB release profile, which
again does not contribute to data clarification. Moreo-
ver, the doses of PDGF-BB and BMP-2 used by other
authors [53, 54] were 20-fold to 80-fold and 5-fold to
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25-fold higher, respectively, than the doses used in this
study. Itis noteworthy that an increased dose of BMP-2
is not justified, at least in our system, because good
repair can be induced with a smaller dose of a single
GF. From an industrial-clinical point of view, even the
slightly higher response obtained with the combina-
tions of BMP-2 and rMSCs is not pronounced enough
to accept the variability and complicate manipulation
of cells compared to BMP-2 alone.

Finally, the BMP-2-containing RP scaffolds
described in the literature differ in composition and
architecture and even in defect size to be regenerated.
Therefore, data cannot be compared easily. Specifically,
RP scaffolds of poly e-caprolactone/tricalcium phos-
phate/collagen [57] with 5 ug of BMP-2 and others made
of bioactive glass [58] with 1 ug of BMP-2 were tested
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Figure 12. Representative photomicrographs of transversal sections of calvaria defects in rats from 12 weeks post-implantation

in experimental groups P-B (a), AP-B (b), P-BMP (c), AP-BMP (d), AP-BMP-MSC-O/N (e),and AP-BMP-PDGF-500 (f) showing
the characteristic structure of newly formed bone and its differential thickness between the groups implanted with the P and the

AP systems. (g), (h) High-magnification details of the newly formed bone completely integrated into the scaffold structure. f-TCP
fragments and PLGA 75:25 microspheres immersed in bone can be clearly observed in the group P-BMP (g). The equivalent image
from group AP-BMP-PDGF-500 (h) does not reveal any more PLGA 50:50 microspheres, but reveals the presence of higher amounts
of bone marrow instead. f-TCP: beta-tricalcium phosphate; BMa: bone marrow; CT: connective tissue; Ms: microspheres; HB: host
bone; NB: new bone. Scale bar = 1 mm (a)—(f), 180 um (g), (h).

with rat calvarial defects of 5mm and 4.6 mm, respec-  to regenerate. Thus, defects of a size like the aforemen-
tively. Accordingly, those defects were smaller than the  tioned ones would have healed within 12 weeks after
one created in this work, which was more challenging implantation of the robocast f-TCP scaffold.
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Figure 13. Histomorphometrical analysis. Comparison of the degrees of repair (%) between the two groups of scaffolds (P and AP)
at different experimental time points (1 = 3). The identical letter on different histograms indicates significant differences, p < 0.05.
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system. The identical letter on different histograms indicates significant differences, p < 0.05.
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5. Conclusions

In conclusion, the porous f-TCP scaffolds used in
this study resulted in a good cell viability and in vivo
biocompatibility for bone regeneration. The generally
observed lack of beneficial effect of the combined
delivery of PDGF-BB and BMP-2 over BMP-2 alone
could be result of a non-optimized dose ratio, release
kinetics of GFs from the currently explored systems,
or both. However, the increased response induced by
adding BMP-2 to the rMSCs seeded scaffolds was not
sufficient to justify the use of cells. Therefore, according
to the high regeneration rate induced by BMP-2, it is
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not worthwhile combining BMP-2 with PDGF-BB or
MSCs, atleast with the herein proposed porous scaffold
and defect model.
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