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Abstract. Mesenchymal stem cells (MSCs) are often used
in orthopedic tissue engineering, and bone marrow-derived
mesenchymal stem cells (BMSCs) are currently consid-
ered the gold standard. One of the most important issues in
MSC-based tissue engineering therapy is the low number of
MSCs in pathological tissues. Achieving efficient recruit-
ment of MSCs to defective or damaged tissues in vivo has
been a difficult hurdle. The aim of the present study was to
construct a biomaterial that can effectively recruit BMSCs
to facilitate the repair of pathological tissues. So functional
B-tricalcium phosphate (3-TCP) was synthesized using the
BMSC affinity peptide DPIYALSWSGMA (DPI) adsorbed
onto B-TCP through an adsorption/freeze-drying strategy.
C57BL/6 mouse-derived BMSCs were seeded onto the DPI
peptide-modified B-TCP (B-TCP-DPI); in vitro experiments
demonstrated that §-TCP-DPI enhanced BMSC adhesion and
proliferation compared with unmodified -TCP. Results from
the present study indicated that functional B-TCP may be used
as an ideal scaffold in tissue engineering and in regenerative
medicine.

Introduction

Refractory diseases, including osteonecrosis of the femoral
head, are a growing worldwide health problem (1), and the
potential of tissue engineering strategies for their treatment
are currently being investigated. The fundamental elements of
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tissue engineering include scaffolds, signals and cells. Tissue
engineering scaffolds are cytocompatible biomaterials that
cells adhere to and/or replace with extracellular matrix (ECM)
to produce native tissues (2). Scaffolds are usually classified on
the basis of their source and ability to degrade. Tricalcium phos-
phate (TCP) is a synthetic, degradable inorganic material that
has good biocompatibility, bioactivity and biodegradability; it
is an ideal tissue repair material (3). TCP is commonly used
at low temperature {3 phase, and B-TCP is mainly composed of
calcium and phosphorus, similar to the inorganic composition
of bone (4). However, it is a challenging material owing to its
hydrophobicity and the absence of active groups to interact
with cells of interest.

Mesenchymal stem cells (MSCs) are the most common
type of cell used in orthopedic tissue engineering. MSCs have
the potential to differentiate into osteoblasts, chondrocytes
and adipocytes (5). At present, bone marrow-derived MSCs
(BMSCs) are considered the gold standard for use in tissue
engineering (2). However, pathological tissues often have poor
innate regenerative capacity, with few or no viable MSCs (2).
In tissue engineering and regenerative medicine, seed cells (for
example, BMSCs) should be combined with scaffolds to repair
tissues of interest (6). Strategies for taking full advantage of
biomaterials and the efficient recruitment of MSCs are being
increasingly investigated (7). The precise and efficient adhe-
sion of MSCs to biomaterials requires investigation.

A number of attempts to enhance the affinity between
cells and biomaterials have been conducted, and surface
modification of biomaterials is widely used. For example, the
heptapeptide sequence, LTHPRWP (L7), with affinity towards
synovium-derived mesenchymal stem cells (SMSCs) has been
covalently conjugated to polycaprolactone electrospun meshes
and to human decalcified bone scaffolds; this elevates the
adhesion and spreading of SMSCs on scaffolds (8). A chondro-
cyte-affinity peptide (CAP), DWRVIIPPRPSA, was identified
by phage display technology (9). Polyethylenimine has been
covalently modified with CAP to construct a non-viral vector
for cartilage-targeted therapy (9). A previous study revealed the
enhanced adhesion of human dermal fibroblasts on anorganic
bovine bone mineral modified by the functional synthetic
15-residue peptide sequence GTPGPQGIAGQRQVYV (P-15),
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which is a potent cell-binding domain in the al chain of type I
collagen (10,11). The RGD peptide, derived from fibronectin in
ECM, was demonstrated to promote cell adhesion in 1984 (12);
since then, a number of materials modified with RGD have
been used in academic study and clinical therapies (13,14).

Affinity peptides towards BMSCs are also commonly used.
Recently, a novel peptide, DPIYALSWSGMA (DPI), with
specific affinity towards BMSCs, was identified through phage
display technology (15). In the present study, the affinity of the
DPI peptide towards BMSCs was further verified. B-TCP was
selected as the scaffold modified by DPI and cellular behavior
on the modified scaffold was studied.

Materials and methods

Cell culture.C57BL/6 mouse BMSCs (cat.no. MUBMX-01001)
were obtained from Cyagen Biosciences, Inc. (Santa Clara,
CA, USA). The cells were cultured in cell culture flasks
in a humidified atmosphere with 5% CO, at 37°C (Fig. 1).
Cells were cultured in low glucose Dulbecco's modified
Eagle's medium (cat. no. 01-051-1A; Biological Industries,
Kibbutz Beit-Haemek, Israel) with L-glutamine containing
10% fetal bovine serum (cat. no. 10099141; Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and antibi-
otics (100 U/ml penicillin and 0.1 mg/ml streptomycin;
cat. no. 15140122; Gibco; Thermo Fisher Scientific, Inc.). The
medium was replaced every 2-3 days. Cells were detached
and passaged at 80-90% confluency. BMSCs were used at
passage 4-5 for further experiments.

Peptide synthesis. The DPI peptide sequence with high affinity
towards BMSCs (Fig. 2A) was previously discovered using
phage display (15). The linear dodecapeptide was derived
from the Ph.D.-12 phage display library (cat. no. E8110S; New
England Biolabs, Inc., Ipswich, MA, USA). The molecular
weight of the synthesized DPI peptide was confirmed to be
1,311.58 Da by mass spectrometry (JBI Scientific, LLC,
Huntsville, TX, USA) using matrix-assisted laser desorp-
tion/ionization-time of flight method with positive mode
(Fig. 2B). The synthesized DPI peptide was dissolved in
50% acetonitrile (ACN) with 0.05% trifluoroacetic acid (TFA)
to obtain a concentration of 100 yg/ml, and subsequently mixed
with a-cyano-4-hydroxycinnamic acid solution (10 mg/ml in
50% ACN, 0.05% TFA) at a 1:1 ratio. A total of 1 ul of the
mixture was loaded on target plate and air dried. The instru-
ment settings were: 20,000 V accelerating voltage, 95% grid
voltage, acquisition mass range between 600 and 2,000 Da, and
extraction delay time was 200 nsec. A peptide sequence of the
same chain length as DPI, but scrambled (LSPSAGAYIDWM,;
LSP), was used as the negative control. A peptide comprising
three amino acids (RGD) was used as the positive control. All
peptides were synthesized by solid-phase peptide synthesis
using 9-fluorenylmethoxycarbonyl chemistry (Scilight-Peptide,
Inc.; Scilight Biotechnology, LLC Beijing, China). An extra
aminohexanoic acid was linked at the amino-terminus of all
peptides to facilitate fluorescein-5-isothiocyanate (FITC)
labeling. The FITC-labeled peptides, FITC-DPI, FITC-LSP
and FITC-RGD, were stored at -20°C. A concentration of
1 mg/ml was obtained by dissolving the peptides in PBS
(cat. no. 02-024-1A; Biological Industries) before use.
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Peptide-affinity assay by flow cytometry. The C57TBL/6 mouse
BMSCs were washed twice with PBS and dissociated with
0.25% trypsin-EDTA (cat. no. 25200-056; Gibco; Thermo
Fisher Scientific, Inc.). The cell suspension was centrifuged at
250 x g for 5 min at room temperature to collect cell sedimen-
tation. The cells were incubated with 100 uM FITC-labeled
peptides for 1 h at 37°C to allow cell binding and internaliza-
tion. The mouse BMSC affinity properties of the peptides were
analyzed quantitatively using flow cytometry at a wavelength of
488 nm and FlowJo v7.6.1 (Tree Star, Inc., Ashland, OR, USA)
software. All procedures were repeated at least three times.

Peptide-affinity assay by fluorescence cytochemistry.
C57BL/6 mouse BMSCs were cultured in 24-well dishes until
70-90% confluence was achieved. The cells were subsequently
incubated with 100 M FITC-labeled peptides for 1 h at 37°C
and with rhodamine-labeled phalloidin (cat. no. CA1610;
Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China) for 30 min at room temperature for cytoskeletal staining.
The nuclei were counterstained with DAPI (cat. no. C0065;
Beijing Solarbio Science & Technology Co., Ltd.). The cells
were examined in the 24-well dishes using a fluorescence
microscope. All procedures were repeated at least three times.

Synthesis of DPI-modified 5-TCP (-TCP-DPI). The synthesis
of B-TCP-DPI was conducted following a previously described
procedure (10,16). Functional B-TCP scaffolds were constructed
using DPI peptides that were adsorbed onto B-TCP through an
adsorption/freeze-drying strategy. Briefly, disk-shaped 3-TCP
(diameter, 6 mm; height, 2 mm; Shanghai Bio-lu Biomaterials
Co., Ltd, Shanghai, China) was incubated for 24 h at room
temperature in peptide solution containing 100 yg/ml DPI in
PBS in a ratio of 1.0 g B-TCP to 2.0 ml solution with gentle
agitation to ensure to equilibrate the peptide over all exposed
surfaces of the microporous B-TCP. Unadsorbed peptide
was removed from the scaffolds by washing five times in
PBS with gentle shaking over a 24 h period. The B-TCP-DPI
composites were dried in vacuo for 1 h and stored at -20°C in
moisture-proof containers. FITC-DPI peptide-modified 3-TCP
was also synthesized and observed using ImageXpress Micro
Confocal (Molecular Devices, LLC, Sunnyvale, CA, USA).
The B-TCP and 3-TCP-DPI composites were sterilized under
ultraviolet (UV) light for cell culture experiments.

Behavior of cells on B-TCP-DPI in vitro. C5TBL/6 mouse
BMSCs were seeded at passage 4-5 onto pure B-TCP and
[-TCP-DPI scaffolds to investigate cell adhesion and prolifera-
tion, as described below. All scaffolds were sterilized through
UV light exposure on a clean bench before use.

Cell adhesion assay. Cell Counting Kit-8 (CCK-8; cat.
no., 96992; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) was used to evaluate the number of cells adhered
onto the scaffolds (17). The cells were dissociated with
0.25% trypsin-EDTA. The cell suspension was centrifuged at
250 x g for 5 min at room temperature and the sediment was
collected. Cells were resuspended at a specified concentra-
tion (6x10* cells/ml) and an appropriate volume (200 pl) in
serum-free DMEM. The cell suspension was added to 96-well
plates containing 3-TCP and B-TCP-DPI and incubated for 3 h
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Figure 1. C57BL/6 mouse BMSCs were cultured to prepare for subsequent experiments. (A and B) At passage 4, mouse BMSCs exhibited a spindle-shaped or
fibroblastic appearance; (A) magnification, x40, and (B) magnification, x100; scale bar, 250 ym. BMSC, bone marrow mesenchymal stem cell.
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Figure 2. A linear dodecapeptide identified using phage display technology. (A) A peptide sequence, DPI, with a highly specific affinity towards BMSCs was
identified by phage display. (B) The molecular weight of the synthesized DPI peptide was confirmed to be 1,311.58 Da by mass spectrometry. BMSC, bone

marrow mesenchymal stem cell; DPI, DPIYALSWSGMA.

in a humidified atmosphere with 5% CO, at 37°C; the scaf-
folds were removed to new wells and washed thrice with PBS.
Subsequently, 100 ul fresh medium and 10 ul CCK-8 reagent
were added and the BMSCs that adhered to the scaffolds
were incubated for another 4 h at 37°C. The absorbance was
measured at 450 nm using an automated microplate reader. All
procedures were repeated at least three times.

Cell proliferation assay. CCK-8 assay was used to measure
proliferation of cells on -TCP-DPI and unmodified 3-TCP
scaffolds. C57BL/6 mouse BMSCs were seeded onto the
unmodified B-TCP and B-TCP-DPI scaffolds. Briefly, a total
of 30 ul cell suspension containing 2x10* cells was slowly and
carefully pipetted onto the center-top surface of each B-TCP
and B-TCP-DPI disk. The cell suspension was not allowed to

contact the sides of the wells to ensure that all cells adhered
to the scaffolds. Plates were gently placed into an incubator.
After 3-h incubation, an extra volume (170 pl) fresh medium
was added to each well gently and slowly along the edge of the
well; wells were not rinsed to avoid washing out cells that did
not firmly adhere to the scaffolds. After 3 days of incubation,
the scaffolds were washed thrice with PBS and incubated with
CCK-8 solution at 37°C for 3 h. Absorbance was measured at
450 nm with an automated microplate reader. All procedures
were repeated at least three times.

Statistical analysis. Data are expressed as the mean + standard
deviation. Student's t-test was performed to compare two groups
and one-way analysis of variance followed by Dunnett's test
was performed for comparison of multiple groups. SPSS v24.0
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Figure 3. DPI peptide exhibits high affinity towards C57BL/6 mouse BMSCs.
C57BL/6 mouse BMSCs were incubated with FITC-labeled DPI, RGD or
LSP, and the fluorescence was analyzed by flow cytometry. The peaks of the
experimental (DPI) and positive control (RGD) groups shifted to the right
compared with the negative control group (LSP), which indicated that DPI
had a high affinity for the target cells. BMSC, bone marrow mesenchymal
stem cell; DPI, DPIYALSWSGMA; FITC, fluorescein isothiocyanate;
LSP,LSPSAGAYIDWM.

(IBM Corp., Armonk, NY, USA) software was used for data
analysis. P<0.05 was considered to indicate a statistically
significant difference.

Results

DPI has a highly specific affinity towards mouse BMSCs. The
mouse BMSC affinity peptide DPI, the negative control peptide
LSP and the positive control peptide RGD were used in this
study. Mouse BMSCs were incubated for 1 h with FITC-labeled
DPI, LSP or RGD, and analyzed by flow cytometry. The
average fluorescence intensity was 7,343.5+167.6 for BMSCs
incubated with FITC-DPI, 7,042.0+179.6 for BMSCs incubated
with FITC-RGD and 132.0+80.6 for BMSCs incubated with
FITC-LSP. The average fluorescence intensities for BMSCs
incubated with FITC-DPI and FITC-RGD were significantly
higher compared with BMSCs incubated with FITC-LSP (n=3;
P<0.01; Figs. 3 and 4). The average fluorescence intensity of
cells incubated with FITC-DPI was 55.6-fold higher than that of
FITC-LSP. The cells were also observed under a fluorescence
microscope. Strong fluorescent signals were observed in the
cells incubated with FITC-DPI and FITC-RGD, whereas weak
fluorescent signals were observed of the cells incubated with
FITC-LSP (Fig. 5). These results suggested that the DPI peptide
may have a high affinity for mouse BMSCs.

Successful synthesis of functional 5-TCP scaffolds. FITC-DPI
was adsorbed onto the B-TCP scaffolds for surface modifica-
tion through an adsorption/freeze-drying strategy. Following
adsorption, the B-TCP-DPI scaffolds exhibited homogeneous
green fluorescence (Fig. 6). This result indicated successful
adsorption of DPI onto the surface of B-TCP scaffolds and the
successful construction of 3-TCP-DPI composite materials.

Adhesion and proliferation of BMSCs onto the functional
B-TCP-DPI scaffolds is enhanced compared with pure 3-TCP

WANG et al: BMSCs ON AFFINITY PEPTIDE-MODIFIED (-TCP

%%

*k

8000 -
- o
D. R s
<
= -
2 6000
2
1=
% 4000 -
2
2
g
2 2000

0 le=—n - .
LSP DPI RGD

Figure 4. Affinity of DPI towards C57BL/6 mouse BMSCs is verified by
flow cytometry. The affinity of DPI peptides towards BMSCs was analyzed
quantitatively by flow cytometry following incubation with FITC-labeled
LSP, DPI or RGD. The average fluorescence intensity of cells incubated
with FITC-DPI and FITC-RGD was significantly higher compared with that
of FITC-LSP. Data are expressed as the mean + standard deviation; n=3;
“P<0.01 vs. LSP. A.U., arbitrary units; BMSC, bone marrow mesenchymal
stem cell; DPI, DPIYALSWSGMA; FITC, fluorescein isothiocyanate;
LSP, LSPSAGAYIDWM.

scaffolds. In the cell adhesion assay, the number of adherent
cells on the B-TCP-DPI composites was significantly higher
compared with those on the pure $-TCP scaffolds, according
to optical density (OD) measurements (n=3; P<0.01; Fig. 7).
This result indicated that the §-TCP-DPI composites are effec-
tive for mouse BMSC adhesion.

A CCK-8 assay was used to evaluate cell proliferation on
pure B-TCP and B-TCP-DPI scaffolds. Following 3 days of
incubation, the OD value of B-TCP-DPI scaffolds was signifi-
cantly higher compared with pure B-TCP scaffolds, which
indicated that 3-TCP-DPI may enhance BMSC proliferation
compared with unmodified B-TCP (n=3; P<0.01; Fig. 8).

Discussion

Tissue engineering uses concepts of biology and engineering to
develop functional substitutes for damaged tissue (18),and MSCs
are a common type of seed cell used for tissue engineering.
MSCs in human bone marrow have been estimated to comprise
0.001-0.01% of the total nucleated cells, and this number
declines with age (19). Furthermore, MSCs are rare or absent
in pathological tissues such as the necrotic femoral head (2). A
number of studies have proposed that host progenitor cells build
new bone following recruitment to the site of repair (20,21). A
method of efficient recruitment and utilization of the limited
number of MSCs remains to be established. The strategy
of recruiting BMSCs using affinity peptides is commonly
adopted (14,22). Phage display provides a novel method for
searching of highly specific affinity peptides towards BMSCs.
In this way, a number of peptide sequences with highly specific
affinity towards BMSCs have been identified and used to modify
biomaterials to improve their surface properties and functions.
For example, the peptide sequence EPLQLKM (E7) is widely
used to enhance the interaction between BMSCs and various
scaffolds (6,23-26). In the present study, the DPI peptide, with
affinity towards BMSCs, was also reported to be discovered
through phage display (15). Flow cytometry and fluorescence
cytochemistry were used to confirm the high affinity of DPI
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DAPI Phalloidin FITC-LSP

DAPI Phalloidin FITC-DPI

DAPI Phalloidin FITC-RGD

Figure 5. DPI exhibits high affinity towards C57BL/6 mouse BMSCs. Affinity of the linear dodecapeptide, DPI, towards C57BL/6 mouse BMSCs was
investigated through fluorescence staining. Cells were incubated with FITC-labeled DPI, RGD or LSP and observed under a fluorescence microscope. Strong
FITC signals were observed in cells incubated with FITC-DPI and FITC-RGD, whereas weak signals were observed of cells incubated with FITC-LSP. Nuclei
were stained with DAPI and the cytoskeleton was stained with rhodamine phalloidin; scale bar, 50 yum. BMSC, bone marrow mesenchymal stem cell; DPI,
DPIYALSWSGMA; FITC, fluorescein isothiocyanate; LSP, LSPSAGAYIDWM.

Merge

Figure 6. Successful synthesis of functional B-TCP scaffolds modified by
DPI through an adsorption/freeze-drying strategy. FITC-labeled DPI peptide
was adsorbed onto 3-TCP through an adsorption/freeze-drying strategy to
fabricate functional B-TCP-DPI scaffolds. Following adsorption, the 3-TCP
scaffolds exhibited a homogeneous green fluorescence. 3-TCP, -tricalcium
phosphate; DPI, DPIYALSWSGMA; FITC, fluorescein isothiocyanate.

towards BMSCs. It was also demonstrated that the B-TCP-DPI
scaffolds enhanced the adhesion and proliferation of BMSCs
compared with pure 3-TCP scaffolds.

B-TCP is commonly used in absorbable bioceramics (27).
In tissue engineering, B-TCP is an ideal biomaterial for the
repair of osteonecrosis or bone defects (2,28). B-TCP has been
extensively studied and applied as a bone repair and bone tissue
engineering scaffold material (27). It is non-cytotoxic and has
excellent biocompatibility and osteo-conductivity (3,4). Stable
associations between peptides and materials are essential
for the construction of functional scaffolds (13). Methods of
connecting peptide molecules to materials include covalent
attachment, blending, co-polymerization, chemical and physical
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Figure 7. Adhesion of C57BL/6 mouse BMSCs to the functional $-TCP
scaffolds is enhanced. Adhesion of BMSCs was measured by Cell Counting
Kit-8 assay 3 h after cell suspension was added to 96-well plates containing
B-TCP-DPI and pure $-TCP scaffolds. The OD value of the B-TCP-DPI scaf-
folds was significantly higher compared with that of the pure $-TCP scaffolds,
which indicated that the number of adhesive cells in the B-TCP-DPI scaffold
group was higher compared with the pure $-TCP scaffold group. Data are
expressed as the mean + standard deviation; n=3; “P<0.01 vs. 3-TCP. 3-TCP,
B-tricalcium phosphate; A.U., arbitrary units; BMSC, bone marrow mesen-
chymal stem cell; DPI, DPIYALSWSGMA; OD, optical density.
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Figure 8. Proliferation of C57BL/6 mouse BMSCs is enhanced on 3-TCP-DPI
scaffolds. A Cell Counting Kit-8 assay was used to measure the proliferation
of BMSCs on 3-TCP-DPI and pure -TCP scaffolds. Following 3 days of
incubation, the OD value of the 3-TCP-DPI scaffolds was higher compared
with that of the pure -TCP scaffolds, which indicated that §-TCP modified
by DPI may enhance BMSC proliferation compared with unmodified $-TCP.
Data are expressed as the mean + standard deviation; n=3; “P<0.01 vs. -TCP.
B-TCP, B-tricalcium phosphate; A.U., arbitrary units; BMSC, bone marrow
mesenchymal stem cell; DPI, DPIYALSWSGMA; OD, optical density.



380

treatment (13). As an inorganic material, 3-TCP has no innate
biological stimulatory activity and lacks functional groups.
Biomolecules are, therefore, difficult to conjugate to B-TCP (29).
Amino acids, peptides and proteins can be adsorbed to inorganic
materials (30-32). The mechanism of adsorption involves the
formation of complexes between the carboxyl group and surface
Ca?*, between free amino or guanidine groups and the phos-
phate group (10). Thus, an adsorption/freeze-drying strategy
was used in the present study to modify 3-TCP scaffolds with
DPI (10,16,33). In the process of synthesizing functional 3-TCP,
unadsorbed peptide should be rinsed sufficiently; otherwise
non-adsorbed peptide molecules may dissolve in the cell culture
medium and inhibit cell adhesion (12).

The present study aimed to investigate the ability of
C57BL/6 mouse BMSCs to adhere and proliferate on
[-TCP-DPI scaffolds. In the cell adhesion assay, the CCK-8
assay was used to detect the number of adherent cells on the
scaffolds. It was hypothesized that BMSCs would be recruited
onto the B-TCP-DPI scaffolds more strongly and rapidly
compared with the pure B-TCP scaffolds. Cell adhesion to
substrates is time-dependent, and experimental adhesion time
should be carefully considered (13). It usually assessed 1-4 h
after cell seeding, and in the present study, 3 h was selected
as the time point of verification. The results indicated that the
adhesion of BMSCs to the functional 3-TCP scaffolds was
enhanced compared with the pure 3-TCP scaffolds.

Numerous biomolecules have been reported to promote the
proliferation of BMSCs (6,34). Therefore, it was considered
necessary to study the effect of the functional B-TCP scaffolds
on proliferation. In cell adhesion assay, cell suspension was
added into the wells and cells adhered to the scaffolds freely.
In cell proliferation assay, cells were seeded onto the scaffolds
restrictedly; cell suspension was carefully placed onto the
center-top surface of the scaffolds to ensure that all cells adhered
to the scaffolds. Therefore, the initial number of cells growing
on scaffolds was fixed to accurately investigate the changes of
cell proliferation. The result indicated that DPI-modified 3-TCP
scaffolds promoted the proliferation of BMSCs.

Additional studies are required to investigate the under-
lying mechanism of the affinity peptide towards BMSCs. The
repair effect of the functional 3-TCP-DPI scaffolds should also
be further studied and evaluated in vivo.

In the present study, functional 3-TCP scaffolds were
successfully synthesized by adsorption of the BMSC affinity
peptide, DPI, onto the surface of 3-TCP using an adsorp-
tion/freeze-drying strategy. In vitro experiments demonstrated
that the adhesion and proliferation of BMSCs on the functional
B-TCP scaffolds was enhanced. The functional scaffold may
be used as a potent biomaterial for MSC-based tissue engi-
neering therapy.
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