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Abstract

BACKGROUND: In the present study, a novel tissue engineering bone graft including platelet rich plasma gel (PRP gel),
human umbilical mesenchymal stem cells (HUMSCs) and nanohydroxyapatite/polyamide 66 (nHA-PA66) was con-
structed. We explored whether the composite scaffolds could enhance the angiogenesis and bone repair capacity in rat
femoral large bone defect (LBD). This study aimed to provide evidence for the clinical application of the composite
scaffold in LBD treatment.

METHODS: PRP was prepared, the platelets and growth factors were measured. HUMSCs were isolated and identified.
the osteogenic capacity of PRP in vitro was measured. Then HUMSCs-PRP-gel/nHA-PA66 composite scaffolds were
synthesized and observed. The proliferation and osteogenesis differentiation of HUMSCs on the composite scaffold was
measured. The angiogenic capacity of PRP in vitro was measured by capillary-like tube formation assay. Finally, the
angiogenesis and bone repair capacity of the composite scaffolds was measured in rat LBD.

RESULTS: PRP contained high level of platelets and growth factors after activation, and promoted osteogenic and
angiogenic differentiation in vitro. The HUMSCs-PRP-gel/nHA-PA66 composite scaffold was porosity and promoted the
proliferation and osteogenesis differentiation of HUMSCs. At 12th weeks, more micro-vessels and new bone were formed
around the composite scaffolds compared with other groups, the defect was almost repaired.

CONCLUSION: Our study for the first time identified that the combination of PRP gel, HUMSCs and nHA-PA66 scaffold
could significantly promote angiogenesis and bone regeneration in rat LBD, which may have implications for its further
application in clinical LBD treatment.

Keywords Large bone defect - Angiogenesis - Osteogenesis - Platelet rich plasma - Nanohydroxyapatite/polyamide 66

1 Introduction

Wei Liu and Yong Huang are co-first authors. .
The reconstruction of large bone defect (LBD) caused by

B< Xiaoyu Wang trauma, surgical excision of tumors and congenital mal-

xiaoyuwang @hrbmu.edu.cn formation is still a challenging problem in orthopedic
surgery [1]. In clinical, LBDs are always repaired by bone
grafts, including autografts, allografts, vascularized bone

Department of Orthopedic Surgery, The First Affiliated
Hospital of Harbin Medical University, 23 Youzheng Street,

Nangang District, Harbin 150001, Heilongjiang, China grafts. However, the bone grafts have many drawbacks.
2 Department of Orthopedic Surgery, The Affiliated Hospital Briefly, a.lutografts. are severely limited by .bone. availability,
of Qinghai University, Xining, Qinghai, China donor site morbidity and movement impairments [2];
3 Department of Orthopedic Surgery, The Second Affiliated fclllog:rafts are less F)st.eomductllve than aut(?grafts and risky
Hospital of Harbin Medical University, Harbin, Heilongjiang, in disease transmission and immunogenic response [3];

China

@ Springer


http://orcid.org/0000-0001-8245-6121
http://crossmark.crossref.org/dialog/?doi=10.1007/s13770-022-00471-3&amp;domain=pdf
https://doi.org/10.1007/s13770-022-00471-3

1322

Tissue Eng Regen Med (2022) 19(6):1321-1336

vascularized bone grafts need anastomotic technique and
good vascular condition in the donor site.

Nowadays, the bone tissue engineering strategy has
appeared as one of the most promising approaches for the
treatment of bone defect [4, 5]. Three basic biologic ele-
ments are required for bone tissue engineering, including
stem cells, extracellular scaffolds and biological factors for
growth, osteogenesis and angiogenesis [6]. Mesenchymal
stem cells (MSCs) are considered as important contributors
in bone tissue engineering due to their potential for mul-
tilineage differentiation into various cell lineages, such as
osteoblasts, chondrocytes and adipocytes. In recent years,
several in vitro and in vivo studies have proposed the
application of MSCs in bone defect repair [7]. Bone mar-
row (BM)-derived MSCs were discovered first, and the
bone marrow was considered the main source of MSCs for
clinical application. However, bone marrow aspiration
always causes pain at the puncture point and the source of
BM-derived MSCs is limited. Previous study has demon-
strated human umbilical mesenchymal stem cells
(HUMSCS) can be utilized as alternative stem cells in the
reconstruction and regeneration of bone defects [8]. In the
present study, HUMSCs were considered as substitute cells
for BM-derived MSCs and served as appropriate stem cells
in bone tissue engineering.

With regard to the scaffold used in bone tissue engi-
neering, inorganic hydroxyapatite (HA) and organic poly-
mers constituted by various composite materials have been
explored as bone graft substitutes over the years [9]. The
nanohydroxyapatite/polyamide 66 (nHA-PA66) scaffold is
a composite material of nanohydroxyapatite and polyamide
66, which is similar to an apatite blend with collagen
organisms as natural bone. The scaffold is a good candidate
as a bone graft substitute. Many studies have reported
satisfactory clinical outcomes of the scaffold [10]. In our
previous study [11], nHA-PA66 scaffold combined with
LvNell-1 gene modified MSCs was implanted in the rat
femoral LBD with severe periosteal damage. The results
showed that new bone tissues had successfully grown into
the defect areas. However, the study is far from ideal
because the nHA-PA66 scaffold itself lacks osteoinduc-
tivity and the genetically modified biologics have the
problem of bio-safety.

Compromised bone repair and regeneration in many
patients can be attributed to impaired blood supply [12].
Platelet-rich plasma (PRP), which can be obtained by
centrifuging the whole blood, has a platelet concentration
3-10 times higher than the whole blood (higher than
1 x 10° platelets/ml). After activation, PRP will release a
pool of growth factors which have the functions of bone
formation and vascularization, including platelet-derived
growth factor (PDGF), transforming growth factor beta
(TGF-B), vascular endothelial growth factor (VEGEF,
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essentially VEGFA) [13]. In 1998, it was used in the initial
stage of enhanced fracture healing [14]. Nowadays, PRP
has been widely used in orthopedics to promote bone
regeneration [15].

There are no studies that evaluate the performance of
PRP in combination with HUMSCs and nHA-PA66 scaf-
fold to repair LBD. In our study, we utilized precise motor-
driven drilling machine to make LBD in rat femur. We
explored whether the combination of PRP gel, HUMSCs
and nHA-PA66 scaffold could enhance the angiogenesis
and bone repair capacity in LBD. This study aimed to
provide evidence for the clinical application of HUMSCs-
PRP-gel/nHA-PA66 composite scaffold in the LBD
treatment.

2 Materials and methods
2.1 Experimental animals

Male sprague dawley (SD) rats in our study were ordered
from the experimental animal center of the Second Affili-
ated Hospital of Harbin Medical University (Harbin, Hei-
longjiang, China), housed in groups of four and gave five
days to acclimate to the housing facility. Environmental
conditions were a temperature of 22 £ 2 °C, humidity of
55% and natural light—dark cycle. Animals were housed in
600 x 380 x 200 mm> cages and gave access to rat
maintenance food and water ad libitum. During housing,
animals were monitored twice daily for health status. No
adverse events were observed. All procedures were carried
out under an approval of the Animal Care and Use Com-
mittee of Harbin Medical University (IACUC no.
2022061). All sections of this report adhere to the ARRIVE
Guidelines 2.0 for reporting animal research [16]. A
completed ARRIVE guidelines checklist is included in
supplement S1.

2.2 PRP preparation

60 male SD rats weighed (mean £+ SD) 312 4+ 23 g were
anesthetized with 10% chloral hydrate and then humanely
euthanized. Study was conducted using 5 animals as one
experimental unit. The whole blood was collected via heart
puncture. The blood was anticoagulated with 3% acid-ci-
trate dextrose (1/10 volume) and centrifuged for 15 min at
800 rpm at 20 °C. Then the upper plasma was collected
into a new tube and centrifuged again for 15 min at
2000 rpm at 20 °C. The upper layer was called platelet
poor plasma (PPP) and removed, leaving the PRP and
buffy coat. Then the PRP was resuspended in the bottom.
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2.3 PRP extract preparation, measurement
of platelets and growth factors

The concentrations of platelets in PRP and whole blood
were counted with an automated hematology analyzer
(Nikon, Tokyo, Japan). Then PRP was stored at — 80 °C
overnight and melted at 4 °C to release the factors from the
concentrated platelets. Each sample was centrifuged at
1300 rpm for 10 min and the clear, cell-free supernatant
was collected and stored at — 80 °C as PRP extract. The
PRP extract was prepared for in vitro experiment. The
concentrations of vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF) and
transforming growth factor-f (TGF-f) in PRP extract and
whole blood were measured with ELISA according to the
manufacturer’s instructions (Shanghai Enzyme-linked
Biotechnology Co., Ltd. Shanghai, China).

2.4 Isolation, expansion, immunophenotyping
and osteogenic differentiation of HUMSCs

Human umbilical mesenchymal stem cells (HUMSCs)
were purchased from Zhong Qiao Xin Zhou Biotechnology
Co., Ltd (Shanghai, China) and were maintained in the
HUMSCs complete medium (Zhong Qiao Xin Zhou
Biotechnology Co.,Ltd. Shanghai, China). Culture medium
was changed every 2-3 days, and cells were passaged
when they reached to 80% confluence. Experiments were
performed using cells between passages 2 and 4.

For the immunophenotyping of cells, monolayer cul-
tured cells were detached by mechanical scratching and
filtered through a stainless-steel mesh filter to eliminate cell
aggregates from the single-cell suspension. After cen-
trifugation, cells were blocked with 1% bovine serum
albumin for 15 min. Table 1 describes the antibodies and
antibody mixes. Cells were then incubated with 5 pL of
antibodies for 30 min on ice. Appropriate isotype control
antibodies were used to exclude nonspecific binding. After
washing, the samples were analysed using a BD
FACSCalibur (BD Biosciences, San Jose, CA, USA).

To induce osteogenic differentiation, cells were treated
with PRP extract and induced with osteogenic medium,

Table 1 List of antibodies used for flow cytometry validation

Antibody Fluorophore Company Catalog number
CD34 APC Abcam Ab155377
CD45 FITC Abcam Ab27287

CD73 APC Abcam Ab155378
CD105 FITC Abcam Ab18278

APC allophycocyanin, FITC fluorescein isothiocyanate

7 days for ALP assay and 14 days for alizarin red staining.
ALP staining and ALP activity were assessed according to
the manufacturer’s instructions (ALP kit, Nanjing Jian-
cheng, China). For alizarin red staining, cells were stained
with 40 mM of Alizarin Red S solution (pH 4.1-4.4). 10%
cetylpyridinium chloride (in 10 mM sodium phosphate, pH
7.0) was used to destrain the cells and the absorbance was
measured at 562 nm by a microplate spectrophotometer.
All experiments were performed in quintuplicate.

2.5 Western blot analysis

Cultured cells were harvested by RIPA buffer. The total
protein samples were quantified by BCA protein assay and
layered by SDS-PAGE (10% polyacrylamide gels) and
transferred to NC membranes (Millipore, Burlington, MA,
USA), and the membranes were then blocked by PBST
buffer containing 5% bovine serum albumin for 1 h. Sub-
sequently, The membranes were then incubated overnight
with collagen I antibody (cat. AF7001, dilution, 1:500,
Affinity Biosciences Inc., Cincinnati, OH, USA) and
osteocalcin antibody (cat. DF12303, dilution, 1:500,
Affinity Biosciences Inc.), followed by application of goat
anti-rabbit HRP conjugate antibodies (cat. AP132P, dilu-
tion, 1:2000, Millipore). The membrane was developed by
the use of a Tanon-5200 detection kit (Tanon Technologies
Inc., Shanghai, China) with GAPDH (cat. A19056,
ABclonal Technology Co., Ltd., Wuhan, China) as a con-
trol. The bands were visualized and quantitated using
Tanon GIS image processing system. All experiments were
performed in quintuplicate.

2.6 RNA isolation and real-time quantitative PCR
(RT—qPCR)

The expression levels of osteocalcin (OCN), collagen
1A1(COL1A1) in stem cells, VEGF, PDGF and TGF-§ in
the tissues were examined by RT—qPCR. Briefly, total
RNA was extracted with Trizol reagent (Invitrogen,
Carlsbad, CA, USA), 1 pg of total RNA was reverse—
transcribed into cDNA with Transcriptor First Strand
cDNA Synthesis Kit (Roche diagnostics Gmbh, Roche
Applied Science, Mannheim, Germany) according to the
manufacturer’s instructions. Quantitative real-time PCR
analysis of genes was conducted using ABI Prism 7300
real—time PCR system (Applied Biosystems, Waltham,
MA, USA). The reaction was performed at 95 °C for 30 s;
40 cycles at 95 °C for 5, 55 °C for 30s; and 4 °C
for + c0. 274 method was used to quantify relative
gene expression. The primer sequences used in experi-
ments of osteogenic differentiation of HUMSCs in vitro
were as follows: OCN, 5-CCCAGGCGCTACCTG-
TATCA-3' (forward) and 5-
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GTGGTCAGCCAACTCGTCAC-3' (reverse); COLIAI,
5'-CCTGTCTGCTTCCTGTAAACTC-3’ (forward) and 5'-
GTTCAGTTTGGGTTGCTTGTC -3’ (reverse); B-Actin
5'-TGGCACCCAGCACAATGAA-3' (forward) and 5'-
CTAAGTCATAGTCCGCCTAGAA-3’"  (reverse). The
primer sequences used in vivo were as follows: VEGFA, 5'-
GGATCAAACCTCACCAAAGCCA-3' (forward) and 5'-
TGGTCTGCATTCACATCTGCT-3' (reverse); PDGF-B,
5'-CTACCTGCGTCTGGTCAGC-3' (forward) and 5'-
GCTCAGCCCCATCTTCGTCTAC-3' (reverse); TGF-B1,
5'-GGCTGAACCAAGGAGACGGA-3' (forward) and 5'-
CCTCGACGTTTGGGACTGAT-3’' (reverse); GAPDH,
5'-TCTCTGCTCCTCCCTGTTCTA-3’ (forward) and 5'-
GGTAACCAGGCGTCCGATAC-3' (reverse). All experi-
ments were performed in quintuplicate.

2.7 Scaffold preparation and HUMSCs seeding

The nHA-PA66 scaffold was synthesized as previously
described [17]. Briefly, nHA-PA66 powders were mixed with
ethanol at room temperature, the ratio of composite to ethanol
(w:v) was varied from 0.6 to 0.8. Then the mixture was cast
into the Teflon® mould and moved into oven at 80°C for
3 days. During this period, phase inversion of ethanol was
thermally induced and the inter connective porous structure of
the scaffold was gradually formed. After ethanol gradually
evaporated from the mould, the material became solidifica-
tion. The porous scaffold was finally obtained after being dried
at 100 °C. The scaffold was cut into small pieces
G x5x%x5 mm3) for cell culture and animal experiment and
sterilized using ethylene oxide gas. The PRP and cell sus-
pension at a density of 1 x 107 cells/ml were mixed at a
volume ratio of 4:1 to obtain cell—PRP mixture at a density of
2 x 10° cells/ml, as described by Tajima et al. [18]. 30 pL of
cell—PRP mixture was dripped onto each scaffold. Controls
were established without PRP. MSCs suspensions at a density
of 2 x 10° cells/ml were seeded. The constructs were incu-
bated at 37 °C for 2 h to allow for cell diffusion and attach-
ment. Then, 6 pL of thrombin was added onto the composite
scaffold. All scaffolds were cultured statically forup to 7 days
in an osteogenic induction medium. The medium was changed
every 3 days.

2.8 Porosity measurement

After the composite scaffolds were cultured for 24 h, the
porosity of the scaffold was measured by liquid displace-
ment as previously described [19]. Ethanol was chosen as
the displacing liquid because it easily penetrated into the
pores of the scaffold without destroying the scaffold. The
scaffold was immersed in a known volume (V1) of ethanol
until the scaffold was completely saturated. The total vol-
ume of ethanol and ethanol—saturated scaffold was
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recorded as V2. The saturated scaffold was then removed
carefully and the volume of residual ethanol was recorded
as V3. Therefore, the volume of the saturated scaffold was
V2-V3 and the volume of ethanol within the scaffold was
V1-V3.

The porosity of the scaffold was calculated as follows.

Porosity (%) = (VI — V3)/(V2 — V3) x 100

The experiments were performed 5 times and the aver-
age porosity value was obtained.

2.9 Scanning electron microscopy (SEM)
observation

After the composite scaffolds were cultured for 24 h, the
samples were taken out and rinsed with phosphate buffered
saline (PBS) three times. Then the samples were immobi-
lized with 2.5% (v/v) glutaraldehyde solution at 4 °C for
4 h, dehydrated with a graded series of ethanol (30, 50, 70,
90, and 100%), freeze-dried for 48 h. The samples were
finally coated with gold. The morphology of the scaffold
and the attachment of the cells were observed by scanning
electron microscopy (HITACHI, Tokyo, Japan). The
average ratio of fibrin coverage was calculate using NIH
Image J software.

2.10 Cell proliferation and viability

The proliferation of HUMSCs on the scaffold was mea-
sured by using the MTT [3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyl-2H-tetrazolium bromide] assay after 1,

3, and 7 days of culture. The absorbance of the solution
in each well was measured at 490 nm by a microplate
spectrophotometer.

2.11 Alkaline phosphatase (ALP) assay

ALP was measured after 1, 3, 7 days of cell seeding. To
assess the ALP activity, cells were lysed with 1% Triton
X—100 in DEPC—treated water and three freeze—thaw
cycles. ALP activity assay was assessed according to the
manufacturer’s instructions (ALP kit, Nanjing Jiancheng,
China).

2.12 Endothelial cells (ECs) culture

60 SD rats weighed (mean £ SD) 312 £ 23 g were anes-
thetized with 10% chloral hydrate and then humanely
euthanized. Study was conducted using 5 animals as one
experimental unit. ECs isolation from the thoracic aorta
were performed as described by Chen et al. [20]. The cells
were cultured in DMEM supplemented with 15% (v/v)
FBS, L—glutamine (2 mM), 100 pg/mL sodium heparin,
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4 ng/mL. VEGF, and 100 U penicillin/streptomycin at
37 °C in 5% CO,. Once they had formed a monolayer, the
cells were subcultured in DMEM with 10% FBS, digested
with 2% trypsin, and collected.

2.13 Matrigel tube formation assay

The in vitro capillary—like tube formation assay was
conducted using Matrigel™ Matrix (BD Biosciences)
according to the manufacturer’s instructions. Each well in
96—well plates was coated with 50 pL. Matrigel, and the
plates were incubated at 37 °C for 6 h to allow the Matrigel
to polymerize fully. Cells after 24 h PRP extract co-culture
were seeded at a density of 1.5 x 10 cells per well in the
prepared plates and treated with 1.0 pM roxarsone for 6 h.
Tube formation of each group was photographed from five
random microscopic fields using an inverted light micro-
scope (Leica, Wetzlar, Germany) and the average numbers
and diameters of tubes per field were determined.

2.14 Rat femur large bone defect (LBD) model

The rats were anesthetized with 10% chloral hydrate.
Large bone defect (LBD) of right femur was made as
described by Henrich et al. [21]. The individual rat was
considered the experimental unit within the studies.
Briefly, the rats were placed in the left lateral prone posi-
tion, and a 40 mm longitudinal incision was made over the
lateral aspect of the right thigh. Then, the biceps femoris
and vastus lateralis muscles were separated to expose the
lateral aspect of the femoral bone. The LBD measuring
5 mm was created using a precise motor-driven drilling
machine. The scaffold about 5 x 5 x 5 mm?, inserted by a
1.25 mm diameter K-wire, was implanted in the defect.
The wound was irrigated with sterile saline, the muscles as
well as the fascia were carefully repaired with 4-0 Vicryl
sutures and the skin was closed with 3-0 silk suture. The
operation was performed in the right femurs of rats
weighed (mean £ SD) 148 £ 11 g. The rats with postop-
erative complications were excluded from the experiment,
including incision infection (n = 2), incision rupture
(n = 1), scaffold dislocation (n = 4) and K-wire dislocation
(n = 2). A total of 50 animals were included in this study.
Depending on the scaffold implanted in the defect area, the
rats were randomly assigned to five experimental groups
(n = 10 blank control, n = 10 nHA-PA66, n = 10 PRP-gel/
nHA-PA66, n =10 HUMSCs/nHA-PA66, n =10
HUMSCs-PRP-gel/nHA-PA66). Random numbers were
generated using the standard = RAND () function in
Microsoft Excel. Rats were sacrificed at 6 and 12 weeks
after implantation. The group allocation was blinded to the

experimenters during the conduct of the experiment, the
outcome assessment and the data analysis.

2.15 Micro-CT measurement

The samples were scanned using a micro-CT scanner
(Skyscan 1076, Belgium) at 30 um resolution. A constant
volume of interest centered over the fracture site, with 150
slices thick (approximately 5 mm), was selected for anal-
ysis. The two dimensional images were reconstructed. The
bone volume (BV, mm3), bone volume density (BV/TV,
%), and bone mineral density (g/cmS) were calculated.

2.16 Histologic assessment

After decalcified in 10% EDTA for 2 weeks, all samples
were fixed in 4% (v/v) neutral paraformaldehyde for 24 h
after collection. Following dehydrated and embedded in
paraffin, the tissues were cut into 5 pm sagittal sections.
Then, the slides were stained with hematoxylin and eosin.
The figures were examined and captured by another group
of experienced histology researchers in a blinded manner
using a microscope (Olympus, Tokyo, Japan). The histo-
morphometric analysis was conducted using NIH Image J
software.

2.17 Statistical analysis

Statistical analysis was performed by using GraphPad
Prism 9 software and SPSS. All data were expressed as
mean + SD. The data between two groups were compared
using independent-samples t-test. The data between three
or more groups were compared by the one-way ANOVA
and Tukey test. p < 0.05 was considered to be statistically
significant. The sample size in the studies was estimated as
previously reported [5].

3 Results
3.1 Concentration of platelets and growth factors

Since each purification method may affect the chemical
ingredients of PRP, we measured the concentrations of
platelets and growth factors in the PRP prepared by our
protocol. Results showed that the mean platelet count for
PRP was 1.114 4+ 0.09 x 106/uL, while that of whole
blood was 0.323 + 0.04 x 10%uL (3.45 times higher in
PRP as compared to whole blood). Correspondingly, PRP
released 2.31 times higher VEGF, 2.27 times higher TGF-f
and 3.19 times higher PDGF as compared to whole blood.
All of these confirmed the presence of a increased
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concentration of platelets and growth factors during the
PRP preparation (Table 2).

3.2 Immunophenotyping identification of HUMSCs

To verify whether HUMSCs have been successfully cul-
tured in vitro, we performed flow cytometry to detect the
immunophenotyping of the cells. Results showed that CD
73 and CD 105 were positive among cells. However, CD
34 and CD 45 were barely positive among cells (Fig. 1).
Thereby demonstrating a characteristic immunophenotype
of HUMSCs.

3.3 PRP promotes osteogenic and angiogenic
differentiation in vitro

The osteogenic capacity of PRP extract was measured by
ALP staining, ALP activity assay, alizarin red staining,
western blot analysis and RT—qPCR. After 7 days of
osteogenic induction in osteogenic medium (OM), ALP
positive cells were more prominent in OM + PRP group
compared with OM group (Fig. 2). Correspondingly, the
ALP activity of the OM + PRP group was significant
higher than the OM group (Fig. 2A, p < 0.001). After
14 days of osteogenic induction, calcium mineral deposi-
tion was more prominent in OM + PRP group compared
with OM group (Fig. 2). The quantitative analysis showed
the absorbance of the OM + PRP group was significant
higher than the OM group (Fig. 2B. p < 0.5). The relative
mRNA and protein expression of COL 1 and OCN in
OM + PRP group was significant higher than the OM
group (Fig. 2E-G).

To further explore the angiogenic capacity of PRP
in vitro, ECs with PRP extract were induced with angio-
genic medium (AM) for 24 h. Figure 2 shows photographs
of the capillary-like tubes that formed in the Matrigel tube
formation assay. Compared to the AM group, PRP signif-
icantly increased the number of formed tubes in AM +
PRP group (Fig. 2C, p < 0.001). Correspondingly, the
average diameters of formed tubules were significantly
decreased in AM + PRP group (Fig. 2D, p < 0.01). All of
the results indicate that the PRP prepared by our protocol

Table 2 The concentrations of platelets and growth factors in PRP
and whole blood (n = 5, mean + SD)

Platelet and growth factors ~ PRP Whole blood

Platelets (10%/uL) 1.114 % 0.09 0.323 + 0.04
VEGF (pg/ml) 34433 4+ 27.8 149.19 + 16.37
TGF-B (pg/ml) 119.72 + 13.69 52.81 & 10.99

PDGF (pg/ml) 2272.94 £+ 12549  712.60 £ 50.14
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Fig. 1 Representative flow cytometry scatter plots, HUMSCs are a
homogeneous population of cells and exhibit surface expression of
standard cell surface markers. A Positive for CD 73 and CD 105.
B Negative for CD 34 and CD 45

played an important role in the promotion of osteogenesis
and angiogenesis in vitro.

3.4 The structure of PRP with nHA-PAG66 scaffold
and cell attachment.

SEM analysis showed that the nHA-PA66 scaffolds were
polyporous with an average pore diameter of 300—
500 pm. Many small pores with diameters ranging from
50 pm to 100 um could be seen in the wall of large pores.
The scaffold had a rough surface (Fig. 3A). In PRP-gel/
nHA-PA66 group, the PRP-gel filled the macropores and
formed a smooth fibrin network (Fig. 3B). In HUMSCs/
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Fig. 2 PRP promotes osteogenic and angiogenic differentiation
in vitro. The ALP-positive cells and calcium deposition was more
prominent in OM + PRP group compared with OM group (40 x).
PRP significantly promoted the formation of capillary-like tubes in
AM + PRP group. A ALP activity after 7 days of osteogenic
induction. B Absorbance of alizarin red staining after 14 days of
osteogenic induction. C, D The number and average diameters of

nHA-PA66 group, the cells adhered to the surface of
scaffold and had long protuberances (Fig. 3C). In
HUMSCs-PRP-gel/nHA-PA66 group, the cells adhered to
the surface of PRP gel and were more elongated and spread
than that on the nHA-PAG66 scaffold (Fig. 3D). The average
porosity of the HUMSCs-PRP-gel/nHA-PA66 was 52.8%,
and showed no statistically significant difference between
the HUMSCs-PRP-gel/nHA-PA66 group and other groups
(Fig. 3E). The average ratio of fibrin coverage was 66.5%
in PRP-gel/nHA-PA66 group and 60.3% in HUMSCs-PRP-
gel/nHA-PAG66 group.

formed tubes after 24 h of angiogenic induction. E Relative expres-
sion of COLIAl and OCN mRNA after 14 days of osteogenic
induction. F,G The protein expression of COL I and OCN after
14 days of osteogenic induction. (Data in mean + SD, n =135,
*p < 0.5, **p < 0.01, ***p < 0.001, OM = osteogenic medium,
AM = angiogenic medium)

3.5 Cell proliferation in vitro

The absorbance values of the two groups increased with the
extending of culture time. At day 1 after cell seeding, there
was no significant difference between the two groups. At
day 3 and 7 after cell seeding, the absorbance values of
HUMSCs-PRP-gel/nHA-PA66 were significantly higher
compared with that of the HUMSCs/nHA-PAG66, indicating
the PRP in the scaffold has a positive effect on the pro-
liferation of HUMSCs (Fig. 4).
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Fig. 2 continued
3.6 Cell osteogenic differentiation after co-culture

The ALP activity of the two groups increased with the
extending of culture time. At 1 day after cell seeding, there
was no significant difference between the two groups. At 3
and 7 days after seeding, significantly higher ALP activity
was detected in the HUMSCs-PRP-gel/nHA-PA66 group
when compared to the HUMSCs/nHA-PA66 group
(Fig. 5).

3.7 HUMSCs-PRP-gel/nHA-PA66 scaffold
significantly improves angiogenesis and bone
regeneration in the LBD site

After femur LBD was successfully established in rat
model, the HUMSCs-PRP-gel/nHA-PA66 scaffold was
implanted in the defect (Fig. 6). The results of HE staining
displayed that at 6 weeks after surgery, little new bone
tissues were formed in defect only group, and most of the
defect areas were filled with fibrous tissues in nHA-PA66
group and PRP-gel/nHA-PA66 group. But some micro-
vessels had grown into the pores of scaffold in PRP-gel/
nHA-PAG66 group. The group of HUMSCs/nHA-PA66
formed some pieces of new bone around the scaffold. In
HUMSCs-PRP-gel/nHA-PA66 group, micro-vessels and
new bone formed around the scaffold and the bone defect
was almost morphologically repaired (Fig. 7).
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Compared with other groups, histomorphometric anal-
ysis showed the relative area of new bone tissue in repair
area was increased significantly in both HUMSCs/nHA-
PA66 and HUMSCs-PRP-gel/nHA-PA66 group. However,
the increase of HUMSCs-PRP-gel/nHA-PA66 group was
significantly higher than that of HUMSCs/nHA-PA66
group (Fig. 7A). The mean vessel density of both PRP-gel/
nHA-PA66 group and HUMSCs-PRP-gel/nHA-PA66
group was increased significantly compared with other
groups, but the increase between the two groups had no
significant difference (Fig. 7B). At 6 weeks after surgery,
the RT—qPCR results revealed that the expression level of
PDGF-B, TGF-B1 and VEGFA mRNA was significantly
increased in HUMSCs-PRP-gel/nHA-PA66 group com-
pared with other groups. The increase between the PRP-
gel/nHA-PA66 group and HUMSCs-PRP-gel/nHA-PA66
group had no significant difference.

Then we performed micro-CT to detect the bone for-
mation among groups (Fig. 8). The results showed that
even after 12 weeks, the bone defects were still existed and
the gaps were not filled with bone tissues in the nHA-PA66
group and PRP-gel/nHA-PA66 group. Despite some new
bone tissues were observed around the scaffolds in
HUMSCs/nHA-PA66 group, the bone defect was still exist.
In the HUMSCs-PRP-gel/nHA-PA66 group, the cortical
bones were partial remodeled and the defect area was
almost repaired. Quantitative parameters for new bone
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Fig. 3 The morphology of A nHA-PA66 scaffolds, B PRP-gel/nHA
PA66, C HUMSCs/nHA-PA66 and D HUMSCs-PRP-gel/nHAPAG6.
The yellow areas represent the fibrin network formed by PRP gel. The
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Fig. 4 MTT assay for cell proliferation in vitro. The HUMSCs-PRP-
gel/nHA-PAG66 group demonstrated significantly higher absorbance
values compared with the HUMSCs/nHA-PA66 group at day 3 and 7.
(Data in mean + SD, n = 5, 'p < 0.05, “p < 0.01)

green areas represent the stem cells adhered to the scaffolds. E The
porosity of the scaffolds from the four groups. (Data in mean + SD,
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Fig. 5 ALP activity assay for cell osteogenic differentiation in vitro.
The HUMSCs-PRP-gel/nHA-PA66 group demonstrated significantly
higher ALP activity compared with the HUMSCs/nHA-PA66 group
at day 3 and 7. (Data in mean £+ SD, n = 5, *p < 0.05, **p < 0.01)
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«Fig. 6 Surgical procedure for the implantation of scaffolds in rat

femoral LBD site. A The scaffold was cut into 5 x 5 x 5 mm® before
implantion. B Cylindrical LBD of 5 mm diameter and 5 mm depth
was established in rat femur. C The scaffold could be accurately and
stably filled into the femoral defect area

formation were obtained and statistically analyzed from the
region of interest (ROI), including bone volume (BV,
mm3), bone volume density (BV/TV, %), and bone mineral
density (g/cm?). The results were illustrated in Fig. 8B-D.
The HUMSCs-PRP-gel/nHA-PA66 group had more bone
formation in defect area compared with other groups. All
of the results indicated both HUMSCs and PRP were
critical for angiogenesis and bone regeneration of LBD.

4 Discussion

The treatment of LBD remains a troublesome problem for
orthopedic surgeons. Studies have reported that the critical
size of LBD should be 1.5-2.5 times the diameter of bone
or one-tenth of the bone length [22]. The average length of
femoral bones of SD rats is about 4 cm. Therefore, to
construct rat femoral LBD model, the length of defect
should be more than 4 mm. In our experiment, cylindrical
LBD of 5 mm depth was established in rat femur using a
precise drilling device. In blank control group, at 12 weeks
after bone defect operation, we found the bone defect was
still exist and full of fibrous tissue. The result indicated that
LBD in femoral bone of rat was successfully modeled.
Even after 12 weeks, the defects could not be naturally
healed, and the natural repair effect was poor. Thus, LBD
is difficult to be healed by the intrinsic regenerative
capacity of the bone and requires treatments to promote
bone regeneration.

Compromised bone repair and regeneration in many
patients can be attributed to impaired blood supply [23]. In
present study, we developed a composite scaffold for the
repairing of LBD in rat femur by combining activated PRP
gel and HUMSCs onto the nHA-PA66 scaffolds. Our
results demonstrated the efficiency of this composite
scaffold in angiogenesis and bone regeneration, and
emphasized the importance of PRP and HUMSCs for LBD
treatment.

Compared to bone marrow—derived MSCs (BM—
MSCs), HUMSCs have several advantages. Firstly, the
umbilical cord blood (UCB) is often discarded after
childbirth, so the collection of cord blood is easy and
noninvasive; Secondly, the cord—blood units can be stored
in advance and are therefore rapidly available when needed
[24]; Finally, HUMSCs are considered less immunogenic
compared to BM—MSCs, and thus less stringent human
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Mean vessel density

The level of mMRNA expression

Fig. 7 HUMSCs-PRP-gel/nHA-PA66 significantly improved angio-
genesis and morphological repair in bone defects at 6th week after
surgery. A Relative area of new bone tissue in repair area.
B Quantitative analysis of mean vessel density per mm?®. C Relative
expression of PDGF-B, VEGFA and TGF-B1 mRNA in repair area. (3
randomized fields of view for each group. S: nHA-PAG66 scaffold,

leukocyte antigen (HLA) matching is required [25].
HUMSCs have been demonstrated to possess osteogenic
differentiation potential similar to that of BM—MSCs, and
might be a preferable allogeneic source of MSCs for the
treatment of difficult bone repair [26]. Liu et al. reported
that pre-differentiated HUMSCs seeded on demineralized
bone matrix (DBM) could lead to formation of mineralized

Relative area of new bone tissue
(100% to defect area)

W Defect only

B nHA-PAG6

B3 HUMSCs/nHA-PA66

B3 PRP-gel/nHA-PA66

B3 HUMSCs-PRP-gel/nHA-PAG6

NB: newly formed bone, F: fibrous and connective tissue, black
arrows: microvessels, Scale bar = 100 pm. Data in mean £ SD,
n=>5"p<0.05 "p<0.0I,"p < 0.001 versus Defect only group;
4p < 0.05, ““p <0.01, ¥%p < 0.001 versus PRP-gel/nHA-PAG6
group; *p < 0.05, "p < 0.01, *p < 0.001 versus HUMSCs/nHA-
PAG66 group)

bone like tissue in a rat calvarial defect model [27]. In the
present study, the HUMSCs were purchased from
biotechnology company and served as the stem cells in the
composite scaffolds. The cell type was determined via
immunophenotyping. Results displayed that these cells did
not express hematopoietic lineage markers including CD
34 and CD 45, and were positive for CD 73, CD 105. In
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<«Fig. 8 A Two dimensional images by micro-CT of different groups at
12th week after surgery (dashed rectangles indicate bone defect sites).
B Bone volume at 12th week after surgery. C Bone volume density at
12th week after surgery. D Bone mineral density of new bone tissues
at 12th week after surgery. (3 randomized fields of view for each
group, Data in mean + SD, n = 5, *p < 0.05, ***p < 0.001 versus
Defect only group; “p < 0.05, *“*p < 0.001 vs. PRP-gel/nHA-PAG6
group; *p < 0.05, #p < 0.01 versus HUMSCs/nHA-PA66 group)

addition, osteogenic differentiation of the cells was
demonstrated. All results indicated that the seed cells in our
study were not blood cells but HUMSCs [28].

PRP is abundant in fibrin and platelet containing a
variety of growth factors which are released after activa-
tion. Previous study demonstrated PRP treatment induced
the proliferation of MSCs and promoted the osteogenic
differentiation of MSCs [29]. PRP combined with
HUMSCs can also enhance bone regeneration in vivo [8].
Moreover, PRP are crucial for angiogenesis. Xu et al.
reported that the PRP treatment was capable of increasing
angiogenesis and re-epithelialization which was important
for the improvement of skin wound healing [30].

PRP is defined as a fraction of the autologous plasma
with high platelet concentration above the base line. Proper
concentration of platelet is the key factor in the effective-
ness of PRP therapy [31]. However, platelet count in PRP
may different according to the preparation protocol and
there is no international standard protocol for the prepa-
ration of PRP. Weibrich et al. reported that the best effects
occurred when PRP with a platelet concentration of
approximately 1,000,000/uL [32]. Marx et al. advised that
the platelet count of PRP therapy should achieve a 2—

w
(@]

Bone volume
(BV, mm?)

Bone area measurement

<«Fig. 8 continued

6 fold increase over the whole blood [33]. In the present
study, the PRP was all derived from SD rats, the weight
and gender of rats were controlled, and the method was
adapted from Ishida et al. [34]. The final platelet concen-
tration was 1.114 £ 0.09 x 10%pL (3.45 times higher in
PRP as compared to whole blood) which was also consis-
tent with previous literature. Both the preparation protocol
of PRP and the results of platelet concentration confirmed
the PRP used in our study is reliable.

The therapeutic actions of PRP derive from the release
of a multitude of growth factors involved in tissue repair
and regeneration. Among the PRP related growth factors,
the PDGF, TGF-B3 and VEGF are known to play a critical
role in cell proliferation, osteogenic differentiation and
angiogenesis. PDGF stimulates specific target cells (en-
dothelium, fibroblasts, macrophages and mesenchymal
cells) by binding to cell surface receptors, and regulates
collagenase secretion and collagen synthesis [31]. In vitro,
PDGF enhances proliferation of multiple types of bone
cells, including both osteoblast and osteoclast lineages
[35]. TGF-B plays an important role in fracture healing and
regeneration. In high concentration, it could enhance DNA
synthesis of bone cells. Additionally, it could inhibit
osteoclast formation and bone resorption [36]. In the
remodeling phase of bone repair, TGF-f and PDGF are
released from bone matrix during the process of bone
resorption [32], which is required for angiogenesis and
coordination of bone formation. VEGF plays important
roles in proliferation, migration and activation of
endothelial cells as well as in promotion of permeability
and fenestration of blood vessels [37]. VEGF also partici-
pates in several stages of bone repair and regeneration [38].
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In this study, we selectively detected the concentration
of VEGF, PDGF and TGF- in PRP extract using ELISA
assay. Correspondingly with the concentration of platelet,
VEGF was 2.49 times, PDGF was 2.97 times and TGF-f
was 2.10 times increased over the concentration of the
whole blood. Then we confirmed the osteogenic differen-
tiation of HUMSCs by ALP activity, ALP staining and
alizarin red staining. ALP is considered to be a marker in
early state or pre-mature osteoblasts. After 7 days of
osteogenic induction, ALP positive cells and ALP activity
were more prominent in the environment with PRP extract.
As a marker in later state of osteogenic differentiation,
alizarin red staining showed the calcium mineral deposition
was more prominent with PRP extract. The data provided a
reasonable explanation for the positive results of the pre-
sent study.

To further elucidate the osteogenic effect of PRP, we
analyzed the expression of genes that characterizes the
process of osteogenesis. Type I collagen (COL I) is one of
the earliest osteoblast markers and the most abundant
component of the immature bone matrix. The gene starts to
be expressed in immature osteoprogenitors and lasts during
the whole differentiation process, and TGF-B and PDGF
are able to upregulate COLIA1 [39]. In this study,
COL1AI1 was highly expressed with PRP extract, indicat-
ing the promotion of early stage of osteogenesis. OCN is a
mature osteoblast marker that influences hydroxyapatite
formation [40], and increases in the late stage of osteoge-
nesis [41]. Our results indicated OCN gene appears to be
overexpressed after 14 days of treatment with PRP extract,
suggesting the promotion of late stage of osteogenesis.

With regard to grafting scaffold combined with PRP,
several studies have evaluated the effect of PRP in com-
bination with nHA scaffold. Sadeghinia et al. reported that
the nano-hydroxy apatite/chitosan/gelatin scaffolds treated
with fibrin glue and activated PRP showed a fibrin network,
and increased the osteogenic differentiation of human
dental pulp stem cells [42]. In the present study, we
demonstrated the nHA-PA66 scaffold was characterized
with high porosity and had a three-dimensional
microstructure similar to natural bone, indicating the
scaffold had good bone conductibility. The PRP-gel
adhered to the scaffold formed a fibrin network, preventing
the cells from falling off the scaffold after seeding. Both
proliferation and osteogenic differentiation of HUMSCs
were significantly improved with the introduction of PRP.
Our results indicated the PRP gel could provided a bioac-
tive and adhensive surface for the attachment, proliferation
and osteogenic differentiation of stem cells.

In the skeletal system, blood vessels regulate develop-
mental and regenerative bone formation. Increasing study
has found that the key factor contributing to difficult repair
of LBD is poor vascularization [43]. In vitro study, our
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results indicated that PRP extract could significantly pro-
mote the formation of capillary-like tubes of endothelial
cells. In vivo study, our results indicated the use of PRP in
defects facilitate the release of VEGF, PDGF and TGF-f
into local environment, which were highly beneficial for
neovascular formation. The newly formed blood vessels
grew around the scaffolds in PRP-gel/nHA-PA66 group
and HUMSCs-PRP-gel/nHA-PA66 group. Without the
combination of PRP gel, the neovascular formation in
HUMSCs/nHA-PA66 group was significantly decreased.
However, the effect on bone regeneration in PRP-gel/nHA-
PA66 group was not significantly superior to that of
HUMSCs-PRP-gel/nHA-PA66 group, which indicated the
importance of HUMSCs in the composite scaffold. The
vascularization facilitates delivery of oxygen, nutrients and
growth factors to the construct and increases the volume of
tissue-engineered bone. The PRP related signals also
enhance the osteogenic potential of stem cells. The
HUMSCs acted as seed cells and the PRP related VEGF,
PDGF and TGF-f acted as signal factors. The combination
of seed cells and signal factors significant promoted neo-
vascular formation and bone regeneration. Owing to the
positive effect of PRP related growth factors and HUMSCs
on osteogenesis and angiogenesis, the combination of PRP-
gel/nHA-PAG66 scaffold with HUMSCs induced the stron-
gest bone regenerative response and greatly accelerated
bone regeneration compared with other groups. The limi-
tation of the study is that there is no international standard
protocol for the preparation of PRP. In a future study, we
intend to study about the main component in PRP
according to the different gender, age, genetic background
and preparation protocol, and the cross-interactions of the
PRP related growth factors.

Our findings support the use of PRP as an effective way
in bone tissue engineering to improve vascularization and
bone regeneration. A combination of HUMSCs with PRP-
gel on nHA/PAG66 scaffold provides the three essential
factors of ideal bone graft substitutes: stem cells for
osteogenesis, growth factors for osteoinduction and scaf-
fold for osteoconduction. This is the first report, to our
knowledge, of effective transplantation of HUMSCs-PRP-
gel/nHA-PA66 scaffold to promote bone regeneration in
the LBD repair. The results of our study may have clinical
implications for its further application in the LBD
treatment.
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