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. Fresh platelet-rich plasma (PRP) accelerates bone union in rat model. However, fresh PRP has a

. short half-life. We suggested freeze-dried PRP (FD-PRP) prepared in advance and investigated its

. efficacy in vivo. Spinal posterolateral fusion was performed on 8-week-old male Sprague-Dawley rats

. divided into six groups based on the graft materials (n =10 per group): sham control, artificial bone (A

. hydroxyapatite-collagen composite) —alone, autologous bone, artificial bone + fresh-PRP, artificial
bone + FD-PRP preserved 8 weeks, and artificial bone + human recombinant bone morphogenetic
protein 2 (BMP) as a positive control. At 4 and 8 weeks after the surgery, we investigated their bone

. union-related characteristics including amount of bone formation, histological characteristics of

. trabecular bone at remodeling site, and biomechanical strength on 3-point bending. Comparable

. radiological bone union was confirmed at 4 weeks after surgery in 80% of the FD-PRP groups, which

. was earlier than in other groups (p < 0.05). Histologically, the trabecular bone had thinner and more

© branches in the FD-PRP. Moreover, the biomechanical strength was comparable to that of autologous

. bone. FD-PRP accelerated bone union at a rate comparable to that of fresh PRP and BMP by remodeling

. the bone with thinner, more tangled, and rigid trabecular bone.

. Statement of clinical significance: FD-PRP provides bone union ability comparable to that of fresh PRP and BMP,
. and can be prepared in advance safely and cheaply.

: In orthopedic surgery for conditions such as fracture and unstable spinal pathology, stabilization of the
. unstable segments through rigid bone union is very important and is one of the major objectives of arthrodesis
© surgery'™.

: Generally, postoperative bone union takes at least a few weeks. However, occasional delayed and inadequate
. bone union causes pseudoarthrosis, which can lead to chronic instability, and pain as well as poor activities of
. daily living and quality of life*. Thus, accelerated postoperative bone union is urgently needed. Among the mate-
. rials used for bone union, platelet-rich plasma (PRP) has the potensial, with its known acceleration for tissue
© healing in the field of plastic surgery and dentistry*~”. However, only a few studies have reported on its efficacy on
: bone union in orthopedic surgery®’.

: In our previous studies, PRP administration in rat spinal fusion models significantly led to faster bone union
. without any complication'®!!. This superior ability to accelerate bone fusion can be applied to other orthopedic
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Figure 1. (A) FD-PRP preparation. FD-PRP appears as powder, which can be dissolved in distilled water with
the same concentration of fresh PRP. (B) The artificial bone is crushed into powder. (C) FD-PRP is mixed
with the powdered artificial bone followed by activation using thrombin and calcium chloride before use.

(D) Schema of the spine (transplantation site). The graft material was implanted over the transverse processes
of L4-L6.

arthrodesis surgeries'?"'°. However, one of the possible barriers to the clinical application of fresh PRP is its short

half-life of merely several days'®. To overcome such issues, freeze-dried PRP (FD-PRP) has been suggested!’.

FD-PRP is reported to retain growth factors after preparation'®, and clinical trial combined with bone allograft
has been performed to report its usefulness for periodontal endosseous defects'®. However, the clinical applica-
tion of FD-PRP in spinal arthrodesis surgery has not yet been investigated. Furthermore, there are no reports of
clinical applications of FD-PRP mixed with artificial bone materials such as hydroxyapatite and collagen, which
are generally used as carriers and scaffolds in arthrodesis surgeries for more effective bone union.

In the current study, we examined the efficacy and properties of FD-PRP in bone union with artificial bone
materials using lumbar arthrodesis models in rats.

Materials and Methods

Experimental Animals. Male Sprague-Dawley rats weighing 250 to 300 g were used in this study. All proto-
cols for animal procedures were approved by the ethics committees of Chiba University and followed the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals (1996 revision). The protocols for
experimental animals were based on our previous study'.

FD-PRP Preparation. In the current study, we used allograft blood for the PRP instead of autograft. Ten out
of a total of 60 rats were used as blood donors for PRP preparation. After they were anesthetized, approximately
15mL of fresh blood was transcardially obtained using a syringe containing 2 mL of acid—citrate-dextrose solu-
tion A (Terumo, Tokyo, Japan) to prevent coagulation. The whole blood was centrifuged (KN70; Kubota, Tokyo,
Japan) at 1500 rpm for 10 minutes. Subsequently, the plasma fraction was separated from the red blood cells and
further centrifuged at 3000 rpm for 10 minutes to pellet the platelets as previously described®. The pelleted plate-
lets were collected and separated from the supernatant platelet-poor plasma (PPP). PRP was generated by mixing
the platelets with 2.5mL of PPP.

Each of the PRP aliquots was weighed prior to freeze-drying. The test tubes were then rotated in an ethanol
bath at —60 °C for membranous freezing (preliminary freezing) and then immediately frozen at —30°C for 4 h.
The tubes were then attached to a vacuum freeze-dryer to complete the process and stored for 8 weeks at 4°C. The
FD-PRP samples were resuspended in distilled water prior to assessment. To avoid any changes in component
concentrations, the weight after dissolving was matched to the weight before freeze-drying (Fig. 1A).

PRP requires activation before application by adding calcium chloride solution (1 mEq/mL; Otsuka
Pharmaceutical, Tokyo, Japan) and thrombin solution (Mochida Pharmaceutical, Tokyo, Japan) to each FD-PRP
sample. Each amount is one-tenth of the amount of FD-PRP. The platelet counts in the whole blood, fresh PRP,
and FD-PRP were determined with a hematology analyzer.

Lumbar Posterolateral Fusion Models. Spinal surgery was performed in 50 eight-week-old male
Sprague-Dawley rats. Ten rats were allocated to the sham group, whose L4-6 transverse processes only exposed
but received no treatment and 50 rats underwent bilateral posterolateral fusion (PLF). We divided the 50 rats
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Figure 2. Histological image of the lumbar spine (hematoxylin and eosin stain). (A) Dashed line: horizontal
line at the lower edge of the dural sac. We have measured the entire remodeling part above the dotted line,
including the upper part of the vertebral arch and the spinous process. (B) Arrowheads indicate the trabecular
bone branches.

into groups of 10 based on the graft material used: artificial bone group (artificial bone-alone), autologous bone
group, artificial bone treated with fresh-PRP (fresh-PRP) group, and artificial bone with FD-PRP (FD-PRP)
group. Positive control was also prepared using human recombinant bone morphogenetic protein 2 and artificial
bone (BMP group). A hydroxyapatite —collagen composite, Refit® (Hoya Corporation, Tokyo, Japan), was used
as the artificial bone graft substitute. The FD-PRP group used a mixture of 0.5 mL Refit and 0.5 mL gel-activated
FD-PRP (Fig. 1B,C). In the BMP group, 0.5 mL Refit and 5pg of BMP (Sigma-Aldrich Corporation, St. Louis,
MO, USA) were mixed and transplanted®*?!. In the autologous bone group, the rats were implanted with ground
spinous processes of T10-L2. All of the various graft types were standardized to equal volumes. Corticotomy was
not performed in any group.

The bilateral posterolateral lumbar spine in each rat was exposed through a midline skin incision followed
by two paramedian fascial incisions using blunt dissection to expose the bilateral lamina and the transverse pro-
cesses of L4-L6 (Fig. 1D). These graft materials had equal volume measured by 500 mm? of Cryomold (Sakura
Finetek Japan Corporation, Tokyo, Japan).

Determination of Growth Factor Concentrations. To confirm the activity of PRP, concentrations of
platelet-derived growth factor BB (PDGF-BB) and transforming growth factor 31 (TGF-31) in blood, activated
PRP, and activated FD-PRP were measured with enzyme-linked immunosorbent assay (ELISA) technique using
a Quantikine ELISA kit (R&D Systems, Minneapolis, MN, USA). The immunoassays were performed following
the manufacturer’s instructions.

Radiographic Examination (Evaluation of Bone Union). To evaluate bone union, rats were anesthe-
tized with sodium pentobarbital (40 mg/kg, i.p.). Then lumbar radiographs were obtained in the anteroposterior
aspect at 4 and 8 weeks after the surgery (Bruker Corp., Billerica, MA, USA). Bone union was considered to be
achieved when the transverse processes of L4-L6 were bridged. Bone union was determined by three independ-
ent observers who were blinded to the experiment, and union was accepted if all three observers agreed.

Histological Examination. After radiographic examination at 8 weeks, we randomly selected half of the
rats in each group (n=>5 per group), which were perfused transcardially with 300 mL of 4% paraformaldehyde
in phosphate buffer (0.1 M, pH 7.4). The L4-L6 lumbar vertebrae were harvested and immersed in 4% paraform-
aldehyde phosphate buffer solution. The coronal sections including the transverse processes of each level were
histologically evaluated for the extent bone formation and intrabone structure (trabecular bone).

Amount of Bone Formation. Histological area measurement was done using Image]J software (NIH). To
eliminate the error of the magnitude of the vertebral body of each specimen, the amount of bone formation was
measured at the horizontal line at the lower (ventral) and upper (dorsal) edges of the spinal column. We have
measured the entire remodeling part, including the upper part of the vertebral arch and the spinous process above
the line mentioned above (Fig. 2A).

Trabecular Bone Evaluation. Total area ratio. Two remodeling spots on the left and right sides sand-
wiching the spinous process of the trabecular bone were selected randomly for evaluation. The percentage of
trabecular bone area in the whole field of view was measured using Image-J software, and the average values for
the left and right sides were obtained to calculate the ratio to the whole area.
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Figure 3. Mechanical strength evaluation: three-point bending test. (A) Harvested lumbar spine (L4-L6).
(B) Three-point bending. (C) Representative plotting for initial peak pressure measurement.

96.51+8.6 482.6+24.8

Table 1. Mean platelet counts (/pL). Values are presented as mean + standard deviation. PRP, platelet-rich
plasma.

Number of trabecular branches.  The total number of trabecular branches was counted and statistically evaluated
(Fig. 2B).

Width of each trabecular branches. 'We randomly chose five trabecular bones with linear portions, and measured
the average width of each trabecular bone at three points; both ends and the middle point within the part of inter-
est, and their mean values were calculated and statistically compared among the groups.

Mechanical strength examination (three-point bending test). L4-L6 lumbar spine specimen (3.5 cm in length)
were harvested from 25 rats (five per group) (Fig. 3A), and both sides of the specimen were fixed with a plastic
holder (Cryomold #2, Sakura Finetek, Tokyo, Japan) and set on a three-point bending test device (Shimadzu,
Tokyo, Japan), as is shown in Fig. 3B, at room temperature within the day of sacrifice to avoid possible temporal
alteration in rigidity.

Continuous pressure was applied on the specimen under real-time monitoring. No rotation or slipping of the
specimen has been confirmed during the experiment. The bones were preloaded to 10N at a speed of 0.1 mm/s
and allowed to adapt for 10s?% The fracture sites were confirmed after mechanical strength measurement
(Fig. 3C) and hematoxylin and eosin staining of the specimen.

Statistical Analysis. 'The number of rats with bone union was presented with 95% confidence intervals, and the
differences between the efficiencies of union in each group at 4 and 8 weeks after surgery were analyzed using
Mann-Whitney U test. All other data were expressed as means and standard deviations. The correlation of bone
volume and state of bone union was described by the correlation coeflicient. The differences in bone volumes and
trabecular bones were analyzed using analysis of variance with Bonferroni post hoc correction. The differences
in growth factor concentrations were analyzed using unpaired t tests. The criterion for significance was p < 0.05.

Results

Confirmation of PRP. Platelet counts. The mean platelet count was 96.5 + 8.6/pL in blood and
482.6 +24.8/uL in PRP (Table 1). The platelet count in fresh PRP was about 4.9 times greater and was signifi-
cantly higher than that in blood (p < 0.05).

Concentration of growth factors. The mean concentration of PDGF-BB was 1.6 &= 0.4 ng/mL in blood
and 23.1 £7.2ng/mL in PRP. The mean concentration of TGF-31 was 64.3 + 23.2ng/mL in blood and
542.7 £461.6 ng/mL in PRP (Table 2). The concentrations of these growth factors were significantly higher in
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Blood PRP FD-PRP
PDGF-BB 1.6+£0.4 231472 19.2+12.4
TGF-31 64.31+23.2 542.7 +461.6 490.14332.6

Table 2. Concentration of growth factors (ng/mL). Values are presented as mean =+ standard deviation. PRP,
platelet-rich plasma; FD-PRP, freeze-dried platelet-rich plasma; PDGF-BB, platelet-derived growth factor BB;
TGF-f1, transforming growth factor 31.

4 4 4

Figure 4. Anteroposterior radiographs of the spinal segment of the platelet-rich plasma group 4 weeks
after the surgery. (A) Sham group. (B) Artificial bone-alone group. (C) Autologous bone group. (D) Artificial
bone + fresh-PRP group. (E) Artificial bone + FD-PRP group. (F) Artificial bone + BMP group. Arrowheads
indicate the part of bone union, and arrows show the transverse process shadow. The FD-PRP group showed
greater bone formation compared with the other groups.

PRP than in blood (p < 0.05), and the growth factor concentration in FD-PRP was almost equal to that in fresh
PRP. In FD-PRP, PDGF-BB was 19.2 4 12.4ng/mL and TGF-31 was 490.1 £ 332.6 ng/mL.

Evaluation of bone union.  The transverse process contours in the sham group 4 weeks after the surgery provided
the control image (Fig. 4A). In artificial bone-alone rats (Fig. 4B), mottled contours were observed between the
transverse processes and complete continuity was noted in 5 (50%) of 10 animals. In the autologous bone group
(Fig. 4C), bone union was observed in 5 (50%) of 10 animals. In the FD-PRP and BMP groups (Fig. 4E,F), 8 (80%)
of 10 rats showed confirmed bone union. The transverse process shadow disappeared and formed a lump, and the
FD-PRP and BMP groups showed greater bone formation compared with the autologous bone group. At 8 weeks,
more rats in the five groups showed bone union than the rats in the sham group (Fig. 5A).

A greater percentage of rats in the FD-PRP and BMP groups showed bone union at 4 weeks compared to the
other groups.

Histological Analysis. Bone formation. At 8 weeks postoperatively, the region of bone graft showed a lump,
including the region of the transverse processes, vertebral arch, and spinous process. The bone graft was sub-
sequently replaced by new bone tissue, and remodeling was observed. The amounts of bone formation were
as follows (in mm?): sham group, 1.45 £ 0.51; artificial bone-alone group, 4.47 +0.47; autologous bone group,
5.19 £ 0.89; fresh-PRP group, 5.87 £ 0.64; FD-PRP group, 5.73 + 0.68; BMP group, 5.4+ 0.82 (Fig. 5B). The
fresh-PRP group showed maximum bone formation, followed by the FD-PRP group.

Trabecular bone. Characteristic histological findings in the trabecular bone were observed in each group
(Fig. 6). The artificial bone-alone group showed a small plaque. The autologous bone group showed more
thickness and lesser branching. The fresh-PRP group, FD-PRP group and the BMP group showed thinning and
branching.
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Figure 5. (A) Evaluation of bone union. The FD-PRP and BMP groups showed earlier bone formation
compared with the artificial bone-alone and autologous bone groups. (B) Amount of bone formation 8 weeks
after the surgery. n.s., no significance. The FD-PRP group showed more bone formation (p < 0.05), comparable
to the fresh-PRP and BMP groups.

Figure 6. Histological images of trabecular bone. (A) Artificial bone-alone group. (B) Autologous bone
group. (C) Artificial bone + fresh-PRP group. (D) Artificial bone +FD-PRP group. (E) Artificial bone +BMP
group. Trabecular bone formation of the FD-PRP group consisted of a tangled structure with more thin
branches, compared with the autologous bone group. The trabecular bone formation is similar to that of the
fresh-PRP and BMP groups.

Total area ratio. 'The percentage of the trabecular bone area (Fig. 7A) in the each field of view was 17.6 £2.3%
in the artificial bone-alone group, 24 +4.9% in the autologous bone alone group, 20.8 £2.6% in the fresh-PRP
group, 21.7 £2.4% in the FD-PRP group, and 20.8 4= 2.2% in BMP group. The FD-PRP group was inferior to that
of the autologous bone group in terms of percentage of trabecular bone area.

Number of trabecular branches. The number of trabecular branches (Fig. 7B) of the remodeling part was
6.8+ 1.7 in the artificial bone-alone group, 5.1 & 1.0 in the autologous bone group, 8.9 & 1.7 in the fresh-PRP
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Figure 7. (A) Total area ratio: the FD-PRP group was slightly inferior to the autologous bone group.

(B) Number of trabecular branches: the FD-PRP group had almost the same results as the fresh-PRP and

BMP groups but had more branches compared with the artificial bone-alone and autologous bone groups.

(C) Quantified value of the trabecular width. The trabecular branches in the FD-PRP group formed significantly
thinner branches compared with those in autologous bone groups.
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Figure 8. Mechanical strength evaluation using three-point bending test. n.s. no significance. The FD-
PRP group was significantly stronger than the sham group and the artificial bone-alone group (p < 0.05), but
comparison with the autologous bone group showed no significance.

group, 9.1 £ 1.8 in the FD-PRP group, and 8.4 & 1.2 in the BMP group. The FD-PRP group showed almost the
same results as the fresh-PRP and BMP groups, and more branches compared with the artificial bone-alone and
autologous bone groups.

Width of each trabecular branches.  The width of each trabecular branches (Fig. 7C) in the remodeling bone was
25.9+4.9pm in the artificial bone-alone group, 41.5 + 3.9 um in the autologous bone group, 27.2 +2.5 um in the
fresh-PRP group, 29.3 £ 6.7 um in the FD-PRP group, and 30.1 = 3.7 um in the BMP group.

Trabecular branches in the FD-PRP group formed significantly formed thinner branches compared with those
in autologous bone groups.

Mechanical Strength Examination. Figure 8 demonstrates the result of strength measurement. The aver-
age values of the initial peak pressure were as follows: sham group, 89.4 & 20.7N; artificial bone-alone
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group, 103.7 & 30.1N; autologous bone group, 116.7 £ 10N; fresh-PRP group, 113.7 = 5.8N; FD-PRP group,
112.0 £ 15.6N; BMP group, 109.6 £ 9.7N. The FD-PRP group was significantly stronger than that of the artificial
bone-alone group (p < 0.05) and slightly inferior compared with the autologous bone group with no significance.
The fracture locations in the spinal tissue specimen in all cases were observed to be on the endplate of the verte-
bral body cartilage.

Complications. No significant complications such as infection and tumor generation/formation were observed
in the FD-PRP group. An accumulation of inflammatory cells was seen at the bone remodeling site in two rats in
the BMP group.

Discussion

The current study showed that application of FD-PRP combined with artificial bone significantly accelerated
bone fusion comparable to that of fresh-PRP and BMP. In addition, trabecular bone formation showed a more
tangled structure with many thin branches at the stage of 8 weeks after the surgery with comparable rigidity to
autologous bone.

The resulting bone union in this study was considered to have been achieved with PRP, which has been
reported to contain a large number of growth factors and to exert tissue repair effects?*-**. In the current study,
FD-PRP prepared 8 week before the surgery accelerated bone formation with artificial bone in a rat PLF model.

The details of the properties of the trabecular bone achieved by the application of FD-PRP were considered to
be significant. Histologically, in all of the groups except the sham, bone grafts showed remodeling and fusion with
new bone structures. In evaluating the trabecular bone strength, the thickness, number of branches, and total
area are important factors?, although no previous reports have compared the detailed properties on trabecular
bone. The FD-PRP group showed characteristic findings of large stitch structures with thin branches, whereas
the total area is slightly inferior to that of the autologous bone group. However, the results of the mechanical
strength test of FD-PRP-treated spine showed comparable strength to autologous bone. This result indicates that
FD-PRP achieved more rigidity by more tangled trabecular structures rather than thick ones as well as accelerated
bone union. Furthermore the current study adopted BMP as the positive control, as its bone formation effect has
already been confirmed and it is being commonly used clinically; however, it is also known for its risks such as
tumor formation and excessive inflammation and it is expensive as well?’-%, leading to its unavailability in some
countries. The result of the current study that the FD-PRP group showed comparable to BMP in terms of bone
union ability can be extremely important, especially in those countries where BMP is unavailable and even in
countries where BMP is available, considering its possible risk. Furthermore, PRP is safer because it is made from
the patient’s own blood. Clinical usage of PRP has been reported to have few significant complications’, which
coincides with the finding of the current study. The fact that FD-PRP achieved the similar tendency for trabecular
formation and mechanical strength to BMP indicates that FD-PRP achieves accelerated bone formation in the
osteoinductive manner as BMP does™. This should be investigated in detail in a future study.

The current study suggests the usefulness of FD-PRP, as it can be prepared and stored beforehand, unlike fresh
PRP, which should be prepared immediately just before the time of an operation because of the short half-life of
its growth factors. In the future, clinical trials on the safety and efficacy of FD-PRP on spine surgery should be
performed, considering possible application to other fields of orthopedic surgery such as trauma.

The current study includes some limitations. First, we should be more specific in evaluating the histology.
For instance, with respect to bone union between the transverse processes, only simple radiography was per-
formed. We should be more specific in evaluating the bone union using other radiographic modalities such as
micro-computed tomography scan in a future study. The evaluation of the amount of bone formation has a slight
inaccuracy because parts of the original spinous process and lamina were included. Second, we should explore
the result at earlier or later time points other than 4 and 8 weeks. Third, a single-animal model using rat can
be inadequate in proving the efficacy of FD-PRP. Considering future clinical applications, we should examine
other species such as rabbits and dogs, which are used in traditional bone fracture experiments and have longer
bone-union period similar to humans. Fourth, with respect to bone strength, only the three-point bending test
was performed. We should be more specific in evaluating bone strength using other tests, such as torsion test, in
a future study?'.

Furthermore, we evaluated the effectiveness of FD-PRP, focusing its ability for bone union and formation, and
it should be evaluated in detail from the bone metabolic point of view, including the reaction of osteoclasts and
osteoblasts. We also mainly focused on the effectiveness of FD-PRP focusing on the ability for bone union and
formation in the current study. In terms of bone formation, new bone formation should also be evaluated. These
should be investigated for more robust evidence.

In conclusion, the current study indicated that FD-PRP enabled earlier bone union in the rat PLF model.
The amount of bone formation and trabecular bone remodeling was increased in the FD-PRP-treated sam-
ples, with confirmed more trabecular branches and biomechanical rigidity. Mechanical strength was stronger
when FD-PRP was added to artificial bone at 8 weeks after surgery, with bone union and rigidity comparable to
fresh-PRP and BMP.

References

1. Fritzell, P., Hagg, O., Wessberg, P. & Nordwall, A. & Swedish Lumbar Spine Study, G. Chronic low back pain and fusion: a
comparison of three surgical techniques: a prospective multicenter randomized study from the Swedish lumbar spine study group.
Spine (Phila Pa 1976) 27, 1131-1141 (2002).

2. Madan, S. S., Harley, J. M. & Boeree, N. R. Circumferential and posterolateral fusion for lumbar disc disease. Clin Orthop Relat Res,
114-123, doi: 10.1097/01.b10.0000059581.08469.77 (2003).

3. Videbaek, T. S. et al. Circumferential fusion improves outcome in comparison with instrumented posterolateral fusion: long-term
results of a randomized clinical trial. Spine (Phila Pa 1976) 31, 2875-2880, doi: 10.1097/01.brs.0000247793.99827.b7 (2006).

SCIENTIFICREPORTS | 6:36715 | DOI: 10.1038/srep36715 8



www.nature.com/scientificreports/

4. Axelrad, T. W,, Kakar, S. & Einhorn, T. A. New technologies for the enhancement of skeletal repair. Injury 38 Suppl 1, S49-S62, doi:
10.1016/j.injury.2007.02.010 (2007).

5. Anitua, E., Andia, I, Ardanza, B., Nurden, P. & Nurden, A. T. Autologous platelets as a source of proteins for healing and tissue
regeneration. Thromb Haemost 91, 4-15, doi: 10.1160/TH03-07-0440 (2004).

6. Crovetti, G. et al. Platelet gel for healing cutaneous chronic wounds. Transfus Apher Sci 30, 145-151, doi: 10.1016/j.
transci.2004.01.004 (2004).

7. Marx, R. E. et al. Platelet-rich plasma: Growth factor enhancement for bone grafts. Oral Surg Oral Med Oral Pathol Oral Radiol
Endod 85, 638-646 (1998).

8. Li, H. et al. Anterior lumbar interbody fusion with carbon fiber cage loaded with bioceramics and platelet-rich plasma. An
experimental study on pigs. Eur Spine J 13, 354-358, doi: 10.1007/500586-003-0647-3 (2004).

9. Sethi, P. M.. et al. Evaluation of autologous platelet concentrate for intertransverse process lumbar fusion. Am J Orthop (Belle Mead
NJ) 37, E84-E90 (2008).

10. Kamoda, H. et al. The effect of platelet-rich plasma on posterolateral lumbar fusion in a rat model. ] Bone Joint Surg Am 95,
1109-1116, doi: 10.2106/JBJS.L.00320 (2013).

11. Kamoda, H. et al. Platelet-rich plasma combined with hydroxyapatite for lumbar interbody fusion promoted bone formation and
decreased an inflammatory pain neuropeptide in rats. Spine (Phila Pa 1976) 37, 1727-1733, doi: 10.1097/BRS.0b013e31825567b7
(2012).

12. Forriol, E et al. Platelet-rich plasma, thOP-1 (thBMP-7) and frozen rib allograft for the reconstruction of bony mandibular defects
in sheep. A pilot experimental study. Injury 40 Suppl 3, S$44-549, doi: 10.1016/50020-1383(09)70011-7 (2009).

13. Hee, H. T., Majd, M. E., Holt, R. T. & Myers, L. Do autologous growth factors enhance transforaminal lumbar interbody fusion? Eur
Spine ] 12, 400-407, doi: 10.1007/s00586-003-0548-5 (2003).

14. Jenis, L. G., Banco, R. J. & Kwon, B. A prospective study of Autologous Growth Factors (AGF) in lumbar interbody fusion. Spine J 6,
14-20, doi: 10.1016/j.spinee.2005.08.014 (2006).

15. Lowery, G. L., Kulkarni, S. & Pennisi, A. E. Use of autologous growth factors in lumbar spinal fusion. Bone 25, 47S-50S (1999).

16. McCarrel, T. & Fortier, L. Temporal growth factor release from platelet-rich plasma, trehalose lyophilized platelets, and bone marrow
aspirate and their effect on tendon and ligament gene expression. J Orthop Res 27, 1033-1042, doi: 10.1002/j0r.20853 (2009).

17. Pietramaggiori, G., Kaipainen, A., Czeczuga, ]. M., Wagner, C. T. & Orgill, D. P. Freeze-dried platelet-rich plasma shows beneficial
healing properties in chronic wounds. Wound Repair Regen 14, 573-580, doi: 10.1111/j.1743-6109.2006.00164.x (2006).

18. Pan, L. et al. Growth Factor Release from Lyophilized Porcine Platelet-Rich Plasma: Quantitative Analysis and Implications for
Clinical Applications. Aesthetic Plast Surg 40, 157-163, doi: 10.1007/s00266-015-0580-y (2016).

19. Markou, N. et al. Treatment of periodontal endosseous defects with platelet-rich plasma alone or in combination with demineralized
freeze-dried bone allograft: a comparative clinical trial. J Periodontol 80, 1911-1919, doi: 10.1902/jop.2009.090216 (2009).

20. Arosarena, O. & Collins, W. Comparison of BMP-2 and -4 for rat mandibular bone regeneration at various doses. Orthod Craniofac
Res 8, 267-276, doi: 10.1111/j.1601-6343.2005.00349.x (2005).

21. Bae, H. W. et al. Bone marrow enhances the performance of rhBMP-2 in spinal fusion: a rodent model. ] Bone Joint Surg Am 95,
338-347, doi: 10.2106/JBJS.K.01118 (2013).

22. Bosemark, P, Isaksson, H. & Tagil, M. Influence of systemic bisphosphonate treatment on mechanical properties of BMP-induced
calluses in a rat fracture model: comparison of three-point bending and twisting test. ] Orthop Res 32, 721-726, doi: 10.1002/
jor.22599 (2014).

23. Eppley, B. L., Woodell, J. E. & Higgins, J. Platelet quantification and growth factor analysis from platelet-rich plasma: implications
for wound healing. Plast Reconstr Surg 114, 1502-1508 (2004).

24. Okuda, K. et al. Platelet-rich plasma contains high levels of platelet-derived growth factor and transforming growth factor-beta and
modulates the proliferation of periodontally related cells in vitro. J Periodontol 74, 849-857, doi: 10.1902/jop.2003.74.6.849 (2003).

25. Weibrich, G., Kleis, W. K., Hafner, G. & Hitzler, W. E. Growth factor levels in platelet-rich plasma and correlations with donor age,
sex, and platelet count. ] Craniomaxillofac Surg 30, 97-102, doi: 10.1054/jcms.2002.0285 (2002).

26. Seeman, E. Bone quality: the material and structural basis of bone strength. ] Bone Miner Metab 26, 1-8, doi: 10.1007/s00774-007-
0793-5 (2008).

27. Bono, C. M. & Wetzel, E T. & North American Spine Society Executive Committee, e. b. t. N. A. S. S. S. o. B. Black, white, or gray:
how different (or similar) are YODA and the The Spine Journal reviews of BMP-2? Spine J 13, 1001-1005, doi: 10.1016/j.
spinee.2013.07.030 (2013).

28. Glassman, S. D., Gum, J. L., Crawford, C. H., 3rd, Shields, C. B. & Carreon, L. Y. Complications with recombinant human bone
morphogenetic protein-2 in posterolateral spine fusion associated with a dural tear. Spine J 11, 522-526, doi: 10.1016/j.
spinee.2010.05.016 (2011).

29. Mannion, R. J., Nowitzke, A. M. & Wood, M. J. Promoting fusion in minimally invasive lumbar interbody stabilization with low-
dose bone morphogenic protein-2--but what is the cost? Spine J 11, 527-533, doi: 10.1016/j.spinee.2010.07.005 (2011).

30. Oryan, A., Moshiri, A. & Meimandi-Parizi, A. Role of embedded pure xenogenous bovine platelet gel on experimental tendon
healing, modelling and remodelling. BioDrugs 28, 537-556, doi: 10.1007/s40259-014-0107-0 (2014).

Acknowledgements
This work was supported by a JSPS KAKENHI grant (26462228) and AO Spine Japan Research grant
(AOSJP(R)2014-25).

Author Contributions

S$.0,GK,HK,MY, YM,KY, YE,MS,KIL,TS,]S,KE, KA, HK,MI,HK, YA, TT, TE, MK, K.T.
and S.O. conceived the study, participated in its design, and assisted with the coordination and drafting of the
manuscript. Y.S. designed the study, performed the statistical analysis, served as the principal coordinator for all
aspects of this study, edited the text and graphics, translated the manuscript into English, and prepared the final
version of the manuscript. All authors read and approved the final manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Shiga, Y. et al. Freeze-Dried Platelet-Rich Plasma Accelerates Bone Union with
Adequate Rigidity in Posterolateral Lumbar Fusion Surgery Model in Rats. Sci. Rep. 6, 36715; doi: 10.1038/
srep36715 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS | 6:36715 | DOI: 10.1038/srep36715 9



www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS |6:36715|DOI: 10.1038/srep36715 10


http://creativecommons.org/licenses/by/4.0/

	Freeze-Dried Platelet-Rich Plasma Accelerates Bone Union with Adequate Rigidity in Posterolateral Lumbar Fusion Surgery Mod ...
	Materials and Methods

	Experimental Animals. 
	FD-PRP Preparation. 
	Lumbar Posterolateral Fusion Models. 
	Determination of Growth Factor Concentrations. 
	Radiographic Examination (Evaluation of Bone Union). 
	Histological Examination. 
	Amount of Bone Formation. 
	Trabecular Bone Evaluation. 
	Total area ratio. 
	Number of trabecular branches. 
	Width of each trabecular branches. 
	Mechanical strength examination (three-point bending test). 
	Statistical Analysis. 


	Results

	Confirmation of PRP. 
	Platelet counts. 
	Concentration of growth factors. 
	Evaluation of bone union. 
	Histological Analysis. 
	Bone formation. 
	Trabecular bone. 
	Total area ratio. 
	Number of trabecular branches. 
	Width of each trabecular branches. 
	Mechanical Strength Examination. 
	Complications. 



	Discussion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (A) FD-PRP preparation.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Histological image of the lumbar spine (hematoxylin and eosin stain).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Mechanical strength evaluation: three-point bending test.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Anteroposterior radiographs of the spinal segment of the platelet-rich plasma group 4 weeks after the surgery.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (A) Evaluation of bone union.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Histological images of trabecular bone.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ (A) Total area ratio: the FD-PRP group was slightly inferior to the autologous bone group.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Mechanical strength evaluation using three-point bending test.
	﻿Table 1﻿﻿. ﻿  Mean platelet counts (/μL).
	﻿Table 2﻿﻿. ﻿  Concentration of growth factors (ng/mL).



 
    
       
          application/pdf
          
             
                Freeze-Dried Platelet-Rich Plasma Accelerates Bone Union with Adequate Rigidity in Posterolateral Lumbar Fusion Surgery Model in Rats
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36715
            
         
          
             
                Yasuhiro Shiga
                Sumihisa Orita
                Go Kubota
                Hiroto Kamoda
                Masaomi Yamashita
                Yusuke Matsuura
                Kazuyo Yamauchi
                Yawara Eguchi
                Miyako Suzuki
                Kazuhide Inage
                Takeshi Sainoh
                Jun Sato
                Kazuki Fujimoto
                Koki Abe
                Hirohito Kanamoto
                Masahiro Inoue
                Hideyuki Kinoshita
                Yasuchika Aoki
                Tomoaki Toyone
                Takeo Furuya
                Masao Koda
                Kazuhisa Takahashi
                Seiji Ohtori
            
         
          doi:10.1038/srep36715
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep36715
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep36715
            
         
      
       
          
          
          
             
                doi:10.1038/srep36715
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36715
            
         
          
          
      
       
       
          True
      
   




