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Abstract. Osteonecrosis of the femoral head (ONFH) is a
common osteological disease. Treatment of ONFH prior
to the collapse of the femoral head is critical for increasing
therapeutic efficiency. Tissue engineering therapy using bone
mesenchymal stem cells (BMSCs) combined with a scaffold
is a promising strategy. However, it is currently unclear how
to improve the efficiency of BMSC recruitment under such
conditions. In the present study, a specific cyclic peptide for
Sprague-Dawley rat BMSCs, CTTNPFSLC (known as C7),
was used, which was identified via phage display technology.
Its high affinity for BMSCs was demonstrated using flow
cytometry and fluorescence staining. Subsequently, the cyclic
peptide was placed on B-tricalcium phosphate (3-TCP) scaf-
folds using absorption and freeze-drying processes. Adhesion,
expansion and proliferation of BMSCs was investigated
in vitro on the C7-treated B-TCP scaffolds and compared
with pure [3-TCP scaffolds. The results revealed that C7 had a
promoting effect on the adhesion, expansion and proliferation
of BMSCs on B-TCP scaffolds. Therefore, C7 may be effective
in future tissue engineering therapy for ONFH.

Introduction

Osteonecrosis of the femoral head (ONFH) is a debilitating
skeletal disorder that occurs in young individuals. Up to
20,000 patients are diagnosed with ONFH in the United States
annually (1,2). In China, it is estimated that the total number
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of patients with ONFH is 5-7.5 million with 10,000-20,000
new cases each year (3). However, the pathogenesis of ONFH
remains unclear, and effective preventive treatment strategies
are urgently required. Once diagnosed, ~80% of patients typi-
cally progress to femoral head collapse within 1-5 years if it
is not treated in a timely manner, and total hip arthroplasty
(THA) is often required (4). However, limitations in the field of
material science mean that, artificial hip joints are still associ-
ated with a limited service life and serious complications (5).
Therefore, it is vital to identify methods to prevent the collapse
of the femoral head and delay the occurrence of THA in the
early stages, as well as develop effective treatment methods
for ONFH (6). Core decompression combined with bone
mesenchymal stem cell (BMSC)-based therapy was recently
revealed to be a promising method to treat the early stages of
ONFH (7-12).

BMSCs are multipotent stem cells that have the ability to
self-renew and differentiate into osteoblasts, chondrocytes and
adipocytes to reproduce skeletal tissues. In addition, BMSCs are
associated with various technical advantages, including easy
collection, rapid expansion and low immunogenicity (13,14).
Thus, BMSCs have become an optimal seed cell choice in bone
tissue engineering. Tissue engineering technology primarily
uses exogenous/endogenous seed cells, biomaterial scaffolds
with good biocompatibility and degradability, and biologically
active molecules for reconstruction of defective tissues or
organs (15). A number of studies suggested that BMSC-based
tissue engineering has specific effects on cartilage repair and
bone regeneration (16-19). For instance, a dually optimized
silk-fibroin-gelatin scaffold combined with endogenic BMSC
could repair cartilage injury in vitro and in vivo (16). Another
study demonstrated that gene-transfected MSCs seeded on
p-tricalcium phosphate (3-TCP) ceramic scaffolds promoted
bone regeneration, suggesting this may be a potential strategy
for the treatment of ONFH (17). Unfortunately, the low usage
efficiency of exogenous BMSCs due to their poor adhesion
on biomaterial scaffolds is a complication in BMSC-based
tissue engineering (18,20,21). Bioactive molecules, particu-
larly polypeptides, have been used to modify biomaterial
scaffolds (19,22-24). Compared with linear peptides which
these studies have focused on (19,22-24), cyclic peptides have
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several favorable properties including high affinity, selectivity
and stability to protein targets (25). Phage display technology
has been widely used to screen small peptides with high
affinity and specificity for targets of interest, including small
molecules, cells, tissues and materials, through biopanning
procedures (26-28).

Previous studies have proven the success of using BMSCs
combined with various biomaterial scaffolds in bone regenera-
tion (29,30). The B-TCP scaffold is a bone tissue engineering
material that has been widely used in the clinic for decades.
The B-TCP scaffolds have the advantages of biocompatibility
and biodegradability, and favorable osteogenesis and angio-
genesis properties (31-33). Several studies have demonstrated
that using B-TCP scaffolds combined with BMSCs could
promote bone regeneration in vitro and in vivo (18,34-36). The
porous structure of B-TCP provides a scaffold for the adhe-
sion and growth of BMSCs while the connection between
pores facilitates the blood supply of the scaffolds. However,
the adhesion of BMSCs on -TCP scaffolds is considered
unsatisfactory, reducing the effectiveness of this promising
method (18,21,37). Recently, studies have demonstrated that
the implantation of B-TCP bioceramic scaffolds can treat early
stage ONFH effectively (31,38,39). However, up to date, no
research has focused on the use of cyclic peptides to improve
the adhesion of BMSCs on B-TCP scaffolds in the tissue
engineering treatments for ONFH.

In the present study, B-TCP scaffolds were covered with
bioactive cyclic peptides in order to improve the biofunction
of B-TCP scaffolds in tissue engineering in vitro. A specific
affinity cyclic peptide for rat BMSCs was screened from the
cyclic peptide phage display library (Ph.D.™-C7C) using
phage display technology. The affinity of the cyclic peptide
for BMSCs was detected by fluorescence staining and flow
cytometry. Furthermore, the cyclic peptides were also placed
over the surface of the B-TCP scaffolds in order to investigate
their effect on the adhesion, expansion and proliferation of
BMSCs.

Materials and methods

BMSC culture. Sprague-Dawley rat BMSCs were purchased
from Cyagen Biosciences, Inc. (cat. no. RASMX-01001). Cells
were cultured in low glucose Dulbecco's modified Eagle's
medium (DMEM; cat. no. 01-051-1A; Biological Industries,
Ltd.) with 10% fetal bovine serum (cat. no. 04-400-1A;
Biological Industries, Ltd.) and 1% penicillin-streptomycin
at 37°C in a 5% CO, incubator. The trilineage-induced differ-
entiation capacity of rat BMSCs was confirmed following a
previously described method (22). Briefly, passage 2 BMSCs
were induced with osteogenic, adipogenic and chondrogenic
differentiation medium obtained from Cyagen Biosciences,
Inc. (cat. nos. RASMX-90021, 90031 and 90041) according to
the manufacturer's instructions. After two weeks of culture,
BMSCs were fixed with 4% neutral formaldehyde for 30 min.
The cells for osteogenesis were stained with Alizarin red
staining solution for 5 min and the cells for adipogenesis were
stained with Oil Red O staining solution for 30 min, both at
room temperature. The cells for chondrogenesis were fixed
with 4% neutral formaldehyde for 30 min after three weeks of
culture and were stained with Alcian Blue staining solution for
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30 min at room temperature. Rat BMSCs of passages 3-6 were
used in subsequent experiments.

Biopanning of cyclic peptides by phage display. Based on
the different binding affinity abilities of the cyclic peptide
in a loop-constrained heptapeptide (Ph.D.™-C7C) phage
display library and the target cell, the peptide that specifi-
cally bound to the BMSCs was selected through biopanning
of the phage display technology. The biopanning procedure
was performed following a previous described method with
modifications (23,40).

The cyclic peptide phage display library used in the biopan-
ning experiment was constructed using a Ph.D.™-C7C Phage
Display Peptide Library kit (cat. no. E8120S; New England
BioLabs, Inc.). The Ph.D.™-C7C library has complexity
on the order of 10° independent clones. A pair of bilateral
cysteine residues of the randomized 7 amino acids were
oxidized to form a disulfide linkage, presenting the peptides
to the cells as loops. BMSCs were cultured in 6 mm petri
dishes and were washed twice with PBS (cat. no. 02-024-1A;
Biological Industries, Ltd.) before blocking with DMEM
supplemented with 5 mg/ml bovine serum albumin (BSA; cat.
no. B2064-10G; Sigma-Aldrich; Merck KGaA) at 37°C in an
atmosphere containing 5% CO, for 1 h. Cells were then washed
six times with Tris-buffered saline with Tween 20 (TBST;
50 mM Tris-HCI pH 7.5, 150 mM NacCl +0.1% Tween-20) 6
times. Following this, the BMSCs were incubated with the
Ph.D.™-C7C phage display library [1x10" phage forming
units (PFU)] for 1 h to allow the peptides to bind to the cells.
Subsequently, the unbound phage clones were discarded and
the poorly bound peptides were removed by washing BMSCs
10 times with TBST. The bound phages were eluted with 1 ml
of 0.2 M glycine-HCI (pH 2.2; Sigma-Aldrich; Merck KGaA)
combined with 1 mg/ml of BSA for 10 min. The elutions were
neutralized with 150 ul of 1 M Tris-HCI (pH 9.1). The eluted
phage clones that had bound to the BMSCs were then amplified
in Escherichia coli ER2738 (provided in the Ph.D.™-C7C kit;
cat. no. E8120S; New England BioLabs, Inc.). Subsequently,
titration and purification of the bound phage clones were
performed according to the manufacturer's protocol. In total,
three rounds of biopanning were conducted to screen the
BMSC-specific affinity cyclic peptides.

Peptide sequencing and cyclic peptide synthesis. Following
two or three rounds of biopanning, the phage clones were
selected randomly for sequencing. Phage DNA were sequenced
by Genewiz, Inc., with Sanger sequencing. The primer used for
sequencing was 5'-"F°CCCTCATAGTTAGCGTAACG-3' (the
-96 gllI sequencing primer was provided in the Ph.D.™-C7C
kit). Subsequently, the amino acid sequences of the presented
cyclic peptides were analyzed using Chromas 2.6.6 software
(Technelysium Pty Ltd.).

Through the biopanning experiment, a specific cyclic
peptide in the BMSC-affinity clones was identified in the
present study, which was termed C7. A scrambled version of
the peptide containing the same seven amino acids between
the two ends of cysteine in C7 was used as the negative control
and termed S7. A fibronectin-derived peptide containing three
amino acids (arginine, glycine and aspartic acid), which was
confirmed to have a high affinity for BMSCs, was used as the



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

positive control and was termed RGD (21). All of the peptides
were chemically synthesized using solid-phase peptide
synthesis (Scilight Biotechnology, LLC), according to our
previous study (41). The molecular weight of the synthesized C7
was determined using matrix-assisted laser desorption/ioniza-
tion-time of flight mass spectrometry (JBI Scientific, LLC.)
with positive mode, according to our previous study (42).
The calibration matrix was a-cyano-4-hydroxycinnamic
acid and the instrument settings were as follows: 20,000 V
accelerating voltage, 95% grid voltage, 200 nsec extraction
delay time and av acquisition mass range between 600 and
2,000 kDa. An extra aminohexanoic acid was connected at the
amino (N) terminus of all peptides to facilitate fluorescein-5-
isothiocyanate (FITC; Scilight Biotechnology, LLC) labeling.
Following FITC labeling, the peptides were stored at -20°C.
The FITC-labeled peptides were then dissolved in PBS at the
concentration of 1 mg/ml prior to usage.

Cyclic peptide affinity assay. The cyclic peptide affinity assay
was performed in accordance with previous studies with minor
modifications (22,40).

BMSCs were cultured on 6-well tissue culture plates until
70-80% confluence was reached. Following this, BMSCs were
cultured with 10 uM FITC-labeled peptides for 1 h at 37°C
to allow binding of the peptides to the cells and internaliza-
tion. The cells were washed with PBS three times to remove
non-bound peptides. Cells were then digested from the culture
plate and centrifuged at 250 x g for 5 min at room tempera-
ture. Cell pellets were resuspended in PBS and subjected to
flow cytometry (BD LSR Fortessa™; Becton, Dickinson and
Company). The BMSC affinity properties of the cyclic peptide
and two control peptides were analyzed quantitively by flow
cytometry at a wavelength of 488 nm, using FlowJo v10
(Tree Star, Inc). Furthermore, the BMSCs were cultured on
3.5 mm culture dishes (cat. no. D35-10-0-N; Cellvis) specifi-
cally for confocal laser microscopy until 70-80% confluence
was reached. Cells were incubated with 10 M FITC-labeled
peptides for 1 h at 37°C and washed three times with PBS.
Following this, the cells were incubated with phalloidin
(Phalloidin-iFluor 594 reagent; cat. no. ab176757; Abcam)
for 45 min to display the cytoskeleton. The nuclei were
counterstained with DAPI (cat. no. C0065; Beijing Solarbio
Science & Technology Co., Ltd.) and the cells were examined
under a confocal laser microscope (Zeiss LSM 800; Carl Zeiss
Meditec AG). The cyclic peptide affinity assay was repeated at
least three times.

Bonding of cyclic peptides and 3-TCP scaffolds. Sterile -TCP
scaffolds were purchased from Shanghai Bio-lu Biomaterials
Co., Ltd. Each scaffold was cylindrically shaped, with a diam-
eter of 10 mm and a thickness of 3 mm. The porous -TCP
scaffolds had micropores (diameter, 500-600 yxm; intercon-
nection diameter, 120 gm). The C7, S7 and RGD peptides were
bound to the scaffolds through absorption and a freeze-drying
process according to a previously described method with
minor modifications (42,43). The peptides were dissolved in
sterile PBS to a concentration of 0.1 mg/ml. Following this,
the B-TCP scaffolds were placed in the peptide solution and
gently shaken to ensure that the peptides were fully adsorbed
onto all exposed surfaces of the B-TCP scaffolds. The 3-TCP
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scaffolds and peptide solution were incubated at 4°C for 24 h.
Subsequently, the scaffolds were washed gently with PBS to
remove the non-adsorbed peptides, and dried in a freeze dryer
(Alpha 1-2 LDplus; Martin Christ Gefriertrocknungsanlagen
GmbH) for 1 h. After bonding with cyclic peptide, the scaf-
folds were stored in Eppendorf tubes at 4°C without light or
moisture prior to the experiments. The peptide-bound 3-TCP
scaffolds were observed under a confocal laser microscope.

BMSC behavior on the cyclic peptide-bound -TCP scaffolds
Cell adhesion. The BMSC suspensions (100 pl; 3x10° cells)
were seeded on the C7-bound B-TCP scaffolds in 24-well
culture plates. BMSCs were also seeded, at the same concen-
tration as the C7-bound scaffolds, on the S7-bound and pure
B-TCP scaffolds as the negative control and on RGD-bound
scaffolds as the positive control. Following incubation for 12
and 24 h, the effluent non-adherent cells of four types of scaf-
folds were separately collected. Meanwhile, the scaffolds were
washed with PBS three times to collect the inner non-adherent
BMSC:s. The total effluent cells were counted using a hemo-
cytometer. The effluent cells of different scaffolds referred to
BMSCs which were not adherent to the scaffolds. The number
of effluent cells of each scaffold revealed the extent of BMSC
adhesion and the recruitment capacity of BMSCs (16). The
experiment was repeated at least three times.

Cell expansion. BMSCs were seeded on the C7-bound [3-TCP
scaffolds at a density of 2x10* cells/ml. The S7-bound scaf-
folds and the pure 3-TCP scaffolds were used as the negative
control while the RGD-bound scaffolds were used as the
positive control. Following 24 h of culture, the scaffolds were
stained with phalloidin for 45 min to reveal the cytoskeleton of
the cells and examined under a confocal laser microscope. The
experiment was repeated at least three times.

Cell proliferation. To determine BMSC viability and prolifera-
tion on the different scaffolds, a Cell Counting Kit-8 (CCK-8;
cat. no. CK04; Dojindo Molecular Technologies, Inc.) assay
was performed according to the manufacturer's protocol. The
C7-bound scaffolds, pure 3-TCP scaffolds (negative control)
and the RGD-bound scaffolds (positive control) were used.
BMSCs (1x10* cells) were seeded onto the three types of
peptide-bound scaffolds in 24-well culture plates. Following 1,
3,5 and 7 days of culture, 30 ul of CCK-8 solution was added
to fresh DMEM and incubated at 37°C for 2 h. Following this,
the optical density (OD) value was measured using a 96-well
reader plate at 450 nm. The experiment was repeated at least
three times.

Statistical analysis. All data were expressed as the
mean + standard deviation, and were analyzed using one-way
or two-way analysis of variance followed by Tukey's test for
comparison of multiple groups. GraphPad Prism 7.0 software
(GraphPad Software, Inc.) was used for data analysis. P<0.05
was considered to indicate a statistically significant difference.

Results

Identification of the high-affinity rat BMSC cyclic peptide.
Rat BMSCs were characterized using the trilineage-induced
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Table I. Recovery efficiency of biopanning.

SUN et al: BMSCs ON CYCLIC PEPTIDE-BOUND f3-TCP

Input titer (PFU) Output titer (PFU) Recovery efficiency Fold increase
Round 1 1.0x10" 5.8x10* 5.8x107 1
Round 2 1.0x10" 3.9x10° 3.9x10° 67
Round 3 1.0x10" 1.8x107 1.8x10* 310

To identify the bone mesenchymal stem cell-affinity cyclic peptide phage clones, three rounds of biopanning were conducted. The recovery
efficiency of each round was counted as the output divided by the input titer. In the third round of biopanning, the optimal recovery efficiency
was achieved, which was 310-fold higher than that of the first round. PFU, phage forming units.

differentiation experiment (Fig. SI). The recovery efficiency
after each round of biopanning was counted as the output titer
divided by the input titer of the phage clones. The input titer of
the C7C phages was 1.0x10" PFU for each round of biopan-
ning. As presented in Table I, the optimal recovery efficiency
was obtained in the third round of biopanning, which was
310-fold higher than that of the first round. The C7C phage
clones in the last two rounds of biopanning were selected for
sequencing. A total of 12 affinity phage clones were selected
randomly in each round of sequencing. The BMSC-specific
affinity cyclic peptide, CTTNPFSLC (termed C7), was subse-
quently identified using Sanger sequencing and Chromas
analysis software (Table II and Fig. 1A). Furthermore, the
C7 phage clones appeared five and six times (50%) among
all of the assayed clones, in the second and third rounds of
sequencing, respectively (Table II). In addition, other cyclic
peptides (Table II) were also identified as candidates for
BMSC-affinity peptide through the biopanning process. These
results suggested high BMSC affinity of C7, which was further
explored in the subsequent experiments.

Affinity of C7 for BMSCs. The affinity of the C7 cyclic peptide
for BMSCs was further assayed. The C7 cyclic peptide was
synthesized and the molecular weight of C7 was examined to
be 1,006.95 kDa by mass spectrometry (Fig. 1B). A peptide with
the same seven amino acids between the two ends of cysteine
as C7 in a scrabbled order (CTFNLPTSC) was used as the
negative control (S7). A peptide containing three amino acids
(arginine, glycine and aspartic acid) was used as the positive
control (RGD). Following incubation with FITC-C7, FITC-S7
and FITC-RGD for 1 h, the BMSCs were examined by flow
cytometry. The average fluorescence intensity was 2,913.0+311.0
for the rat BMSCs incubated with FITC-C7, 1,928.0+222.5 for
the rat BMSCs incubated with FITC-RGD and 369.0+141.1 for
the rat BMSCs incubated with FITC-S7 (Fig. 2A). The average
fluorescence intensity of the BMSCs incubated with FITC-C7
was significantly increased compared with the FITC-S7 and
FITC-RGD groups (n=3; P<0.01; Fig. 2B). In addition, strong fluo-
rescent signals were observed in the FITC-C7 and FITC-RGD
groups under confocal laser microscopy, whereas faint signals
were observed in FITC-S7 treated cells (Fig. 3). These results
suggested that C7 had a high affinity for the BMSCs, which was
superior when compared with the positive control RGD.

C7 cyclic peptide binding to the B-TCP scaffolds. The C7,
S7 and RGD peptides were bound to the B-TCP scaffolds for

Table II. Peptide sequences.

Round 1 Round 2 Round 3

No CTTNPFSLC (5/12) CTTNPFSLC (6/12)

sequencing CRLSMETVC (3/12) CQAPHKPWC (2/12)
CQAPHKPWC (1/12) CRLSMETVC (1/12)
CHNSKSTTC (1/12) CPSSMRGTC (1/12)
CPSSMRGTC (1/12) CDLLESERC (1/12)
CILKKNVSC (1/12) CKMWNGSGC (1/12)

For rounds two and three of biopanning, 12 phage clones were
selected randomly for the sequencing of affinity cyclic peptides. A
specific cyclic peptide (CTTNPESLC) appeared five times in round
two and six times in round three, occupying 50% of all the sequenced
cyclic peptides in round three.

24 h using natural absorption and the freeze-drying process.
The peptide-bound B-TCP scaffolds were observed under a
confocal laser microscope. As indicated in Fig. 4A, C7-bound
B-TCP scaffolds exhibited homogeneous green fluorescence,
indicating that the peptides were bound homogeneously on the
surface of the B-TCP scaffolds. This result indicated the stable
construction of C7-bound B-TCP scaffolds.

Impact of the C7 cyclic peptide on the adhesion, expansion
and proliferation of BMSCs on 3-TCP scaffolds. Following
12 and 24 h incubation on the four types of scaffolds, the
effluent amount of BMSCs on the C7-bound scaffolds was
lower compared with the S7-bound, the RGD-bound and the
pure B-TCP scaffolds (Fig. 4B), indicating that the C7 peptide
improved the cell adhesion and the recruitment capacity of
BMSCs on the B-TCP scaffolds.

To investigate the expansion of the BMSCs, cells were
seeded on C7-, S7-, RGD-bound and pure -TCP scaffolds.
Following 24 h of culture in vitro, the cells on the C7- and
RGD-bound scaffolds were fully attached to the scaffolds and
exhibited superior expansion morphologies when compared
with the surface of the S7-bound and the pure 3-TCP scaf-
folds (Fig. 4C-J). These results suggested that the C7 peptide
promoted the expansion of BMSCs on the 3-TCP scaffolds.

Next, the impact of C7 on cell proliferation was assayed.
There was a significant difference in the numbers of viable
BMSCs following 1, 3, 5 and 7 days of incubation among the
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C7- and RGD-bound, and pure 3-TCP scaffolds. The OD value  scaffolds significantly improved the proliferation of BMSCs
of BMSCs on C7-bound scaffolds was significantly increased  following a period of incubation. In addition, the OD value
compared with the pure TCP scaffolds and the RGD-bound of BMSCs seeded on C7-bound scaffolds increased with the
scaffolds following 1, 3, 5 and 7 days of incubation (n=3; passage of time, demonstrating that the C7-bound scaffolds had
P<0.05; Fig. 5). Thus, it could be concluded that the C7-bound  good biocompatibility and no cytotoxicity towards BMSCs.
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Discussion

In the present study, a BMSC-specific affinity cyclic peptide
(C7), which contained 7 amino acids and was disulfide
cyclized, was screened using phage display technology with
a Ph.D.™-C7C phage display library. The biopanning process
revealed that C7 had a specific affinity for BMSCs. Following
the identification of C7, flow cytometry and fluorescent staining
assays were conducted in the present study, which confirmed
the high affinity of C7 for BMSCs in vitro. In addition, 3-TCP
scaffold surfaces were uniformly covered with C7. Subsequent
experiments demonstrated improved adhesion, expansion and
proliferation on C7-bound -TCP scaffolds when compared
with pure B-TCP scaffolds. In summary, the present study
identified a BMSC-affinity cyclic peptide (C7) which could
promote adhesion, expansion and proliferation of BMSCs on
B-TCP scaffolds in vitro.

Recently, research into the bio-functionalization of bone
tissue engineering materials has become a primary focus
in the field of bone tissue engineering. The application of

bioactive substances can modify bone tissue engineering
materials to improve their histocompatibility and biological
activity. Thus, tissue engineering materials are developed from
inactive materials to active materials. A common method is
to modify bioactive substances, including short peptides,
proteins, growth factors and other bioactive molecules, on
to the surface of the materials by means of absorption or
covalent coupling (44,45). Among those bioactive molecules,
the biomimetic peptides are the most widely studied in the
modification of bio-functionalized scaffolds due to their
high purity, great bioactivity and convenient synthesis (46).
Notably, our previous studies attempted to modify synthesized
scaffolds with the RGD peptide and linear peptides screened
by phage display technology in order to promote cell adhesion
and osteogenesis (24,47). The RGD peptide is an essential cell
adhesion peptide derived from fibronectin in the extracellular
matrix (48). Furthermore, the RGD peptide acts as a binding
ligand to the extracellular matrix protein of the targeted cells,
and binds to the integrin subunit of the cell membrane. A
number of biomaterials have been modified with RGD for
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scaffolds. Cell proliferation was measured with the Cell Counting Kit-8
assay. Compared with BMSCs grown with the RGD-bound and pure 3-TCP
scaffolds, BMSCs on the C7-bound B-TCP scaffolds exhibited significantly
increased proliferation following 1, 3, 5 and 7 days of incubation (n=3).
"P<0.05 and “P<0.01, with comparisons indicated by lines. BMSCs, bone
mesenchymal stem cells; RGD, arginine, glycine and aspartic acid; TCP,
tricalcium phosphate.

medical studies and applications (49,50). However, this peptide
lacks BMSC specificity due to the existence of fibronectin
receptors in all cells. Recently, the utility of phage display
technology has become a promising technique to search for
peptides that have high BMSC affinity and specificity (22,23).
According to several studies, cyclic peptides are associated
with properties that make them attractive potential agents
for research applications, drug development and therapeu-
tics (25,51,52). Compared with linear peptides, cyclic peptides
have higher affinity and selectivity for targets of interests, and
they are more stable due to their constrained-conformation. In
addition, cyclic peptides have low inherent toxicity, can be effi-
ciently synthesized and easily labeled (25). Salmasi et al (53)
reported that the number of seed cells, and cell adhesion and
expansion on biomaterial scaffolds determined the ability of
bone tissue regeneration in bone tissue engineering.

Thus, in order to improve the recruitment and the effi-
ciency of BMSCs on biomaterial scaffolds in bone tissue
engineering, the present study identified a BMSC-specific
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affinity cyclic peptide, C7, using phage display technology.
Using three rounds of biopanning, the recovery efficiency
increased round by round. Notably, the recovery efficiency
of the third round increased by 310-fold when compared with
the initial round, indicating that C7 could have a specific
affinity for BMSCs. The results of flow cytometry demon-
strated that C7 exhibited improved BMSC affinity compared
with the control S7 and RGD peptides. In addition, observa-
tion under a confocal laser microscope supported the high
affinity of C7 for BMSCs. These results were similar to
the affinity properties of the linear E7 peptide, which has
also been identified using phage display technology (21).
However, it was hypothesized that C7 may have the advantage
of increased affinity due to the loop-constrained conforma-
tion with a disulfide linkage in the amino acid sequence.
Following modification of the 3-TCP scaffolds with C7 via
absorption to their surface, results indicated that C7-bound
B-TCP scaffolds exhibited superior adhesion and expan-
sion morphologies under the confocal laser microscope
when compared with pure and S7-bound B-TCP scaffolds,
indicating that the C7-bound B-TCP scaffolds improved
the biocompatibility of B-TCP scaffolds and promoted the
adhesion and expansion of BMSCs. The results of effluent
cell counting also supported that C7 could increase BMSC
adhesion to the B-TCP scaffolds when compared with the
other three types of scaffolds, including RGD-bound scaf-
folds. Thus, it could be inferred that C7 may have a superior
influence on BMSC adhesion compared with the RGD
peptide in vitro. The present study also examined the prolif-
eration ability of BMSCs on the different scaffolds and the
results were consistent with the results of cell adhesion and
expansion. The OD value at 1, 3,5 and 7 days demonstrated
that C7-bound B-TCP scaffolds promoted the proliferation
of BMSCs, compared with RGD-bound scaffolds and pure
B-TCP scaffolds. The present results demonstrated that the
cyclic peptide C7 had a specific affinity for BMSCs and
improved cell adhesion, expansion and proliferation on
B-TCP scaffolds. The present study suggested that C7 could
be used to modify different biomaterials to construct bioac-
tive scaffolds in BMSC-based tissue engineering. Future
studies will need to investigate further the species speci-
ficity of C7 prior to its use in human-derived mesenchymal
stem cells in clinical research in patients.

The present study has several limitations. Although C7
was isolated using phage display technology, the specificity
of C7 to other subtypes of cells has not been investigated.
The exact mechanism of the affinity interaction between the
specific cyclic peptide and BMSCs remains unclear due to
the complexities of the bioreceptors on the BMSC surface.
Further studies should identify the target receptors of C7
on BMSCs and clarify how C7 activates the intracellular
signaling pathway of BMSCs, thereby elucidating how the
biological activities of BMSCs are regulated. In addition,
further validation tests for the affinity of C7 for BMSCs in
bone tissue engineering are needed. The present study lacks
results from apoptosis assays to provide additional explana-
tion of BMSCs viability on 3-TCP. Furthermore, combined
with core decompression, further investigation of C7-bound
B-TCP scaffolds on the treatment efficacy of ONFH in vivo is
required in the future, specifically regarding the chemotaxis
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of recruiting exogenous/endogenous BMSCs and the impact
on bone regeneration.

In conclusion, the present study identified a specific
affinity cyclic peptide, C7, for rat BMSCs through biopanning
using phage display technology. The loop-constrained hepta-
peptide was confirmed to be specific and have high BMSC
affinity in vitro. In addition, in the present study, C7-bound
B-TCP scaffolds were constructed, which exhibited improved
BMSC adhesion, expansion and proliferation abilities when
compared with pure B-TCP scaffolds in vitro. These results
suggested that C7 could be used to enhance the recruitment of
BMSCs on biomaterial scaffolds, which could provide a novel
method to improve BMSC-based bone tissue engineering
therapy.
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