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n in critically sized rat mandible
defects through the endochondral pathway using
hydroxyapatite-coated 3D-printed Ti6Al4V
scaffolds
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and Yining Wang *ab

The endochondral approach has been proved to be a promising pathway in bone tissue engineering.

However, whether it is suitable for repairing critically sized mandible defects is unknown. We designed

Ti6Al4V scaffolds with a suitable shape and pore size by a 3D-printing selective-laser-melting technique

to implement this approach. In order to improve the surface bioactivity of the scaffolds, hydroxyapatite

(HA) coatings (HA/L group and HA/H group) of different crystallite size were prepared on the scaffolds

via electrochemical deposition. Rat bone mesenchymal stem cells (BMSCs) were seeded onto the

scaffolds and chondrogenically differentiated in vitro for 4 weeks and then the scaffolds were implanted

into critically sized rat mandible defects for 8 weeks. The bare scaffold and HA coatings were

characterized with field emission scanning electron microscopy, water contact angle measurements and

X-ray diffractometry. Cell proliferation results showed that the bioactivity of the HA coatings could better

improve the growth rate of BMSCs compared with the bare surface. Additionally, safranin O staining

showed abundant cartilage matrix and chondrocytes in the HA coated scaffold. Analyses using qPCR

detected higher expression of chondrogenic-related gene Col2a1 and vegfa in the HA coated groups,

especially in the HA/H group. Together these data demonstrate that the HA coating could improve the

chondrogenic differentiation of BMSCs. In vivo, methylene blue staining of histological sections and

micro-computed tomography revealed that the HA-coated groups, especially the HA/H group, increased

new bone formation via endochondral ossification compared with the control group. Therefore, this

strategy provides an alternative method to improve bone formation in mandible defects via the

endochondral pathway and the scaffold with larger HA crystals was superior to those with smaller HA

crystals.
1. Introduction

Oral and maxillofacial critically sized defects (CSDs) caused by
congenital abnormalities, trauma or cancer surgery do not self-
heal without external intervention. A widely used strategy
involves autologous bone gra and allogeneic bone tissue
transplantation.1 However, these strategies are usually associ-
ated with complications, such as pain and risk of infection, as
well as a lack of sources,2 which limited their application in
clinics. In contrast to traditional approaches, the eld of bone
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tissue engineering (BTE) focuses on biological substitutes to
induce new functional tissues. BTE that addresses the previ-
ously described issues in current clinical treatments has
attracted the attention of scientists as a promising strategy for
bone repair and regeneration.3

Mesenchymal stem cells (MSCs) can differentiate into
several types of cells, including osteoblasts4 and chondrocytes,5

and therefore, may be an alternative resource for regenerative
therapy using BTE.6,7 During the development of the skeletal
system, MSCs differentiate to form bone via two different
pathways. The rst is intramembranous ossication and the
second is endochondral ossication.8 In the current eld of
BTE, using undifferentiated MSCs incorporated into a degrad-
able scaffold as a bone tissue substitute to elicit bone regener-
ation has attracted wide attention.9 This direct ossication
process is analogous to intramembranous ossication.
However, the vascular supply and degradation of the tissue-
engineered constructs when implanted in vivo have been
RSC Adv., 2018, 8, 31745–31754 | 31745
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a challenge in BTE.10–12 In addition, there are few studies that
support the effectiveness of this strategy in bone repair of large
defects, including CSDs of the mandible.13,14

Endochondral ossication occurs in the development of long
bones and fracture healing.8 The chondrocytes can survive with
poor nutrition and hypoxia.15 In addition, they secrete vascular
endothelial growth factor (VEGF) in the hypertrophic stage,
which enable the blood vessel in-growth.16 Several recent
studies has achieved vascularized bone formation by subcuta-
neously implanting chondrogenically differentiated cell
pellets.17–20 Our previous study showed regeneration of alveolar
bone and ligament tissues via the chondrogenic differentiation
approach.21 Although there are a few reports on the long-bone
regeneration in CSDs through this pathway,22,23 there are no
reports on the regeneration in maxillofacial CSDs via this
pathway. In addition, these two types of bones develop via two
different pathways. A previous study showed that the best
chondrogenic priming time in vitro was 4 weeks,24 and so this
time is also applied in our research. In this study, we explored
repair of the mandible CSDs via the endochondral ossication
pathway.

In this pathway, MSCs were rstly pre-differentiated into
chondrocytes in vitro. A crucial process prior to the chondro-
genic priming is the initial 3D expansion of the MSCs. Cells
grow in a 2D manner in vitro,25 and so a 3D scaffold mimicking
bone structure should be used to help the cells grow in a 3D
manner. Selective-laser-melting (SLM) can melt metal powders
to produce 3D structures layer by layer with high precision.26 It
can produce a scaffold with a designed shape and inter-
connected pores that provide enough space for nutrient diffu-
sion and blood vessel invasion and thus is promising for BTE.27

Ti6Al4V is a widely used material in clinical applications for
bone substitution and xation but insufficient bioactivity limits
its application. Therefore, biochemical surface modication
has been applied. A hydroxyapatite (HA) coating improves
biocompatibility and osteoconductivity of titanium alloy scaf-
folds and has a similar chemical composition to the native bone
mineral.28,29 In this study, we prepared HA coatings onto porous
3D scaffold using electrochemical deposition (ECD), which is
widely used to produce HA coating.30–32 ECD is a versatile
technique with the advantages of short processing time, and
simple production apparatus compared with other methods of
preparing HA coatings on porous substrates.33 Here we
produced the HA coatings of different crystal size by increasing
the concentration of ECD solution to evaluate and compare the
effects of HA coatings on the differentiation of MSCs into
chondrocytes.

We hypothesised that the 3D scaffolds with HA coatings
would increase the cartilage formation and then achieve bone
regeneration in mandible CSDs via endochondral ossication.

2. Materials and methods
2.1 Producing of the 3D titanium alloy scaffold

Porous Ti6Al4V scaffolds (porosity: 85 � 6.2%, B: 5 mm, thick-
ness: 1 mm, pores size: 600 � 35 mm, stiffness: 0.46 � 0.04 GPa,
compressive strength: 6.28 � 0.83 GPa) were fabricated using
31746 | RSC Adv., 2018, 8, 31745–31754
a BLT-S300 Metal Additive Manufacturing Machine (Bright
Laser Technologies Co., Ltd, China) through SLM techniques.
The 3D models were designed with Materialise/Magics™ so-
ware (Materialize, Leuven, Belgium), by which a 3D CAD le was
designed then converted into a 2D STL le of each layer.
Medical-grade Ti6Al4V powder (B: 35 mm) was preheated to
30 �C. The ne metal powder was fused by high-power laser
beam (IPG Photonics, Burbach, Germany) layer by layer
repeatedly to build the nal structure. The process was per-
formed in argon gas. Disk-shaped samples (B: 15 mm, thick-
ness: 1 mm) were used in water contact angle test.
2.2 Surface modication of porous Ti6Al4V scaffolds

2.2.1 The preparation of the 3D scaffold. The 3D Ti6Al4V
scaffolds were acid etched in hydrochloric acid and sulfuric acid
(1 : 1) at 65 �C for 30 min. Aer etching, the specimens were
ultrasonically cleaned with acetone, ethanol, and distilled water
for 15 min per treatment and then rinsed with ultrapure water.

2.2.2 Deposition of HA coatings. Deposition of HA coatings
was performed according to previous studies.30–32 The Ca/P
molar ratio was 1.67. The pH values were adjusted with
ammonia. There were two ECD solutions: low concentration
(2.4 mM Ca(NO3)2, 1.4 mM NH4H2PO4, PH 6.0; HA/L group) and
high concentration (4.2 mM Ca(NO3)2, 2.5 mM NH4H2PO4, PH
6.0; HA/H group). One piece of the samples (3D samples and
disc-shaped samples) and a platinum plate were connected to
the cathode and anode electrodes respectively. The distance
between the electrodes was 4 cm. The voltage was maintained at
3.0 V by a direct current power supply (Model 6614C, Agilent
Technologies, Santa Clara, CA, USA) at 85 �C for 1.5 h. Aer
deposition, the scaffolds were rinsed with ultrapure water, and
dried in air overnight. Before use, the 3D scaffolds were steril-
ized in a steam autoclaving machine at 121 �C for 2 h.
2.3 Characterization of titanium meshes and coatings

The microstructure of the scaffold and the HA coatings were
visualized by eld-emission scanning electron microscopy (FE-
SEM, Zeiss, Germany). The specimens were coated with an
ultra-thin layer of gold by sputtering to increase surface
conductivity.

The water contact angle was determined using a contact
angle meter (SL200KS, KINO Industry Co., Ltd., USA). Briey,
water droplets of about 10 ml were dropped onto the surface of
each disc-shaped samples at a ow rate of 0.25 ml s�1. Each
sample was tested for three times. The shapes of the water
droplet were captured and measured using drop shape analysis
system CAST®3.0 (Cast, Toronto, Canada) (n ¼ 3).

The powder of the HA coatings was collected and the crys-
talline state of the composition was measured using an X-ray
diffractometer (Panalytical X'Pert Pro, Holland) at a voltage of
40 kV and a current of 30 mA with Cu Ka radiation. The
diffraction angle ranged from 10� to 80� in the 2q angle. The
data was analysed by the jade 6.0 soware and refers to Joint
Committee on Powder Diffraction Standards (JCPDS) card
number 09-0432.
This journal is © The Royal Society of Chemistry 2018
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2.4 Isolation and culture of cells

The MSCs were derived from 4 week-old male SD rats aer
approval from the School and Hospital of Stomatology, Wuhan
University Animal Ethics Committee (approval number:
00140830). Briey, both femora were dissected, the ends of the
bones were cut-off and the bone marrow was ushed out using
the basic cell culture medium (a-MEM supplemented with
10% foetal bovine serum) through a 10 ml needle. The ush-
out from four rats was collected and cultured in a-MEM
medium for 24 h in a humidied incubator (37 �C, 5% CO2),
aer which the medium was refreshed. Cells expanded for two
passages were used for cell seeding. In order to ensure a high
cell-loading efficiency, MSCs were seeded onto the 3D scaf-
folds by gently dropping 20 ml of the cell suspension con-
taining 2 � 106 cells into none treated 24-well culture plates.
Cells were cultured for 30 min and then the proliferation
medium (a-MEM medium supplemented with 10% foetal
bovine serum, 100 U ml�1 penicillin, 100 mg ml�1 strepto-
mycin, 50 mg ml�1

L-ascorbic acid and 10 nM dexamet hasone)
was gently added (1 ml per well). The cell-seeded scaffolds
were cultured in proliferation medium for 7 days. Thereaer,
the medium was replaced with chondrogenic medium
(RASMX-90041, Cyagen Biosciences, Santa Clara, CA, USA),
which was refreshed twice a week and cells were cultured for
another four weeks. All animal procedures were approved by
the School and Hospital of Stomatology, Wuhan University
Animal Ethics Committee (approval number: 00140830), and
relevant guidelines and regulations were applied.
Table 1 Primer sequences used for qPCR

Primers Forward (50 / 30) Reverse (50 / 30)

b-Actin GCAGGAGTACGATGAGTCCG ACGCAGCTCAGTAACAGTCC
Sox9 TCCCCGCAACAGATCTCCTA AGCTGTGTGTAGACGGGTTG
Col2a1 GACGCCACGCTCAAGTCGCT CGCTGGGTTGGGGTAGACGC
Col10a1 GGGCCCTATTGGACCACCAGG CCGGCATGCCTGTTACCCCC
Vegfa ACTCATCAGCCAGGGAGTCT GGGAGTGAAGGAGCAACCTC
2.5 In vitro tests

2.5.1 BMSCs proliferation analysis and morphology. Four
scaffolds of each group (n ¼ 5) were seeded with MSCs of
passage 2 at a density of 2 � 104 cells per scaffold in none
treated 24-well plates and were measured on day 3 and day 7
using the cell count kit-8 (CCK-8, Dojindo, Japan). At each time
point, the specimens were moved to new 24-well plates. Cell
count reagent was mixed with the basic cell culture medium at
a concentration of 10%, then incubated for 2.5 h at 37 �C in 5%
CO2. 100 ml of the reaction solution was transferred into a new
96-well plate, the absorbance of the solution was thenmeasured
by an Elisa reader (Bio-Tek Instruments Inc., USA) at 450 nm.

The MSCs were seeded onto the 3D scaffolds at a density of 2
� 104 cells per scaffold in none treated 24-well culture plates.
Aer incubation for 36 h, samples were xed in 4% para-
formaldehyde (PFA) in phosphate buffer saline (PBS) for 15 min
and then permeabilized with 0.1% Triton-X 100 in 1� PBS for
5 min. Subsequently, the samples were rinsed with PBS for three
times and then stained with rhodamine–phalloidin (RP (1 : 200;
Cytoskeleton, Inc. Germany)), at room temperature (RT) for
30 min. The nuclei were counterstained with 40,6 diamidino-2-
phenylindole (DAPI, Invitrogen, Basel, Switzerland). Images
were captured using a uorescence microscopy (Leica
dm4000b, Germany) equipped with a digital camera (Olympus
dp71, Japan).

2.5.2 Glycosaminoglycan (GAG) content. Aer 4 weeks of
chondrogenic culture, in order to quantify the GAG production
This journal is © The Royal Society of Chemistry 2018
in each digested sample, a dimethylmethylene blue (DMMB,
Sigma Aldrich, USA) dye-binding assay was used.34 First, all
samples were washed twice in PBS, then digested in proteinase
K enzymatic reagent solution (1 mg ml�1 proteinase K with
1 mM iodoacetamide, 10 mg ml�1 pepstatin A and 1 mM EDTA
in 50 mM Tris at PH 7.8; all reagents from Sigma) for 20 h at
56 �C.24 The amount of GAG was measured with DMMB using
chondroitin sulfate (Sigma) as a standard. The absorption of the
solution was measured at 530 nm and 590 nm using an Elisa
reader (Bio-Tek Instruments Inc.). The results were calculated
according to a previous study.35 For each group (n ¼ 4), the GAG
value was normalized by the DNA content as described below.

2.5.3 DNA content. DNA content (n ¼ 4) was determined
according to the manufacturer's protocols (Aidlab Biotech,
Beijing, China). This assay shared the same cell extract solution
that was used in GAG assay. The concentration of DNA was
measured using a spectrophotometer (NanoDrop 2000,
Thermal Scientic, Wilmington, USA).

2.5.4 Histological staining. Aer 4 weeks of chondrogenic
induction, the cell-scaffold samples (n ¼ 4) were xed in 4%
PFA in PBS for 2 h, transferred to graded ethanol from 70% to
100% for dehydration, then embedded in methyl methacrylate
(MMA) with 3% benzoyl peroxide (BPO). The embedded
species were sliced into 15 mm thickness using a diamond saw
(Leica Microtome XP-1600, Germany) and stained with
safranin O (Sigma). Images were captured using a light
microscopy (Olympus dp51, Japan). The panoramic images
were made by photoshop (Adobe Systems, San Jose, CA, USA).

2.5.5 Analysis of expression by quantitative polymerase
chain reaction (qPCR). Aer 4 weeks of chondrogenic priming,
the total RNA was extracted from the cells on the scaffolds (n¼
5) using TRIzol reagent according to the manufacture's
protocol (Takara, Japan). The precipitated RNA pellet was
dispersed in RNase-free water. The amount of RNA was
measured using a spectrophotometer (NanoDrop 2000).
Subsequently, the RNA was reverse transcribed into comple-
mentary DNA (cDNA) using a PrimeScrptTMT reagent Kit with
gDNA Eraser (Takara). The cDNA was then further amplied
and the real-time two-step PCR was performed using an
SYBR® Premix Ex TaqII kit (Takara) to quantify the expression
level of specic genes (collagen type II (Col2a1), collagen type
X (Col10a1), vascular endothelial growth factor (Vegfa) and
Sox9). Primer specicity was tested before the real-time PCR
reaction. b-Actin was used as a reference gene to evaluate the
expression levels, which were calculated via the 2�DDCt

method. The primers are shown in Table 1.
RSC Adv., 2018, 8, 31745–31754 | 31747
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2.6 In vivo implantation

The cell-scaffold structures and the bare scaffolds as a control
were implanted into the mandible CSDs in 10 week-old male SD
rats (n ¼ 6). The rats were rst anesthetized with 2% pento-
barbital sodium (0.3 ml/100 g) via intraperitoneal injection. The
hair on the lower faces of the rats was depilated and sterilized
with povidone–iodine. Under aseptic conditions, an incision
was made through the masseter muscle. A full thickness
circular CSD (B: 5 mm) was created with a core drill with
intermittent rinses of PBS. The cell-scaffolds and the bare
scaffolds were implanted directly into the prepared defects. The
skin and muscle incisions were sutured and sterilized. To avoid
wound infection, each animal was given an intramuscular
injection of 20 000 U of penicillin per day for 3 days aer the
operation.
2.7 Micro-computed tomography (mCT) imaging

Eight weeks aer implantation, rats (n ¼ 5) were sacriced
under anesthesia by intravenous injection with pentobarbital.
The mandibular bone samples were harvested and xed
immediately in 4% PFA in PBS for 2 days. All samples were
scanned using mCT (Y. Cheetah, YXLON, Hamburg, Germany) to
determine the new bone formation at a voltage of 90 kV, the
beam current of 44mA. The resolution is about 9.0 mm. The area
of the 3D scaffold was selected as the region of interest (ROI).
For the 3D analysis, image reconstruction and visualizations
were made with VGStudio Max2.2 soware (Volume Graphics,
Germany). Percent bone regeneration was calculated by
normalizing the bone volume by the ROI (BV/TV) using the
threshold of 100–1500 for bone and 1500–3085 for scaffold via
this soware.
2.8 Histological evaluation

Aer the mCT analysis, the same species (n ¼ 5) then experi-
enced the same histological preparation as previously
described. The slices were stained with methylene blue and
basic fuchsin (Sinopharm, Shanghai, China). Images were
captured using a light microscopy (Olympus dp51). The pano-
ramic images were made by photoshop (Adobe).
2.9 Statistical analysis

Statistical data was analyzed with SPSS19.0 (SPSS, Chicago, USA)
by one-way analysis of variance (ANOVA) with Tukey's post hoc
test. Data are presented as the mean � standard deviation. A P-
value < 0.05 was dened as statistically signicant.
3. Results
3.1 Characterization of the bare scaffold and the HA
coatings

Fig. 1A shows the macro-morphology of three groups: the bare
scaffold, the HA/L coated group and the HA/H coated group.
Highly porous scaffolds composed of thin grids were produced.
The HA coating was evenly distributed on the surface of the
31748 | RSC Adv., 2018, 8, 31745–31754
scaffold (Fig. 1A(b) and (c)). The HA coatings appeared gray/
white in HA/L group and white in the HA/H group.

SEM images of low magnication show that the 3D scaffolds
had lots of granular balls on the rough surface (Fig. 1B(a)) while
at high magnication, laminated structures could be seen on
the surface (Fig. 1B(d) and (g)). The homogeneous HA coatings
were distributed across the entire surface (Fig. 1B(b) and (c))
and rod-like crystals formed a petal-shaped structure (Fig. 1B(h)
and (i)). We also observed that the size of the crystals grew larger
and there were more ower-like structures as the ECD concen-
tration increased (Fig. 1B(f)) and the rod-like crystals in the HA/
L group showed a more uniform morphology (Fig. 1B(e)). The
average length of the crystals in the HA/L group and in the HA/H
group was 650� 62 nm and 500� 55 nm, respectively (p < 0.05).

For all the specimens, the values of contact angle were
smaller than 90�, which indicates hydrophilic behaviour. The
average water contact angle decreased from 33.18 � 1.32� for
the bare samples to 4.86 � 0.21� in the HA/L coated group and
to 6.48 � 0.32� in the HA/H coated group (p < 0.05, Fig. 1C(d)),
which indicates that the scaffolds aer HA depositions had
greater surface hydrophilicity. We assumed that the HA coating
signicantly increased the surface roughness of the scaffolds,
which resulted in better hydrophilicity. The hydrophilicity is
related to the biocompatibility; the smaller the contact angle the
better biocompatibility.36 Therefore, the results reveal that the
HA/H coated group gained better biocompatibility.

The diffraction peaks of the HA powder produced by ECD
from the two different groups are displayed in Fig. 1D (2q¼ 25.9�

and 31� to 33�), which matched well with those of the charac-
teristic HA pattern. The highest peaks of HA powder indicated
that the preferable growth face of the HA crystals was 211 planes.
Few peaks corresponding to other impurities were found in the
traces. The XRD patterns suggest that a highly puried HA crys-
talline structure was successfully made in these two groups.
3.2 In vitro assays

3.2.1 Cell proliferation assay and morphology. Aer a 7 day
culture, the number of cells attached to the substrates was
observed using a CCK-8 kit. Regardless of the HA coating, the
cells grew well on the bare scaffold. However, the HA-coated
groups showed increased cell proliferation compared with the
control group even at day 3 and kept the advantage till day 7
(Fig. 2A). These results indicate that the HA coating effectively
increased the MSCs growth rate on the 3D Ti6Al4V scaffolds.

Aer being cultured for 36 h, MSCs were uorescently
stained with RP and DAPI to investigate cell growth and
morphology. The abundant blue-stained nuclei indicate that
ample cells were evenly seeded on the entire surface in all three
groups (Fig. 2B(a)–(c)). Larger extensions area and more
lamellipodia extensions and lopodia in the HA-coated groups
(Fig. 2B(e) and (f)) which indicates that the HA coating is
favorable for cell proliferation. However, in the control group
most of the cells displayed a slender fusiform structure
(Fig. 2B(d)).

3.2.2 GAG production and DNA content. The total amount
of GAG deposition, representing the cartilage matrix, in the
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (A) The macro morphology of (a) bare scaffold, (b) HA/L coated scaffold, (c) HA/H coated scaffold. (B) SEM images of (a, d and g) bare
surface, (b, e and h) HA/L coated surfaces, (c, f and i) HA/H coated surfaces. (C) Contact angle between the water drop and the disk-shaped
samples: (a) bare scaffold; (b) HA/L coated surface; (c) HA/H coated surface. (d) Water contact angle analysis; asterisks (*) indicate statistical
significance, p < 0.05; error bars represent SD (n¼ 3). (D) The XRD patterns of ha powder in HA/H group and HA/H group; asterisks (*) indicate the
peaks of the HA crystal.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

11
:2

9:
17

 P
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
three groups is showed in Fig. 3A. The greatest amount was
found in the HA/H coated scaffolds. Moreover, the amount of
GAG formed in the HA/H coated scaffolds, aer normalization
This journal is © The Royal Society of Chemistry 2018
by the DNA amount (Fig. 3B), was two times greater than that of
the bare scaffolds, but there was no difference between the two
HA-coated groups.
RSC Adv., 2018, 8, 31745–31754 | 31749
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Fig. 2 (A) Measurement of MSCs proliferation by CCK-8 assay after 3 and 7 days incubation. For each group, n¼ 5; asterisks (*) indicate statistical
significance compared to the control group, p < 0.05. (B) Fluorescence images of MSCs after 36 h of culture. (a and d) Control group; (b and e)
HA/L coated group; (c and f) HA/H coated group. White arrows indicate the lamellipodia extensions.
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3.2.3 Histological staining. To visualize the cartilage matrix
deposition in the scaffolds, hard tissue sections were made and
stained with safranin O. Aer 4 weeks of chondrogenic differ-
entiation, the cell-scaffold constructs displayed GAG content
throughout the scaffolds in (Fig. 3C(a)–(c)), which was stained
purple-red and represents the cartilage matrix. An abundant
GAG content could be clearly observed throughout the scaffolds
in the HA coated scaffolds (Fig. 3C(b) and (c)). There was a thick
layer of GAG deposition on the top-side in the HA/L coated
group (Fig. 3C(b)). The GAG surrounded the periphery of the
scaffolds in the HA/H coated scaffold (Fig. 3C(c)). In contrast,
little GAG was formed in the control group and the GAG was
mainly located on the top (Fig. 3C(a)). However, there were few
GAG depositions in the pore center, leaving large blank areas.
The cells present in the scaffolds mainly consisted of chon-
drocytes with a typical spherical shape embedded in large
lacunae (Fig. 3C(d)–(f)). The cell morphology was uniform,
which indicated that most of the chondrocytes were at the same
stages of cell differentiation.

3.2.4 Expression of chondrogenic related gene markers.
Cell differentiation was assessed at 28 days with chondrogenic
markers. There were higher expression levels of Col2a1 and
Vegfa in HA-coated groups compared with the control group
(Fig. 4), especially in the HA/H group. However, the expression
levels of Sox9 and Col10a1 showed no differences.
3.3 mCT and histological analysis

The newly formed bone (yellow color) in vivo was characterized
by m-CT. The average value of bone volume/total volume (BV/TV)
was signicantly higher in the HA/H group (0.205 � 0.006)
compared with the control group (0.115 � 0.003) and the HA/L
31750 | RSC Adv., 2018, 8, 31745–31754
group (0.153 � 0.003). The difference was statistically signi-
cant between the control group and the HA-coated groups
(Fig. 5d). These results show that the bioactive HA coating on
the 3D scaffolds played an important role in bone regeneration.

Histological analysis based on the methylene blue and basic
fuchsin staining was used to assess osteogenesis. There was
integration between the newly formed bone and the scaffolds in
the HA-coated groups. Furthermore, the newly formed bone
(the dark red bone) was larger in the HA/H group (Fig. 6c)
compared with the other two groups (Fig. 6a and b). In the
control group, there was very little new bone formation and the
gaps were obvious throughout the scaffold.
4. Discussion

To repair the clinically large maxillofacial bone defect, it is
imperative to establish critically sized bone defect modals in
vivo. In this study, we demonstrated the successful bone
regeneration in mandible CSDs via the endochondral pathway.
For this purpose, electrochemically deposited HA was coated
onto porous 3D scaffolds seeded with chondrogenically differ-
entiated MSCs in rat mandible CSDs.

The 3D-structure is essential in BTE. The SLM technique
could provide a porous 3D scaffold with a controllable pore size,
geometry and porosity. Such 3D scaffolds are superior to the
traditional 2D scaffold for bone defect regeneration.37 Previous
studies showed that high porosity and a macropore size above
400 mm were benecial for the growth of bone tissues38,39 and
allowed higher production of GAGs.40 In this study, we designed
a scaffold with 85% porosity and a pore size of about 600 mm
which achieved bone regeneration in mandible CSD. However,
during cell seeding, the large pore size led to less cell adhesion.
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (A) GAG and (B) DNA content of three groups after chondrogenic priming for 4 weeks in vitro; asterisks (*) indicate statistical significance,
p < 0.05; error bars represent SD (n ¼ 4). (C) Safranin O staining of GAG and the chondrocytes after 4 weeks of chondrogenic priming in vitro
(10�), GAG was stained red throughout the scaffolds, (a–c), especially in the HA coated groups (b and c). (d, e, f) are the high magnification of (a,
b, c) respectively. Black arrows indicate chondrocyte-like cells which were embedded in lacunae. Ti: titanium alloy scaffold.

Fig. 4 levels of transcripts for Sox9, Col2a1, Col10a1 and Vegfa in
three groups after chondrogenic priming for 4 weeks in vitro, *p <
0.05; error bars represent SD (n ¼ 5).
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In the future experiments, we will explore the optimal pore size
of 3D scaffold for bone regeneration via the endochondral
pathway.

The biological milieu can inuence the extracellular matrix
by host tissue–biomaterial interactions.41 Previous studies
showed that surface wettability and roughness were crucially
important for cellular responses to the substrates.42–44 In the
present study, we show that the water contact angle was
This journal is © The Royal Society of Chemistry 2018
signicantly decreased by the HA coating on the Ti6Al4V scaffold
(Fig. 1C(d)), indicating that the surface wettability and hydro-
philicity was substantially enhanced. It is well-known that the
hydrophilic surfaces could promote cell adhesion and prolif-
eration.45 Moreover, surface roughness increased aer HA
immobilization on the scaffolds, which could also enhance cell
adhesion and proliferation.46,47 In this study, the CCK-8 results
and the immunouorescent staining indicate that the HA
coating showed good bioactivity, which could improve the
proliferation of BMCs.

Chondrocytes are characterized by a characteristic rounded
morphology and excretion of extracellular matrix, such as
sulfated GAGs and Col2a1.48 The HA coating is commonly
employed to improve bone regeneration of titanium scaffolds.49

However, there is no clear answer about the relationship
between the HA and the formation of cartilage template elicited
by MSC chondrogenic differentiation. One study by Isao Shi-
buya showed that the CaP-coated hydroxyapatite mineral
particles (MPs) promoted the gene expression of chondrogenic
and early osteogenic markers.50 However, another study showed
that octacalcium phosphate suppresses chondrogenic
RSC Adv., 2018, 8, 31745–31754 | 31751
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Fig. 5 Micro-CT images of (a) bare scaffold, (b) HA/L coated cell-
scaffold, and (c) HA/H coated cell-scaffold after being implanted in
mandible critically-sized defects for 8 weeks in vivo. The yellow color
component was newly formed bone in these scaffolds. (d) Percent-
ages of regenerated bone volume/total volume (BV/TV) in these
implants. Asterisks (*) indicate statistical significance compared to the
control group, p < 0.05.

Fig. 6 Histological overview of three groups after 8 weeks of in vivo
implantation (10�). The tissue stained with dark red color was the
newly formed bone marked by purple arrows. (a) Control group, (b)
HA/L coated group, and (c) HA/H coated group. Ti: titanium alloy
scaffold.
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differentiation of ATDC5 cells.51 In order to mimic the endo-
chondral ossication process, we rstly produced a cartilage
temple by seeding the BMSCs onto the scaffolds for chondro-
genic priming in vitro. The RT-PCR results demonstrated the
high expression of Col2a1 and Vegfa in the HA coated group, but
there was low expression of Col10a1 and Sox9 among the three
31752 | RSC Adv., 2018, 8, 31745–31754
groups. As previous study showed, aer 4 weeks of priming in
vitro, the chondrocytes were at the late stage of hypertrophy, the
expression level of Col10a1 (ref. 52) and Sox9 decreased.53 This
result was consistent with our study. The results of GAG
content, expression of Col2a1 and histological staining of
safranin O in this study proved that the BMSCs successfully
differentiated into chondrocytes. Moreover, the HA-coated
scaffold induced higher expression of Col2a1 and increased
GAG content, especially in the HA/H coated scaffold. We
conclude that the HA coating is good for the chondrogenic
differentiation of the BMSCs, and larger HA crystals had a better
effect than smaller crystals. However, safranin O staining
showed that the majority of cartilage matrix was located at the
periphery of the scaffold. During the cell seeding, we observed
that due to the large pore size, the cells in the pore center were
lost. In addition, we found a deciency of cartilage template in
the central part of the scaffold. We assume that BMSCs in the
central part of the scaffold can't tolerate poor nutritional
support and so eventually undergo apoptosis.

Subsequently the cell-scaffold structures were put into the
defect site, and this in vivo experiment showed that the new
bone formation was also located at the periphery of the scaf-
folds, which is in line with the cartilage deposition. The HA/H
group, which had highest expression level of Col2a1 and GAG
deposition, induced the highest bone volume. It's assumed that
the hypertrophic chondrocytes play important roles in bone
formation. First, the hypertrophic chondrocytes release several
factors, e.g. VEGF,54 matrix metalloproteinase 13 (MMP-13),
bone morphogenetic protein-2 (BMP-2), osteopontin (OPN)
and osteocalcin.55 The invasion of blood vessels triggers the
breakdown of the cartilage matrix and new bone forma-
tion.53,56,57 Secondly, the hypertrophic chondrocytes recruit
osteoblast and osteoclast precursors directly promote bone
formation. Thirdly, the surrounding MSCs are attracted by the
hypertrophic chondrocytes and then differentiated into osteo-
blasts, which lead to the mineralization of the matrix.

In terms of the results mentioned above, the close relation-
ship between the cartilage and bone formation, we assume that
more cartilage formation induces more new bone formation.
However, the value of BV/TV in all the groups was not encour-
aging. In the next step, we will make attempt to improve the
cartilage production. However, we still do not know what factors
played a major role in this process, and these factors may
include the pore size, porosity, the coating, or the source of
stem cells.

5. Conclusions

Based on our ndings, it can be concluded that HA coatings
fabricated onto porous Ti6Al4V scaffolds via ECD are favor for
cell proliferation and can promote the chondrogenic differen-
tiation of MSCs. Moreover, more bone regeneration occurred in
the HA-coated group. Therefore, HA coatings of 3D porous
Ti6Al4V scaffolds are attractive for bone defect applications via
the endochondral pathway. In particular, larger HA crystals
showed a better ability to induce cartilage matrix formation and
bone regeneration.
This journal is © The Royal Society of Chemistry 2018
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