
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 4
/1

6/
20

26
 5

:1
7:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Sintered porous
aDepartment of Orthopedics, General Hospi

District, Beijing 100853, China. E-mail: lizh

Tel: +86 010 66938306
bDepartment of Orthopedics, Characteristic

China
cDepartment of Stomatology, General Hospi

District, Beijing 100853, China
dZhongAoHuiCheng Technology Co., No.

Technological Development Zone, Beijing 10

Cite this: RSC Adv., 2019, 9, 1541

Received 12th December 2018
Accepted 8th January 2019

DOI: 10.1039/c8ra10200g

rsc.li/rsc-advances

This journal is © The Royal Society of C
Ti6Al4V scaffolds incorporated
with recombinant human bone morphogenetic
protein-2 microspheres and thermosensitive
hydrogels can enhance bone regeneration

Ji Li, a Zhongli Li,*a Qi Wang,b Yueyi Shi,c Wei Li,a Yangmu Fua and Gong Jind

A well-controlled powder sintering technique was used to fabricate porous Ti6Al4V scaffold. The

thermosensitive chitosan thioglycolic acid (CS-TA) hydrogel was used as a carrier to inject recombinant

human bone morphogenetic protein-2 (rhBMP-2) microspheres into pores of the Ti6Al4V scaffold at

37 �C, and then the porous Ti6Al4V/rhBMP-2 loaded hydrogel composite was obtained. The bare

Ti6Al4V scaffold was used as the control. The characteristics and mechanical properties of the scaffold,

rheological properties of the hydrogels and the rhBMP-2 loaded hydrogel, the release of the rhBMP-2

loaded hydrogel, and the biological properties of the two types of samples were evaluated by in vitro

and in vivo tests. Results indicated that the sintered porous Ti6Al4V had high porosity, large pore size

with good mechanical properties. The hydrogel and rhBMP-2 loaded hydrogel showed thermosensity.

The rhBMP-2 loaded hydrogel showed a stable and extended release profile without too high burst

release of rhBMP-2. Both groups showed good biocompatibility and osteogenic ability. However,

according to the results of cell tests and implantation, the group with rhBMP-2 loaded hydrogel had

significantly higher cell proliferation rate, faster bone growth speed, and more bone ingrowth at every

time point. Therefore, the sintered porous Ti6Al4V scaffolds incorporated with rhBMP-2 microspheres

and CS-TA hydrogel was effective in enhancing the bone regeneration, and prospects a good candidate

for application in orthopedics.
1. Introduction

Various research studies have been conducted for developing
materials for the regeneration of bone defects and fracture
repair, which remains a challenging topic in orthopedic and
maxillofacial surgery.1,2 But most of them have shown very
limited capability.3 Recently, porous Ti6Al4V has attracted
enormous interest because of its excellent properties.4 A certain
degree of porosity allows reducing the elastic modulus of
Ti6Al4V and the stiffness mismatch between bone and the
Ti6Al4V implant, and hence decrease the potential risks of
stress shielding on bone resorption.5,6 The porous structure
provides the necessary space for cell and bone grow in with
sufficient mechanical support7,8 to mimic the properties of the
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extracellular matrix.9 However, porous Ti6Al4V scaffolds remain
bioinert and thereby lack the ability to provide strong biological
cues that can enhance the regeneration of bone.7 Recently,
many research studies in regenerative medicine have used
various biologic factors to further improve the biologic activity
of the bone gra substitutes.10

Bonemorphogenetic protein (BMP) is a kind of growth factor
that promotes bone and cartilage formation. Recombinant
human BMP-2 (rhBMP-2) has been puried11 and shown to
enhance in vivo bone formation.12 BMP has been used for
decades in treating spinal fusion, dental implantation, and
implant osseointegration with excellent results.13 McClellan
et al. noted that rhBMP-2 resulted in a quicker, more robust
fusion.14 Clinically, however, BMP-2 promotion of bone forma-
tion is markedly limited due to its rapid diffusion and absorp-
tion when it is injected into the body.15 It is reported that
sustained growth factor delivery can be established through
different non-covalent retention mechanisms,16 including
physical entrapment, absorption, and complexation.17 Entrap-
ping BMP in the microspheres can prolong the sustained
release of BMP-2, maximizing its ability to induce bone forma-
tion. Our previous study indicated that sustained release (over 1
month) of rhBMP-2 were achieved from rhBMP-2-loaded poly(-
RSC Adv., 2019, 9, 1541–1550 | 1541
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lactic-co-glycolic acid) (PLGA) microspheres.18 However, rhBMP-
2 microspheres were reported to have an initial burst release in
vitro.12 High doses of growth factor, especially BMP-2, can cause
serious side effects, including bone tissue overgrowth, ectopic
bone formation, inammation, and even carcinogenicity.19 The
previous study reported that hydrogels with a high viscosity can
provide high control of the release growth factors.7,20 However,
the hydrogels lack sufficient mechanical properties necessary
for load-bearing applications. Therefore, when rhBMP-loaded
hydrogel are incorporated into porous Ti6Al4V scaffolds this
may result in a biologically active and mechanically strong
composite biomaterial.

In the present work, a highly controlled powder sintering
technique was used for the fabrication of porous Ti6Al4V scaf-
fold with high porosity and large pores. A modied thermo-
sensitive chitosan hydrogel was used as the carrier to translate
the growth factor into the pores of the Ti6Al4V scaffold. This
type of hydrogels could remain liquid at low temperatures and
become a gel at 37 �C or in the human body, which is very
important for the control of the release of BMP-2 and is very
convenient for the use in clinic. We hypothesize that the rhBMP-
2 loaded thermosensitive hydrogels can enhance the biological
activity and osteogenesis ability of Ti6Al4V scaffold, and in vitro
and in vivo experiments were performed.
2. Materials and methods
2.1 Preparation of porous Ti6Al4V scaffold

Ti6Al4V powder with particle size <100 mm was used for the
fabrication in this technique. The scaffolds were produced as
previously described.21–23 In brief, the Ti6Al4V powder mixed
with H2O, agar, Tergitol TMN, triton and ammonium alginate
were used to prepare a powder suspension. It was mixed for
6 min at 70 �C to obtain a uid foam. The foam is cast into
a mould and cooled down until the structure is gelled. Aer
demoulding, the structure is dried at atmospheric pressure and
then the green artifact was calcined with a slow heating step at
a rate lower than or equal to 20 �C per hour to a temperature
between 400 and 600 �C under an inert atmosphere (Ar) or at
a pressure more than 10�3 mbar and constant temperature for
2 h. Then, the artifact was sintered with slow heating to
a temperature of 1250 �C under vacuum or at a pressure more
than 10�4 mbar and constant temperature for 2 h.

Three types of porous Ti6Al4V samples were prepared in this
study: rod specimens of 12 mm in diameter and 22 mm in
length were used for the mechanical tests; disk specimens of
3 mm thick and 10 mm diameter were used for in vitro
biochemical tests; rod specimens of 2 mm in diameter and
6 mm in length were used for the in vivo animal experiments.
The samples were ultrasonically treated in order to remove
impurities. And then the samples were sealed in sterile bags
and steam autoclaved for 15 min at 120 �C.
2.2 Characterizations of the porous Ti6Al4V scaffold

Although characterizations of the porous sample, such as pore
size and porosity, have been determined in our previous
1542 | RSC Adv., 2019, 9, 1541–1550
study,22,23 the slight differences in different batches still existed.
Thus, in order to ensure the accuracy of the study and the
success fabrication of the porous Ti6Al4V, the samples were
characterized. An optical microscope was used to examine the
surface topography and microstructure of the porous Ti6Al4V
scaffold. The mechanical integrity of each cell strut was
observed by a micro-CT. A scanning electron microscopy (SEM)
(Hitachi FE-SEM SU3500, Japan) was used to qualitatively
determine the microtopography (such as the pore size). Ten
values were measured in each vision and then the average pore
diameter value was calculated. Porosity was calculated by bulk
density and apparent density. The stiffness of the porous
Ti6Al4V sample was evaluated by an axial compression test
using an MTS Alliance RT30 electromechanical test frame (MTS
systems, USA) as previous described.22,23 In brief, a compressive
test to failure was done at a crosshead speed of 0.5 mm min�1

and the maximum load of the machine was 20 000 N, and the
real-time load/displacement was recorded. The stress–strain
curves were made and then the elastic modulus was calculated
for each sample.
2.3 Preparation and characterizations of rhBMP-2
microspheres

A previously described water-in-oil in water (W/O/W) double-
emulsion-solvent-extraction technique was used to fabricate
microspheres.18,24 Initially, 50 mg solid rhBMP-2 was homoge-
nized with 150 ml phosphate buffered saline (PBS), which serves
as the inner water phase. Then 400 mg poly(lactic-co-glycolic
acid) (PLGA) was dissolved in 1 ml of dichloromethane as the oil
phase. An emulsion was formed by homogenization for 30 s
with an ultrasound in an ice bath and then dropped into 65 ml
of ice-cooled 1% polyvinyl alcohol (PVA), a vortex at 5600 rpm
was used to create the double emulsion and, subsequently, the
microspheres. The dichloromethane was evaporated for 3 h
with magnetic stirring at low speed. The microspheres were
collected by centrifugation, washed three times with distilled
deionized water, and vacuum-dried to obtain powder. The
rhBMP-2 microspheres power were stored at 4 �C.18

The outer phase of the W/O/W emulsion and the washing
water were assessed for encapsulation efficiency. The amount of
rhBMP-2 in the washing water was used to determine by rhBMP-
2 ELISA kit (Sigma, USA). The amount of rhBMP-2 in the
microspheres was calculated by subtracting the rhBMP-2 in the
washing water (W) from the total amount of rhBMP-2 (T) used
during fabrication, and then the encapsulation efficiency was
calculated: E ¼ [(T � W)/T]%.18
2.4 Preparation of the thermosensitive hydrogels

Initially, 40 mg chitosan thioglycolic acid (CS-TA), 960 ml b-
sodium glycerophosphate (0.8 mmol l�1) and 10 ml poly(-
ethylene glycol) diacrylate (PEGDA) was used as the starting
material. The mixture was homogenized with ultrasound and
stirred using a vortex. The resulting uid CS-TA hydrogel was
stored at 4 �C. Then the temperature sensitivity of the CS-TA
hydrogel was evaluated by placing the hydrogels in a 37 �C
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic illustration of the preparation of the porous Ti6Al4V and rhBMP-2 loaded hydrogel system.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 4
/1

6/
20

26
 5

:1
7:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
water bath. The time required for the hydrogel consistency to
change from a uid to a gel was recorded.

2.5 Rheological properties of the hydrogels and the rhBMP-2
loaded hydrogel

The Physica MCR101 rheometer (Antonpaar Ltd, Austria) was
used to measure the rheological properties of the thermo-
sensitive hydrogels and rhBMP-2 loaded hydrogels. The strain
was 1%, the frequency was 1 Hz, the scanning temperature
range was 4–50 �C, and the heating rate was 1 �C min�1. A
constant temperature water bath controls the temperature of
the measurement system. 3 ml CS-TA hydrogel and 3ml rhBMP-
2 loaded hydrogel were used for the measurement. The surface
is covered with dimethicone to prevent evaporation. Dimethi-
cone has no effect on the gelation temperature of the hydrogel.
The values of storage modulus (G0) and loss modulus (G00) were
recorded and then the curve of G0 and G00 with temperatures
were generated. The temperature where the values of G0 equal-
led with G00 was dened as gelation temperatures.

2.6 In vitro release of rhBMP-2 microspheres and the
rhBMP-2 loaded hydrogel

Eighty milligrams of rhBMP-2 microspheres was added with
2.4 ml PBS and 2.4 ml CS-TA hydrogel for the test. Eighty mg of
the microspheres mixed with 4.8 ml PBS were as the control.
The two rhBMP-2 sustained-release systems were homogenized
and divided into 24 0.1 ml Eppendorf tubes, which were then
diluted with PBS buffer to a nal volume of 1 ml. Each sample
was placed in a constant temperature shaker (maintained at
37 �C, 100 rpm) and analyzed at each time point (8 h, 1 d, 2 d, 3
d, 7 d, 14 d, and 21 d).18 A sandwich ELISA kit (Sigma, USA) was
used to determine the concentration of rhBMP-2. All batches
were assessed in triplicate.

2.7 Preparation of the composite

We used 5 mg of rhBMP-2 microspheres combined with liquid
CS-TA at 4 �C, and the rhBMP-2 microspheres were embedded
into the CS-TA hydrogel. A total of 24 porous Ti6Al4V disc
samples were coated with the rhBMP-2 microsphere-loaded CS-
This journal is © The Royal Society of Chemistry 2019
TA hydrogel for the in vitro biochemical assays. A total of 24
porous Ti6Al4V rod samples were coated with the rhBMP-2
microsphere-loaded CS-TA hydrogel for the in vivo implanta-
tions. The samples for implantation were prepared before being
inserted in the animal. The liquid rhBMP2-loaded CS-TA would
gel when concurrently injected into the scaffolds' porous space
in a 37 �C water bath. The schematic illustration of the prepa-
ration of the composite was shown in the Fig. 1.
2.8 In vitro biochemical assays

2.8.1 Cell proliferation and attachment. Continuous cell
lines of human osteoblasts (OB) (MG-63) were used for the cell
tests. Cells were cultured in DMEM supplemented with 10%
BCS and 1% penicillin/streptomycin and incubated at 37 �C in
a 5% CO2, 100% relative humidity incubator. A third passage
cell suspension (2.5 � 105 cells per ml, 40 ml) was placed in the
sample in a 48-well plate and cultured. The medium was then
added, and the cells were incubated with changing medium
every 2–3 days. The cell viability was assessed using the live/
dead cell viability kit aer culturing the cells for 1, 3 and 7
days. Fluorescence images were obtained by positive uores-
cence microscopy. Cell viability and proliferation was quanti-
ed by the Cell Counting Kit-8 assay (CCK-8) aer culturing for
1, 3, and 7 days. The morphologies of cells attached on the
material were observed aer culturing the cells for 7 days with
the two type of materials, the samples were rinsed with phos-
phate buffered saline to remove nonadherent cells and then
xed with 2.5 wt% glutaraldehyde for 1 h. A series of gradient
ethanol solutions (50–100%) was used for sample dehydration,
which was followed by the addition of pure isopentyl acetate.
Aer being sputter-coated with a 10 nm thick gold lm, cell
morphology was observed by SEM (Hitachi FE-SEM S3500,
Japan). The methods to evaluate the cell proliferation and
attachment were according to the published studies.22,23

2.8.2 Cell differentiation. The bare porous Ti6Al4V scaffold
and Ti6Al4V/rhBMP-2-loaded CS-TA hydrogel constructs were
incubated in 48-well cell culture dishes with growth medium.
Aer being cultured for 7 and 14 days, the cells were harvested.
Total RNA was extracted and reverse transcribed to cDNA and
RSC Adv., 2019, 9, 1541–1550 | 1543
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then the expression levels of alkaline phosphatase (ALP), bone
sialoprotein (BSP), Runx-2, collagen type I (COL I) and osteo-
calcin were quantied using the RT-PCR instrument.
2.9 Implantation

2.9.1 Animals and surgical procedure. Forty-eight New
Zealand white rabbits (aged 4–6 months and weighing 3.5 � 0.3
kg) were obtained from the zoological animal center of our
hospital, and 24 were in each group. All surgical procedures
were performed in accordance with the ARRIVE guidelines and
approved by the IRB, the detailed operations were described in
our previous study.23 The surgeries were performed under
standard sterile conditions. Firstly, the rabbits were anes-
thetized with an intramuscular injection of a 1 : 1 mixture of
ketamine hydrochloride and xylazine hydrochloride, and both
of the hind limbs were clipped and prepared for surgeries. A
straight 2 cm skin incision was made over the portion of
femoral, and 2 mm diameter drills were used to create cylin-
drical defects in the diaphysis of each femur, and then the
implant was inserted. Aer implantation, the surrounding
muscles were repositioned, and the subcutaneous tissues and
the skin incision were repaired with resorbable sutures. The
bare porous Ti6Al4V specimens and the Ti6Al4V/BMP-2-loaded
CS-TA hydrogel constructs were implanted into the limbs of the
rabbits. The animals received a single intramuscular injection
of clavulanate-potentiated amoxicillin at the time of surgery and
were then inspected daily for clinical signs of complications or
adverse reactions. The rabbits were allowed unrestricted cage
activity postoperatively.

2.9.2 Histological and histomorphometric analysis. To
compare the rates of bone ingrowth in the two groups,
sequential uorochrome markers were used. The detailed
operations were similar to our previous study.23 Briey, all
rabbits were intramuscular injected of tetracycline (10 mgml�1,
Sigma, USA) with 30 mg kg�1 and calcein green (10 mg ml�1,
Sigma, USA) with 10 mg kg�1 at 2 weeks and 3 days before they
were sacriced, respectively. The rabbits were sacriced by
intra-cardiac overdose of anesthetic solution at 1, 4 and 8 weeks
aer implantation (eight rabbits at each time point). All
Fig. 2 Characterization of the sintered porous Ti6Al4V scaffold: (a) is cro
mm; (b) is the SEM image, and scale bar represents 1 mm.

1544 | RSC Adv., 2019, 9, 1541–1550
retrieved implant-containing bone fragments were xed in 70%
ethanol for 2 weeks, and then dehydrated in a graded ethanol
series (70% to 100%). They were then embedded in a methyl
methacrylate solution for polymerization at 37 �C for 1 week
without decalcication. Then samples were subsequently cut
and ground into 30 mm transverse sections slices using
a modied interlocked diamond saw (Leica Microtome, Wet-
zlar, Germany). Aer that, a laser confocal microscope (Leica,
Germany) was used to observed the uorochrome markers. The
bone mineralization apposition rate (MAR, the vertical spacing
between two uorochrome markers/injection interval) was
analyzed from the images of uorochrome labeling, which
generally indicated the new bone growth rate. Aer the uo-
rescence analysis, the samples were stained with hematoxylin
and eosin (H&E). Qualitative microscopic analyses were per-
formed using an optical microscope attached to a digital
camera. The bone-implant contact (BIC) values were deter-
mined in both groups by Image J soware (Microso, Maryland,
USA). Hemorrhage, necrosis, exudation, neovascularization
cell, and encapsulation in the implant sites were evaluated
macroscopically in a semi-quantitative manner.
2.10 Statistical analysis

The data were analyzed by Statistical Package for Social Sciences
17.0 soware (SPSS 17.0, USA), the graphs were drawn by SPSS
or GraphPad soware (USA), and the results are presented as
the mean � standard deviation (S.D). Statistical differences
were evaluated by one-way ANOVA or Student's t-test. P < 0.05
indicated a statistically signicant difference.
3. Results
3.1 Characterizations of the porous Ti6Al4V scaffold

Surface of the porous Ti6Al4V scaffold was rough, but the struts
were well formed and continuous (Fig. 2a). Pore morphology
and distribution were demonstrated by SEM (Fig. 2b). There
were amount of pores with different sizes and shapes, the 3D
connectivity were observed between them. The porous structure
may allow more rhBMP-2 microspheres to adhere to the
ss-section images obtained by micro-CT, the scale bar represents 500

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Temperature dependence of storage modulusG0 and loss modulusG00 of the CS-TA hydrogel; (b) temperature dependence of storage
modulus G0 and loss modulus G00 of the rhBMP-2 loaded hydrogel; (c) in vitro release of rhBMP-2 microspheres and the rhBMP-2 loaded
hydrogel.
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implant. Detailed observation of the SEM images conrmed the
mechanical integrity of cell strut. Aer measurement and
calculation, the average porosity of the scaffold sample was
about (74.8 � 1.76) %, and the average pore size was approxi-
mately 502.91 � 203.05 mm. Aer the mechanical tests, the
compressive stress/strain values were calculated according to
the force-displacement data. The elastic modulus was obtained
from the slope of the compressive stress–strain curve in the
linear elastic region. Aer calculation, the average compressive
elastic modulus was about 1.83 � 0.27 GPa, and strength was
about 97.52 � 6.51 MPa. These results were similar to our
previous studies.22,23
3.2 Encapsulation efficiency of rhBMP-2 microspheres

One advantage of double emulsion techniques is the high
encapsulation efficiency into PLGA.25 In this study, aer calcu-
lation, the encapsulation efficiency was as high as 98.37% �
3.26. The high efficiency prevented reduced waste rhBMP-2.
3.3 The thermosensitivity of hydrogel

The hydrogel can ow and molded when initially constituted,
but aer heating in a 37 �C water bath in about 2.62� 0.87 min,
the hydrogel changed from mobile uid to solidied gels. This
process is oen called “curing” and involves the formation of
covalent crosslinks between polymer chains to form a macro-
molecular network.26

Rheological properties of hydrogel and the rhBMP-2 loaded
hydrogel were showed in Fig. 3a and b. Values of the G0 and G00

in both groups were low at the low temperature and increased
with the temperature, but the G00 values showed higher
increased rate. For the thermosensitive hydrogel alone, the
curves of G0 and G00 were cross at the temperature of 28.3 �C,
indicating the gelation temperature was 28.3 �C; for the rhBMP-
2 loaded hydrogel, the curves of G0 and G00 were cross at the
temperature of 29.2 �C, indicating the gelation temperature was
29.2 �C. G00 increased rapidly aer the cross point in both
groups, indicating the gelation process of the systems. The
adding of the rhBMP-2 microspheres showed a little effects of
the rheological properties.
This journal is © The Royal Society of Chemistry 2019
3.4 In vitro release of rhBMP-2

In vitro release proles were assessed for a period of 28 days. As
shown in Fig. 3c, the burst release of the CS-TA hydrogel release
system was approximately 36% within the rst 8 hours,
compared with approximately 80% for the rhBMP-2 micro-
spheres alone. In the 28 days test, the rhBMP-2 loaded hydrogel
showed a stable and extended release prole. This may be due
to the high viscosity of the CS-TA hydrogel.
3.5 In vitro biochemical assays

3.5.1 Cell proliferation and attachment. Fluorescence
images of the live/dead assay were shown in Fig. 4, a homoge-
nous distribution of living cells (green) on the sample surfaces
with relatively few dead cells (red) were observed at every time
point. All cells in each group showed good viability. The uo-
rescence images at 1, 3 and 7 days showed that cell proliferation
increased with time, and signicant more cells in the Ti6Al4V/
hydrogel group were observed than the bare group (Fig. 4a
and c). SEM images showed that the cells proliferated and
attached well on the surface of porous Ti6Al4V in both groups,
whereas the cells proliferated signicantly faster and highly
concentrated on the surface of the scaffold with rhBMP-2-
loaded hydrogel. Even more, OB cells grown from the edge
into the pores and interconnected conuently with the presence
of rhBMP-2 loaded hydrogel (Fig. 4b and d). In the CCK-8
results, both groups showed an increase of the optical density
(OD) values with time, signicant differences between each
time quantum in each group were observed (P < 0.05). However,
the group with rhBMP-2 loaded hydrogel showed signicantly
higher values than the bare group at every time point (Fig. 5
CCK-8). These results suggest that the porous Ti6Al4V and
rhBMP-2 have no cytotoxic effect on OBs, and the rhBMP-2
loaded hydrogel may signicantly promote the cells growth.

3.5.2 Osteogenic differentiation. Aer induction in normal
growth medium for 7 and 14 days without the addition of
osteogenic agents such as ascorbic acid, dexamethasone, and b-
glycerophosphate, the expression of osteogenic associated
proteins and marker genes was detected by qRT-PCR. Fig. 5
showed that, in both groups, the quantitative assessments
showed a signicant increase with time. The quantitative
RSC Adv., 2019, 9, 1541–1550 | 1545
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Fig. 4 Cell proliferation and live/dead fluorescencemicroscopy images after of the two groups: (a) bare Ti6Al4V scaffold and (c) Ti6Al4V/rhBMP-
2-loaded hydrogel composite; and the SEM images of cell attachment: (b) bare Ti6Al4V scaffold and (d) Ti6Al4V/rhBMP-2-loaded hydrogel
composite. Scale bars in a and c represent 50 mm; scale bars in b and d represent 100 mm.
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assessments results showed that the Ti6Al4V/rhBMP-2-loaded
hydrogel group stimulated the expression of ALP, Runx-2 and
COL1 compared with the bare group (P < 0.05). Additionally, in
both groups, the quantitative assessments showed a signicant
increase with time from 7 to 14 days.
3.6 Implantation

All animals recovered uneventfully aer surgery and reached
their allocated time point with no infection or postoperative
morbidity noted.

3.6.1 Fluorescence analysis. The bone remodeling was
validated by the interrupted uorescent bone markers and new
bone deposition. In both groups, the markers were detected in
the regenerated bone in the pores of the scaffold (Fig. 6a and b,
Tetracycline showed yellow and calcein green showed green).
For both the new ingrown bone in pores and the periprosthetic
bone, 8 measurements were taken along the span of each
double label. Then the averaged thickness of newly mineralized
bone was divided by the eleven-day mark interval and expressed
in units of microns per day. A signicantly greater MAR was
measured in the bone ingrowth compared to the periprosthetic
bone of both groups at week 1, weeks 4 and weeks 8 (P < 0.05).
Additionally, at each time point, the MAR of the bone ingrowth
was signicantly greater in the Ti6Al4V/hydrogel group than the
bare group (P < 0.05) (Fig. 7a). There was no signicant differ-
ence in the MAR of the periprosthetic bone measured between
the two groups at week 1, weeks 4 and weeks 8 (P > 0.05)
(Fig. 7a).
1546 | RSC Adv., 2019, 9, 1541–1550
3.6.2 Histomorphometric analysis. Histological observa-
tions aer HE staining were showed in the Fig. 6c and d. The
bone tissue was in red color while implant was in black color.
One week aer the implantations, in both groups, a small
amount of new bone tissue grew from the edge of bone defect
and began to integrate with the periphery of porous implants. A
small amount of newly formed bone deposited directly on the
surface of the implants and only minor bone ingrowth into the
outer region. Four weeks later of implantation, the images
showed bone formation progressed at the marginal region of
the bone defect into the pores. Bone integration was observed
along the implant surface. At week 8, new bone was observed
formed toward the center of the defect, which was connected to
the bone of the edge of the wound, and the trabecular bone was
thicker than at 4 weeks. Much new bone was formed around the
implant, and rows of osteoblasts lined around the new bone
were observed. Smaller pores were completely lled with bone,
whereas larger pores were partially lled. In some parts of the
implant, the newly formed bone has successfully bridged the
bone defect. The group with rhBMP-2 loaded hydrogel seemed
to have more bone-formation than the bare group. The general
tissue response was similar for both groups, no osteoclastic
reaction was observed in the vicinity of the implant, no material
fragments or particles were detected in the surrounding tissue,
inammatory inltration consisting of mononuclear cells was
not observed, nor was inltration of neutrophils and eosino-
phils. The general tissue response demonstrates good biocom-
patibility of the two types of porous implants. The quantitative
data of BIC are shown in Fig. 7b. The extent of bone ingrowth
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The CCK-8 results of cell proliferation and the expression of ALP, Runx-2 and Col I in the bare Ti6Al4V group and Ti6Al4V/rhBMP-2-
loaded hydrogel composite group.
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and remodeling onto and inside the porous samples in both
groups increased signicantly with time. However, the BIC
values in the Ti6Al4V/hydrogel group were signicantly higher
than the bare Ti6Al4V scaffold group at every time point.
4. Discussion

Recently, porous Ti6Al4V scaffolds have received increasing
attention as a new biomaterial that can act as an osteo-
conductive scaffold that provides direct mechanical support in
large bone defects at weight-bearing sites.27 However, many
conventional techniques used to produce porous Ti6Al4V led to
low porosity and the high possibility of pore blockage,28,29 and
had very limited control of the internal pore architecture and
the external shape of the porous titanium implants.30 A new
powder sintering technique was used in this study, by control-
ling the quantity and size of spacer particles added to the
Ti6Al4V powder, the porous implants could be fabricated with
different porosities and pore sizes, thereby the structural design
can be ne-tuned so that porous titanium scaffolds offer
optimal mechanical and structural conditions required for
This journal is © The Royal Society of Chemistry 2019
bone regeneration.31 Previous studies have indicated that
porous materials with a porosity of 30–90% and pore size of
150–600 mm can allow bone ingrowth,32,33 and higher porosity
with larger pores can provide sufficient space for the bone to
grow into.34 But with the increase in porosity, mechanical
properties of the porous material decrease.5 Thus, a balance
between the two parameters was very important for a better
implant performance. In the present study, according to the
micro-CT and SEM results, the Ti6Al4V scaffold showed 3D
connectivity porous structure. The porosity can reach 74.8%
with pore size about 502 mm. According to the results of
mechanical tests, the scaffold has high compressive strengths
(97.5 MPa), and relatively low elastic modulus value (1.83
GPa).35 These results were similar to our previous studies,22,23

indicating the success fabrication of the porous Ti6Al4V scaf-
folds. In summary, the porous Ti6Al4V scaffold fabricated by
the new sintered technique provides sufficient space for cell and
bone to grow into and adequate mechanical support without
obvious stress shielding effect.

Previous studies had demonstrated the bone regeneration
effect of BMP-2.12 However, administering rhBMP-2 in
RSC Adv., 2019, 9, 1541–1550 | 1547
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Fig. 6 Fluorescence images of the two groups: (a) bare Ti6Al4V scaffold and (b) Ti6Al4V/rhBMP-2-loaded hydrogel composite. Bone miner-
alization apposition rate is a vertical space between two fluorochrome markers interval (space between the white arrows). Scale bars represent
30 mm; histological results after implantation of 4 weeks in the two groups with H&E staining: (c) bare Ti6Al4V scaffold and (d) Ti6Al4V/rhBMP-2-
loaded hydrogel composite. Scale bars represent 300 mm.
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orthopedic applications is limited by its short half-life, localized
action, and rapid local clearance.36 Therefore, it is very impor-
tant to control the release and prolong the action time of the
growth factor.37 A number of so hydrogels such as brin,
alginate, or collagen groups have been developed recently,
which can be used to entrap growth factors, enable a good
distribution and a good control of factors.38,39 In this study, the
thermosensitive CS-TA hydrogel was used to distribute BMP-2
microspheres in low temperature, and then injected into the
pores of Ti6Al4V scaffold. The hydrogel changed from mobile
uid to solidied gels aer heating in a 37 �C water bath in
3 min. Rheological properties of the hydrogel and the rhBMP-2
loaded hydrogel were evaluated. The liquid hydrogel could
gelled at the temperature of 28.3 �C, and the rhBMP-2 loaded
hydrogel was at 29.2 �C. From the curves, we can indicate that
the increase of temperature contributed to the gelation, and the
thermosensitivity of CS-TA hydrogel and the rhBMP-2 loaded
hydrogel were veried. Furthermore, dissolution is an impor-
tant parameter, which affects the stability of the biomaterial
and release of the loaded drug. In the present study, we noted
1548 | RSC Adv., 2019, 9, 1541–1550
a stable dissolution prole of the rhBMP-2 loaded hydrogel with
no sudden increase in the dissolution behavior. Such
a controlled dissolution with no burst release is important to
avoid pharmacologically dangerous effects.37 Therefore, the CS-
TA hydrogel may be a suitable vehicle for decreasing the burst
release of rhBMP-2 microspheres in vivo because of the ther-
mosensity and the high viscosity. However, the hydrogel oen
lacks the mechanical properties necessary for load-bearing
applications. In this study, we combined the rhBMP/hydrogel
with the Ti6Al4V scaffolds to obtain enough sufficient
mechanical support. In summary, incorporation of hydrogel
capable of time- and dose-controlled delivery of rhBMP-2 into
porous titanium scaffolds offers a mechanically strong and
biologically active composite biomaterial suitable for graing
large bone defects.

In this study, human OB cells were used for the compre-
hensive cytotoxicity evaluation to simulate the implantation of
biomaterials into bone in vivo.40 The CCK-8 and live/dead assay
were used to study the effect of dissolution of hydrogel inl-
trated in Ti6Al4V scaffolds on cell proliferation and viability.
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 The values of (a) MAR and (b) BIC in the two groups at 1, 4 and 8 weeks after implantation. *, P < 0.05. MAR, mineralization apposition rate.
BIC, bone-implant contact.
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The results showed that cell proliferation on the surface of
materials in the Ti6Al4V/hydrogels group was signicantly
higher than the bare group at each time point. The SEM images
showed that cells grew better on the material surface with the
presence of rhBMP-2 loaded hydrogel, in which some cells even
grew deeply into the pores. These results indicated the highly
bioactive and cytocompatible of the Ti6Al4V/hydrogels
construct. The expressions of genes and proteins related to
bone growth are valuable markers for demonstrating the oste-
oblast phenotype in vitro. A signicantly higher ALP activity was
observed with the presence of rhBMP-2 loaded hydrogel when
compared to the control samples at each time point. A high
value of ALP implies active bone formation because ALP is
released as a byproduct of the active osteoblast.41 The expres-
sion of Runx-2, Col I, BSP and osteocalcin also up-regulated
signicantly aer 7 and 14 days of incubation in both groups.
The porous structure supported an enlarged and more suitable
environment for bone-like tissue formation and compared with
the other group and other researches, and the presence of
rhBMP-2 loaded hydrogel extends the lifespan of osteogenic
cells and possibly their synthetic activity phase, ultimately
leading to an increase in bone tissue formation.42

In vivo implantations were performed to identify the in vitro
results. Our previous research demonstrated that the sintered
porous Ti6Al4V scaffold is endowed with the osteoconductive
property which could guide the ingrowth of surrounding bone
tissue to form new bone within.22,23 In the current work, the
Ti6Al4V/hydrogels construct not only preserved the scaffold's
osteoconductive property but also further conferred it with
osteoinductive potential which is originating from the rhBMP-2
loaded hydrogel. The composite of rhBMP-2 loaded hydrogel
lled in the pores of the scaffold is not expected to suppress the
cell growth and angiogenesis because of the highly bioactive
and porous nature of the hydrogel with interconnected
pores.13,43 The results of uorescence and histomorphometric
This journal is © The Royal Society of Chemistry 2019
analysis, and micro-CT showed that bone grows from the host
bone to the implants, characteristics of direct adhesion of bone
to the implant were observed. In both groups, bone ingrowth
was observed as early as 1 week postoperatively, the penetration
depth of new bone regeneration increased rapidly with the
implantation time, indicating good osteoconductivity of the
implants. Higher bone growth ratios were found in the scaffold
than the periprosthetic bone in both groups. High degrees of
BIC were found in both groups, indicating the ability to provide
biological anchorage for surrounding bone tissues. The high
ingrowth values create a stable ingrowth construct while also
maintaining the mechanical strength due to the integration of
the porous structure and solid substrate. However, at each point
of follow-up, the Ti6Al4V/hydrogels group showed signicant
faster bone growth speed and more bone ingrowth. The results
displayed subsequent positive effect of the rhBMP-2-loaded
hydrogels on new bone formation in 8 weeks.

However, there were some limitations of this study. Firstly,
the control is not adequate. The group of hydrogel treated
porous Ti6Al4V scaffold without rhBMP-2 was absence.
Although the promoting osteogenesis of rhBMP-2 have been
proven in many previous studies, without that control the effect
of rhBMP-2 remains an open question because one cannot
assess the proportion of the osteoblast activity enhancement
that is due merely to the presence of hydrogel in this study.
Secondly, the number of animals and the follow-up period were
limited, many adverse effects of the implant may not yet appear.
A large number of animals with longer follow-up aer implan-
tation may be necessary in the further research to better eval-
uate the material's biosafety.
5. Conclusion

The porous Ti6Al4V/rhBMP-2 loaded hydrogels construct could
provide sufficient space and adequate mechanical support
RSC Adv., 2019, 9, 1541–1550 | 1549
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without obvious stress shielding effect for bone ingrowth, more
important, the composite construct showed good biocompati-
bility and higher osteogenic ability with the presence of rhBMP-
2 loaded CS-TA hydrogels than the bare scaffold. Therefore, the
sintered porous Ti6Al4V scaffolds incorporated with rhBMP-2
and CS-TA hydrogels enhanced the bone regeneration.
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