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The role of platelet-rich plasma (PRP) as a promoter of bone healing remains controversial. The
hypothesis investigated was that PRP improves bone healing of a critical-size diaphyseal radius defect in
a rabbit model. The bone defect was filled with a high-surface ceramic scaffold, calcium-deficient
hydroxyapatite (CDHA), with the addition of allogenic PRP, mesenchymal stem cells (MSC) or both. PRP
yielded better bone formation than the empty CDHA scaffold as determined by both histology and micro-
computer tomography (p < 0.05) after 16 weeks, whereas no difference was observed on biomechanical
testing. Similar behavior was found in samples with MSC; however, the combination of MSC and PRP did
not further improve bone healing. Furthermore, the resorption of CDHA was improved by the addition of
PRP, MSC and MSC/PRP, but there were no differences between the groups. The areas of bone formation
were greater in areas adjacent to the bone resection areas and towards the intact ulna. In conclusion, PRP
improves bone healing in a diaphyseal rabbit model on CDHA and the combination of CDHA. This study
supports the allogenic use of PRP for bone healing as an off-the-shelf therapy.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Massive bone defects constitute a major challenge to re-
constructive surgery. Autogenous bone grafting is considered the
gold standard for filling bone defects even today, despite significant
problems arising from donor-site morbidity and limited amount of
donor bone [1,2]. Therefore, bone regeneration by means of tissue
engineering has attracted increasing interest. The concept of tissue
engineering is based on three pillars: (1) scaffolds; (2) cells; and (3)
growth factors.

Ceramics are promising materials for tissue engineering because
they offer three-dimensional support and serve as a scaffold for cell
proliferation, cell differentiation and ultimately for bone formation.
A variety of degradable and osteoconductive biomaterials are
available and clinically utilized [3,4]. Mostly, synthetic b-tricalcium
phosphates (b-TCP) or calcium phosphates from corals are used [4].
A disadvantage of these biomaterials is their low specific surface
area (SSA) of less than 1 m2/g. A new group of resorbable high-SSA
ceramics is emerging that has proved to be equally effective re-
garding osteogenic differentiation in vitro [5] and ectopic bone
formation in vivo, e.g., b-TCP [6,7]. Calcium-deficient hydroxyapa-
tite (CDHA) is a member of this high-SSA ceramic group, with a SSA
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of 20–80 m2/g, approaching the values of about 80 m2/g found in
natural bone [5]. Cells adhere more easily to high-SSA ceramics,
e.g., b-TCP, than to low-SSA scaffolds [5].

To improve their osteogenic potential, scaffolds can be com-
bined with mesenchymal stem cells (MSC) and/or growth factors.
MSC are multipotential cells and can differentiate into osteoblasts,
chondrocytes, adipocytes, tenocytes, myoblasts or marrow stroma
[8]. MSC can be isolated from a bone marrow aspirate and rapidly
expanded in vitro. Numerous preclinical studies have shown that
MSC expanded in vitro can regenerate critical-size bone defects
when combined with bone substitutes [4,9,10]. Growth factors in-
fluence the chemotaxis, differentiation, proliferation and synthetic
activity of bone cells, thereby regulating physiological remodeling
and fracture healing. Numerous growth factors, such as bone
morphogenetic proteins (BMPs), platelet-derived growth factor
(PDGF), transforming growth factor-b (TGF-b), and insulin-like
growth factors (IGF), have a stimulating effect on bone defect
healing [11]. Platelet-rich plasma (PRP) contains a number of these
growth factors [PDGF, TGF-b1, TGF-b2, IGF, epidermal growth factor
(EGF), and epithelial cell growth factor (ECGF)] in its natural com-
position [12]. Because it can be used autogenously, it poses no risk
of transmissible diseases. Furthermore, PRP can easily be obtained
on the day of surgery by two centrifugation steps from autogenous
whole blood. Basic research seems to endorse PRP’s ability to
support bone and soft tissue healing [3,13]. Marx et al. used PRP as
a source of autogenous thrombocytic growth factors for the
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reconstruction of maxillofacial defects in humans and found that
PRP resulted in quicker maturation of autogenous bone transplants
and higher bone density [14]. However, recently there have been
conflicting reports about the effect of PRP plasma, and there is no
consensus regarding the role of PRP in bone regeneration [15–19].

To our knowledge, there are sparse data on the effect of PRP on
the healing of critical-size long-bone defects. This model, however,
is of fundamental interest because it comes close to the situation of
non-union where the orthopedic surgeon attempts healing by
measures other than simply bone grafting and/or internal stabili-
zation. Therefore, we decided to examine the effect of PRP in
combination with autogenous MSC and the aforementioned high-
SSA scaffold CDHA in a rabbit model. The main outcome parameters
were biomechanical stability, newly formed bone and resorption of
the ceramic as shown on micro-computer tomography (m-CT) and
histology.

2. Materials and methods

2.1. Animals

Six- to 9-month-old female New Zealand white rabbits (NZWR) were kept in
separate cages, fed a standard diet and allowed to move freely during the study. The
following groups (each n ¼ 6) were compared: the critical-size defect was filled
with: (1) a CDHA scaffold and autogenous MSC; (2) CDHA and PRP; or (3) CDHA,
autogenous MSC and PRP. As controls served (4) the CDHA scaffold alone; (5) an
empty defect; and (6) a defect filled with autogenous cancellous bone from the iliac
crest. Animals were treated in compliance with our institution’s guiding principles
‘‘in the care and use of animals’’. The local ethics committee for animal experiments
approved the design of the experiment. Two animals in the control group with
empty defects and one animal in the CDHA þ PRP group sustained a fracture of the
forearm and were excluded from the study.

2.2. Ceramic scaffolds and PRP

Calcium-deficient hydroxyapatite ceramic cylinders of 15 mm length and 4 mm
diameter [Robert Mathys Foundation (RMS), Switzerland] were produced in an
emulsion process as described earlier [20,21]. The ceramic had a total porosity of
85 vol%, 54 vol% for macropores (0.2–0.6 mm) and 31 vol% for micropores (<5 mm).
Its specific surface area approximated 48 m2/g. For the preparation of the PRP, on
average 17 ml (SD 3.67) of blood was obtained from the ear arteries of six anes-
thetized 6-month old NZWR. The protocol was adapted from Yamada et al. [19]. The
blood was collected in tubes that were rinsed with heparin and the platelets were
counted in Neugebauer chambers. The average platelet number was 1.9 � 108 (SD
0.39 � 108)/ml. Then, the blood was centrifuged twice: initially at 209 � g for 16 min
at 20 �C to remove red blood cells and then at 1500 � g for 12 min at 20 �C to obtain
the platelet pellet. The cell pellet was resuspended in platelet-poor plasma, resulting
in an average platelet number of 10.05 � 108/ml (SD 3.2 � 108). The PRP of the six
donors was mixed and stored at �80 �C until needed, and consequently allogenic
PRP was used.

2.3. Isolation and cultivation of autogenous rabbit mesenchymal stem cells

Two weeks prior to the surgery when the bone defect was created, bone marrow
was harvested from all animals. According to a preoperative randomized protocol
animals in the autogenous MSC group (n ¼ 6) and the autogenous MSC þ PRP group
(n ¼ 6) received their expanded MSC. The surgical technique was the following: with
the animal under general anesthesia, the bone marrow of the tibia was penetrated
antegrade via the proximal anterior tibial metaphysis using a sterile bone marrow
aspiration needle with a diameter of 3 mm. After reaching the marrow space and
removing the trocar, the bone marrow was aspirated using a 2-ml syringe containing
0.1 ml heparin. The aspirated marrow was mixed in a 15-ml Falcon tube containing
5 ml of pre-digestion medium [0.5 ml of collagenase (1.5 mg/ml), 0.5 ml of hyal-
uronidase (1 mg/ml) and 4 ml of Verfaillie medium] [22]. Then, the marrow aspirate
was homogenized with a pipette. The aspirate was subsequently left to incubate at
39 �C while spinning at 35 rpm continuously for 8 h (RM 540; CAT, Stauffen, Ger-
many). Once digestion ceased, 10 ml of PBS was added, and the pre-digested marrow
aspirate was filtered by use of a 40 mm filter. The samples were washed in phos-
phate-buffered saline (PBS) (1:2) and centrifuged for 10 min at 677 � g. Sub-
sequently, the cells were counted and afterwards plated in cell culture flasks (Easy
Flask filter, Nunclon� surface; Nunc A/S, Roskilde, Denmark) in modified expansion
medium according to Verfaillie with the addition of 2% fetal calf serum (FCS) [22].
After 24 h, non-adhesive cells were discarded and adhesive cells were washed once
with PBS. Standard culturing conditions were used (37 �C, 6% CO2), and the medium
was changed twice a week. At 80–90% confluence, cells were harvested with trypsin/
EDTA (Biochrom, Berlin, Germany), and replated by splitting usually 1:3 at a density
of 50–60%. Cells were cultivated until passage 2–4, equaling 16–19 population
doublings. The mesenchymal differentiation potential for the osteogenic, chondro-
genic and the adipogenic lineage was demonstrated qualitatively in vitro from ali-
quots of the adherent cells of the bone marrow aspirate as reported previously [23].
Therefore, the cells fulfill the criteria of mesenchymal stem/stromal cells [22].

2.4. Loading of cells and application of PRP

All ceramics were incubated overnight at 4 �C in 40-mM/ml fibronectin (Sigma,
Taufkirchen, Germany) solution diluted in PBS to improve the adhesion of the cells
and because it was found to be beneficial for bone formation [23]. The cells to be
transplanted were detached from the culture flasks by trypsin and counted. Five
million cells were then resuspended in 3 ml of culture medium and transferred into
a 5-ml tube. The ceramics were placed into the medium containing the cells. After
1.5 h of continuous spinning at 37 �C (35�/min), the ceramics were placed into a six-
well plate. The medium containing the cells was centrifuged twice at 800 � g for
5 min, and the resulting cell pellet was resuspended in 70 ml of culture medium and
applied to the ceramics. Previous studies demonstrated that loading MSC statically
on CDHA had an efficiency of 95% [7]. After loading of the cells the MSC remain in the
superficial layers within a depth of 1–2 mm [7]. Forty microliters of freshly thawed
PRP was then applied to the ceramics of the PRP group, and subsequently 10 ml
thrombin (0.8 IU activity)dcalcium chloride (1 M) solution (1:1) (Tissucol-duo;
Baxter, Unterschleißheim, Germany) was added directly before implantation. Ani-
mals that received PRP had no local inflammatory response, nor systemic immune
responses such as fevers were noticed.

2.5. Surgery

The animal model was adapted from Wittbjer et al. as described previously
[24,25]. Briefly, unilateral 15-mm critical-size defects were created in the distal
radial diaphysis. The rabbits were anesthetized with an intramuscular injection of
ketamine hydrochloride (50 mg/kg BW, Hostaket�; Intervet, Tönisvorst, Germany)
and xylazine (5 mg/kg BW, Rompun�; Bayer Vital, Leverkusen, Germany). An anti-
biotic (netilmicin 4 mg/kg BW, Certomycin�; Essex Pharma, Munich, Germany) was
administered perioperatively. A superomedial incision of 3 cm was made over the
distal radius, soft tissues were dissected, and the bone was exposed by gentle re-
traction of the muscles. A Hohmann retractor was placed between ulna and radius to
protect the ulna. A 15-mm segmental diaphyseal defect was created with an oscil-
lating saw under irrigation with 0.9-vol% sterile saline solution. The periosteum was
removed with the bone and 5 mm of periosteum was stripped from each side of the
remaining proximal as well as distal main fragment. The defect was irrigated with
sterile physiological saline solution, and the ceramic (or cancellous bone, or nothing)
was press fitted into the defect. Muscles, fascia and skin were separately closed over
the defect with 4-0 resorbable sutures (Ethilon; Ethicon, Norderstedt, Germany).
Fixation of the osteotomized radius was unnecessary because of the fibro-osseous
union of ulna and radius proximal and distal to the surgical site and the press fit of
the implant. In the cancellous bone group, the cancellous bone was harvested
through a separate 2-cm incision above the posterior iliac crest. The fascia was di-
vided and the edge of the iliac crest was osteotomized. The cancellous bone was then
harvested by use of a curette between the layers of cortical bone. The wound was
closed in layers. Postoperatively, 4 mg/kg body weight of carprofen was given as
needed for pain. There were no differences in carprofen administration among the
groups. Water and food were supplied ad libitum. After 16 weeks the animals were
killed. After immediate mechanical testing, the specimens were placed in 70%
ethanol.

2.6. Radiographic evaluation

Standardized anteroposterior and lateral radiographs were taken immediately
postoperatively and every 4 weeks thereafter to monitor the placement of the graft
and the bony integration. An ultra-high-definition film (44 kV and 2.2 mA with
a constant X-ray to object to film distance of 171 cm) was used.

2.7. Biomechanical testing procedure

A four point non-destructive bending test was performed immediately after the
animal was killed by means of a testing device (type 1387; Zwick, Einsingen/Ulm,
Germany) adapted from the model of Mattila et al. and Reddy et al. [26,27]. First, the
forearm was exarticulated at the elbow joint. Then, the wrist and the soft tissues of
the forearm were carefully dissected to visualize the area of the bone defect without
touching the ceramic or the bone. The ulna was loaded at two points, 40 mm apart
from each other. The indentor was positioned at the radius and consisted of two
parallel points of identical length that were placed 12 mm apart at each side. The
radial defect was centered exactly between these two points. Both the loading points
and the indentor were round and had a diameter of 2 mm to avoid cutting into the
bone when loaded. The test was motion controlled with a speed of 0.08 mm/s. The
data were automatically recorded and stored in a desktop computer interfaced with
the material testing device. The strain curves (N/mm) were analyzed for the elastic
linear deformation zone with exclusion of the plastic deformation zone. From the
slope of the linear elastic deformation curve the stiffness (Young’s modulus) was
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calculated. To account for interindividual differences in bone diameter the stiffness of
the operated leg was normalized to the stiffness of the contralateral forearm (in
percent). Each contralateral forelimb was measured at the same position as the ip-
silateral forelimb.

2.8. Micro-computer tomography

After mechanical testing, the specimens, containing the 1.5-cm segmental defect
and 0.5 cm of proximal and 0.5 cm of distal cortical bone adjacent to the defect, were
fixed in 70-vol% alcohol. Each bone block was examined with a micro-computer
tomography (m-CT) system (Fanbeam Micro-CT; Stratec, Stuttgart, Germany). The
microfocus of the X-ray source of the m-CT system had a spot size of 7 mm and
a maximum voltage of 36 kV. The image matrix was 1024 � 1024 pixels. The speci-
mens were placed in a sample holder filled with water. They were oriented in such
a way that the long axis of the block was parallel to the axis of the sample holder. A
high-resolution protocol (slice thickness 120 mm, feed 60 mm, pixel size 60 mm) was
applied. Depending on the length of the specimens, up to 180 slices was scanned
perpendicular to the block. To determine the amount of newly formed bone tissue,
the best threshold for the CDHA scaffold alone was selected visually followed by
determination of the threshold for the CDHA scaffold and newly formed bone to-
gether. In addition, the ranges and means of the gray levels characteristic of the
CDHA scaffold and newly formed bone were determined. The CDHA scaffold showed
a mean gray level of 160 � 15, while that of the newly formed bone was 60 � 15. The
visually determined threshold to separate CDHA scaffold from newly formed bone
was set at 100, allowing reliable distinction between the two tissue types. Finally, m-
CT slices were compared with the corresponding histological slides to verify the
Fig. 1. To examine the effect of adjacent bone on bone formation in histology, distinct region
measured and normalized to the total defect area. (B) The bone area at the interface to t
formation adjacent to the ulna was measured separately.
reliability of the discrimination criteria. The digitized data were analyzed with VG
Studio Max 1.2.1 software (Volume Graphics, Heidelberg, Germany), and the amount
of new bone formation (newly formed bone voxels per complete tissue voxels of the
initially implanted CDHA volume) was calculated. Resorption was calculated by di-
viding the voxels of the ceramic that was present after 16 weeks by the voxels of the
mean of three CDHA cylinders that were not implanted.

2.9. Histological analysis

After mechanical testing and m-CT analysis, the non-decalcified specimens were
dehydrated in ascending grades of alcohol and embedded in Technovit (Technovit
7200 VLC; Kulzer GmbH, Wehrheim, Germany). During embedding, the positioning
of the radius was standardized in an attempt to ensure that the same region was
evaluated in all specimens. Then, 50-mm coronal sections with the radius and ulna
parallel were made, using a sawing and grinding technique (Exakt Apparatebau,
Hamburg, Germany). From each animal one section was stained with Goldner’s
trichrome and one with Giemsa and toluidine. The sections were examined using
a light microscope (Axioplan 2 Imaging; Zeiss, Göttingen, Germany). The Giemsa/
toluidine-stained specimens were digitized and analyzed with the program Image J,
National Institutes of Health [28]. The type of tissue was identified manually, marked
and assigned to a color. In detail, the areas of newly formed bone, connective tissue
and ceramic were calculated per total bone defect area (Fig. 1A). In addition, a 3 �
4-mm area adjacent to the ceramic/bone interface (Fig. 1B) and, in another approach,
the half of the radial defect that was next to the ulna were separately evaluated for
area of new bone formation (Fig. 1C), i.e. the areas of bone per total area were
calculated.
s of interest were defined. (A) The extent of bone formation in the total defect area was
he ceramic at an area 3 � 4 mm was normalized to the total interface area. (C) Bone
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2.10. Statistical analysis

Data analysis was performed with SPSS for Windows 15.0 (SPSS Inc., Chicago, IL,
USA). Mean values and standard deviations were calculated. The main outcome
measures were stiffness during the biomechanical testing and newly formed bone
and ceramic resorption in m-CT and histology. These were examined by multifac-
torial analysis of variance (ANOVA). Differences between the independent variables
were checked in post-hoc tests [Tukey’s studentized range (HSD) tests for variables].
The alpha error was consequently adjusted. The extent of bone formation at the
interface area and the ulnar half of the bony defect were compared to the extent of
bone formation in the total defect area with a matched paired Wilcoxon test. P
values <0.05 were considered significant. All tests were two-tailed.

Data analysis was performed with SPSS for Windows 12.0 (SPSS Inc.).

3. Results

3.1. Biomechanical results

The relative stiffness of the CDHA, CDHA þMSC, CDHA þ PRP
and CDHA þMSC þ PRP groups were significantly higher than in the
empty group (p < 0.05) (Fig. 2). The autogenous cancellous bone
group had significantly higher values than CDHA, CDHA þMSC and
CDHA þMSC þ PRP (p < 0.05), but not than CDHA þ PRP (Fig. 2).
The differences between CDHA, CDHA þMSC, CDHA þ PRP and
CDHA þMSC þ PRP animals were not statistically significant. All
operated forearms revealed lower stiffness than the intact contra-
lateral forearms.

3.2. Bone volume and CDHA ceramic resorption measured in m-CT

The volume of the newly formed bone in the CDHA þMSC,
CDHA þ PRP and CDHA þMSC þ PRP animals was significantly
higher than in the animals that received only CDHA (p < 0.05)
(Table 1, Figs. 3 and 4). Defects treated with autogenous cancellous
bone had regenerated entirely. The new bone formation was min-
imal in the empty control group, which was not significantly
different from the CDHA-only group. There were no differences in
Fig. 2. Implantation of the CDHA scaffold resulted in a higher stiffness than the empty def
difference being significant from all but the CDHA þ PRP group. Mean values and SD are pres
n ¼ 6 in the other groups.
the volume of the newly formed bone among the CDHA þ PRP,
CDHA þMSC and CDHA þMSC þ PRP groups. The residual volume
of the CDHA scaffold was significantly lower in the CDHA þMSC,
CDHA þ PRP and CDHA þMSC þ PRP animals than in the CDHA
animals (Table 2) (p < 0.05). There were also no differences in the
residual volume of the CDHA scaffold among the CDHA þ PRP,
CDHA þMSC and CDHA þMSC þ PRP groups.

3.3. Histological results

In general, the histological findings were in accordance with the
results of m-CT analysis and the X-rays (Fig. 5). Little or no new bone
formed in the empty defects. The autogenous bone transplant
integrated with the local bone, proximally and distally. The area of
newly formed bone was higher in defects treated with
CDHA þMSC and with CDHA þMSC þ PRP than in defects treated
with CDHA alone (p < 0.05) (Fig. 6). This trend did not reach sig-
nificance comparing the empty defect with the CDHA þ PRP group.
The ulnar half (p ¼ 0.0005) and the interface area (p ¼ 0.006) of the
bone defect contained significantly more bone than the total defect
surface in the CDHA þMSC, CDHA þ PRP and CDHA þMSC þ PRP
groups (Figs. 6 and 7). The histology specimens were examined for
the presence of lymphocytes or multinucleated giant cells/macro-
paghes. There were no differences between the groups. The bone
tissue formed in the periphery of the ceramic pores without a
fibrous layer between the bone and the ceramic. This indicates that
the scaffold has osteoconductive properties. The pores adjacent to
the ulna and in the interface towards the radius were even
completely filled with bone.

4. Discussion

The hypothesis for this study was that PRP promotes bone
healing in a critical-size long-bone defect on calcium-deficient
ect in all cases. The cancellous bone group had the highest stiffness of all groups, the
ented. The numbers were n ¼ 4 in the empty group, n ¼ 5 in the CHDA þ PRP group and



Table 1
New bone formation in m-CT

Independent variable Subgroup Mean value � SD
(% of total CDHA cylinder volume)

n Post-hoc comparisona p valueb/df/z value

Empty 4.2 � 3.9 5 a <0.0001/6/149.52
Cancellous bone 92.33 � 10.42 6 b
CDHA only 11 � 3.58 6 a
CDHA þ rabbit MSC 22.83 � 5.98 6 c
CDHA þ PRP 24.8 � 5.54 5 c
CDHA þ rabbit MSC þ PRP 26.67 � 6.28 6 c

a Different letters indicates significant differences between homogeneous subgroups at an alpha level of p < 0.05. For example, the empty group (post-hoc comparison,
letter a) is significant different to the cancellous bone (letter b), but not to the CDHA only group (letter a).

b By ANOVA.
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hydroxyapatite (CDHA), a high-surface ceramic scaffold. The data
demonstrate that the addition of PRP had a significantly positive
effect on bone formation as shown on m-CT and on histology. The
effect was similar to that of MSC on the CDHA scaffold; however,
the combination of MSC and PRP had no additional effect.

Basic research endorses the ability of PRP to promote bone
healing [13,19,29–32]. In addition, clinical studies have shown that
after implanting bone grafts in mandibular bone defects, the bone
density and the maturation rate are significantly greater when the
grafts are used in combination with PRP than when they are used
alone [14,33]. PRP seems to have a positive effect in the early phase
of bone healing in combination with autogenous cancellous bone
grafts [3,34,35], and in diabetic fracture healing [16]. When mixed
with an autogenous bone graft and activated, the PRP forms a gel
containing cytokines and growth factors essential for the pro-
gression of coordinated wound healing, improved vascularity and
tissue regeneration [3,35,36]. In combination with bovine cancel-
lous blocks PRP increased bone formation in a non-critical-size
bone defect in rabbit cranium [37].

A critical analysis of other studies shows, however, that a bene-
ficial effect of PRP on bone healing could not be demonstrated in
combination with every bone substitution material and every ani-
mal model: in goats, the addition of PRP to autogenous cancellous
bone did not improve bone healing of a critical-size forehead-bone
Fig. 3. The addition of MSC and/or PRP resulted in greater bone formation than in the
CDHA þ PRP and CDHA þ PRP þMSC groups. The numbers were n ¼ 4 in the empty group
defect [38]. The addition of PRP to b-tricalcium phosphate (b-TCP)
failed to improve bone healing in an anterior spinal fusion [17] and
a critical-size forehead defect [3] in pigs. PRP in combination with
bovine cancellous blocks had no positive effect in a forehead defect
of pigs [3] or in a rat mandible defect [18] and even decreased
bone formation around titanium implants in tibia defects in dogs
[39]. PRP that was placed around titanium dental implants failed
to improve bone healing in the mandibles of dogs [40]. In a
non-critical-size rat cranial bone defect, PRP did not improve bone
healing on hydroxyapatite/TCP particles [41]. Especially in the later
course of bone healing, some authors could not demonstrate pos-
itive effects of PRP [3,15,42]. Our group investigated the effect of
PRP on different kinds of scaffolds and found a trend towards better
performance of PRP in combination with CDHA than with b-TCP in
SCID mice after subcutaneous implantation [43]. As a subcutaneous
implant cannot be compared to a bone defect, our group proceeded
to study the biomaterial CDHA in a long-bone defect in combina-
tion with PRP in the study presented here. A critical-size diaphyseal
bone defect was chosen because this is more difficult to heal than
a metaphyseal defect due to the lower vascularity. Indeed, the
untreated empty controls showed no healing at all in the current
study.

The high-surface scaffold CDHA has an approximately 100 times
higher specific surface area (SSA) than, for example, b-TCP, which
CDHA-only group. There were no significant differences between the CDHA þMSC,
, n ¼ 5 in the CHDA þ PRP group and n ¼ 6 in the other groups.



Fig. 4. This set of m-CT images shows a representative transverse section of the forearm at a standardized position in the middle of the bony defect at 30-mm resolution 16 weeks
after implantation. A is the empty defect, B the defect filled with autogenous spongiosa, C the empty CDHA scaffold, D the CDHA with MSC scaffold, E the CDHA with PRP, and F the
CDHA with MSC and PRP.
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can affect protein adsorption. The high SSA of CDHA may allow
more extensive and longer absorption of PRP, and the rough surface
of CDHA may cause stronger degranulation and release of the
growth factors from the platelets.

An important parameter for the performance of PRP is the
method of its preparation, since this can significantly influence the
concentrations of platelets and growth factors [44], and conse-
quently their osteogenic capacity [3]. Recommendations for the
platelet concentrations in PRP range from three to five times its
original concentration in whole blood [14,18]. Higher platelet
concentrations do not necessarily correlate with higher levels of
growth factors such as TGF-b1 [34]. Furthermore, recently an in
vitro study showed that the concentration of growth factors were
species dependent, being highest in human PRP, followed by goat
and rat PRP [45]. The degranulation of PRP and the release of the
growth factors can be achieved by the addition of thrombin in the
presence of calcium chloride or by thawing the platelets [14,46]. In
an attempt to maximize and standardize the growth factor release,
the platelets were both thawed and activated by thrombin and
calcium chloride.

In summary, the role of PRP remains controversial. Several
studies have shown a positive effect, mainly on early bone healing,
Table 2
Biodegradation of ceramic in m-CT

Independent variable Subgroup Mean value � SD
(remaining ceramic/total c

Bio degradation
of ceramic in m-CT

CDHA only 75 � 8.09
CDHA þ rabbit MSC 61.83 � 5.74
CDHA þ PRP 57 � 7.17
CDHA þ rabbit MSC þ PRP 60.16 � 7.88

a Different letters indicate significant differences between homogeneous subgroups at
b By ANOVA.
while others have not. However, previous studies could hardly be
compared because the study designs were very different. Factors
that can influence the efficacy of PRP as promoter of bone healing
are: the biomaterial, the species, the site of implantation, and the
preparation and activation of the PRP.

It is assumed that PRP might support osteogenesis in the pres-
ence of precursor cells. However, the addition of PRP could not
further increase the rate of bone formation in our model. Obviously,
the quantity and composition of the growth factors that are con-
tained in PRP (PDGF, TGF-b1, TGF-b2, IGF, EGF, ECGF) [12] were not
able to cause a strong osteogenic effect on the MSC. This might
mean that the effect of PRP is weak and PRP of limited use in
patients. On the other hand, an explanation could be that the MSC
introduced into the defect were already relatively strongly induced
towards osteogenesis and PRP could not significantly increase this.
Another issue is the injury to the bone due to the osteotomy of the
radius: it is known that after a bone injury growth factors and host
precursors are released [47]. Maybe this effect was strong enough
to stimulate the MSC and it could not be further increased by PRP.

The fact that the addition of allogenic PRP alone without MSC
was able to induce bone formation equivalent to the application of
MSC might have clinical implications in the treatment of bone
eramic volume in %)
n Post-hoc comparisona p valueb/df/z value

6 a <0.0005/4/7.869
6 b
5 b
6 b

an alpha level of p < 0.05.



Fig. 5. Anteroposterior (A) and lateral (B) radiographs show a ceramic þ PRP þMSC implant postoperatively. Sixteen weeks after implantation a strong biologic reaction with bone
formation is visible in AP (C) and lateral (D) views.
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defects. Allogenic PRP could be freezed, stored and used in trauma
cases for patients who are at a higher risk of non-unions (e.g.
smokers) or in patients with osteoporosis who have a reduced bone
stock. PRP could be applied into the bone defects and this might
improve bone healing.

A major concern regarding the scaffold CDHA is the rate of bone
formation of 11% in CDHA alone,e.g. 26% in the CDHA þMSC þ PRP
group. Lousia et al. examined a coral scaffold with MSC in a similar
model and found bone formation with MSC of 30% (SD 13) and 8%
(SD 8) with the coral alone in histomorphometry [48]. Geiger et al.
found bone formation of 28% in coral scaffolds in a rabbit radius
defect and an increase up to 60% with the addition of VEGF in m-CT
after 12 weeks [25]. Petite et al. found bone formation in a sheep
metatarsal defect in histomorphometry after 16 weeks using a coral
scaffold with medullary bone in an extend of 23% (SD 13) and of 13%
(SD 14) for cortical bone [4]. After the addition of 1 �107 MSC the
medullary bone surface area decreased to 17% (SD 6.8) and the
Fig. 6. In histology, the area of newly formed bone was higher in defects treated with C
(p < 0.05). Mean values and SD are presented. The numbers were n ¼ 5 in the CHDA þ PRP
cortical one increased up to 54% (SD 11). In the current study the
rate of bone formation was on the lower side as well in the empty
scaffolds as in the groups with MSC and/or PRP. This might be re-
lated to: (i) the PRP (as mentioned above); (ii) the number of MSC;
(iii) the scaffold itself; and (iv) the way of measuring bone forma-
tion: (ad ii) the number of MSC (5 � 106) was comparable to other
studies and the ability to differentiate towards bone was demon-
strated in vitro [48,49]. Therefore, we do not think that the number
or quality of MSC was inferior. (ad iii) The scaffold CDHA proved to
have more favorable properties for bone regeneration than b-tri-
calcium phosphates after ectopic implantation [7,43], but it might
be inferior to coral scaffolds [48]. Future studies should evaluate the
scaffolds in the same experiment for better comparison. (ad iv)
Furthermore, the method of measurement of bone formation has to
be taken into account. It can be influenced by the examiner and the
method, e.g. the set of threshold for the identification of bone. It is
useful, if different methods are used in the same experiment, e.g.
DHA þMSC and with CDHA þMSC þ PRP than in defects treated with CDHA alone
group, and n ¼ 6 in the other groups.



Fig. 7. (A) This CDHA þ PRP þMSC Giemsa/toluidine staining histology slide demonstrates excellent osseous integration of the ceramic into the adjacent ulna and radius (arrows) at
10�magnification. Cracks have developed within the ceramic that has been filled with bone (arrowhead). Bone can also be found in the deeper layers of the ceramic (star). (B) The
osteoblasts grow directly on and within the pores of the scaffold as seen at 40� magnification.
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the combination of the three-dimensional measurement by m-CT
and a two-dimensional analysis in histology as it was done in the
current experiment.

Another parameter that can influence bone formation is the rate
of resorption of the scaffold: a coral scaffold is resorbed more
rapidly than CDHA. If the scaffold is rapidly resorbed, there is more
space to form bone. However, if the scaffold is resorbed too fast, an
inflammatory reaction can occur and the biomechanical stability is
decreased. There is no consensus about the optimal resorption rate
for bone regeneration.

The present study examined not only bone formation in general,
but also bone formation at particular sites and the resorption of the
scaffold. Firstly, bone formation was higher in areas that were ad-
jacent to bone resection areas and the intact ulna. This underlines
the fact that intact cells from the surrounding tissues are crucial for
a biologic response to MSC and/or growth factors. Secondly, the
resorption of the scaffold was increased by the addition of PRP, MSC
or both. This emphasizes the importance of the addition of bio-
active ingredients such as growth factors and/or MSC if remodeling
of the defect site is the goal of the procedure. Growth factors and
MSC can attract other progenitor cells or osteoclasts, and therefore
initiate bone remodeling [10,18]. In orthopedic surgery, differences
of elasticity in a long-bone create sites of increased risk for fracture.
Therefore, it seems favorable if the scaffold is resorbed sooner than
later, but at the same speed as new bone forms, to achieve
a remodeled bone with homogeneous elasticity.

It might be argued that the use of allogenic and pooled PRP is
a limitation and falsification of the experimental design and the
clinical reality. However, the use of allogenic and pooled PRP was
an attempt to standardize the quality of PRP. This reduces the
variability and might lead to better results than could be ach-
ieved by using an individual’s PRP. The application of allogenic
PRP did not cause immunologic reactions clinically or in histol-
ogy. We are aware of the fact that these methods are not suffi-
cient to completely rule out an immunologic reaction, but make
them unlikely. The lack of immunologic reactions after the ap-
plication of allogenic PRP is in accordance with previous reports
of wound and bone healing, this might be related to the fact that
platelets do not express immunological relevant surface antigens
such as HLA 2 [30,50,51]. The use of allogenic PRP has the ad-
vantage of a clinical usage ‘‘off-the-shelf’’ without the autogenous
preparation at the site of care. Another limitation is that there
was no study group with another growth factor, e.g. bone mor-
phogenic protein-2: a direct comparison would have been in-
teresting to judge the osteogenic potential of PRP. However, the
aim of the study was to evaluate the effect of PRP in combination
with a high-surface scaffold and MSC, and not to compare it to
other kinds of growth factors. This should be addressed in future
studies.

5. Conclusion

PRP yielded better bone formation than the empty CDHA
scaffold as determined by both histology and micro-computer
tomography after 16 weeks, whereas no difference was observed
on biomechanical testing. Similar behavior was found in samples
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with MSC; however, the combination of MSC and PRP did not fur-
ther improve bone healing. The addition of MSC to PRP could be
omitted in the described rabbit model in the future. Furthermore,
the resorption of CDHA was improved by the addition of PRP, MSC
and MSC/PRP, but there were no differences between the groups. In
conclusion, PRP improves bone healing in a diaphyseal rabbit
model on CDHA. This study supports the allogenic use of PRP for
bone healing as an off-the-shelf therapy.
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