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Peptide derived from stromal cell-derived factor 16
enhances the in vitro expression of osteogenic
proteins via bone marrow stromal cell
differentiation and promotes bone formation in

in vivo models
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Mesenchymal stem cells (MSCs) rely on chemokines and chemokine receptors to execute their biological
and physiological functions. Stromal cell-derived factor-1 (SDF-1) is upregulated in injury sites, where it
acts as a chemotactic agent, attracting CXCR4-expressing MSCs, which play a pivotal role in the healing
and regeneration of tissue throughout the body. Furthermore, SDF-1 expression has been observed in
regions experiencing inflammation-induced bone destruction and fracture sites. In this study, we ident-
ified a novel peptide called bone-forming peptide-5 (BFP-5), derived from SDF-18, which can promote
the osteogenesis of MSCs as well as bone formation and healing. Multipotent bone marrow stromal cells
treated with BFP-5 showed enhanced alizarin red S staining and higher alkaline phosphatase (ALP) activity.
Moreover, ALP and osterix proteins were more abundantly expressed when cells were treated with BFP-5
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than SDF-1a. Histology and microcomputed tomography data at 12 weeks demonstrated that both rabbit
and goat models transplanted with polycaprolactone (PCL) scaffolds coated with BFP-5 showed signifi-
cantly greater bone formation than animals transplanted with PCL scaffolds alone. These findings suggest

rsc.li/biomaterials-science that BFP-5 could be useful in the development of related therapies for conditions associated with bones.
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1. Introduction

Mesenchymal stem cells (MSCs) are a desirable source for gen-
erating new bone tissue in cell-based wound healing processes
due to their versatility and ability to differentiate into a wide
range of cell types." Several experimental and clinical trials
that have attempted to regenerate bones using MSCs have
faced significant challenges, such as susceptibility to infection,
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variable capacity of cells to differentiate in particular in vivo
circumstances, the expensive nature of ex vivo cell manipu-
lation, the limited number of cells that can help with bone for-
mation, and the potential malignant transformation during
ex vivo cell enlargement.>™ Both local MSCs derived from the
affected tissue and systemic MSCs participate in the regenera-
tive healing of damaged organs. MSCs in circulation can ident-
ify damaged regions of tissue, migrate to the site of injury, and
differentiate into tissue-specific components in response to
chemokines released by the wounded tissue.” Chemokines are
a superfamily of small, secreted proteins with four cysteine
residues, which form two disulfide links. According to the rela-
tive positions of the initial two cysteines, two subfamilies exist:
CXC (o) and CC (p).*°

CXCL12, also known as stromal -cell-derived factor-1
(SDF-1), is a chemokine belonging to the CXC family, wherein
the two initial cysteines are separated by a single intermediate
amino acid. SDF-1 is expressed in many tissues, including the
bone marrow, liver, kidney, and spleen."® It plays many impor-
tant roles by activating the receptor, CXCR4.'® SDF-1 is
expressed by endothelial and stromal cells in the bone
marrow, where it functions as a chemoattractant for hemato-
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poietic stem cells, promoting their survival and growth after
their recruitment to the bone marrow niche.'*'* The SDF-1/
CXCR4 axis plays an imperative part in the biology and physi-
ology of MSCs.'>'® For the regeneration of organs such as the
heart,'”"*® liver,'® kidney,*® brain,*! and skin,?* SDF-1 must be
present at elevated levels near the sites of injury, acting as a
potent chemoattractant to recruit circulating or resident
CXCR4-expressing MSCs. Furthermore, cardiac'”'® and brain®
injuries are more likely to attract circulating mesenchymal
stromal and progenitor cells due to the local transport of
SDF-1 into damaged tissue. However, the role of the SDF-1/
CXCR4 axis in MSC-mediated bone repair has not been eluci-
dated yet. MSCs inhibit SDF-1-mediated osteoclastogenesis in
regions of inflammatory bone resorption.*

The monomeric form of SDF-1 is found in all living organ-
isms. Alternative splicing gives rise to six different isoforms,
namely o, B, v, 9, €, and 6, all of which share the initial three
exons, but vary from the fourth exon onwards.>® The
C-terminus of SDF-16 is extended by 50 amino acids, making
it more than 50% longer compared with SDF-1a. This
additional “tail” may significantly impact the function or
activity of SDF-1, or may serve as a binding site for other regu-
lating proteins or cellular components.>* SDF-1 has the poten-
tial to be integrated into scaffolds to promote bone formation.
Its effects on cell migration and growth reveal its diverse bio-
logical functions. Endothelial progenitor cells sourced from
the bone marrow reflect the importance of SDF-1 in angio-
genesis.”® The stimulation of the homing of bone marrow
MSCs has implications in the context of bone regeneration.>®

In this study, a novel bone-forming peptide (BFP) derived
from SDF-16 was synthesized, purified, and investigated for its
potential in bone regeneration and tissue repair (Fig. 1).
Subsequent analyses revealed osteogenic effects in multipotent
bone marrow-derived MSCs and higher activity than SDF-1,
providing a proof of concept for this peptide. The efficacy of
the peptide in bone regeneration was further assessed in a
rabbit tibial defect and a goat cortical defect model. Rabbits
are the primary animal models for musculoskeletal research.
The weight of goats is analogous to that of adult humans, and
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Fig. 1 (A) Schematic of the fabrication of BFP-5 and the PCL scaffold.

(B) Diagram illustrating the comparative use of the synthesized scaffold

to the treatment of the bone defects in the rabbit and goat model.
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their bones have the required size to be employed in the evalu-
ation of human prostheses and implants,>” therefore both
rabbit and goat models were employed in this study. A polyca-
prolactone (PCL) scaffold, which was proportional in size and
diameter to the defect in both the animal models, was printed.
Using the PCL scaffold and/or PCL scaffold + BFP-5 as bio-
mimetic bone, an in vivo study was conducted over 4, 8, and 12
weeks to examine the biomaterial’s osteogenic properties and
subsequent bone regeneration. The results were analyzed
using microcomputed tomography (CT) and histological
examination.

2. Materials and methods

2.1. Osteogenic differentiation

The culture conditions for mouse multipotent bone marrow
stromal cells (MBSCs) were similar to those reported earlier.?®
MBSCs were obtained from the American Type Culture
Collection (ATCC, USA), seeded at a density of 1 x 10* cells per
well, and cultured in Dulbecco’s Modified Eagle Medium sup-
plemented with 10% fetal bovine serum (Gibco BRL, USA) and
antibiotics (Gibco BRL, USA) for 3 days at 37 °C in a humidi-
fied 5% CO, environment. Experiments were carried out when
cells attained 80% confluency. Osteogenic differentiation was
initiated by replacing the growth medium with osteogenic
differentiation medium (ODM; Dulbecco’s Modified Eagle
Medium supplemented with 50 pg ml™" ascorbic acid, 107 M
dexamethasone, and 10 mM f-glycerophosphate; all from
Sigma-Aldrich, USA) after 3 days. Cultures were maintained in
either ODM alone or ODM + BFP-5 (0.01, 0.1, 1, or 10 pg ml™)
for comparison. After 24 h, the cells were examined.

2.2. Synthesis and purification of the BFP-5 peptide

Fluorenylmethoxycarbonyl solid-phase peptide synthesis was
performed using ASP48S (Peptron Inc. Daejon, South Korea),
and the peptides were purified through reverse-phase high per-
formance liquid chromatography with a Vydac Everest C18
column (250 mm x 22 mm, 10 pm). For elution, a linear gradi-
ent of water and acetonitrile (3%-40% [v/v]) containing 0.1%
(v/v) trifluoroacetic acid was used. After purification, the pep-
tide’s molecular weight was verified by liquid chromatography/
mass spectrometry (Agilent HP1100 series, Santa Clara, CA,
USA).

2.3. Alizarin red-S staining

Calcium deposits in cells were quantified as described by
Chen et al.*® In brief, cell cultures were washed twice with de-
ionized water, fixed for 1 h in ice-cold 70% ethanol, washed
twice more, stained for 10 minutes with alizarin red S solution,
and gently rinsed under flowing water to remove any residual
pigment. Light microscopy images revealed calcium deposits
as brilliant red.

This journal is © The Royal Society of Chemistry 2023
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2.4. ALP activity assay

ALP activity was assayed in culture medium supplemented
with 10% fetal bovine serum, 50 ug ml~" ascorbic acid, 10 mM
B-glycerophosphate, and 10~® M dexamethasone. Cells (10-12-
passages-old, 80% confluent) were stimulated with 0.01, 0.1, 1
and 10 pg ml™" of BFP-5 and 1 ug ml™" of BFP-1 and SDF-1a
for 24 h in 6-well plates, washed twice with phosphate-buffered
saline, and incubated with glycine buffer (100 mM glycine, pH
10.5) containing 2 mM MgCl, and 8 M p-nitrophenylpho-
sphate. Absorbance at 405 nm was used to measure the quan-
tity of p-nitrophenylphosphate.

2.5. Reverse transcription-polymerase chain reaction
(RT-PCR)

The effects of BFP-5 were assessed on the transcription of
genes encoding the following proteins using the corres-
ponding primer sets (in brackets): runt-related transcription
factor 2 (RUNX2) (5'-ACA AAC AAC CAC AGA ACC ACA AGT-3/,
5'-GTC TCG GTG GCT GGT AGT GA-3'), alkaline phosphatase
(ALP) (5-ACA CCT TGA CTG TGG TTA CTG CTG A-3';5-CCT
TGT AGC CAG GCC CGT TA-3'), osteopontin (5-CCA GGT TTC
TGA TGA ACA GTA TCC-3', 5-ACT TGA CTC ATG GCT GCC CTT
T-3'), collagen type I (5-GGT CGT GGT GCT GCT-3', 5-ACC
TTT GCC CCC TTC TTT G-3'), DLX5 (5-CAG CGA CCC TAT
GGC GTG TAA CTC-3', 5-AGG GGG CGG GGC TCT CTG AAA
TGC-3'), osterix (5-CCT TTC AGC CCC CAA AAC C-3', 5-AGC
TGT GAA TGG GCT TCT T-3') and the housekeeping enzyme
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (5'-ATC
ACT GCC ACC CAG AAG AC-3;5"-ATG AGG TCC ACC ACC CTG
TT-3"). MBSCs cells grown to 80% confluence on plates with/
without BFP-5 were homogenized using TRIzol reagent (Life
Technologies, USA). Total RNA was isolated, and 0.5 pg RNA
aliquots were reverse-transcribed in 20 pl buffer containing 5x
AMV reverse transcriptase; 2.5 pM poly dT; 1 mM each of
dATP, dCTP, dGTP, and dTTP; 20 U of RNAse inhibitor; and 20
U of AMV RT. Reverse transcription was performed using the
following conditions: initial incubation at room temperature
for 10 min and then 42 °C for 15 min, 97 °C for 5 min, and
5 °C for 5 min in a GeneAmp PCR System 2700 (Applied
Biosystems, USA). Aliquots of cDNA were amplified in
AccuPower® PCR premix (Bioneer Co., Daejeon, South Korea)
using the Bioneer gradient thermal cycler system (Daejon,
South Korea).

2.6. Western blotting

Whole cell lysates were prepared from MBSCs in 100 pl lysis
buffer per well using RIPA Lysis and Extraction Buffer (Thermo
Scientific, USA) 1x complete protease inhibitor (Roche Applied
Science, Mannheim). The lysates were centrifuged for
10 minutes at 12 000 rpm at 4 °C for 10 min. Protein samples
were electrophoresed on a SDS polyacrylamide gel and were
transferred onto a polyvinylidene difluoride membrane
(Millipore, Billerica, MA, USA). Membranes were washed with
TBS/0.1% Tween 20, and then blocked with Difco™ Skim Milk
in TBS/0.1% Tween 20 (Amersham Biosciences, USA) for
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1 hour at room temperature. Membranes were probed with
GAPDH antibodies (Santa Cruz Biotechnology, CA, United
States), Anti sp7/osterix antibody (abcam, USA), ALP (abcam,
USA), anti-VEGF (abcam, USA) overnight and membranes were
washed with TBS/0.1% Tween 20 followed by incubation with
horseradish peroxidase conjugated anti-rabbit or anti-mouse
secondary antibody (Santa Cruz Biotechnology) for 3 hours.
Bands were visualized using an enhanced chemiluminescence
detection system (BioRad, CA, United States) and exposed to
radiographic film.

2.7. Fabrication of the 3D-printed PCL scaffold and
preparation of BFP-5-coated PCL scaffolds

As described in our previous papers, 3D printed PCL scaffolds
were created using a 3D rapid prototyping system (labmade
system in Korea Institute of Machinery and Materials).*>*!
Initially, a 10 cm x 10 cm PCL scaffold sheet was prepared,
which was subsequently cut into appropriate sizes of 5 mm for
rabbit defects and 8 mm for goat defects to facilitate in vivo
implantation.’’** For the preparation of BFP-5-coated PCL
scaffolds, the 3D-printed PCL scaffolds underwent a series of
steps. First, the scaffolds were washed multiple times with
double distilled water (DDW) and dried under a nitrogen gas
stream. Subsequently, the PCL scaffolds were immersed in
70% ethanol for 30 minutes and washed with phosphate-
buffered saline (PBS). The process was followed by the grafting
of BFP-5 onto the PCL scaffolds. To ensure the integrity of the
peptide, the BFP-5-modified scaffolds were prepared asepti-
cally. The sterilized PCL scaffolds were immersed in a submi-
cron filtered BFP-5 solution, considering the potential suscep-
tibility of the peptide to damage. The immobilization of BFP-5
was achieved by immersing the sterilized PCL scaffolds in the
selected concentrations of BFP-5 solution (1 ug ml™" in 10 mM
Tris buffer, pH 8.5) while stirring for 24 hours at room temp-
erature. Prior to implantation, the BFP-5-coated scaffolds were
briefly rinsed with PBS to remove any unbound peptide.

2.8. Animal experimental design

All animal procedures were performed in conformance with
the guidelines of the Ethics Committee of Chonnam National
University Medical School and Chonnam National University
Hospital (permission number: CNUHIACUC-20032). Skeletally
mature male New Zealand white rabbits (age 14-16 weeks,
body weight 3.0-3.5 kg) were used to create a 5 mm tibial bone
defect (Fig. 2). The rabbits were randomly assigned to one of
two groups: group 1, implanted with an empty PCL scaffold,
and group 2, implanted with PCL scaffold + BFP-5 (n = 2 per
group). Quantitative micro-CT and histology were used to
evaluate the rate of bone healing 4, 8, and 12 weeks after
surgery. For experiments involving goats, two adult skeletally
mature male Korean black goats weighing 35.2 kg and 32.3 kg
were used. Their femoral shaft close to the left knee joint was
surgically exposed (Fig. 2), an 8 mm-diameter circular cortical
bone defect was induced in two places (proximal and distal) at
intervals of 3 cm, and the control (PCL scaffold) or test (PCL +
BFP-5) scaffolds were implanted on site. Histological and

Biomater. Sci, 2023, 11, 6587-6599 | 6589
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Fig. 2 Surgical procedures involved in bone defect creation in rabbit
and goat. Rabbit step 1. Tibia exposition, step 2. Identification of length
before bone defect, step 3. From a point 1.5 cm away from the medial
tibial plateau, a rectangular cortical bone 5 mm wide and 1.5 cm long
was formed using a dental drill and the bone marrow was removed, step
4. The control PCL scaffold and PCL + BFP-5 scaffold was prepared,
step 5. The defect was treated using the prepared scaffolds. Goat step 1.
The goat was laid in a right lateral recumbency position, and the hair on
the left thigh was removed with a hair clipper and disinfected with 70%
ethanol and betadine, step 2. The femoral shaft was exposed using a
retractor and a longitudinal incision was made on the left posterior thigh
about 15 cm, step 3. Cortical bone defects were made 3 cm apart using
an 8 mm trephine bur and a micro burr, step 4. The control PCL scaffold
and PCL + BFP-5 scaffolds were prepared, step 5. Scaffolds were
implanted into the bone defect area.

micro-CT evaluations were performed at 12 weeks after
implantation.

2.9. Histological evaluation

Following fixation in 10% neutral-buffered formalin, the
tissues were decalcified in 10% EDTA. Using a microtome,
8 pm-wide sections of paraffin-embedded materials were cut,
placed on poly-i-lysine-coated microscopy plates, suspended in
a water bath at 40 °C, and baked for 2 h at 37 °C. For hematox-
ylin and eosin staining, the slices were dewaxed in xylene and
rehydrated in ethanol solutions of varying concentrations.
Hematoxylin and eosin were used to color the nuclei for 5 and
1 min, respectively. The pieces were then cover-slipped and
coated in Permount mounting medium.

2.10. Micro-computed tomography analysis

The proximal tibias and femoral shafts that were harvested
were scanned in the anterior—posterior, cross-sectional, and
lateral planes to assess bone regeneration. Images generated
through micro-CT were acquired on the MFR-Polaris-G90
apparatus. The scan was performed at a voltage of 155 kV and
a current of 105 mA. To procure section reconstruction visuals,
the data view program Skyscan (Kontich, Belgium) was used.
CTAn software was deployed for the analysis of both the corti-
cal and trabecular bone regions to establish the regions of
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interest, which included both the defect sites. A series of
images were subsequently aligned.

2.11. Statistical analysis

The data were presented as means + standard deviations, and
analyzed using GraphPad Prism 9 (GraphPad Software, Inc,
USA) with one-way analysis of variance. Statistics were deemed
significant for P-values (*, * p < 0.05, **, ™ p < 0.01, **x, " p <
0.001, ***x ## 1 < 0.0001).

3. Results

3.1. Synthesis of BFP-5

In this study, we have added a new peptide to the BFP series.
We previously reported BFP-4, originating from the immature
region of bone morphogenetic protein-7 (BMP-7), to possess
bone regeneration capacities.’® After completing our investi-
gation of BMP-7, we have now directed our attention to the
small chemokine SDF-1, a member of the CXC subfamily. The
SDF-1/CXCR4 signaling axis has been demonstrated to
promote recovery from femoral bone damage by modulating
stem cell populations, such as those of mesenchymal and
hematopoietic stem cells.>* Thus, we concentrated our efforts
on exploring additional osteogenic peptide sequences from
the delta region of SDF-1. A novel peptide with the sequence
PPRACPTARALCEIR (Fig. 3), denoted as BFP-5, demonstrated
enhanced osteogenic effects in a cell culture system when com-
pared with SDF-1. The full-length BFP-5 peptide was then
cloned and registered in the GenBank database (accession
number: NP_001171605.1).

3.2.
BFP-5

Osteogenic differentiation potential and ALP activity of

The osteogenic potential of MBSCs exposed to varying concen-
trations of BFP-5 was ascertained using alizarin red staining
and ALP activity assay. Alizarin red accumulated in a dose-
dependent manner, peaking when 1 pg ml~' BFP-5 was admi-
nistered. It accumulated to a much lower level when 1 pg ml™*
of SDF-10** and BFP-1,*" which are well-recognized for their

Pro-Pro-Arg-Ala-Cys-Pro-Thr-Ala-Arg-Ala-Leu-Cys-Glu-Ile-Arg
(P-P-R-A-C-P-T-A-R-A-L-C-E-I-R)

Molecular weight 1654 g/mol
pH9.19

125 M-lemr!

— cont : JHBn-nnRENRRENE
Pro-Pro-Arg-Ala-Cys-Pro-Thr. [ 150-electric point
Ala-Arg-Ala-Leu-Cys-Glu-Ile-

Arg Net charge at pH 7. 1.9

p_s tinction coefficie
BFP-5 Extinction coefficient e

CCHi
ACPTARALCEIR

10

Estimated solubility: | Good water solubility

e of prediction

Fig. 3 Synthesis of BFP-5 peptide. The peptide was produced by Fmoc
solid-phase peptide synthesis through an automated peptide synthesizer
and was further purified by reverse-phase high-performance liquid
chromatography. The molecular mass of the purified peptide was deter-
mined by means of liquid chromatography/mass spectrometry.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Osteogenic differentiation potential and ALP activity of BFP-5.
(A) Alizarin red stain was administered to evaluate mineralization of
MBSCs cells post-treatment with various concentrations of BFP-5. As a
baseline, cells were cultivated in ODM or were exposed to the proteins
SDF-1a and BFP-1 peptide as representative positive controls. (B) The
ALP activity of BFP-5 was assessed in MBSCs at concentrations of
0.01-10 pg ml™. The ALP activity data represent the mean + SD from
triplicate measurements (* p < 0.05 of cells treated with BFP-5 versus
cells in ODM).

potent  osteogenic properties,  were administered.
Comparatively, alizarin red staining was noticeably diminished
in the 10 pg mI™" group (Fig. 4A). Similarly, 1 pg ml~" BFP-5
considerably augmented ALP activity in comparison to ODM
(Fig. 4B). Although 10 pg ml~" BFP-5 significantly promoted
osteogenic differentiation compared with the negative and
positive controls, its effect was milder than that of 1 pg ml™
BFP-5. Subsequently, we used 1 pg ml~" BFP-5 in all further
experiments.
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3.3. BFP-5 increases osteogenic differentiation markers in
MBSCs

To investigate the molecular profiles associated with morpho-
logical changes during early osteogenic differentiation
induced by BFP-5, we estimated the expression of RUNX2,
osterix, ALP, DLX5, collagen type I, and the late osteogenic
marker osteopontin using reverse transcription-PCR. The
levels of all osteogenic markers increased markedly upon treat-
ment with BFP-5 compared with the untreated control, and the
ODM-, SDF-1a-, and BFP-1-induced groups (Fig. 5A). The
mRNA and protein expression levels of ALP and osterix con-
curred (Fig. 6A). On the basis of elevated ALP expression, we
further investigated the protein expression of VEGF, a crucial
marker implicated in bone homeostasis that promotes ALP
activity and mineralization.>***” A comparison between cells
stimulated with BFP-5 and those stimulated with VEGF, fibro-
blast growth factor, SDF-1a, and SDF-1y revealed an increased
expression of VEGF in the former, suggesting that BFP-5 can
induce osteogenic differentiation markers in MBSCs (Fig. 6B).

3.4. BFP-5 promotes tissue regeneration in both rabbits and
goats

Following implantation of PCL and PCL + BFP-5 scaffolds into
the rabbit bone defect, all postoperative progressions were
unremarkable. No adverse outcomes (edema, erythema,
sepsis, separation of incision edges, or exposure of the operat-
ive site) were noted over the entire postoperative course. At 4
weeks, individual histopathological analyses depicted infiltra-
tion of cells at the periphery of the scaffold, and minimal new
tissue within the scaffold. At this timepoint, the two groups
did not differ significantly in terms of the quantity of new
tissue.

A

Runx2
ALP
Osteopontin
Collagen type 1
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level
*
b
3

(Collagen type L

°

Relative mRNA exp

0.0
opmM -
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(ALP/GAP]
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3 2
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°

SDF la

BFP1

Fig. 5 BFP-5 increases osteogenic differentiation markers in MBSCs. (A) RT-PCR analysis for the osteogenic differentiation gene marker of MSBCs
following treatment with BFP-5. Relative mRNA expression level for (B) RUNX2, (C) ALP, (D) osteopontin, (E) collagen type |, (F) DLX-5, and (G)
osterix. The above data represent the mean + SD from triplicate measurements (# p < 0.05 ODM versus negative control; * p < 0.05, ** p < 0.01, ***

p < 0.001, **** p < 0.0001 of cells treated with BFP-5 versus cells in ODM).
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Fig. 6 Western blotting analysis of expression of (A) ALP and Osterix, and (B) VEGF after BFP-5 treatment. Relative protein expression level for (C)
ALP, (D) osterix, (E) VEGF. The above data represent the mean + SD from triplicate measurements (# p < 0.05, ## p < 0.01, ### p < 0.001 ODM
versus negative control, *** p < 0.001, **** p < 0.0001 of cells treated with BFP-5 versus cells in ODM).

A PCL

Cortical region

Medullary region

Cortical region

PCL + BFP5

| PCL scaffold

Medullary region
R =Nt [l PCL+BFP-5 scaffold

B *

6—

2

5 4

o0

8

=

o

<=

2 2+

Q

m

I~
2
8
F

Fig. 7 Histological findings of PCL and PCL + BFP-5 scaffold groups 4, 8, and 12 weeks after surgery in rabbits. The results showed a more
advanced progression of osteogenesis and calcification in the PCL + BFP-5 scaffold group when compared to the PCL group in rabbits. No evidence
of any inflammatory cells was observed in any groups. (B) Statistical analysis of the histological sections of bone healing in each group 12 weeks
post-operation. Data were expressed as mean + SD (n = 2). Significantly different (*p < 0.05) from PCL alone.

At 8 and 12 weeks, cells and tissue had markedly grown
compared with that at 4 weeks (Fig. 7A). The delineation
between the materials and the enveloping tissues became pro-
gressively ambiguous, with new tissues developing within the
scaffold as it degraded. Within the medullary region of the
subcortical area of the scaffold implantation, both groups
demonstrated equivalent degrees of bone generation at 4 and
8 weeks. At 12 weeks, a greater amount of newly formed bone
had developed in the porosity of the scaffold in the PCL +
BFP-5 group compared with the PCL group. A mesh-like
pattern of skeletal columns had formed in the area of active
ossification in the PCL + BFP-5 group. A combination of woven
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and lamellar bone was observed in the sample, and a signifi-
cant difference was noted overall compared with the control
PCL group (Fig. 7A). In the tissue scoring assessment, the sum
of the bone regeneration scores from the cortical bone and
medullary canal area of the PCL and PCL + BFP-5 scaffolds
were 3.4 and 4.6, respectively, demonstrating a greater degree
of bone regeneration in the PCL + BFP-5 group, and confirm-
ing the hypothesis (Fig. 7B).

Based on the outcomes of the rabbit model, we also evalu-
ated the goat model at 12 weeks. At 12 weeks post-implan-
tation, histological examination of goats revealed no evidence
of inflammation or foreign body response at the implantation
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sites in both the PCL and PCL + BFP-5 groups. Tissue slide network structure. The defect was populated with soft and con-
microscopy revealed that most of the PCL scaffolds in the nective tissue, while the interior was being traversed by the
implanted cortical bone area exhibited a sparse fibrous newly formed bone. Until date, no entity displaying a tangible
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Fig. 8 Histological findings of PCL and PCL + BFP-5 scaffold groups 4, 8, and 12 weeks after surgery in rabbits. The results showed a more
advanced progression of osteogenesis and calcification in the PCL + BFP-5 scaffold group when compared to the PCL group in rabbits. No evidence
of any inflammatory cells was observed in any groups. (B) Statistical analysis of the histological sections of bone healing in each group 12 weeks
post-operation. Data were expressed as mean + SD (n = 2). Significantly different (*p < 0.05) from PCL alone.
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osseous protective effect has been identified. Herein, the
BFP-5-coated PCL scaffold group displayed a decrease in the
amount of connective tissue. The construction of the scaffold
was primarily due to the organic connection between the for-
mation of the trabecular bone and the increase in the bony
structure on the marginal edges. Compared with the PCL
scaffold group, the PCL + BFP-5 scaffold group exhibited sig-
nificant differences. The augmentation of new bone and the
action of bone incorporation in the scaffold lattice environ-
ment were more conspicuous in the cortical bone region than
in the medullary hollow region. The PCL + BFP-5 scaffold
group held a preponderant influence. In the tissue scoring
assessment, the sum of the bone regeneration scores from the
cortical bone and medullary canal area were 4.0 and 1.0 for
the PCL + BFP-5 and the PCL scaffold groups, respectively,
demonstrating a greater degree of bone regeneration in the
former, and confirming the hypothesis (Fig. 8C).

3.5. BFP-5 promotes bone regeneration

Micro-CT analysis was used to acquire anterior-posterior views
of the tibias of rabbits in each group. At 12 weeks, the com-
parison between cross-sectional and anterior-posterior views
revealed that the group with BFP-5 showed greater regener-
ation in the cortical bone than the group without (Fig. 9A).
Ascertaining the disparity in bone regrowth in the medullary
region was more challenging because the graft material at the
lesion site had not disintegrated yet. An assessment of the
three-dimensional structural features of the two scaffolds
revealed values of 40.84, 5.69, 0.40, 0.14, and 1.32 for bone
volume (BV), bone volume ratio (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), and bone mineral density
(BMD), respectively, for the PCL + BFP-5 scaffold, and 23.37,
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3.38, 0.39, 0.09, and 1.54, respectively, for the PCL scaffold,
affirming the superior bone regeneration capacity of PCL +
BFP-5 in rabbits (Fig. 9B-F).

In goats, the micro-CT image revealed a cortical bone defect
window of the distal implantation in the PCL scaffold group.
In the proximal region where the PCL + BFP-5 group was
implanted, new bone formation was minimal, and the newly
formed bone was not completely covered (Fig. 10B). The
density of the newly formed bone can be assessed by compar-
ing the transverse and sagittal images relative to the cortical
bone in the central defect window (Fig. 10A). The BV, BV/TV,
Tb.Th, Tb.N, and BMD of the bone trabeculae in the PCL +
BFP-5 and PCL scaffold implantations were measured to be
78.90, 28.26, 0.54, 0.52, and 1.70, and 45.23, 14.37, 0.47, 0.29,
and 1.76, respectively (Fig. 10C-G), further corroborating the
conclusion that the PCL + BFP-5 scaffold demonstrated higher
bone regeneration than the control PCL scaffold.

4. Discussion

The most frequent orthopaedic condition following uninten-
tional damage is fracture. The frequency of severe fractures
has considerably risen with the fast growth of society. The two
main methods used to repair broken bones—intramembra-
nous and endochondral osteogenesis—utilize MSCs, which are
directed to develop into osteoblasts and ultimately into bone
tissue.*® SDF-1 acts as a chemoattractant to draw circulating or
localized CXCR4-expressing MSCs to the sites of bone fractures
to promote bone healing.*®

The splice variants SDF-1a and SDF-18 exhibit analogous
amino acid sequences. The 3’ untranslated region and polyade-
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(A) Representative micro-CT images of rabbit outer and inner bone defect regions after treatment with PCL and PCL + BFP-5 at 4, 8, and

12-weeks post-implantation in rabbits. Quantification of bone regeneration in rabbit (B) bone volume (BV) (C) bone volume per total volume (BV/
TV), (D) trabecular thickness (Tb.Th.), (E) trabecular number (Tb.N.), and (F) bone mineral density (BMD), as measured by micro-CT. The values shown
are the mean + SD (n = 2) Significantly different (*p < 0.05) from PCL alone.
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Fig. 10 (A) 2D-image evaluation test for bone regeneration effect of PCL + BFP-5 group and PCL scaffold group for 12 weeks in cortical bone
defect model of goat femur shaft (the red markings indicate new bone growth). (B) 3D-image evaluation test of the bone regeneration effect of the
PCL + BFP-5 group and PCL scaffold group 12 weeks in the cortical bone defect model of the femur of the goat. Quantification of bone regeneration
in goat (C) bone volume (BV) (D) bone volume per total volume (BV/TV), (E) trabecular thickness (Tb.Th.), (F) trabecular number (Tb.N.), and (G) bone
mineral density (BMD), as measured by micro-CT. The values shown are the mean + SD (n = 2) Significantly different (*p < 0.05) from PCL alone.
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nylation signal sequence of human SDF-15 are consistent with
those of human SDF-1a. The inferred amino acid sequence of
human SDF-18 was calculated to be 140-residues-long, the first
89 being identical to those of SDF-1a, while the C-terminal 51
residues being a unique additional feature.*’ The C-terminal
regions of the novel SDF-1 variants differ from that of SDF-1a
by a limited number of amino acid substitutions.>* Given their
sequence similarity, SDF-18 was hypothesized to possess the
same reparative and regenerative attributes as SDF-1a. Thus,
this research aimed to explore the effects of an SDF-15-derived
BFP on the osteogenic differentiation of MBSCs, tissue regen-
eration, and bone repair.

Previously identified BFPs originating from mature BMPs
have been recognized to exert osteogenic effects; however, we
have ascertained that peptide sequences of SDF-18 can also
exert similar effects. The capability of BFP-4 to promote osteo-
genic properties and facilitate bone formation has been
demonstrated previously. This research aimed to identify novel
peptides capable of enhancing the effectiveness of bone regen-
eration therapies, and to maximize their economic potential.
In the present study, we not only established the osteogenic
potential of the newly discovered BFP-5 but also demonstrated
its superior bone formation capacity compared with SDF-1a.
In addition, BFP-5 stimulated a greater degree of osteogenic
differentiation and bone formation than BFP-1 at the same
concentration. Furthermore, the implantation of BFP-5-coated
scaffolds promoted the healing of critical-sized bone defects,
indicating that BFP-5 is a promising biomaterial for bone
tissue engineering.

This study evaluated the ability of BFP-5 to induce osteo-
genic differentiation in MBSCs under in vitro controlled con-
ditions. MBSCs possess the remarkable capacity to differen-
tiate into osteogenic, fibroblastic, myogenic, and adipogenic
cells. This study utilized MBSCs to explore the osteoinductive
properties of BFP-5. The differentiation of MBSCs to osteo-
blasts was confirmed through alizarin red staining and ALP
activity assay. Of all concentrations, 1 ug ml~" of BFP-5 elicited
a stronger response in the two confirmatory tests. Higher con-
centrations of peptide (10 pg ml™') tend to form self-
assembled aggregates, which may limit its osteogenic differen-
tiation capacity. Consequently, 1 pg ml™" of the peptide was
chosen for further experimentation.

The differentiation of osteoblasts is intricate and is modu-
lated by various vital components and signaling pathways.
BFP-5 increased the transcription of RUNX2,*! widely regarded
as the regulator of osteogenic differentiation. ALP, which is
essential for mineralization of the extracellular matrix (ECM),
was also increased.”” Additionally, both collagen type I, the
primary constituent of the organic portion of the ECM, and
osteopontin, a non-collagenous bone ECM protein, were
increased. They have previously been used as indicators for
osteogenic differentiation.*? Further, the expression of osterix
and DLX-5, which are essential for both skeletogenesis and
osteoblast differentiation, was significantly higher compared
with that in SDF-la-treated cells in ODM.** The results of
BFP-5 were comparable to those of BFP-1, consequently
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prompting a comparison between the two. Subsequently, the
mRNA expression levels of the respective osteogenic markers
induced by BFP-5 were found to be consistent with those
induced by BFP-1. The translation of osteogenic markers (ALP
and osterix) was also elevated. BFP-5 treatment increased the
activity of osteogenic markers, such as VEGF, in MBSCs. VEGF
has been demonstrated to play a multifunctional role, promot-
ing endothelial cell migration and proliferation, as well as the
regulation of osteogenic growth factors, thus stimulating osteo-
genesis.” Given the interdependent nature of angiogenesis
and osteogenesis, they must operate in unison for physiologi-
cal bone function to be realized. Vascular alterations have
been demonstrated to significantly hinder physiological bone
healing processes, manifesting as osteonecrosis, osteoporosis,
and non-union fractures.’® MBSCs were exposed in vitro to
several angiogenesis-stimulating agents (e.g., fibroblast growth
factor and VEGF), as well as SDF-1a and SDF-1y, which are
known to attract endothelial progenitor cells to ischemic peri-
pheral tissues besides inducing angiogenesis,*” to evaluate the
angiogenic effects of BFP-5. BFP-5 upregulated VEGF
expression when compared with the other potent inducers.

After establishing the capability of BFP-5 to induce osteo-
genesis in MBSCs, we aimed to extensively evaluate its poten-
tial to generate new bone. Bone regeneration involves the che-
motactic movement of MSCs to the area of defect and sub-
sequent morphological developments of migration, differen-
tiation, and proliferation. Bone formation typically involves the
uptake of the test material by osteoclasts and the subsequent
differentiation and replication of osteoblasts. Bone repair cul-
minates with the bone remodeling phase, which includes the
formation of the bone marrow. In this investigation, two
animal models were employed to assess bone regeneration.
First, the rabbit tibial defect model was employed to evaluate
the in vivo regeneration of bone when using a PCL scaffold
coated with BFP-5. Partial restoration of cortical defects was
observed in both groups. The groups employing BFP-5 showed
a noteworthy enhancement in cortical bone mass when com-
pared with the control group. The findings of this research
suggest that although PCL on its own has the capacity to
induce bone growth, a more pronounced osteoinductive effect
is achieved when the scaffold is coated with BFP-5. At 12
weeks, a significantly high bone healing score of both cortical
and medullary bone areas was observed in the PCL +
BFP-5 group with regards to bone strength. The results of this
study indicate that BFP-5 promotes bone tissue regeneration in
rabbits.

Similarly, in goats, at 12 weeks, histologic assessment
revealed no indications of inflammation or foreign body reac-
tions at the implantation sites of the scaffolds. In the control
group, in the region of the cortical bone defect where the PCL
scaffold was implanted, the new bone was uncovered and
largely observed to be a connective tissue flap. The rate of
bone regeneration and deposition between scaffold particles
within the bone marrow cavity was very slow. However,
although the PCL + BFP-5 scaffold did not demonstrate full
bone growth, the new bone was both biocompatible and

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm00798g

Open Access Article. Published on 22 August 2023. Downloaded on 11/3/2025 4:33:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

capable of progressing. New bone columns developed conco-
mitantly, and the bone margin of the lesion as well as in the
intramedullary area of the scaffolding was restored. According
to previous investigations using the goat model,** higher trabe-
cular BV is associated with increased bone strength. With
regards to the microscopic architecture of the trabecular bone,
increased bone thickness correlates with increased bone
strength. Trabecular bone with a lower complexity and more
plate-shape tends to be more prevalent than a rod-shaped
bone. In the autopsy specimens taken after 12 weeks, the PCL
+ BFP-5 group displayed a significantly increased BV compared
with the PCL group, and higher relative values of BV/TV, Tb.
Th, and Tb.N. BMD, on the other hand, indicated a slight
downward trend. The bone index analyses revealed no statisti-
cally significant difference between the groups, likely attribu-
table to the limited sample size; nevertheless, the PCL +
BFP-5 group generally demonstrated better bone-related indi-
cators in comparison to the control PCL group. The results of
this experiment showed that the bone regeneration effect of
the experimental PCL + BFP-5 group was superior to that of
the control PCL group due to increased deposition of bone
tissue. We hypothesize that the application of BFP-5-coated
scaffolds stimulates the activation of the SDF-1/CXCR4 axis,
which is essential as a potent chemoattractant for recruiting
circulating or resident MSCs expressing CXCR4. This mecha-
nism of recruitment may contribute to the upregulation of
osteogenesis in neighbouring host cells.*® The enhanced
healing response observed may have resulted from the prefer-
ential binding and recruitment of osteoprogenitor cells within
or around the defect site, or from an increase in the differen-
tiation of undifferentiated cells bound to BFP-5 on the
scaffold.

5. Conclusions

To conclude, we present a new peptide (BFP-5) with the capa-
bility to stimulate the osteogenic differentiation of MBSCs. A
concentration of 1 pug ml™" BFP-5 induced an osteogenic
response, while higher concentrations significantly impeded
osteogenic differentiation. The results of our study prove that
BFP-5 can notably stimulate the osteogenic differentiation of
MBSCs, and the transplantation of PCL + BFP-5 scaffolds into
rabbit and goat animal models can result in greater bone
tissue formation and repair. The BFP-5 biomaterial holds sub-
stantial promise for bone tissue engineering.
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