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A Bioinspired Dopamine-Amorphous Calcium Phosphate
Coating on Titanium Implant for Osteogenesis and

Angiogenesis

Wenjing Wu, Yanhuizhi Feng,* and Bing Ni*

Titanium (Ti) is widely used in dental implantation. However, their lack of
biological activity causes significant clinical risks associated with immediate
loading and early osteointegration failure. Amorphous calcium phosphate
(ACP) is reported to be a precursor of bone mineralization. Dopamine

(dopa) is well known to possess strong adhesive force in natural mussels.
Combining the bio-related advantages of these materials, a dopa-polyacrylic
acid (PAA)-ACP hybrid material on the surface of the Ti plate is judiciously
fabricated. The biological adhesiveness of dopa to graft it together with

PAA onto the surface of Ti is utilized. Then, the dopa-PAA layer serves

as a matrix to grow ACP species. The modified interface allows for regulations
of bioactivities. MC3T3-E1 osteoblast (MC3T3) cells indeed show improved
cell proliferation and adhesion abilities on the Ti with dopa-PAA-ACP coatings
compared to those on bare Ti or Ti with only dopa-PAA coating. The osteogenic
potential of MC3T3 cells is also considerably upregulated on dopa-PAA-ACP
coatings. Moreover, human umbilical vein endothelial cells (HUVECs) on
dopa-PAA-ACP coatings show higher levels of angiogenic markers. This report
proves that dopa-PAA-ACP composite is a new and simple bioactive titanium
coating to facilitate osteogenesis and angiogenesis for dental applications.

1. Introduction

Implant dentures have been one of the main methods of tooth
restoration. Titanium (Ti) implants have been most widely used

over the decades due to their remark-
able mechanical properties and bio-inert
ability. However, immediate loading and
early bone integration of Ti implants are
still important issues troubling the clini-
cal works.[!] Besides, lots of clinical prob-
lems like early implant failure appeared
with immediate or early loading. There-
fore, modifying the interface between Ti
and bio-media is highly required, which
aims to not only promote osteoblast ad-
hesion, but also induce new vessel forma-
tion as well as shorten the osseointegra-
tion duration.?] Simulating the structure
and components of bone tissue on the Ti
surface is the most convenient way to es-
tablish a fast bonding to the host bone for
the coatings. Thus, calcium phosphate
(CaP) coatings have become a reasonable
alternative to enhance titanium implants’
osteointegration.]

CaP can be classified as hydroxyapatite
(HAP), beta-tricalcium phosphate (g-
TCP), octacalcium phosphate (OCP), and
amorphous calcium phosphate (ACP)
(including amorphous calcium orthophosphate phases, poorly
defined domains in apatite, amorphous calcium polyphosphates,
etc.) based on their chemical composition, crystal structure,
and solubility.*! Among them, HAP is the natural calcium
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Figure 1. A bioinspired dopa-PAA-ACP coating is fabricated to modify the Ti plate for osseointegation and angiogenesis.

phosphate that exists in teeth, and therefore most frequently
used in bone tissue engineering and titanium coatings for its re-
markable osteoinductive and osteoconductive properties.[*) How-
ever, high crystallinity and stoichiometry of HAP can lead to a
relatively slow dissolution rate, which has a negative effect on
osteointegration.[]

ACP, a natural precursor phase of HAP, has been revealed to
be a better alternative to HAP. ACP exhibits higher reactivity, sol-
ubility, and bioactivity, due to its disordered structure and struc-
tural defects.l”] ACP can release calcium and phosphate ions in
a physiological context, promoting the growth of HAP crystals in
a bio-media and facilitating bone-like apatite development more
efficiently.l®] Moreover, ACP was reported to be more beneficial
for promoting cell adhesion and osteocalcin production than con-
ventional highly crystalline HAP.?) At present, ACP has been in-
creasingly widely used in the field of bone tissue regeneration for
its outstanding pro-osseogenetic performance.!**) However, how
to obtain a solid combination interface between the ACP and the
implant is still an urgent problem to be solved.

Learning from nature, dopamine (dopa) is an analog of 3,4-
dihydroxy-L-phenylalanine in mussels which plays a crucial role
in the tight adhesion of a mussel onto various substrates in spite
of a wet environment, including inorganic and organic surfaces
such as noble metals, oxides, ceramics, and plastics.['!] Enlight-
ened by the mussel adhesion mechanism, the adhesive appli-
cation of dopamine has become a focus of research in recent
years.[?l Dopamine provides a versatile platform to covalently
bond various bioactive molecules for diverse applications.']
Dopamine exhibited good adhesion properties on Ti surfaces.
Besides, it can improve the biocompatibility and hydrophilic-
ity of the Ti surface," thus promoting diverse cell adhesion
and spreading. In addition, dopamine is reported to facilitate
osteogenic differentiation of osteogenic differentiation of bone
marrow-derived mesenchymal stromal cells (BMSCs) by activat-
ing osteogenic-related signaling."! Furthermore, dopamine is
found to promote angiogenesis and have immunomodulatory
properties.l31] To further enhance the properties of dopamine,
Li et al. reported a new method to improve the adhesion of poly-
mers on a metal substrate by grafting polyacrylic acid (PAA)!Y7]
which makes dopamine coating more stable and more durable
for long-term operation. Meanwhile, PAA has been used instead
of non-collagenous proteins to improve the stability of ACP dur-
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ing biomineralization,'®] thus PAA can simultaneously stabilize
dopamine and ACP.

Given the superior biomimetic mineralization ability of ACP,
the stabilizing effect of PAA, and the biological viscosity, hy-
drophilicity, and biocompatibility of dopamine, we fabricated a
novel dopa-PAA-ACP coating on Ti implants (Figure 1). The
coating was proved to have a stable structure, good surface
roughness, and great biocompatibility. MC3T3-E1 osteoblast cells
seeded on the coating exhibited excellent viability and higher ex-
pression of osteogenic genes. Human umbilical vein endothelial
cells (HUVECS) cultured on the coating displayed better angio-
genesis potential. Overall, the Ti-dopa-PAA-ACP surface can en-
hance the abilities of cell adhesion, proliferation, osteogenesis,
and angiogenesis. Therefore, it is a simple but significant im-
provement for commercial Ti implants and will be hopeful to im-
prove clinical treatment efficiency with higher bioactivity toward
osseointegration and angiogenesis.

2. Results and Discussion

2.1. Morphologies and Structures of the Coatings

As shown in the schematic diagram, we developed a new dopa-
PAA-ACP coating with a feasible and simple routine to facili-
tate the osteoconductive and angiogenesis ability of the Ti sur-
face (Figure 1). Briefly, PAA was first activated by dicyclohexyl-
carbodiimide (DCC) and N-hydroxysuccinimide (NHS) to form
PAA-NHS. Dopamine was then copolymerized with PAA-NHS
in an aqueous medium at pH 8.5. The corresponding nuclear
magnetic resonance (NMR) chemical signals of PAA-NHS and
PAA-NHS-dopamine are shown in Figure S1 (Supporting In-
formation), which shows the compound is successfully grafted.
Ti plates were immersed in dopamine and PAA-NHS mixture
solutions to get Ti-dopa-PAA. Then, Ti-dopa-PAA plates were
immersed in a mineralizing solution to mimic the process of
biomineralization for 7 days, and the final product is called Ti-
dopa-PAA-ACP. The morphology of the Ti surface was analyzed
by SEM after every procedure (Figure 2A). After the surface
treatments, Ti displayed a porous and rough surface which
has been demonstrated to provide excellent mechanical prop-
erties for the interface and a 3D structure for cell adhesion.!"”)
Furthermore, the surface element distributions were examined.
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Figure 2. A) Surface SEM images for Ti, Ti-dopa-PAA, and Ti-dopa-PAA-ACP. B) FT-IR spectra analysis of PAA-NHS, dopa-PAA,Ti-dopa-PAA, and Ti-
dopa-PAA-ACP. C) XRD spectra of Ti, Ti-dopa-PAA, and Ti-dopa-PAA-ACP samples. D) FIB-SEM images of Ti-dopa-PAA-ACP. E) 3D AFM images of

Ti-dopa-PAA and Ti-dopa-PAA-ACP.

Energy dispersive spectroscopy (EDS) analysis revealed that Ti,
C, O, N, Ca, and P were detectable on the Ti-dopa-PAA-ACP
surface (Figure S2A, Supporting Information), indicating that
ACP was successfully synthesized and loaded. EDS mapping
further revealed that Ca and P were homogeneously distributed
over Ti-dopa-PAA-ACP (Figure S2B, Supporting Information). In
order to further explore the chemical composition of the coat-
ings, FT-IR measurements were performed (Figure 2B). PAA-
NHS showed a signal in the range between 1500 and 1700 cm™!,
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which is assigned to the carboxyl group. Besides, the signals at
3300 cm™' in dopa-PAA could be indexed to the O—H group.
As for ACP coatings, we can find the P-O bending at 580 cm ™!
in the Ti-do-PAA-ACP compared with that in the Ti-do-PAA. In
addition, XRD was applied to gain a more detailed insight into
the phase composition of the dopa-PAA-ACP coating (Figure 2C).
Signals at 35,38.4, 40.2, 52.9, and 62.9° were measured for every
compound. These signals correspond to the (100), (002), (101),
(111), and (002) planes of Ti, respectively. The XRD patterns of
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Ti-dopa-PAA and Ti-dopa-PAA-ACP show similar Ti signals. CaP
on the surface of Ti-dopa-PAA-ACP could also be inferred as
amorphous calcium phosphate rather than crystallized hydroxya-
patite. To determine the thickness of the Ti-dopa-PAA-ACP sur-
face layer, the layer was sputtered with gold first and then ob-
served by FIB-SEM. Figure 2D shows the SEM images of the
FIB-cuts. Since the surface of Ti is relatively rough and we chose
dopamine as the adhesive of PAA and Ti, the coatings show a
non-uniform surface. Through FIB-SEM, we can clearly distin-
guish the upper edge of the titanium as the lower margin of coat-
ing thickness, with the sputtered gold edge as the upper mar-
gin. We conduct continuous statistics on six points, labeling the
thickest and the thinnest data among them accordingly. The ap-
proximate thickness in Ti-dopa-PAA-ACP was in a range of 86—
160 nm. Furthermore, high-resolution AFM images revealed the
roughness of the ACP coatings. In Figure 2E, the roughness with
ACP coatings increased dramatically compared with untreated
Ti-dopa-PAA. Such an increased roughness would be advanta-
geous for the binding of a variety of proteins, which can com-
bine with selective receptors of osteoblasts to influence osteoblast
proliferation and maturation, eventually leading to new bone for-
mation. Moreover, the hydrophilicity of the coatings was mea-
sured by static water contact angle (WCA). As shown in Figure
S3 (Supporting Information), the WCA on the untreated Ti sur-
face was nearly 95.35°, and the WCA decreased significantly af-
ter coated with dopa-PAA and ACP. The mean WCA on Ti-dopa-
PAA and Ti-dopa-PAA-ACP surfaces were 27.25 ° and 26.66 ° re-
spectively. Therefore, after coating, the Ti surface became more
hydrophilic and therefore more suitable for cell adhesion and
proliferation.[2%

2.2. Biocompatibility of the Modified Ti Surfaces

To explore the effects of the coatings on cell biological behaviors
including cell adhesion, proliferation, and viability, MC3T3-E1
osteoblast cells were seeded on Ti, Ti-dopa-PAA, and Ti-dopa-
PAA-ACP. After 24 h of culture, the morphology and adhesion
of MC3T3 cells were detected by SEM and cellular immunoflu-
orescence (ICC) staining. MC3T3 cells on different surfaces all
showed good adhesion. The cells adhered to the Ti-dopa-PAA
plates displayed a wider cell spreading area and more filopodia
and lamellipodia than those on the bare Ti surface, meanwhile,
much more extensive MC3T3-E1 cell spreading was observed on
the Ti-dopa-PAA-ACP surface (Figure 3A). Similarly, ICC images
showed cells grew on these surfaces, and the Ti-dopa-PAA-ACP
surface exerted more cell projections with randomly arranged cy-
toskeletal actin filaments which indicated the best attachment
(Figure 3B). Moreover, the viability of cells in each group was
quantified by Cell counting Kit-8 (CCK8). The results showed
that, after culturing for 1, 3, and 5 days, the MC3T3-E1 cells in Ti-
dopa-PAA and Ti-dopa-PAA- ACP group showed enhanced pro-
liferation compared with those corresponding to the Ti control
group. The difference between Ti-dopa-PAA and Ti-dopa-PAA-
ACP was not significant at the beginning, but the OD value of
Ti-dopa-PAA-ACP group was significantly higher than that of Ti-
dopa-PAA on day 5 (Figure 3C). ICC staining showed the same
proliferation trend (Figure S4, Supporting Information). These
results showed that dopamine can effectively promote cell adhe-
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sion and cell growth, and further ACP modifications can addi-
tionally promote cell attachment and proliferation.

2.3. Effect of the Coatings on Osteogenic Differentiation

To evaluate the osteogenic properties of the modified Ti plates,
quantitative real-time PCR (qPCR), alkaline phosphatase (ALP)
assay, alizarin red staining, and ICC staining were carried out.
After several days of osteoinduction, the osteogenic genes of os-
teopontin (OPN), bone sialoprotein (BSP), and osteocalcin (OCN)
were detected by qPCR (Figure 4A). In each group, the expres-
sion of osteogenic genes was evaluated over time. Cells seeded
on the Ti-dopa-PAA-ACP surface expressed higher OPN, BSP,
and OCN than those on the other two groups at each time point.
On the other hand, Ti-dopa-PAA surface had little effect on os-
teogenic genes in most time, except that OPN and BSP levels
were higher than those in the Ti control in the later stage. Further-
more, ALP staining was also used to test the activity of Ti-dopa-
PAA-ACP surfaces in enhancing osteogenic differentiation. As
expected, the Ti-dopa-PAA-ACP plate showed a deeper color and
larger dyeing area than that in Ti and Ti-dopa-PAA, indicating
more significant ALP activities (Figure 4B). Alizarin red staining
and the quantitative results indicated significantly more matrix
mineralization nodule formation on dopa-PAA-ACP coating than
those on dopa-PAA coating and control substrate (Figure 4C,D).
Meanwhile, the protein expression levels of Runt-related tran-
scription factor 2 (RUNX2) and OCN were further investigated
by ICC staining. Consistently, there was no significant difference
between the Ti and the Ti-dopa-PAA group, while the Ti-dopa-
PAA-ACP group showed the highest expression of RUNX2 and
OCN (Figure 5A,B).

We applied different methods to detect early osteogenesis
markers (ALP, RUNX2, OPN)!?!) and late-stage osteogenesis
markers (OCN, BSP),[?2) and demonstrated that the Ti-dopa-PAA-
ACP surface can promote the entire osteogenic differentiation
process of osteoblasts. The mechanism of the Ti-dopa-PAA-ACP
promoting osteogenesis can be attributed to the following points.
First, the Ti-dopa-PAA-ACP surface is rougher and more hy-
drophilic, and therefore more suitable for osseointegration by
attracting more proteins to promote the adhesion, proliferation,
and osteogenesis of osteoblasts.[?*] Second, ACP can release Ca’t,
which can directly promote bone regeneration.[?*! Finally, ACP is
more soluble and flexible for reorganization and fusion, and pro-
vides an environment for biomimetic mineralization, promoting
cell adhesion and osteogenic differentiation. Although some re-
search reported that dopamine has a promoting effect on bone
formation,[*>?%] similar results were not detected in our experi-
ment, and the osteoinductive effect of dopa-PAA coating on Ti
was not evident. This may be due to the concentration of grafted
dopamine, which is worth further research in the future.

2.4. Effect of the Coatings on Angiogenesis Ability
Angiogenesis is essential for the osseointegration of implants, by
providing the necessary circulating cells, nutrients, and oxygen

for the formation and mineralization of the bone matrix.!?!
Hence, it is imperative to target relevant biological processes
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Figure 3. A) SEM images of MC3T3 cells seeded on Ti, Ti-dopa-PAA, and Ti-dopa-PAA-ACP for 24 h. B) Immunofluorescence images of MC3T3 cells
cultured Ti, Ti-dopa-PAA, and Ti-dopa-PAA-ACP for 24 h. The scale bar can be applied to every picture. C) Results of Cell Counting Kit-8 (CCK 8) test for
MC3T3 cells cultured on Ti, Ti-dopa-PAA, and Ti-dopa-PAA-ACP for 1, 3, 5 days. “p < 0.05, ns: not significantly.

to improve the angiogenic properties of titanium implants for
enhancing the osseointegration efficacy. To further evaluate the
effect of the coatings on angiogenesis ability, we cultured HU-
VECs on the modified Ti plates. Immunofluorescence staining
of biomarkers angiogenesis, vascular endothelial growth factor
(VEGF), and CD31[%"] showed the strongest fluorescence inten-
sity in the Ti-dopa-PAA-ACP group, while not much difference
was observed between the other two groups (Figure 6A). At the
mRNA level, increased expression of angiogenesis-related genes
(CD31 and VEGFa) was also detected in the Ti-dopa-PAA-ACP
group. However, the Ti-dopa-PAA surface had little effect on
the expression of angiogenesis genes (Figure 6B). Similarly,
the tubule formation assay displayed the same trend. HUVECs
treated with an extraction solution onTi-dopa-PAA-ACP formed

Adv. Mater. Interfaces 2024, 11, 2301069 2301069 (5 of 10)

more tubes and branches (Figure 6C). Consistent with the
reported data,?®! we demonstrated that ACP can accelerate the
vascularization process, which is reported to increase by the
release of calcium ions.*! Altogether, Ti-dopa-PAA-ACP plates
simultaneously promoted osteogenesis and angiogenesis, which
can facilitate vascularized bone formation around the titanium,
thereby achieving better and faster osteointegration.

3. Conclusion

Inspired by the mussels in nature, we utilized the excellent phys-
ical adhesion properties of dopamine to construct a novel Ti-
dopa-PAA-ACP plate in a simple and low-cost way. Dopamine en-
hanced the hydrophilicity of the substrate, while ACP increased

© 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. A) Real-time PCR analysis of osteogenic differentiation genes of MC3T3 after culturing for 3, 7, 14, and 21 days on the three groups. “p < 0.05,
ns: not significantly. B) ALP staining images of MC3T3 cultured on Ti, Ti-dopa-PAA, and Ti-dopa-PAA-ACP for 14 days. C) Alizarin red staining images
and quantitative results of MC3T3 cultured on Ti, Ti-dopa-PAA, and Ti-dopa-PAA-ACP for 21 days. The arrows show the calcium nodules.

the surface roughness and the bioactivity, facilitating cell adhe-
sion and proliferation together. Moreover, ACP simultaneously
enhanced the osteogenesis of osteoblasts and angiogenesis of en-
dothelial cells, providing a biological basis for rapid osteointegra-
tion. Collectively, the Ti-dopa PAA-ACP plate has the advantages

Adv. Mater. Interfaces 2024, 11, 2301069 2301069 (6 of 10)

of unique design, simple and easy fabrication, stable structure,
and outstanding biocompatibility for cell adhesion and prolifera-
tion. It can further promote vascularized bone formation, provid-
ing a practical and promising strategy to achieve early osseointe-
gration of titanium implants.
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Figure 5. A) OCN immunofluorescence images of MC3T3 cells cultured Ti, Ti-dopa-PAA, and Ti-dopa-PAA-ACP for 14 days after seeding. B) RUNX2
immunofluorescence images of MC3T3 cells cultured Ti, Ti-dopa-PAA, and Ti-dopa-PAA-ACP for 14 days after seeding. The scale bar can be applied to

every picture.

4. Experimental Section

Synthesis of PAA-NHS: PAA of 4.5 g (450000), 1.15 g of NHS, and
2.06 g of DCC were successively dissolved in 100 mL of DMF solvent. After
stirring for 12 h under ice cooling the reaction mixture was further stirred
at 22 °C for 12 h. Crude products were filtrated by filter paper and then
dialyzed by water repeatedly for 1 day. The final PAA-NHS product was
lyophilized in a lyophilizer for 2 days.

Preparation of Titanium Discs With or Without COATINGS: Dopamine
hydrochloride solution was prepared in PBS (20 mL, pH 8.5) and mixed
with PAA-NHS. The final concentrations for dopamine hydrochloride and

Adv. Mater. Interfaces 2024, 11, 2301069 2301069 (7 of 10)

PAA-NHS were 5 and 10 mg mL™, respectively. Commercial pure tita-
nium plates (10 x 10 X 2 mm, L X W x H) were ultrasonically cleaned in
acetone, ethanol, and distilled water, for 30 min successively. After drying
with nitrogen, titanium plates were subsequently immersed in dopamine
and PAA-NHS mixture solutions at room temperature for 2 days to get
dopa-PAA coatings. After 2 days, the dopa-PAA coated titanium plates (la-
beled as Ti-dopa-PAA) were rinsed thoroughly with deionized water, dried
under a nitrogen atmosphere, and stored in vacuum conditions. To get
dopa-PAA-ACP coatings, the dopa-PAA coated titanium plates were im-
mersed into 20 mL 1.35 mm CaCl, solution in HEPES buffer followed by
the addition of pAsp (10 pg mL™" in water) and Na,HPO, (1.35 mm in

© 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. A) CD31 and VEGF immunofluorescence images of HUVECs cultured Ti, Ti-dopa-PAA, and Ti-dopa-PAA-ACP. The scale bar can be applied to
every picture. B) Real-time PCR analysis of angiogenesis-related genes of HUVECs after culturing for 3 days on Ti, Ti-dopa-PAA, and Ti-dopa-PAA-ACP.
*p < 0.05, ns: not significantly. C) Tubule formation assay of HUVECs treated with extraction solution of Ti, Ti-dopa-PAA, and Ti-dopa-PAA-ACP. “p < 0.05,

ns: not significantly.

water) via a peristaltic pump (2 mL min~") for 15 min at a pH value of 9.
After stirring at 37 °C for 7 days, the plates (labeled as Ti-dopa-PAA-ACP)
were washed by H,O.

Surface Characterization of Dopa-PAA-ACP Coatings: The structure
and morphology of coatings were observed by scanning electron mi-
croscopy (SEM; Zeiss Gemini500, Germany), energy dispersive spec-

Adv. Mater. Interfaces 2024, 11, 2301069 2301069 (8 of 10)

troscopy (EDS, Inca X-Max, UK), X-ray diffraction analysis (XRD, Rigaku
D/max 2500 VB2+/PC, Japan) and Fourier transform infrared (FT-IR)
spectra (Bruker spectrometer, IFS 66v/S; Globar (MIR), KBr, DTGS-
Detector; Program Opus/IR 3.0.3). Water contact angle measurements
were performed by a surface contact angle instrument (DSA25, Kriss,
Germany).
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Thickness or Toughness of dopa-PAA-ACP Coatings: Focused ion beam-
scanning electron microscopy (FIB-SEM; Zeiss, Germany) was employed
to detect the thickness of dopa-PAA-ACP coatings. Atomic force mi-
croscopy (AFM; JPK, Japan) was applied to measure the 3D morphology
and roughness.

Cell Culture: The MC3T3-E1and HUVEC cell lines used for the in vitro
study, were purchased from the National Collection of Authenticate Cell
Cultures. The MC3T3-E1cells were cultured in aMEM (HyClone, USA) con-
taining 10% fetal bovine serum (BI, Israel). The HUVECs were cultured in
DMEM (high glucose, HyClone) containing 10% fetal bovine serum (BI).
The medium was changed every other day. Once 80 to 90% confluence
was reached, the cells were detached with 0.25% trypsin (HyClone) and
replated at a dilution of 1:3. All the cells were incubated at 37 °C within an
atmosphere of 95% humidity and 5% CO,.

Cell Viability Test:  MC3T3 cells were separately seeded on Ti, Ti-dopa-
PAA, and Ti-dopa-PAA-ACP at a density of 1 x 10* per well in 24-well plates.
After 1 day, 3 days, and 5 days of culture, cell viability was assayed using
a Cell counting Kit-8 (CCK8; Beyotime, China) according to the manufac-
turer’s instructions.

Cell Adhesion Test: These 1x10* MC3T3 cells were plated to Ti, Ti-
dopa-PAA, and Ti-dopa-PAA-ACP respectively. After 1 day, 3 days, and 5
days of culture, cells were fixed with 4% PFA for 20 min. They were then
stained with Actin-FITC (Beyotime) for 40 min and DAPI for 5 min at 37 °C.
After washing with PBS, the cells and materials were observed under con-
focal laser scanning microscopy (Nikon, Japan). As for SEM observation,
1 x 10* MC3T3 cells were seeded in each group and cultured for 24 h.
Then, cells were washed with PBS and fixed with 2.5% glutaraldehyde for
6 h and serially dehydrated with an increasing ethanol gradient, air-dried
within a hood, and sputtered with gold prior to imaging under SEM.

ALP and Alizarin Red Staining: The MC3T3 cells were plated to Ti, Ti-
dopa-PAA, and Ti-dopa-PAA-ACP at a density of 5 x 10* cells per well and
cultured in osteogenic medium. The medium was changed every 3 days.
On day 14, an Alkaline phosphatase (ALP) stain kit (Beyotime) was ap-
plied to identify the activity of osteogenic cells. On day 21, alizarin red
(Sigma) staining was performed. For both staining, the cells were fixed
by 4% PFA and cleaned by PBS. The incubating solution was added to
plates for 20 min and then cleaned by PBS. The images were captured by
microscopy (Olympus, Japan). In addition, to quantify matrix mineraliza-
tion, the alizarin red stained cultures were incubated with 10% cetylpyri-
dinium chloride for 30 min at room temperature to solubilize and release
calcium-bound alizarin red into solution. The absorbance of the solution
was measured at 562 nm using a microplate reader and then statistically
analyzed.

Quantitative Real-Time PCR Analysis: Total RNA was extracted using
the RNAiso Plus reagent (TaKaRa Bio, Japan), reverse transcribed using
a PrimeScript RT reagent kit (TaKaRa Bio), and then subjected to qPCR
analysis using SYBR Mix (Yeasen, Shanghai, China) and a LightCycler Sys-
tem (Roche, Switzerland). Fold changes in mRNA were calculated by the
2—AACt method after normalization to the expression of g-actin.

Cellular Immunofluorescence Staining (ICC):  After conditional cultur-
ing, the cells were fixed in 4% PFA for 15 min and permeabilized with
0.5%Triton X-100 for 10 min followed by washing in PBS. After that, the
cells were blocked in FBS for 1 h at room temperature, and incubated with
the primary antibody overnight at 4 °C. After being rinsed three times with
PBS, the secondary antibody was incubated for 1 h. Finally, the cells were
stained with DAPI (Beyotime) mounted with an antifade reagent. Images
were captured by a confocal laser scanning microscopy (Nikon). The pri-
mary antibodies were RUNX2 (ab236639, Abcam, UK), OCN (DF12303,
Affinity, China), CD31 (ab76533, Abcam), and VEGF (AF5131, Affinity).

Tubule Formation Assay: To detect the angiogenesis of HUVECs in
vitro, the Matrigel matrix (Yeasen, China) was used according to the man-
ufacturer’s protocol. Briefly, Matrigel of 50 uL was added to a 96-well plate
using precooled pipette tips. The Matrigel was placed in the incubator at
37 °C for about 30 min to solidify. Then, HUVECs (1.5 x 10° cells) were
seeded on the surface of Matrigel, and 50 pL of different material extracts
(coated Ti plates immersed in DMEM with 10% FBS for 48 h) were added.
Culturation for 4 h, the cells were observed via microscope. The number of
junctions and total length of tubes were calculated using Image | software.
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Statistical Analysis: The data are represented as the mean + SEM
of independent samples. All statistical analyses were performed with
SPSS software (Version 20.0) by Student’s t-test or one-way ANOVA. A
p-value < 0.05 was considered statistically significant.
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