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Suitable colonization and vascularization of tissue-engineered constructs after transplantation represent
critical steps for the success of bone repair. Human platelet lysate (hPL) is composed of numerous growth
factors known for their proliferative, differentiative and chemo-attractant effects on various cells
involved in wound healing and bone growth. The aim of this study was to determine whether the delivery
of human mesenchymal stromal cells (hMSC) seeded on hPL-coated hydroxyapatite/b-tricalcium phos-
phate (HA/b-TCP) scaffolds could enhance vascularization and bone formation, as well as to investigate
the mechanisms by which hMSC participate in tissue regeneration. Our study demonstrates that hPL
can be coated on HA/b-TCP scaffolds, which play direct and indirect effects on implanted and/or resident
stem cells. Effectively, we show that hPL coating directly increases chemo-attraction to and adhesion of
hMSC and endothelial cells on the scaffold. Moreover, we show that hPL coating induces hMSC to produce
and secrete pro-angiogenic proteins (placental growth factor and vascular endothelial growth factor)
which allow the proliferation and specific chemo-attraction of endothelial cells in vitro, thus improving
in vivo neovascularization and new bone formation. This study highlights the potential of functionalizing
biomaterials with hPL and shows that this growth factor combination can have synergistic effects leading
to enhanced bone and blood vessel formation.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Large bone defect repair following trauma, pathology or tumor
resection presents significant clinical challenges for reconstructive
and orthopaedic surgery [1–3]. One common surgical procedure is
autologous bone grafting. However, this procedure is associated
with potential complications, including chronic pain and risk of
infection, as well as being limited by the amount of available bone.
This has led to a search for alternative methods using bone
substitutes.

Bone tissue engineering using osteoprogenitor cells such as hu-
man mesenchymal stromal cells (hMSC) combined with a three-
dimensional (3-D) scaffold represents a promising therapeutic
approach and provides an alternative to autologous bone grafting
for the treatment of bone defects. Several scaffolds are currently
available, of either natural or synthetic origin. The combination
of these biomaterials with hMSC has been shown to be efficient
in the repair of large bone defects in several experimental animal
models [4–6].

Nevertheless, bone regeneration is a complex and coordinated
physiological process involving a number of molecular, cellular,
biochemical and mechanical mechanisms [7–9]. Angiogenesis
and osteogenesis are closely related, since the development of a
functional microvascular network is an essential prerequisite for
successful bone formation [10–13]. A lack of blood vessels in
grafted sites is a major issue affecting cell survival and prolifera-
tion failure [14]. Indeed, the formation of new vessels is required
not only for oxygen, nutrient and soluble factor supply, but also
to provide a communicative network between the implant and
neighbouring tissues. This vascularization allows scaffold integra-
tion with the surrounding host tissues and mobilization of resident
cells.

A variety of molecules involved in neo-angiogenesis and osteo-
genesis have been used to functionalize scaffolds, such as fibroblast
growth factor (FGF), insulin-like growth factor (IGF)-1, transform-
ing growth factor (TGF)-b1, vascular endothelial growth factor
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(VEGF) and bone morphogenic proteins (BMPs) [15–19]. These
findings demonstrate that a combination of factors further in-
creases bone regeneration compared with single factor stimulation
[16,17]. However, a universally applicable combination of growth
factors has yet to be established for bone cell therapy.

Platelets contain many growth factors, including platelet-de-
rived growth factor (PDGF), FGF, IGF, platelet-derived angiogenesis
factor (PDAF), TGF-b, platelet factor 4 (PF-4), platelet-derived epi-
dermal growth factor (PDEGF) and VEGF [20,21]. These growth fac-
tors are known for their growth, differentiative and chemo-
attractant effects on various cells, like hMSC and endothelial pro-
genitor cells (EPC) [22,23]. Taking into consideration that tissue
regeneration involves complex cellular interactions regulated by
multiple signals, a combination of a number of these factors could
have additive or even synergistic effects leading to enhanced bone
and blood vessel formation.

Platelets have been used in therapeutic applications in maxillo-
facial, oral, plastic and orthopaedic surgery. Their application is in
the form of either: (i) platelet-rich plasma (PRP), obtained by con-
centrating platelets by gradient density centrifugation; (ii) platelet
gel (PLG), obtained by treatment of PRP with thrombin, a process
known to release bioactive molecules; (iii) releasates prepared
from PRP, also called platelet lysate (PL). In combination with
autologous bone grafts PRP and PLG have been shown to accelerate
bone formation and bone density [24–31], in addition to enhancing
revascularization when combined with bone marrow stromal cells
[32]. These promising case reports demonstrate the usefulness of
platelets for a wide range of clinical applications to improve heal-
ing after surgical procedures. In addition, PL obtained by freezing
platelets has been demonstrated to deliver more growth factors
compared with PRP after aggregation [33]. Recently human PL
(hPL) has been suggested as a culture supplement for the expan-
sion and clinical grade production of hMSC [22,33–35] and EPC
[36]. Furthermore, we have previously shown that hPL medium
can prime hMSC differentiation towards the osteoblastic lineage,
which enhances in vivo bone regeneration [22]. A recent study
has reported that MSC and PL in a fibrin or collagen scaffold can
promote new bone formation around an uncemented hip prothesis
[37]. However, these scaffolds are unsuitable for filling large bone
defects. To our knowledge no study has investigated the feasibility
of coating a bone graft substitute with hPL use in the treatment of
large bone defects. Moreover, the mechanisms by which hMSC
seeded on hPL-coated hydroxyapatite/b-tricalcium phosphate (HA/
b-TCP) scaffolds induce tissue repair have never been addressed.

The aim of this study was to determine whether the function-
nalization of HA/b-TCP scaffolds with hPL, before seeding them
with hMSC, could enhance vascularization and bone formation,
as well as to investigate the mechanisms by which hMSC partici-
pate in tissue regeneration. For this study hMSC were cultured in
the absence of osteogenic agents in standard growth medium com-
plemented with foetal bovine serum (FBS) to exclusively evaluate
the impact of the hPL coating. The effect of hPL-coated HA/b-TCP
scaffolds on chemo-attraction, adhesion, morphology, distribution,
gene expression and protein secretion of hMSC was first evaluated
in vitro. Then the effects on neovascularization and new bone for-
mation in vivo in a mouse model were studied.
2. Materials and methods

2.1. Mesenchymal stromal cell cultures

hMSC were isolated from bone marrow (3–5 ml) collected from
the iliac crest of patients undergoing standard bone marrow
transplantation procedures (AP-HP Hôpital Henri Mondor, Créteil,
France), after having received their informed consent. Bone
marrow aspirates from three healthy donors (15–26 years old)
were used. Nucleated cells from fresh bone marrow were seeded
at 2 � 105 cells cm�2 in 225 cm2 flasks. hMSC were expanded in
a-modified Eagle’s medium (aMEM) (PAA, Les Mureaux, France)
supplemented with 10% FBS (StemCell Technologies, Grenoble,
France) and 0.5% ciprofloxacine (Bayer Pharma, Puteaux, France).
The cultures were maintained in a humidified atmosphere with
5% CO2 at 37 �C and the culture medium was changed twice a
week. Upon reaching 80% confluence adherent cells were detached
using 1� trypsin/EDTA (PAA, Les Mureaux, France) and replated at
a density of 103 cells cm�2 (passage 1). Cell samples were used to
confirm the hMSC characteristics as previously described [22].
Briefly, all the hMSC used in this study were positive for CD90
(clone 5E10), CD105 (clone 266), CD73 (clone AD2) (all from Bec-
ton Dickinson and Co., Franklin Lakes, NJ) and negative for CD34
(clone AC136, Miltenyi Biotec, Bergjsch Gladbach, Germany) and
CD45 (clone 2D1, Becton Dickinson), and were able to differentiate
along the osteogenic, chondrogenic and adipogenic lineages (data
not shown).

2.2. Endothelial cell cultures

Human umbilical vein endothelial cells (hUVEC), provided by
the team of Dr Llorens-Cortes of the Collège de France (Paris,
France), were cultured in Endothelial Cell Growth Medium 2 (Pro-
moCell, Heidelberg, Germany).

Human bone marrow endothelial cells [38], provided by the
laboratory of Dr Li of the Université Paris 6 (Paris, France), were
cultured in aMEM with 10% FBS.

Endothelial cell cultures were maintained in a humidified atmo-
sphere with 5% CO2 at 37 �C and the culture medium was changed
twice a week.

2.3. Platelet lysate preparation

hPL was obtained from platelet apheresis collections performed
at the Etablissement Français du Sang (Rungis, France). All aphere-
sis products were biologically qualified in accordance with French
legislation. The platelet count in each product was measured auto-
matically with a ABXpentra 60C+ (Horiba ABX, Montpellier,
France). A minimum of four different batches were mixed to adjust
the concentration to 109 platelets ml�1, frozen at �80 �C and sub-
sequently used to obtain hPL containing platelet-released growth
factors. Remaining platelet bodies were eliminated by centrifuga-
tion at 1400g.

2.4. Biomaterial coating and cell seeding

The HA (65%)/b-TCP (35%) scaffolds, provided by Ceraver (Rois-
sy, France), had an average porosity of 65 ± 5% (60 ± 5% macropo-
rosity and 40 ± 5% microporosity) and a specific surface area of
0.8 m2 g�1. The granules had a diameter of 2–3 mm and weighed
8.0 ± 1 mg). These scaffolds were coated by immersion in hPL
(hPL-coated) or left uncoated by immersion in aMEM (control
group) in untreated 96-well culture plates at 37 �C overnight. After
rinsing in 1� HBSS (PAA) they were loaded with 3 � 105 hMSC or
endothelial cells for 3 h. These seeded constructs were then di-
rectly placed into untreated 24-well culture plates and cultured
in aMEM with 10% FBS at 37 �C for 7 days. Cell-free scaffolds were
incubated under similar conditions and served as controls.

2.5. Evaluation of cell number by DNA quantification

Cell seeding efficiency was determined using an indirect meth-
od. After 3 h contact with 3 � 105 hMSC or endothelial cells the
scaffold was removed and cells that were not adherent on the bone



Table 1
Primers used for RT-qPCR of human and mouse genes.

A. References of primers used for RT-qPCR of human genes (TaqMan�, Applied Biosystems):
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) Hs99999905-m1
osteocalcin (OC) Hs00960942-m1
osteopontin (OP) Hs00609452-g1
bone sialoprotein 2 (IBSP) Hs00173720-m1
bone morphogenetic protein 2 (BMP2) Hs00154192-m1
vascular endothelial growth factor A (VEGF-A) Hs00900054-m1

B. Sequences of primers used for RT-qPCR of mouse genes (SYBR�Green, Applied Byosystems):
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) F 50-aactttggcattgtggaagg-30

R 50-ggatgcagggatgatgttct-30

platelet endothelial cell adhesion molecule 1 (PECAM1) F 50-agagacggtcttgtcgcagt-30

R 50-tactgggcttcgagagcatt-30
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substitute were quantified by determining the DNA content using a
Quant-it Picogreen� kit (Invitrogen Life Technologies, Villebon sur
Yvette, France). Next the number of cells adherent on the bone sub-
stitute was deduced by subtraction from the initially seeded cell
number. Briefly, remaining cells at the bottom of the wells were
lysed in Tris–EDTA (TE) + 0.1% Triton X-100 and digested with
0.2 mg ml�1 proteinase K solution (Invitrogen) for 12 h at 52 �C.
Then the suspension was subjected to a succession of three heat
shocks, followed by sonication of the lysates for 10 min. At the
same time a standard cell range from 0 to 3 � 105 cells was pre-
pared. DNA samples were labelled with Picogreen� solution, which
only binds double-stranded DNA. After 10 min incubation in the
dark the fluorescence was read at 520 nm using a Victor X3 spec-
trophotometer (PerkinElmer, Courtaboeuf, France). The standard
curve was then used to quantify the cells.

2.6. Scanning electron microscopy (SEM)

For SEM the specimens were fixed by immersion in 2.5% glutar-
aldehyde buffer at 4 �C overnight. Scaffolds were then dehydrated
in increasing concentrations of ethanol (70–100%), with dehydra-
tion being completed using hexamethyldisilazane treatment (Sig-
ma Aldrich, Saint Quentin Fallavier, France). Finally, the samples
were air dried, sputtered with a nano-gold film and imaged with
a JSM-6301F scanning electron microscope (JEOL, Croissy-sur-
Seine, France) at the Laboratoire Interuniversitaire des Systèmes
Atmosphériques, Université Paris-Est (Créteil, France).

2.7. Cell migration assay

Cell migration was assessed by Boyden chamber assay, using a
6.5 mm Transwell� with 0.8 lm pore polycarbonate membrane in-
sert (Corning Life Sciences, Amsterdam, The Netherlands). The in-
serts were pre-coated with 0.1% gelatin and the cells were serum
deprived, washed 2 times in HBSS then placed in aMEM with
0.25% human albumin (Octapharma, Boulogne-Billancourt, France)
overnight. Trypsinized cells were resuspended and seeded in the
upper chamber (5 � 104 hUVEC per insert or 2 � 105 hMSC per in-
sert). HA/b-TCP scaffolds, hPL-coated or uncoated, or conditioned
medium was placed in the lower chamber. Each chamber was
incubated at 37 �C (6 h for hUVEC and 12 h for hMSC). The number
of cells crossing the membrane was determined by metabolic
activity assay (see below) and staining with 40,60-diamidino-2-
phenylindole (DAPI) (Sigma Aldrich). Cells that both migrated
through the membrane and adhered to the scaffold were identified
by immunohistochemical staining using human b2-microglobulin
(see below).

2.8. Metabolic activity assay

Metabolic activity was quantified using alamarBlue� reagent
(Invitrogen), as described by the manufacturer. Briefly, cells were
exposed to alamarBlue� over a period of 3 h and the fluorescence
read at 590 nm with a Victor X3 spectrophotometer.

2.9. Quantitative real time reverse transcription polymerase chain
reaction (RT-qPCR)

Total mRNA was isolated using an RNeasy mini kit (Qiagen,
Courtaboeuf, France) or the TRIzol� reagent method (Invitrogen)
as described by the manufacturers. DNase-treated RNA was reverse
transcribed with SuperScript� III reverse transcriptase (Invitrogen),
the cDNA obtained was amplified using TaqMan� or SYBR�Green
chemistry (Applied Biosystems Life Technologies, Courtaboeuf,
France), and monitored with a 7500HT Fast Real-Time PCR System
(Applied Biosystems). Primers used for RT-qPCR are listed in Ta-
ble 1. Amounts of the cDNA of interest were normalized to that
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (DCt =
Ct gene of interest � Ct GAPDH). Results are reported as relative gene
expression (2�DCt).

2.10. Multiple protein assay

The composition of hPL was determined using simultaneous
quantitative determination of multiple human protein biomarkers,
performed by bead-based multiplex analysis (Table 2). A Human
Angiogenesis MultiAnalyte Profiling Base Kit A (R&D Systems, Lille,
France) and Human Bone Panel 1B Kit (Millipore, Molsheim,
France) were used for this assay, as described by the respective
manufacturers. This technology was also used to determine the
amounts of proteins secreted by hMSC in conditioned medium har-
vested 7 days after colonization of HA/b-TCP scaffolds. Cell-free
scaffolds, hPL-coated or uncoated, were used to deduce the back-
ground. Analysis of samples was carried out using a Bio-Plex™
200 system (Bio-Rad Laboratories, Hercules, CA) in the immuno-
monitoring platform of the Institut Mondor de Recherche Biomédi-
cale (Créteil, France).

2.11. Animal model and implantation procedures

All animal procedures were approved by the local ethics com-
mittee (approval no. 94-612) and conducted in accordance with
the European Guidelines for Animal Care (Directive 2010/63/EU).
Six SCID mice (males, 7 weeks old) purchased from Charles River
Laboratories (Chatillon, France) were used in this experiment.
The mice were anaesthetized with isofluran and six subcutaneous
dorsal pockets (0.5 cm incisions) were prepared in each one. One
hPL-coated or uncoated HA/b-TCP scaffold, containing or not con-
taining hMSC, was implanted in each pocket and the skin closed
with 5-0 sutures (Ethicon, San Lorenzo, PR). After either 2 or
7 weeks the animals were killed with an overdose of pentobarbital.
The samples were excised and immediately placed in RNA lysis
buffer (2 weeks) or 70% ethanol (7 weeks).



Table 2
Analytes for bead-based multiplex analyses.

Human Angiogenesis Base Kit A (R&D Systems)
ANG Angiogenin
ANGPT-1 Angiopoietin-1
Endostatin Endostatin
aFGF Acid fibroblast growth factor
bFGF Basic fibroblast growth factor
PlGF Placental growth factor
PDGF-AA Platelet-derived growth factor AA
PDGF-BB Platelet-derived growth factor BB
THBS-2 Thrombospondin 2
VEGF Vascular endothelial growth factor
VEGF-D Vascular endothelial growth factor D

Human Bone Panel 1B Kit (Millipore)
IL-1b interleukin 1 beta
IL-6 interleukin 6
OPG osteoprotegerin
OC osteocalcin
OP osteopontin
LPTN leptin
PTH parathyroid hormone
TNF-a tumor necrosis factor alpha
ACTH adrenocorticotropic hormone
ADPN adiponectin
INS insulin
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2.12. Histological and immunohistochemical assessment

Histological analysis of in vivo new bone formation was per-
formed after sample decalcification. 3 lm thick paraffin-embedded
cross-sections were then treated with Masson’s Trichrome stain.

Immunohistochemical analysis of cell adhesion was performed
24 h after cell seeding and paraffin embedding. To detect hMSC
sections were treated with haematoxylin nuclear stain (Sigma Al-
drich). Immunohistochemical analysis of chemotaxis was per-
formed after hMSC migration through the membrane. To detect
the presence of hMSC on HA/b-TCP scaffolds specimens were trea-
ted with rabbit polyclonal anti-human b2-microglobulin followed
by biotinylated goat anti-rabbit IgG antibodies (Abcam, Paris,
France). Immunostaining was amplified using a peroxidase-conju-
gated streptavidin complex and peroxidase was detected using
DAB substrate (Abcam).

Images were visualized by standard light microscopy and cap-
tured using a UC30 digital color camera and CellSens Entry soft-
ware (Olympus, Rungis, France).
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2.13. Statistical analysis

All in vitro experiments were performed with hMSC derived
from bone marrow of three different donors, but only one donor
for the in vivo study (n = 8 scaffolds per condition). For DNA quan-
tification n = 6 scaffolds per condition, while for quantitative PCR,
protein assay and cell migration n = 2 scaffolds per condition was
used. Analyses were performed in duplicate for each sample. Com-
parisons between the two experimental conditions (hPL-coated
and uncoated) were performed using the unpaired non-parametric
Mann–Whitney U-test using GraphPad Prism5 software. A p
value 6 0.05 was considered to be statistically significant.

3. Results

3.1. Determination of hPL protein content

Determination of hPL protein content using bead-based multi-
plex analyses (Table 2 and Fig. 1) revealed the presence of pro-
angiogenic proteins such as PDGF-AA (19,596 ± 10 858 pg ml�1),
PDGF-BB (22,329 ± 124 pg ml�1), angiopoietin-1 (119,666 ± 6
049 pg ml�1), angiogenin (2739 ± 79 pg ml�1) and VEGF-D (3
706 ± 201 pg ml�1). Other pro-angiogenic proteins were detected
but in small amounts, such as aFGF, bFGF and VEGF (172 ± 23,
356 ± 20 and 140 ± 8 pg ml�1, respectively). Some anti-angiogenic
proteins were also present, such as thrombospondin 2 (THBS-2)
(11 625 ± 923 pg ml�1) and endostatin (25 862 ± 1 003 pg ml�1).
Moreover, this analysis highlighted the presence of proteins which
play a role in bone metabolism, such as osteocalcin (OC) (3 916 ± 1
277 pg ml�1), osteopontin (OP) (6 963 ± 448 pg ml�1), and (ADPN)
(out of range). Some of them were barely detectable, for example
(OPG), (INS) and (LPTN) (227 ± 37, 147 ± 6 and 500 ± 7 pg ml�1,
respectively). Other proteins were measured in trace amounts. This
analysis did not reveal the expression of proteins involved in
inflammation. All these data confirm that hPL contains numerous
growth factors implicated in angiogenesis and bone remodelling
that may play an important role in bone tissue repair.

3.2. Impact of hPL coating on cell adhesion

The effect of hPL-coated HA/b-TCP scaffolds on cell adhesion
was assessed by DNA quantification (Fig. 2A). The number of hMSC
adherent on the scaffold was higher with the hPL coating
BMP2 OC OP
OPG 

ADPN INS
LPTN

PTH
TNF-a

IL-1b IL-6
ACTH

ic inflammationbone metabolism

53 0 

2

6 

3,916

6,953

227 147 500 2 1 1 

> 

(> : out of range)

ormed using bead-based multiplex analyses. Mean data ± SEM.



un
co

at
ed

hP
L-

co
at

ed

B 

200 µm 50 µm

A 

0

100 000

200 000

300 000

400 000

***
**

uncoated hPL-coated

hMSC
endothelial cells

nu
m

be
r o

f c
el

ls
 o

n 
H

A
/β

TC
P 

sc
af

fo
ld

Fig. 2. Cell adhesion on hPL-coated or uncoated HA/b-TCP scaffolds. (A) Quantifi-
cation of the number of hMSC and endothelial cells on the HA/b-TCP scaffolds,
obtained by DNA quantification using Picogreen�. (B) Histological analysis 24 h
after seeding of hMSC, followed by paraffin embedding and haematoxylin staining.
Scale bars as indicated. The dotted line square corresponds to a higher magnifi-
cation of the area. These analyses were performed on hMSC derived from bone
marrow of three different donors (n = 6 scaffolds per condition). ⁄⁄⁄p < 0.001.

un
co

at
ed

hP
L-

co
at

ed

3 hourscontrol
20 µm

20 µm

50 µm

100 µm

100 µm

50 µm

Fig. 3. Morphology and distribution of hMSC on hPL-coated and uncoated HA/b-TCP scaff
as indicated.

6634 J. Leotot et al. / Acta Biomaterialia 9 (2013) 6630–6640
(248,009 ± 21,446) compared with uncoated scaffolds (167,023 ±
23,243). This result was further confirmed through histological
analysis and haematoxylin staining (Fig. 2B), which revealed the
formation of a hMSC multilayer, which was thicker when hPL
was present. The same experiment was performed with endothe-
lial cells and the number of cells adherent on the hPL-coated HA/
b-TCP scaffolds was also greater (284,293 ± 14,510) than those on
uncoated scaffolds (156,900 ± 39,648) (Fig. 2A). Taken together,
these data indicate that hPL coating significantly increases cell
adhesion on HA/b-TCP scaffolds.

3.3. Impact of hPL coating on cell morphology and distribution

The effect of hPL-coated HA/b-TCP scaffolds on cell morphology
and distribution was evaluated by SEM (Fig. 3). 3 h after seeding
ball-shaped hMSC were uniformly distributed across the uncoated
scaffold, whereas the hMSC had cytoplasmic extensions similar to
pseudopodia when the scaffold was coated with hPL. After 24 h
cells showed an elongated shape and were spread over the scaffold
under both conditions, but covered it almost entirely in the pres-
ence of hPL. 7 days after seeding no differences were observed be-
tween hPL-coated and uncoated HA/b-TCP scaffolds, with cells
completely covering the biomaterial forming several cell layers.
These observations suggest that hPL coating promotes faster adhe-
sion of hMSC to HA/b-TCP scaffolds, affecting their morphology but
not their distribution.

3.4. Effect of hPL coating on cell migration

Cell migration was assessed by Boyden chamber assay to eval-
uate the effect of the coating on chemotaxis. This analysis showed
that the number of hMSC that migrated through the membrane
was significantly higher when the scaffold was coated with hPL,
as indicated by the fluorescence intensity (374 ± 676 for uncoated
vs. 19,806 ± 1101 for hPL-coated) (Fig. 4A). The same experiment
was performed with endothelial cells and hPL coating also signif-
icantly increased their migration through the membrane
(895 ± 269 for uncoated vs. 2681 ± 520 for hPL-coated) (Fig. 4A).
These results were confirmed by nuclear staining of migrated
cells present on the underside of the membrane. The number of
hMSC and endothelial cells labelled with DAPI was greater for
hPL-coated HA/b-TCP scaffolds, indicating that cells migrated
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further through the membrane (Fig. 4B). To complete this analysis
the chemo-attraction of hMSC and their ability to adhere to bio-
materials were evaluated by immunohistochemical staining of
human b2-microglobulin (Fig. 4C). This experiment revealed that
hPL coating promotes hMSC migration and adhesion to the scaf-
fold. Moreover, no labelling was visible on the uncoated scaffold,
indicating that hPL coating is necessary for hMSC chemo-attrac-
tion and adhesion on this biomaterial. Taken together these re-
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sults provide evidence that hPL coating enhances cell migration
on HA/b-TCP scaffolds.
3.5. Osteoblastic and angiogenic gene expression

Gene expression was analysed in hMSC seeded on HA/b-TCP
scaffolds, hPL-coated or uncoated, every 2 h for 12 h and then 1,
3, 6, 8 and 14 days after seeding (Fig. 5). This analysis reveals that
seeding hMSC on HA/b-TCP scaffolds up-regulates all gene expres-
sion compared with cells grown in two-dimensional culture. How-
ever, induction of late osteoblastic genes such as OC, OP, bone
sialoprotein 2 (BSP) and bone morphogenetic protein 2 (BMP2) is
lower in the presence of hPL. In contrast, hPL coating induces the
expression of VEGF-A from 24 h, with peak expression at 8 days
(2.68� higher expression). This up-regulation seems to decline be-
tween 8 and 14 days.
3.6. Measurement of proteins secreted by hMSC

To determine the angiogenic and bone metabolism panels of
proteins secreted by hMSC conditioned medium was harvested
7 days after seeding on either hPL-coated or uncoated HA/b-TCP
scaffolds and measured for protein levels (Fig. 6A and B). Cell-free
scaffolds, hPL-coated or uncoated, were used to determine the
background levels. Among the panels studied no protein involved
in bone metabolism seemed to be up-regulated by the hPL coating,
while it induced secretion of two proteins in the angiogenic panel.
Thus secretion of PlGF and VEGF was significantly higher when
hMSC were seeded on hPL-coated HA/b-TCP scaffolds (1.98- and
2.60-fold induction, respectively). At the same time hPL coating
seems significantly inhibit secretion of PDGF-AA, ANGPT-1, ANG,
LPTN and OC by hMSC. Furthermore, no secretion of PDGF-BB,
interleukin 1b, tumour necrosis factor a, ACTH, ADPN and INS
was detected under either condition. Taken together these results
indicate that hPL coating induces the secretion of pro-angiogenic
proteins such as PlGF and VEGF by hMSC.

3.7. Specific effect of secreted proteins by hMSC on endothelial cells
migration

PlGF and VEGF are well-known growth factors involved in endo-
thelial cell migration. Thus the effect of these proteins secreted by
hMSC was evaluated on cell chemo-attraction by Boyden chamber
assay (Fig. 6C). For this purpose hMSC conditioned medium was har-
vested 7 days after seeding on hPL-coated or uncoated HA/bTCP
scaffolds. Conditioned medium from hPL-coated or uncoated cell-
free scaffolds was used as a control to determine the background cell
migration. This analysis showed that the number of endothelial cells
that crossed the membrane was significantly higher with condi-
tioned medium of hMSC seeded on hPL-coated HA/b-TCP scaffolds,
as indicated by the fluorescence intensity (120 ± 125 for uncoated
vs. 1072 ± 264 for hPL-coated). Cell migration studies were also per-
formed with hMSC, but no difference was detected. These results
suggest that the hPL coating induces secretion of proteins by hMSC
which allow specific chemo-attraction of endothelial cells.

3.8. Analysis of in vivo new bone formation

The osteogenic capacity of hMSC seeded on hPL-coated or un-
coated HA/b-TCP scaffolds was investigated in vivo using ectopic
implantation in immunodeficient SCID mice (n = 8 scaffolds per
condition). Cell-free scaffolds were incubated under similar condi-
tions and served as controls (n = 3 scaffolds per condition). 7 weeks
post-implantation analysis revealed minimal scaffold resorption
and no evidence of mass inflammatory reaction for either scaffold
inside the pores of the constructs or in peri-implant tissues
(Fig. 7A–C). New bone formation was observed in 37.5% of hMSC-
HA/b-TCP scaffolds coated with hPL (Fig. 7A and Table 3). This
new tissue contained osteocyte-like cells and osteoblast-like cells
lining the surface. For scaffolds with bone formation a quantitative
analysis was performed. Compared with the total bone surface area
an average of 3.3 ± 1.4% new bone formation was obtained. In con-
trast, there was no bone formation but only loosely organized con-
nective tissues with hMSC-HA/b-TCP scaffolds without hPL coating
(Fig. 7B) and negative controls (Fig. 7C). These results demonstrate
that hMSC seeded on hPL-coated HA/b-TCP scaffolds improve
in vivo new bone formation.

3.9. Analysis of in vivo neovascularization

In the light of the results obtained in vitro on endothelial cell
chemo-attraction and the difference in in vivo bone formation,
neovascularization of implants was studied 2 weeks post-implan-
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Table 3
Frequency of ectopic new bone formation.

hMSC–HA/b-TCP No. of scaffolds with new bone formation

Uncoated 0/8
hPL-coated 3/8
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tation (n = 3 scaffolds per condition). Cell-free scaffolds were incu-
bated under similar conditions and served as controls (n = 3 scaf-
folds per condition). This observation showed the presence of
blood vessels around hMSC-HA/b-TCP scaffolds under both condi-
tions, but in greater numbers with hPL coating (Fig. 7D). In order to
quantify implant neovascularization the expression of a mouse
vascular endothelial marker, PECAM1, was analysed (Fig. 7E).
Higher expression of the mouse PECAM1 gene was observed for
hMSC-HA/b-TCP scaffolds coated with hPL, confirming the above
results. Taken together these data suggest that hPL coating en-
hances in vivo neovascularization of hMSC-HA/b-TCP scaffolds.

4. Discussion

Tissue regeneration is a complex process that requires activa-
tion, migration, proliferation and differentiation of multiple cell
types that enssure extracellular matrix synthesis and formation
of different morphological structures. This process is regulated by
a cascade of signals, including a number of molecules such as
growth factors. The coordinated action of progenitor cells, release
of growth factors, vascularization of the de novo tissue and a suit-
able scaffold template are essential for successful bone regenera-
tion. hPL is composed of many growth factors known for their
proliferative, differentiative and chemo-attractive effects on vari-
ous cells involved in wound healing and bone growth. As we had
previously shown the potential of hPL medium to enhance hMSC
osteogenic differentiation [22] we designed a new strategy of coat-
ing HA/b-TCP scaffolds with hPL to potentiate the biomaterial’s
regenerative properties in order to induce the rapid development
of a vascular network and optimize the process of bone repair. In
this study we have demonstrated that hPL can be coated on HA/
b-TCP scaffolds, directly increasing chemo-attraction and colonization
of the scaffolds by stem cells, as well as stimulating the paracrine
activity of hMSC, resulting in an improvement in vascularization
and bone formation after in vivo ectopic implantation.

To reach the site of injury and initiate the healing process cells
have to migrate to the target area. This migratory activity can be
mediated by chemokines and is important in therapeutic ap-
proaches. Platelets have been shown to accumulate and release a



6638 J. Leotot et al. / Acta Biomaterialia 9 (2013) 6630–6640
variety of potent chemotactic factors that induce the recruitment
of various cells such as bone marrow-derived progenitor cells
[39] and EPC [40–42]. This suggests their potential use in medicine
to facilitate tissue regeneration [43]. Our results demonstrate that
hPL-coated HA/b-TCP scaffolds clearly enhance chemoattraction of
hMSC and endothelial cells through a membrane. Their migration
and adhesion to the scaffold could be related to a significant num-
ber of growth factors contained in hPL known for their role in cell
mobilization. Indeed, our protein analysis reveals the presence of
many growth factors naturally found in healthy bone matrix or ex-
pressed during fracture healing to ensure tissue development, for
example vascularization and differentiation of osteoprogenitor
cells. Among them were PDGF-AA, PDGF-BB, ANG, ANGPT-1,
VEGF-D, VEGF, aFGF, bFGF, THBS-2, endostatin, OC, OP, ADPN,
OPG, LPTN and INS [9,44–49]. Some of these factors have been spe-
cifically described in the literature as having a role in cell recruit-
ment. Platelet-derived bFGF has been shown to promote and
control migration of hMSC [50,51]. It has also been demonstrated
that PDGF stimulates hMSC migration [23], as does VEGF, by bind-
ing to and activating PDGF receptors [52]. Stromal cell-derived fac-
tor-1 (SDF-1) is also secreted by platelets [39] and seems to
mediate the trafficking of rat MSC into sites of brain injury [53].
Chemokines such as VEGF, SDF-1 and ANGPT-1 are also known
to mobilize other cell types, such as progenitor cells [54,55], endo-
thelial cells [56] and mature osteoblasts [57]. Other growth, like
TGF-b and IGF, have been shown to be contained in hPL [20,21]
and have been shown to have a role in bone repair [44]. All these
factors contribute to tissue homeostasis, providing the balance be-
tween stimulating and inhibiting factors required for angiogenesis
and bone remodelling [8,47,58]. Taken together these findings sug-
gest that hPL can induce the recruitment of resident stem/progen-
itor cells or mature cells which could participate in the
development of tissue-engineered bone in vivo.

We used an ectopic model to investigate the in vivo effect of hPL
coating on the bone formation capacity of hMSC. We have previ-
ously shown the low potential for bone formation of hMSC grown
in standard growth medium complemented with FBS [22], and no
bone formation was found when scaffolds were uncoated. New
bone formation was observed only with hMSC-HA/b-TCP scaffolds
coated with hPL. These findings in vivo are consistent with the po-
sitive role of hPL in bone repair that we and others have previously
reported [22,35]. Surprisingly, in contrast to hPL used as a culture
supplement, our in vitro results indicate that hPL coated on bioma-
terials does not induce osteoblastic gene or protein expression by
hMSC. Inhibition of BSP and OC was even observed in under 3-D
conditions. The absence of osteoinduction could be due to insuffi-
cient adhesion or the concentration or stability of osteoinductive
proteins such as BMP2, which is present at only very low levels
in hPL (6 pg ml�1) on the scaffold. However, it is possible that
hMSC self-regulates the secretion of OC, which is already present
in hPL. In spite of this lack of osteoblastic induction in vitro, hPL
coating may still play a role on grafted hMSC osteoblastic differen-
tiation in vivo, as new bone formation occurs. Two distinct mech-
anisms of action of implanted cells have been described [59].
Differentiated cells could participate directly by forming new bone,
whereas undifferentiated cells act indirectly by recruiting endoge-
nous cells to restore damaged tissues. In our study hMSC released
paracrine factors which may act on host cells. This hypothesis is
supported by the demonstration that in vitro hPL coating induced
the expression of pro-angiogenic factors such as VEGF and PlGF by
hMSC at the mRNA and/or protein levels. The induction of VEGF
gene expression can be explained by the presence of the positive
regulators EGF, TGF-b, IGF-1, FGF and PDGF in hPL [60,61]. VEGF
and PlGF are members of the VEGF family, which stimulate angio-
genesis through growth, mobilization and differentiation of EPC
[62–64]. Thus we confirmed their effect on cell migration with
an in vitro chemotaxis assay which highlights specific enhance-
ment of the chemoattractive activity mediated by hMSC-seeded
HA/b-TCP scaffolds coated with hPL on endothelial cells. Analysis
of implant vascularization in vivo supports the hypothesis of a par-
acrine role of hMSC-HA/b-TCP scaffolds coated with hPL on endo-
thelial cells, since this condition presents a greater number of
blood vessels and enhanced expression of the vascular endothelial
marker mouse PECAM-1. At the same time we observed inhibition
of PDGF-AA, ANGPT-1 and ANG secretion by hMSC on hPL-coated
HA/b-TCP scaffolds. It is possible that hMSC self-regulate the secre-
tion of these pro-angiogenic proteins which are already present in
large amounts in hPL. These results indicate that hPL coating in-
duces the secretion of PlGF and VEGF by hMSC in vitro, which
likely allows the specific recruitment and proliferation of endoge-
nous endothelial cells participating in blood vessel formation
in vivo. Then ANGPT-1 and ANG, present in large amounts in
hPL, will stimulate vascular remodelling.

It has been shown that cell number is directly linked to bone
formation [65]. As we have demonstrated that hPL coating pro-
vides improved cell adhesion on HA/b-TCP scaffolds another
hypothesis is that bone regeneration is due to this greater number
of cells. This higher number of hMSC on hPL-coated HA/b-TCP scaf-
folds could be explained by the release from platelets granules of
adhesive proteins involved in homeostasis, such as fibronectin
and fibrinogen [66]. The results of SEM analyses confirm that HA/
b-TCP scaffolds coated with hPL provide a suitable 3-D environ-
ment for cell adhesion. Indeed, the pseudopodia observed by
SEM indicate the formation of focal adhesions between cells and
the hPL matrix permitting rapid and adequate distribution of
hMSC. Moreover, hPL contains a large number of growth factors,
such as PDGF, EGF, TGF-b, bFGF and IGF-1, known for their role
in cell proliferation [67–69]. Effectively, we and others have shown
that hPL enhances hMSC expansion in vitro [22]. These growth fac-
tors which play a role in cell proliferation may also contribute to
improved bone formation.

Our results confirm the positive effect of hPL on bone regener-
ation. Our results also mechanistically explain the role of hPL in tis-
sue regeneration. It increases cell adhesion and drives host cell
recruitment, directly or indirectly, through a paracrine effect of im-
planted hMSC, which participate in vascularization and bone heal-
ing. hPL seems a promising candidate for potentiating biomaterial
regenerative properties and developing a novel clinical strategy for
bone repair. To obtain optimal bone regeneration it would be inter-
esting to optimize the coating system. Our current strategy only al-
lows outer coating of the biomaterial. In order to enhance cell
penetration the use of hPL perfusion inside the scaffold could be
a solution. On the other hand, the development of a delivery sys-
tem which could release hPL precisely at an adequate concentra-
tion would provide a significant increase in bone formation. The
presentation of multiple growth factors, released at appropriate
intervals from 3-D biodegradable scaffolds offers an attractive
strategy for improving bone repair, mimicking the in vivo environ-
ment and wound healing.
5. Conclusions

In this study we have reported that functionalizing HA/b-TCP
scaffolds with hPL combined with hMSC improves bone tissue
engineering. Indeed, using a murine ectopic model we showed that
hPL coating enhances in vivo neovascularization and bone forma-
tion. hPL potentiates the biomaterial regenerative properties,
inducing improved adhesion and a more rapid colonization of the
scaffold by stem cells. It also drives host cell recruitment, directly
or indirectly, through a paracrine effect of the implanted cells.
We have previously shown that the soluble form of hPL enhances
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hMSC proliferation and primes hMSC differentiation towards the
osteoblastic lineage, which enhances in vivo bone regeneration,
thus the use of cells grown in hPL could act synergistically with
hPL-coated scaffolds. Moreover, growing cells in FBS is becoming
more and more unattractive for clinical use due to safety reasons,
such as pathogen transmission and immunogenicity. Our findings
provide evidence of the potential of hPL to functionalize biomate-
rials and in particular to develop novel clinical strategies for bone
repair.

Acknowledgements

This work was partially supported by EFS Ile de France and by
the 7th Framework Program of the European Commission through
the project REBORNE no. 241879. J.L. was supported by the DIM-
STEM-Pôle Ile-de-France. We would like to thank the Centre de
Recherches Chirurgicales Dominique Chopin for the use of their
animal platform facilities. We are grateful to the company Ceraver,
which kindly provided the ceramics, as well the laboratories of Dr
Llorens-Cortes and Dr Li, which provided endothelial cells. We
thank the SEM platform of the Université Paris-Est and the luminex
platform of IMRB, with special thanks to Patrick Ausset and Mat-
hieu Surenaud, respectively, for their help. We also thank Angéliq-
ue Lebouvier, Grégory Franck and Nicolas Jullien for their critical
review of the manuscript.

Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 2, 4, 7 are diffi-
cult to interpret in black and white. The full colour images can
be found in the on-line version, at http://dx.doi.org/10.1016/
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