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Synthetic scaffolds with multifunctional properties, including angiogenesis and osteogenesis capacities,
play an essential role in accelerating bone regeneration. In this study, various concentrations of Cu/Zn
ions were incorporated into biphasic calcium phosphate (BCP) scaffolds, and then growth differentiation
factor-5 (GDF-5)-loaded poly(lactide-co-glycolide) (PLGA) microspheres were attached onto the ion-
doped scaffold. The results demonstrated that with increasing concentration of dopants, the scaffold
surface gradually changed from smooth grain crystalline to rough microparticles, and further to
a nanoflake film. Additionally, the mass ratio of B-tricalcium phosphate/hydroxyapatite increased with the
dopant concentration. Furthermore, GDF-5-loaded PLGA microspheres attached onto the BCP scaffold
surface exhibited a sustained release. In vitro co-culture of bone mesenchymal stem cells and vascular
endothelial cells showed that the addition of Cu/Zn ions and GDF-5 in the BCP scaffold not only
accelerated cell proliferation, but also promoted cell differentiation by enhancing the alkaline
phosphatase activity and bone-related gene expression. Moreover, the vascular endothelial growth
factor secretion level increased with the dopant concentration, and attained a maximum when GDF-5
was added into the ions-doped scaffold. These findings indicated that BCP scaffold co-doped with Cu/
Zn ions exhibited a combined effect of both metal ions, including angiogenic and osteogenic capacities.
Moreover, GDF-5 addition further enhanced both the angiogenic and osteogenic capacities of the BCP
scaffold. The Cu/Zn co-incorporated BCP scaffold-derived GDF-5 sustained release system produced
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approving the usage of such proteins."””** Therefore, alternative
safer growth factors or potential strategies should be explored
to enhance the osteogenesis and angiogenesis capacities of
bone tissue-engineering scaffolds.

Growth differentiation factor-5 (GDF-5), as a member of the
BMP family, is best known for its role in early limb development
and long-bone fracture healing. However, GDF-5 has been
studied less in bone tissue regeneration compared with BMP-2,
which may be associated with its origin from cartilage tissue.
Previous studies have found that GDF-5 promoted the recruit-
ment of mesenchymal stem cells (MSCs) and their differentia-
tion into chondrocytes, thus accelerating chondrogenesis and
joint formation.”>'® In recent years, GDF-5 has shown great
application potential in bone tissue repair. GDF-5 deficiency
resulted in delayed bone healing,”” whereas its addition
promoted MSCs osteogenic differentiation and VEGF expres-
sion.'®'* More importantly, implants loaded with GDF-5 dis-
played no evidence of peri-implant bone remodeling or seroma
formation in vivo,* indicating a potentially safer substitute for
BMP-2. Therefore, GDF-5 is a potential candidate for bone
tissue regeneration by enhancing osteogenesis and
angiogenesis.

Calcium phosphate scaffolds have been widely used for bone
regeneration due to their similarity to the inorganic component
of human bones and excellent biocompatibility. In particular,
biphasic calcium phosphate (BCP) composed of hydroxyapatite
(HA) and P-tricalcium phosphate (B-TCP) has attracted
increasing interest, because of its bioactivity and degradability.
Recently, the addition of trace element (e.g. Si, Mg, Co, etc.) into
calcium phosphate scaffolds has been reported to achieve
multifunctional ceramics to meet increasingly complex clinical
demands.**® These trace elements have been found to play an
important role in modifying physicochemical properties and
biological response of tissue-engineering scaffolds. Especially,
Zn is regarded as an essential trace element in human skeletal
development and exhibits an inhibitory effect on HA growth
through decreasing lattice parameters and thermal stability.>
Also, the incorporation of Zn" into various calcium phosphates
has shown increased osteogenic differentiation of MSCs in vitro
as well as new bone formation in vivo.>**® In addition, Cu as
a co-factor of many enzymes has been shown to stimulate
endothelial cells migration and VEGF expression, and further
enhance angiogenesis in vivo.*”?* Enhanced angiogenesis
potential and antibacterial properties were observed when Cu®*
was doped into mesoporous bioactive glass.” These results
indicated that calcium phosphate scaffolds incorporating Cu/
Zn ions have interesting multifunctional properties that need
further investigation for bone tissue engineering.

The above findings showed that synthetic scaffolds with
multifunctional properties, including angiogenesis and osteo-
genesis capacities, could be developed by preparing Cu/Zn co-
incorporated calcium phosphate scaffolds-derived GDF-5 sus-
tained release system. To the best of our knowledge, there are
no previous studies investigating the incorporation of metallic
ions and GDF-5 into calcium phosphate scaffold for bone
regeneration. Therefore, this study aimed both to prepare Cu/
Zn co-incorporated calcium phosphate scaffolds with GDF-5
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sustained release system and to investigate the combined
effect of the metallic ions and GDF-5 on the scaffold cyto-
compatibility. In particular, the effects of Cu/Zn
incorporation on the physicochemical properties of calcium
phosphate, the osteogenic differentiation and VEGF expression
of cells were evaluated.

CO-

Experimental
Preparation of BCP scaffolds doped with Cu/Zn ions

Firstly, calcium deficient apatite powders co-doped with Cu/Zn
ions were synthesized by a wet chemical precipitation method.*®
Briefly, a mixed solution of Ca(NO3),-4H,0, Zn(NOj3),-6H,0,
Cu(NO3),-3H,0 and sodium dodecyl sulfate (0.03 M) were
prepared and added dropwise into (NH,),HPO, solution under
stirring at room temperature with a (Ca + Zn + Cu)/P molar ratio
of 1.55. The pH of the solution was adjusted to 8 by adding
ammonia solution. The reaction solution were further stirred
for 4 h and aged for 24 h. The reaction precipitate was removed,
rinsed with water and lyophilized. Different amounts of Ca>",
Zn>" and Cu®* were added (Table 1). The porous scaffolds were
fabricated using alginate hydrogel beads as porogen (see ref. 31
for detailed procedures) and then sintered at 1200 °C for 2 h to
form ceramics. The corresponding scaffold products were
named depending on increasing Cu/Zn content as PO, P1, P2
and P3, respectively.

In vitro release of ions from prepared scaffolds and ion
extraction preparation

The release kinetics of ions from the porous scaffolds (PO, P1
and P2) were determined by immersing them in 3 ml buffer
solution (50 mM Tris-NaCl buffer, pH = 7.4 or 50 mM sodium
acetate buffer, pH = 5.8) and placed in a shaking water bath
(37 °C, 80 rpm). At predetermined intervals, the supernatant
was collected and stored at 4 °C, and the fluid was replenished.
The collections were analyzed by inductively coupled plasma
mass spectrometer (ICP-MS).

The ion extraction of scaffold P2 was prepared according to
the International Organization for Standardization method
(ISO 10993-12). Briefly, the scaffold was immersed into Dul-
becco’'s modified eagle’'s medium (DMEM) at a mass/volume
ratio of 0.1 g ml™" at 37 °C for 24 h. The supernatant was
collected, filter-sterilized and stored at 4 °C for further use. In
parallel, culture medium with appropriate concentration of
Zn®" (1 ug ml™") or Cu** (0.7 pg ml™ ") according to the ions
release profiles were prepared as the control medium.

Table 1 Samples prepared using different concentrations of reaction
reagents and the mass fraction ratio of B-TCP/HA calculated from X-
ray diffraction spectrum

Scaffold products Ca(M) Cu(M) Zn (M) Ratio (B-TCP/HA)
PO 0.85 — — 59/41

P1 0.84 0.005 0.005 64/36

P2 0.81 0.02 0.02 70/30

P3 0.75 0.05 0.05 —
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Attachment of GDF-5-loaded microspheres onto ions-doped
BCP scaffolds

First, GDF-5-loaded microspheres were prepared using the
water-in-oil-in-water technique with polyvinyl alcohol (PVA) as
the emulsifier.*” Briefly, 10 mg PLGA (M,: 20 000, lactide: gly-
colide = 75 : 25; Daigang Biotech, China) was dissolved in 1 ml
dichloromethane (DCM) as the oil phase. GDF-5 was dissolved
in deionized water and emulsified in the oil phase to form
emulsion. This emulsion was added dropwise into 100 ml water
containing 1 g PVA and homogenized on an ice water bath
(1000 rpm, 5 min). After removal from the bath, the emulsion
was stirred at 300 rpm for 4 h to allow DCM to evaporate. The
formed microspheres were then collected by centrifugation,
rinsed with deionized water and lyophilized.

Second, the obtained microspheres were attached onto
porous scaffold (P2) by vacuum (10 Pa) drying. Briefly, 5 mg
microspheres were dispersed in 1 ml water and the suspension
was pipetted onto the scaffold. The scaffold was placed in an
evacuated desiccator for 2 h and stored at —20 °C for further
use. The GDF-5-loaded scaffold was termed P2/GDF-5.

In vitro release of GDF-5 from scaffolds

Three scaffolds loaded with GDF-5 microspheres (P2/GDF-5)
were each immersed in 2 ml phosphate-buffered saline (PBS)
and placed in shaking bath (37 °C, 100 rpm) for 30 days. At
predetermined times, 1 ml supernatant was collected and
quantified using enzyme-linked immunosorbent assay (ELISA)
kit (Cusabio Biotech, Co. Ltd., China) according to the manu-
facturer's instructions. Then, fluid media was replenished after
each removal.

Characterization of the prepared scaffolds

The morphology and composition of the samples were analyzed
by scanning electron microscopy (SEM, JEOL JSM7001F)
equipped with an energy dispersive X-ray (EDX) spectrometer.
The phase structures were analyzed by X-ray diffraction (XRD,
X'PertPro MPD, CuKa, 35 mA, 45 kV) and Fourier transform
infrared spectroscopy (FTIR, Nicolet 5700). The amount of ions
released from scaffolds was analyzed by ICP-MS (NexION 350X,
Perkin Elmer). The specific surface area was analyzed by
nitrogen adsorption method (Gemini VII 2390, Micrometrics).
The surface chemical composition was investigated using X-ray
photoelectron spectrometer (XPS, XSAMS800, Kratos) equipped
with Mg Ka radiation (12 kV and 12 mA).

In vitro cellular biocompatibility

To simulate the real environment of tissue repair process in
vivo, the prepared scaffolds were evaluated using the co-culture
system of bone mesenchymal stem cells (BMSCs) and vascular
endothelial cells (VECs). BMSCs and VECs were purchased from
Typical Culture Preservation Commission Cell Bank, Chinese
Academy of Sciences (Shanghai, China), and cultured according
to previous research reports.**?** After 3-5 passages, BMSCs and
VECs were mixed ata 1 : 1 ratio in a 1 : 1 mixture of endothelial
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basal medium and DMEM.?* The cells with a density of 1 x 10°
per scaffold were seeded and co-cultured into the scaffolds.

To investigate cell morphologies on scaffolds, after culturing
for 5 days, the scaffolds were removed and fixed in 2.5%
glutaraldehyde solution for 1 h, followed by dehydration in
a graded ethanol series (70, 80, 90 and 100%). Then, the
samples were coated with gold and observed by SEM. In addi-
tion, the cells seeded on the scaffolds were fixed in 4% para-
formaldehyde solution for 5 min, followed by incubation in PBS
containing 2-(4-amidinophenyl)-6-indolecarbamidine dihydro-
chloride (DAPI, 100 ng ml™") for 5 min. Following thorough
rinsing in PBS, the cells on scaffolds were observed using
a fluorescence microscope (DMIL, Leica, Germany). The images
were processed and quantified using Image Pro Plus software
(IPP, Media Cybernetics, USA).

After 1, 4 and 7 days of culture, the cell proliferation activity
was determined by Cell Counting Kit-8 (CCK-8, Dojindo, Japan)
assay according to the manufacturer's instructions. The cell
alkaline phosphatase (ALP) activity was quantitatively deter-
mined after 7 and 14 days of culture using an ALP microplate
test kit (QuantiChrom™ alkaline phosphatase assay Kkit,
Bioassay Systems, CA, USA) according to the manufacturer's
instructions.®

To evaluate the gene expressions of ALP, osteopontin (OPN),
osteocalcin (OCN) and osterix (OSX), polymerase chain reaction
(PCR)-based technology was applied according to our previous
report.*® Total cell RNA was extracted from the co-cultured cells
at day 14 using TRIzol reagent (Invitrogen, USA) as specified by
the manufacturer. All experiments were performed in triplicate
for yield validation. The relative expression levels of genes were
examined using the Gene Genius program by normalizing with
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) gene as
an endogenous control.

Moreover, the effects of the prepared scaffolds on VEGF
expression were investigated by ELISA analysis. Briefly, after co-
culture of BMSCs and VECs (1 x 10° cells per ml) in the
prepared scaffolds for 14 days, the supernatants were collected
and quantified using ELISA kits (R&D Systems, Inc., Minneap-
olis, MN, USA) according to the manufacturer's instructions.

Statistical analysis

The statistical analysis was performed by SPSS software (SPSS
Inc., Chicago, IL, USA) using non-parametric Kruskal-Wallis
test. All the data were expressed as means + standard deviation
(SD). A p-value < 0.05 was considered to be statistically
significant.

Results

Characterization of the prepared scaffolds

SEM analysis showed that all the types of scaffolds had inter-
connected porous structures with a similar macropore size
ranging from 200-600 pm (Fig. 1A). High magnification images
(Fig. 1B) showed that the surface of the scaffold PO was
composed of smooth crystalline grains (size: ~1 pm) when no
dopant was added. When the adding dopant concentration was

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 SEM images showing the microstructure and morphology of
various scaffolds: (A) x100, (B) x10 K; the elements distribution on the
surface of (C) the scaffold PO and (D) scaffold P2.

0.005 M, cubical nanoparticles (size: ~200 nm, shown in the
white square) appeared on the smooth grains of the scaffold P1.
When the adding dopant concentration was further increased
to 0.02 M, the scaffold P2 surface turned to rough microparti-
cles (size: 0.5-10 um). Further increase of the adding dopant
concentration to 0.05 M resulted in the formation of prism
particles (size: ~8 um, shown in the white square) growing on
the nanoflakes film of the scaffold P3. EDS analysis indicated
that a small amount of Cu and Zn were uniformly dispersed on
the surface of the scaffold P2 (Fig. 1D), whereas only Ca and P
(P2) were observed for the scaffold PO (Fig. 1C). In addition, the
specific surface area of the scaffolds prepared at different
dopant concentrations (0, 0.005, 0.02 and 0.05 M) were 0.57,
0.81, 0.99 and 0.38 m” g™, respectively.

The crystal phases of all samples determined by XRD were
shown in Fig. 2a. When the adding dopant concentrations were
<0.05 M, the XRD spectra of the samples (PO, P1 and P2) showed
similar patterns, except for the difference in the relative inten-
sities of HA/B-TCP phase. With the progressive increase of
adding dopant, the peak of (2 1 1) at 31.8° attributed to HA
decreased in relative intensity. When the adding dopant
concentration was 0.05 M, the sample P3 showed peaks of -
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TCP, but almost no HA peaks were observed. The mass fraction
ratio of B-TCP/HA in the samples was calculated using the ratio
of Itcp/lia, Where Itcp and s represent the normalized inte-
grated intensity of B-TCP (0 2 10) peak at 31.1° and HA (2 1 1)
peak, respectively.’” The ratio values were shown in the Table 1.
With the increase of adding dopant concentration, the mass
fraction of B-TCP increased, whereas that of HA decreased.
When the dopant concentration was 0.05 M, the product con-
sisted of pure B-TCP phase.

The FTIR spectra (Fig. 2b) of the samples showed the char-
acteristic peaks of calcium phosphate. When the adding dopant
concentrations were < 0.05 M, for the samples (P0, P1 and P2),
the peaks at 571, 603, 1045 and 1091 cm ™' were attributed to
phosphate bands in HA,*® while the peaks at 551, 603, 942, 970,
1015 and 1122 ecm™* were attributed to the band shoulders of B-
TCP.* When the adding dopant concentrations were 0.05 M,
the splitting peaks of sample P3 at 571 cm ' disappeared,
indicating the formation of pure B-TCP.

Elemental analysis of the products was performed using an
XPS (Fig. 2¢). The main peaks observed for the samples (P0, P1
and P2) contained Ca2p (346.9 eV), P2p (132.9 eV), P2s (190.5
eV), O1s (530.8 eV) and C1s (284.6 eV). For the samples P1 and
P2, almost no Cu or Zn peaks were observed. Whereas, in
addition to the main peaks for Ca2p (347.1 eV), P2p (133.1 eV),
P2s (190.5 eV), O1s (531.1 eV) and C1s (284.6 eV), additional
Cu2p (933.9 eV) and Zn2p (1022.3 eV) peaks were both detected
for the sample P3.

The release kinetics of metallic ions from the prepared
scaffolds

The ion concentration measurements in neutral buffer showed
that both Cu and Zn exhibited a sustained and controlled
release profile from the samples P1 and P2 over a time duration
of one month (Fig. 3a and b). The cumulative release of Cu and
Zn from sample P2 showed a significantly higher tendency than
that from sample P1. In addition, the sustained release profile
of Ca was detected from all the samples (PO, P1 and P2), with Ca
cumulative release from samples P1 and P2 significantly faster
than that from sample PO (Fig. 3c). Moreover, the cumulative
release of Cu, Zn and Ca from sample P2 in acidic buffer was
significantly higher in comparison with that in neutral buffer
(ESI Fig. S17). The cumulative release of Cu and Zn at pH = 5.8
reached approximately 32% after 30 days, while only
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Fig. 3 Metallic ions release from various scaffolds in Tris—NaCl buffer: (a) Cu, (b) Zn and (c) Ca ions release from scaffolds PO, P1 and P2.

approximately 19% at pH = 7.4 (ESI Fig. Sla and b¥). Addi-
tionally, the cumulative Ca release at pH = 5.8 reached
approximately 15% after 30 days, while only approximately 2%
at pH = 7.4 (ESI Fig. Sict).

The morphology of GDF-5-loaded microspheres and GDF-5
release kinetics from the BCP scaffolds

The GDF-5-loaded microspheres were spherical in shape and 3-
20 um in diameter (Fig. 4a). Also, some residual emulsifier was
observed on microsphere surface (Fig. 4a1). After dispensing as
a suspension in scaffolds by vacuum drying, the microspheres
were well-dispersed and immobilized onto the scaffold surface
(Fig. 4b and b1). The profiles of GDF-5 release from the scaffold
showed an initial burst release (~34%) during the first 2 days,
followed by a relative slower release during the next 8 days, and
thereafter by a steady release up to 30 days (Fig. 4c). The
cumulative release reached approximately 74% after 30 days.

1 mm

Cumulative release (%)
n B [
o o o
\Kﬁ

0 5 10 15 20 25 30 35
Time (days)

Fig. 4 SEM images of PLGA microspheres loaded with GDF-5: (a)
x500, (@l) x5 K; SEM images of the scaffold P2 loaded with PLGA
microspheres: (b) x100, (b1) x1 K; (c) the cumulative release profile of
GDF-5 from the scaffold P2.
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In vitro cell response of the prepared scaffolds

To evaluate the growth behavior of BMSCs and VECs on the
prepared scaffolds, after co-culture for 5 days, the cell attach-
ment and morphology on the scaffolds were observed by SEM
and fluorescent staining (Fig. 5). The fluorescent images
showed that cells were distributed along the pore wall of the
scaffolds and the statistical analysis (not shown) found that cell
densities on the ions-doped BCP scaffolds (P1 and P2) were
significantly greater than that on pure scaffold (P0) (Fig. 5A).
Comparatively, the highest cell density was observed on the
ions-doped scaffolds loaded with GDF-5 microspheres. SEM
images showed that cells on these scaffolds exhibited a well-
spread morphology and cell density distributions on the
various scaffolds were consistent with the fluorescent results
(Fig. 5B). Notably, compared with cell adhesion on the surface
of the scaffold P2, cells on the scaffold P2/GDF-5 fused and
formed capillary-like structures.

In addition, cell proliferation was quantitatively deter-
mined using CCK-8 method, as shown in Fig. 6a. Cells
proliferation on all types of scaffolds increased with the
culture time. On day 1, there were no significant differences
between the four groups. On days 4 and 7, cell proliferations
on scaffolds P2 and P2/GDF-5 were significantly greater than
on scaffolds PO and P1. Furthermore, cell proliferation had an
increase tendency on the scaffold P2/GDF-5 compared with the
scaffold P2, but no significant difference was observed. Addi-
tionally, the ALP activity of cells was measured and shown in
Fig. 6b. The ALP activity of cells on all types of scaffolds
continually increased over 14 days. On days 7 and 14, the ALP

activities of cells on scaffolds P2 and P2/GDF-5 were

P2/GDF-5

P2 P2/GDF-5
1 mm 1 mm
— —
P2 i

100 jim- 1100 e
e —

Fig. 5 (A) Fluorescence images of cells cultured on various scaffolds
and (B) SEM images of cell attachment on various scaffolds.
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significantly greater than those on scaffolds PO and P1.
Furthermore, on day 14, cells cultured on the scaffold P2/GDF-
5 had a significantly greater ALP activity compared with those
on the scaffold P2.

We also investigated the effects of various scaffolds on the
expressions of cell bone-related genes. RT-qPCR analysis (Fig. 7)
showed that on day 14, ALP, OCN and OSX expressions of cells on
ions-doped scaffolds (P1 and P2) were significantly greater than
on the pure scaffold (P0) (Fig. 7a, ¢ and d), whereas there was
a slight increasing trend for OPN expression between the groups
(Fig. 7b). Furthermore, ALP and OSX expressions of cells on the
scaffold P2 were significantly greater than on the scaffold P1. In
addition, ALP, OPN and OCN expressions of cells on scaffold P2/
GDF-5 were significantly greater than on the scaffold P2, whereas
no significant difference was observed for OSX expression.
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Fig. 7 Bone-related gene expression, including (a) ALP, (b) OPN, (c)
OCN and (d) OSX, of cells cultured on various scaffolds for 14 days. *
indicates significant difference between the groups (p < 0.05).
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Fig. 8 VEGF secretion by cells cultured on various scaffolds for 14
days. * indicates significant difference between the groups (p < 0.05).

In addition, ELISA analysis (Fig. 8) showed that the ions-
doped scaffolds (P1 and P2) significantly improved VEGF
secretion compared with the pure scaffold (P0). The VEGF
secretion amount increased with the adding dopant concen-
tration. Moreover, VEGF secretion of cells on the scaffold P2/
GDF-5 was significantly higher than that on the scaffold P2.

Discussion

In spite of substantial advances in bone tissue engineering,
vascularization remains a major challenge that restricts the
clinical application of large bone grafts. Synthetic scaffolds
capable of accelerating osteogenesis and angiogenesis are
regarded as an effective solution.” The main objective of this
study was the incorporation of Cu/Zn ions into BCP scaffolds
capable of GDF-5 sustained delivery to obtain novel multi-
functional scaffolds for bone regeneration. The prepared BCP
scaffolds had macropores ranging from 200-600 pm and
showed good interconnectivity, which met the requirements for
vascular and cell/bone ingrowth.** In addition to an appropriate
pore structure, Cu®>" and Zn>" were co-doped into BCP scaffolds
with the expectation of enhancing angiogenesis and osteo-
genesis simultaneously. When no dopant was added, the scaf-
fold surface was smooth, similarly to a previous study on the
pure BCP ceramic surface.”” In comparison, with an increase in
adding dopant concentration, the scaffold surface tended to
change from smooth grain crystalline (P0), to nanoparticles
growing onto the smooth grain (P1), to rough microparticles
(P2) and further to nanoflakes film (P3). Huang et al.** found
that the co-substitution of Cu/Zn ions in HA coating on pure Ti
resulted in HA morphology variation from needle to flaky.
Previous studies indicated that the metallic ions could non-
uniformly incorporate into the crystal surface and further
change crystal morphology.**** In addition, the radii of Cu**
and zZn** are both smaller than that of Ca**, which easily
coordinate at Ca sites in the crystal structure. Therefore, we
speculated that these morphological variations might be due to
the effects of ion substitutions on the structure and growth of
calcium phosphate crystals. Moreover, combining the results of
XRD, FTIR and XPS (Fig. 2), it was concluded that with the
increase of adding dopant concentration, the mass fraction of -
TCP increased while that of HA decreased. When the dopant
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concentration was 0.05 M, the product consisted of pure 3-TCP
phase. This indicated that adding dopants reduced the thermal
stability of calcium phosphate at high temperature and resulted
in the decomposition of HA to B-TCP. Because ion release
behavior correlated with its biofunction in vivo, BCP scaffolds
were immersed into buffer solution to investigate the release
kinetics of metallic ions. As Tris-NaCl and sodium acetate buffer
solutions do not contain calcium or phosphate ions, therefore
ion dissolution was favored over re-precipitation. The ion
concentration measurements indicated that the increase of the
B-TCP mass fraction led to the accelerating degradation of the
BCP scaffold, thus facilitating the release of Cu/Zn ions. More-
over, pH decrease accelerated BCP degradation and metallic
ions release. Therefore, the incorporation of Cu/Zn into the
calcium phosphate scaffold was beneficial to sustained release
of Cu/Zn ions. Subsequently, the microspheres were attached
onto the scaffold surface by a vacuum-drying method. This
simple room-temperature attachment method was also used to
load PLGA microspheres onto Ti porous surface in our previous
report.*”> According to the investigation on the attachment
stability and mechanism,*” it was concluded that the residual
adhesive on the microsphere surface played a key role in the
attachment of microspheres onto the scaffold. Also, the sus-
tained release of GDF-5 further showed that the Cu/Zn co-
incorporated BCP scaffold-derived GDF-5 release system was
successfully fabricated.

Since angiogenic and osteogenic processes are triggered via
the interaction between endothelial cells and bone-forming
cells,*® the cytocompatibility of the scaffolds was evaluated by
direct co-culturing with BMSCs and VECs in accordance with
the report by Kang et al*® Cell attachment is a key process
affecting their proliferation and following function to form new
tissue. The cell morphological observations (Fig. 5) found that
the co-cultured cells distributed well and displayed flattened
morphology on the walls of the pores, indicating the good
cytocompatibility of these scaffolds. Notably, cells on the scaf-
fold P2/GDF-5 formed capillary-like structures, confirming the
good angiogenesis-inducing capacity of the scaffold P2/GDF-5.
Combing the results of fluorescent image analysis and CCK-8
measurement, it was concluded that the addition of Cu/Zn
ions and GDF-5 favored the cells proliferation. Several studies
have proven that Cu®>" can promote endothelial cells prolifera-
tion,?®* while Zn** can promote MSCs proliferation.*” More-
over, GDF-5 was found to enhance MSCs proliferation in a dose-
and time-dependent manner.*® Therefore, the combination of
Cu/Zn ions and GDF-5 probably played a synergistic role in cell
proliferation when co-culture of BMSCs and VECs was per-
formed. Noteworthily, the variation of physical structure of the
scaffold surface might affect the cell attachment and prolifer-
ation according to previous studies.*>*°

One of the objectives of adding Cu/Zn ions and GDF-5 into
BCP scaffolds was to enhance its osteogenesis capacity. ALP
activity is regarded as a factor for the early stage of differenti-
ation to mature osteoblasts, and bone forming-related genes
including ALP, OPN, OCN and OSX are biochemical markers for
osteogenic differentiation. In this study, on day 14, the ALP
activity and the expressions of bone forming-related genes (ALP,
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OPN and OCN) of cells on scaffold P2/GDF-5 were both signif-
icantly greater than those on scaffold P2, while ALP activity and
the gene expressions of ALP and OSX of cells on scaffold P2 were
significantly greater than those on scaffolds PO and P1 (Fig. 6
and 7). Therefore, it was speculated that the additions of GDF-5
and appropriate concentrations of Cu/Zn ions played an
important role in enhancing ALP activity and osteogenic gene
expressions. GDF-5 was proved to stimulate osteogenic differ-
entiation by enhancing both ALP activity and mineral formation
invitro."®** Also, relative study showed that the gene expressions
of Runx2 and OCN were enhanced by GDF-5 addition in a dose-
dependent manner.*> Our results are in accordance with these
studies, indicating that GDF-5 may have a positive role in
osteogenesis. Moreover, with the dopant -concentration
increasing, the increase of mass fraction of B-TCP indicated that
the scaffold became more soluble and favored Cu/Zn ions
release. Previous studies have shown that Zn>* at appropriate
concentrations does stimulate the osteogenic differentiation of
BMSCs, whereas Cu** may not play any role in osteogenic
differentiation.’®** To confirm these findings, the extraction
medium of the scaffold P2 was co-cultured with BMSCs. After 21
days of co-culture of BMSCs and extraction medium, calcium
deposition was stained with 1% Alizarin Red S (Sigma-Aldrich,
USA). The preliminary results (ESI Fig. S21) showed that the
amounts of mineral formation in the extraction medium as well
as Zn>"-added culture medium were significantly greater than
those in the blank culture medium or Cu®-added culture
medium. The results indicated that Zn>* played a positive role
in osteogenesis when released from the scaffold. Also, this is in
agreement with the evidence found in the literature showing
that Zn*>* has a greater osteogenic capacity than Cu®*.>> Based
on the above analysis, we concluded that GDF-5 and Zn>" played
a combined effect on enhancing the osteogenesis capacity of
BCP scaffold.

Another objective of this study was to enhance the angio-
genesis capacity of the scaffold. It is well known that angio-
genesis is mediated by the coordinated action of various
growth factors, especially VEGF is regarded as an important
angiogenic stimulator.>® VEGF can promote endothelial cells
migration and proliferation, and the formation of tubular
structures or vessels, finally accelerating tissue repair. In this
study, the VEGF secretion level increased with the adding
dopant concentration and reached a maximum when GDF-5
was added (Fig. 8), suggesting the angiogenic potential of
Cu/Zn ions and GDF-5. Zeng et al> found that GDF-5
promoted the angiogenesis of MSCs by up-regulation of
VEGF expression. Moreover, GDF-5 addition was proved to
significantly enhance blood vessel formation compared with
BMP-2 in vivo.”® Our finding of enhanced VEGF expression was
consistent with these results. In this study, PLGA micro-
spheres were successfully attached onto the scaffold surface
and exhibited a sustained GDF-5 release (Fig. 4). The
controlled release of GDF-5 with better retention significantly
prolonged the osteogenesis and angiogenesis capacities of the
BCP scaffold. In addition, studies have proved that an appro-
priate concentration of Cu®* can stimulate the angiogenesis of
VECs via stimulating VEGF secretion and up-regulating
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downstream signalling events.* To evaluate the angiogenesis
capacity of the ions released from the scaffold, the extraction
medium of the scaffold P2 was co-cultured with VECs. VECs
were seeded onto Matrigel (Sigma Aldrich)-coated wells. After
12 h, the cells cultured with the extraction medium as well as
Cu*"-added culture medium formed capillary-like structures,
whereas no capillary-like structure formed in the blank culture
medium or Zn>"-added culture medium (ESI Fig. S37). The
results indicated that Cu** had greater angiogenic capacity
than Zn”>" and played a leading role in enhancing angiogenic
capacity of the BCP scaffold. As the combination of ion
dopants and GDF-5 resulted in the highest VEGF secretion
level, it was concluded that GDF-5 and Cu®" might have
a synergistic action on enhancing the angiogenic capacity of
the BCP scaffold.

According to the results above, we concluded that the
incorporation of Cu/Zn ions into BCP scaffolds exerted
a positive influence not only on osteogenic differentiation, but
also on angiogenesis in vitro. Moreover, the addition of GDF-5
further promoted the osteogenic and angiogenic capacities of
Cu/Zn co-doped BCP scaffold. Although the interaction
mechanism of the metallic ions and GDF-5 is unclear, our
results do suggest that Cu/Zn ions and GDF-5 have a combined
effect on osteogenesis and angiogenesis. Therefore, the Cu/Zn
co-incorporated calcium phosphate scaffolds-derived GDF-5
sustained release system has a promising potential to be
used as a superior candidate for bone regeneration. Moreover,
the in vivo compatibility of the scaffold will be investigated in
our following research.

Conclusion

In this study, Cu/Zn co-incorporated BCP scaffolds combined
with GDF-5 sustained release system were successfully
prepared. With the increase of adding dopant concentration,
the surface micromorphology of the scaffolds changed from
smooth grain crystalline to nanoflakes film, accompanying by
an increase of the mass ratio of 3-TCP/HA. The results sug-
gested that Cu/Zn co-incorporation played an important role
in the morphogenesis and phase composition of the BCP
scaffold. Additionally, GDF-5-loaded PLGA microspheres were
successfully attached onto the BCP scaffold surface and
exhibited a sustained release. In vitro cell culture revealed that
Cu/Zn co-doped BCP scaffold exhibited a combined effect of
both angiogenic and osteogenic capacities. Moreover, the
sustained release of GDF-5 further enhanced osteogenic and
angiogenic capacities of ions-doped BCP scaffold. Although
the active mechanism of the metallic ions and GDF-5 on cell
behavior remains unclear, the Cu/Zn co-incorporated BCP
scaffold-derived GDF-5 sustained release system provides
a promising method for fabricating multifunctional scaffolds
with improving angiogenic and osteogenic capacities.
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