.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Spatial charge manipulated set-selective apatite

i") Check for updates‘
deposition on micropatterned piezoceramic

Cite this: RSC Adv., 2017, 7, 32974

Jinxia Zhai,#*" Qiyou Wang,1° Jinquan Zeng,© Jungi Chen,® Xin Yi,%" Zhifeng Shi,"

Guoxin Tan,® Peng Yu ©**" and Chengyun Ning @ *af

Mineralization plays a crucial role in the formation and remodeling of bone and charge has a positive
influence on the mineralization by manipulating apatite deposition. In this paper, micropatterned
piezoelectric KgsNagsNbOsz (MPK) was constructed via laser-irradiation induced micro-zonal phase
transition to manipulate set-selective apatite deposition. Two types of piezoelectric micro-zones on
polarized MPK showed different charge densities, namely, higher charge density zone (H-zone) and
lower charge density zone (L-zone). The micro-zonal piezoelectric difference on negatively polarized
MPK (N-MPK) was ascertained by scanning Kelvin probe force microscopy (SKPM). With the manipulation
of spatial charge, apatite selectively deposited on H-zone rather than L-zone, forming stripped zonal
distribution. The furry platelet morphology of apatite was observed by scanning electron microscopy
(SEM). Energy-dispersive spectroscopy (EDS) mapping observation indicated selective distribution of Ca
and P elements in apatite. Phase composition of deposited apatite also can be regulated effectively via
X-ray diffraction (XRD), which confirmed the existence of hydroxyapatite phase. Meanwhile, the apatite
was further identified as carbonated hydroxyapatite by X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared spectroscopy (FTIR). The feasible and convenient way of manipulating apatite
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1. Introduction

During the reconstruction of bone, bone mineral is induced to
spatially deposit on the previous bone matrix, resulting in
a hierarchical anisotropic structure of natural bone.** To mimic
the bone-remoulding process, numerous researchers have
fabricated micropatterned materials which could regulate
apatite deposition on their surfaces. The key to the development
of these kinds of micropatterned material relies on the modu-
lation of physical and chemical properties on their surfaces,
which could regulate apatite deposition selectively.** Consid-
erable efforts have been devoted to achieve extremely a differ-
ence of micro-zonal chemical properties on a sample surface.®”
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future development in biomimetic materials designation for biomedical applications.

For example, a surface with hydrophobic/hydrophilic difference
was employed to modify surface chemicals properties. Apatite
was clearly and selectively deposited on the hydrophilic zone in
simulated body fluid (SBF).*® Other treatments were applied to
obtain certain different topological structures impacting on the
deposition of micro-zonal apatite. In our laboratory, two zones
of nanoneedle zones and buffer zones were fabricated on the
substrate realizing the micro-zonal difference of physical
properties.'® More apatite deposited on nanoneedle zones than
buffer zones in SBF. Meanwhile, further studies have been
launched on the charge in SBF."* Kim et al. introduced that
negative charges were acquired by the surface modified with
hydroxyl groups for accelerating bone-like apatite forma-
tion.””™* Negative charges attracted calcium ions preferentially
and thereby accelerated apatite formation in SBF.' However, it
has not been reported so far that the surface of micro-zonal
charge difference was fabricated to regulate apatite deposition.

Bone mineralization in vivo is the process of apatite depo-
sition on piezoelectric collagen fibers.'**® The piezoelectricity
could control the size and three-dimensional distribution of
bone mineral."®?*® Kakimoto demonstrated that a piezoelectric
substrate had a huge potentiality in promoting apatite deposi-
tion."** Meanwhile, apatite growth on negatively polarized
surfaces of piezoelectric ceramics preferentially has also been
reported.?**®* The development of piezoelectric materials for

This journal is © The Royal Society of Chemistry 2017
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orthopedic implant applications has evinced more interest and
attention owing to the piezoelectricity similar to piezoelectricity
of natural bone.>* Though barium titanate (BT) ceramic
possesses piezoelectricity and promotes bone-like crystal after
poling treatment, BT piezoceramic has a poor thermal stability
and cytotoxic barium ions. Meanwhile, PVDF films can be used
to culture cells and promote a high proliferation of osteoblasts
cells. However, PVDF has inferior physical properties, including
the dielectric, ferroelectric, and piezoelectric, compared with
the piezoceramics. The well-known environment-friendly lead-
free piezoelectric ceramic potassium sodium niobate
(Ko.5Na, sNbO3, KNN) as an electroactive bioceramic possesses
good temperature stability, reasonably high piezoelectric
constant and good biocompatibility. Currently, KNN piezocer-
amic has been used as a bone implant. Chen et al. have proved
that the surface charge on polarized KNN has the influence on
protein adsorption and cell proliferation.*® Navarrete et al. also
reported the superior cellular response on niobium coatings.>®
Therefore, in this context, KNN has been suggested as a poten-
tial alternative for biomimetic bone due to excellent biocom-
patibility and stable inherent piezoelectric properties.””-°

In our paper, micropatterned piezoelectric K, sNaysNbO3
(MPK) was constructed via laser-irradiation induced micro-
zonal phase transition. By adopting the laser irradiation, two
types of piezoelectric zones could be processed on polarized
MPK, which presented different charge densities, namely,
higher charge density zone (H-zone) and lower charge density
zone (L-zone) after the polarization of MPK sample in Fig. 1.
Apatite selectively deposited on H-zone of negatively polarized
MPK (N-MPK) in the left image of Fig. 1. Calcium ions were
prior to accumulating at H-zone rather than L-zone selectively.
Due to the different quantity of different zones absorbed
calcium ions/phosphate ions/carbonate ions, crystal growth
mentioned above was observed on H-zone in the right image of
Fig. 1. We hypothesized that the polarized MPK could selectively
manipulate apatite deposition by spatial charge. To test this
hypothesis, we studied the mineralized process of polarized
MPK samples in SBF.
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2. Experimental
2.1 Materials

Ko.5Na, sNbO; (KNN) ceramics were consolidated via a conven-
tional solid state reaction method described in our laboratory.>
The raw materials were K,CO; (AR, 99.0%, Aladdin), Na,CO;
(AR, 99.8%, Aladdin) and Nb,Os (AR, 99.9%, Aladdin). These
raw materials were weighed according to the stoichiometric
ration, uniformly mixed with milling media of agate ball and
ethanol, and well ball milled for 8 h. Then the slurry was dried
in vacuum oven at 70 °C for 10 h and calcined at 750 °C for 2 h
into a muffle furnace. The calcined KNN powder mixed with
proportional polyvinyl alcohol (PVA) as a binder was grinded
uniformly, and pressed into chips (10 mm diameter and 2.0 mm
thickness) by tableting, isostatic pressing and an embedding
sintering process at sintering temperature 1100 °C for 2 h.

2.2 Fabrication of MPKs

MPKs were fabricated using laser-irradiation induced micro-
zonal phase transition (HM20, Handslaser, Shenzhen, China)
after gradient grinding at a power of 4 W and a scanning speed
120 mm s '. The micro-zonal types and intervals were easily
and uniquely modulated by AutoCAD software (HL software,
Handslaser). Subsequently, MPK samples were polarized at an
electric field of 1 kv mm™" for 5 min. The polarized MPK
samples were cleaned and dried.

2.3 Charged manipulated apatite deposition on MPKs

It is generally acknowledged that SBF with ion concentration, pH
and temperature closely resembles human blood plasma. The
solution with Ca/P ratio deviated from the stoichiometry can
accelerate the formation of calcium phosphates. The apatite was
conducted via directly immersing samples in SBF, which serves as
a source of Ca®* and PO,*". 1.5x SBF was prepared in accordance
to Kokubo and Takadama's classic formulation:* chemicals of
NaCl, NaHCO;, KCl, K,HPO;-3H,0, HCl, MgCl,-6H,0, CaCl,,
Na,SO, were dissolved in the de-ionized water and buffered at pH
7.4 with tris (hydroxymethyl}-aminomethane ((CH,OH);CNH,) and

KNN

€~ Surface negative charge +Iqtgrnal positive charge @Ca%* ® PO/ @ COy>

'apatite l/ L-zone / H-zone

Fig. 1 Schematic illustration of set-selective apatite nucleation and growth on negatively polarized MPK in SBF. MPK fabricated by laser-irra-
diation induced micro-zonal phase transition was composed by two types of negatively polarized piezoelectric zones: H-zone and L-zone. The
nucleation of apatite occurred the surface of H-zone whereas L-zone (left image). Along with the growth of crystal nucleus, apatite was
deposited densely on H-zone forming set-selective distribution (right image).

This journal is © The Royal Society of Chemistry 2017
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hydrochloric acid (HCI) at 37 °C. The pH value of SBF solutions was
monitored using a pH meter (PB-10, Sartorious). The whole
samples were immersed in SBF for 7 days.

Meanwhile, to keep the ion concentration stable, SBF solu-
tion was refreshed every two days. According to the pre-
determined time period of immersion, mineralized samples
were removed from the solution, then rinsed gently with de-
ionized water, and then dried in a vacuum desiccator for
subsequent analysis.

2.4 Characterization of apatite deposited on MPKs

The micro-topographies and chemical constituents were
examined by scanning electron microscopy (SEM, ZEISS EVO18,
Carl Zeiss Company, Germany) equipped with energy dispersive
spectroscopy (EDS, OxFord instruments X-Max Extreme). Scan-
ning Kelvin probe force microscopy (SKPM, multimodes,
Bruker, USA) was used to detect the surface potential on nega-
tively polarized MPK in two adjacent areas of 5 x 5 um?. In the
process of testing, we can observe the location through the
computer screen. Then, the probe can be translated from one
zone to the adjacent zone. The crystalline phases of deposited
apatite were characterized via X-ray diffraction (XRD, D8
Advance Bruker Company, Germany). The chemical bonding
states and atomic concentration of apatite were checked via X-
ray photoelectron spectroscopy (XPS, Axis Ultra DLD Kratos
Company). Fourier transform infrared (FTIR, VERTEX 70,
Bruker Company, Germany) was used to ascertain what types of
the apatite crystals formed on N-MPK after immersion in SBF.
The FTIR spectra were measured in transmittance mode using

the KBr technique in the range from 4000 to 490 cm ™.

3. Results and discussion
3.1 Deposited apatite on KNNs in SBF

The apatite precipitation process on KNN under different
polarized modes were evaluated by immersion these samples in
SBF. After 7 days of immersion, no apatite was found on
unpolarized KNN (U-KNN) in Fig. 2(a). However, unlike the case
with U-KNN sample, apatite deposited was observed on nega-
tively KNN (N-KNN) and polarized KNN (P-KNN) in Fig. 2(b) and
(c). Especially N-KNN sample, it has more deposited apatite. The
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different polarized mode of KNN sample exhibited different
apatite deposition levels. The layers are composed of furry
platelets forming spherical aggregates. Obviously, the crystal
growth was dependent upon the charge. Especially, negative
charge can significantly enhance apatite deposition as a result
of the electrostatic interaction. And charge contributed to
mineralization by stabilizing initiating nucleation.®* It was
consistent with which Yoshinori Kuboki reported that acidic
proteins with negative charges could bind calcium ions,
induce the nucleation of apatite, and control their speed of
growth.>> However, the different apatite deposition rate
between the U-KNN and N-KNN inspired us to manipulate the
distribution of apatite under the action of charge. It provided
the basis to build a micro-zonal piezoelectricity on KNN
samples.

3.2 The construction and characterization of MPKs

In Fig. 3, SEM images taken at 500x magnification confirmed
that MPK was fabricated by solid reaction process and laser
irradiation induced micro-zonal phase transition, which
formed two types of micro-zones about 50 pm in width, namely,
higher charge density zone (H-zone) and lower charge density
zone (L-zone). Besides, the technology showed the feasibility
that a variety of surface patterns such as dots, stripes, circles, as
well as squares were designed discretionarily and easily. After
polarization of MPK samples, the zone of high piezoelectricity
displayed the higher charge densities. Therefore, two types of
piezoelectric zones were presented on polarized MPK. In order
to evaluate the successful construction of different piezoelectric
zones, the potential of the two zones on MPK was characterized
by SKPM in Fig. 3(c) and (d). Obviously, the average potential of
H-zone was ~140 mV higher than that of L-zone.

Furthermore, EDS and XRD could be used to account for the
reason of different piezoelectricity in Fig. 3(e) and (f). EDS
spectra indicated that both zones were mainly composed of
carbon, oxygen, potassium, sodium and niobium. However,
potassium content and sodium content on H-zone was higher
than on L-zone respectively, as shown in Table 1. Because laser-
irradiation was realized via focusing vast energy, high temper-
ature gave rise to the volatilization of potassium and sodium
elements. Meanwhile, studies have been reported that for KNN

Fig. 2 Apatite deposition on KNNs of different polarized modes. SEM micrographs of apatite deposited on (a) unpolarized KNN (U-KNN), (b)
negatively polarized KNN (N-KNN) and (c) positively polarized KNN (P-KNN) in SBF for 7 days. The result indicated that N-KNN has a higher

deposited rate compared to U-KNN and P-KNN.
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Fig. 3 MPK fabricated by laser-irradiation induced micro-zonal phase transition. SEM micrographs of (a) KNN and (b) MPK. Apparent view
showed the distribution of H-zone and L-zone on polarized MPK; SKPM characterization of the surface potential of the two adjacent zones, (c)
H-zone and (d) L-zone of polarized MPK, respectively. The average potential of H-zone is ~140 mV higher than that of L-zone. (e) EDS spectra of
H-zone and L-zone on polarized MPK. (f) XRD patterns of A (KNN) and B (laser-irradiated KNN). An enlarged view of two peaks around 45° was
shown in the right corner. In the illustration, the laser-irradiation caused a difference of the (002) and (200) peaks around 45°. The results
indicated that the different piezoelectric zones on polarized MPK were fabricated by laser-induced micro-zonal phase transition successfully.

ceramics, the difference of (002) and (200) peaks around 45° in
XRD pattern is usually used as an evidence for the phase tran-
sition in literature.** Relative intensities of two peaks can be
used to distinguish orthorhombic from tetragonal phase. In
general, the coexistence of orthorhombic phase and tetragonal
phase can enhance the piezoelectricity of KNN compared to
single phase.**® In our experiment, the relative intensity of

Table 1 List of element content on H-zone and L-zone

Atomic percentage Atomic percentage

Element (%, H-zone) (%, L-zone)
C 28.43 32.71
O 40.10 39.99
Na 5.18 4.74
K 6.42 5.33
Nb 19.87 17.22

This journal is © The Royal Society of Chemistry 2017

(002) peak was nearly equal to that of (200) peak around 45° in
the original KNN (A), indicating the coexistence of two phases.
However, in the laser-irradiated KNN (B), the relative density of
(200) peak was much lower than that of (002), representing
mainly the single phase of the orthorhombic perovskite struc-
ture in the inset of Fig. 3(e). So, different phases of two zones on
polarized MPK caused the different piezoelectricity. The
composition and phase structure of both zones on polarized
MPK elucidated the success of build two piezoelectric micro-
zones. Then spatial distribution of charges was presented on
the basis of micro-zonal piezoelectricity of polarized MPK,
which became the main factor to regulate selectively apatite
deposition in the next experiment. Some studies manifested
that a negative charge was acquired on material surfaces to
accelerate the formation of apatite."*” Therefore, spatial ob-
tained with the micro-zonal piezoelectricity played significant
role to regulate apatite deposition.

RSC Adv., 2017, 7, 32974-32981 | 32977
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3.3 The apatite deposition on MPKs in SBF

Through the above experiments, we successfully realized the
distribution of spatial charge. In order to evaluate the effect of
spatial charge on apatite deposition, MPK samples were
immersed in SBF for 7 days at 37 °C. These images in Fig. 4(a),
(b) and (c) presented surface morphologies of deposited apatite
on unpolarized MPK (U-MPK), negatively polarized MPK (N-
MPK) and positively polarized MPK (P-MPK), respectively. A
striped pattern and furry platelets morphology was observed. P-
MPK was covered by small spherical cells of apatite owing to the
repulsive interaction with Ca®" ions and U-MPK has almost no
apatite deposition. However, N-MPK lead to quicker deposition
of apatite in Fig. 4(b). These platelets grew longitudinally and
laterally in width through the stripes exhibiting set-selective
apatite deposition due to the periodic distribution of H-zone
and L-zone. Based on the set-selective apatite deposition
(Fig. 4(b)), the map scanning of calcium and phosphorous
elements on N-MPK also presented a state of spatial distribu-
tion in Fig. 4(d) and (e). In general, the process of apatite
precipitation includes mainly initial apatite nucleation and
crystal growth. Apatite formation in SBF is a multistep mecha-
nism. In this study, the mechanism for the preferential nucle-
ation of apatite on N-MPK was revealed. Firstly, Ca*>* ions were
thought to play a key role in the initial nucleation of apatite on
N-MPK, because the preferential accumulation of Ca®*" ions
caused by the attractive electrostatic interaction between ions
and N-MPK, and sequentially attracted phosphate ions and
carbonate ions to form apatite nuclei. Once the apatite nuclei
are formed, they grow spontaneously by accumulating the
calcium and phosphate ion ions in SBF to form apatite.
However, under the different piezoelectricity, H-zone and the L-
zone presented the distribution of set-selectively deposited
apatite on N-MPK in SBF. Due to the different quantity of
calcium ions/phosphate ions/carbonate ions absorbed on two
zones, increasing the charge density, apatite was more quickly

View Article Online

Paper

grown on H-zone than L-zone. Therefore, the enhancement of
apatite precipitation regulated by spatially negative charge on
N-MPK has great significant.

Hence, N-MPK achieved more set-selective apatite; P-MPK
had small spherical cells of apatite and no selectivity; U-MPK
had hardly any apatite, as illustrated in Fig. 4. It is visible that
the existence of spatial charge provided a key way to form a set-
selective apatite mimicking the apatite in natural bone. More
apatite agglomeration can guide the formation of tissue that
surrounds hard implant, and be beneficial to the construction
and formation of osseous tissue.

In addition, Fig. 5 shows the morphologies of apatite depo-
sition in SBF for (a) 4 days and (b) 7 days respectively. Bio-
mineralization involves the controlled growth of apatite. At first,
it did appear that the deposition of apatite was made up of tiny
particles which were homogeneously distributed on H-zone.
And over time, tiny particles grow up into the dense and thick
apatite layer throughout the H-zone. However, there is almost
no nucleation and growth of apatite deposition on L-zone.
These results suggested that surface charges dominated the
set-selective apatite nucleation and growth on N-MPK.

For the set-selective deposited apatite, various analysis methods
were used to the deposited apatite. The element compositions of
calcium and phosphorous elements on N-MPK were presented by
EDS in Fig. 6(a). The EDS detector was focused upon the apatite on
H-zone. Besides, a small fraction of magnesium and sodium were
also found by EDS analysis. Because natural bones are non-
stoichiometric with trace components as Mg”>*, Na", CO;>", or
Cl™. Mg®" and Na" ions which might substitute the Ca*>" ions in
apatite were in agreement with the composition of biological
apatite.***° The average Ca/P molar ratio of the apatite precipitated
on H-zone of N-MPK was measured as 1.58, which indicated that
the deposited apatite had a good state compared to typical Ca/P
ratio (1.67). Fig. 6(b) shows typical XRD pattern obtained from
deposited apatite on N-MPK after immersion in SBF for 7 days.

Fig.4 Set-selective apatite deposition on MPKs of different polarized modes. SEM micrographs of apatite deposition on (a) unpolarized MPK (U-
MPK), (b) negatively polarized MPK (N-MPK) and (c) positively polarized MPK (P-MPK); element maps of (d) Ca and (e) P on N-MPK after apatite
deposition. N-MPK presented more apatite deposition, whereas P-MPK and U-MPK have almost no apatite deposition. Obviously, spatial

negative charge can preferably regulate set-selective apatite deposition.
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Fig. 5 The process of set-selective apatite deposition on N-MPK. SEM micrographs of (a) the sample immersed in SBF for 4 days and (b) the
sample immersed in SBF for 7 days. The result indicated that the process of apatite deposition on H-zone has the nucleation and growth of

crystals.
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Fig. 6 Characterization of set-selectively deposited apatite regulated with spatially negative charge on N-MPK after immersion in SBF for 7 days
including (a) EDS analysis; (b) XRD pattern; (c) XPS spectrum; (d) FTIR spectrum.

Meanwhile, the standard pattern of natural hydroxyapatite (JCPDS
card no. 09-0432) was used as a reference to analyze various peaks
in our experiment. Herein a strong diffraction peak centred on 26
values of 31.6° was detected corresponding to the characteristic
peak of hydroxyapatite.** A broad peak associated with 26 values of
25.8° suggest that the deposited apatite formed on H-zone was
extremely fine and has low crystalline. And a number of relatively
weak peaks at 27.8°, 34° and 39° corresponded to the peaks of
hydroxyl-apatite. Above all, the XRD result confirmed that the
inorganic hydroxyapatite phase was obtained in the mineralization.

Fig. 6(c) presents the XPS spectrum obtained from the
deposited apatite formed on N-MPK in SBF for 7 days. It

This journal is © The Royal Society of Chemistry 2017

indicated that Ca, P, O and C appear on N-MPK. In addition, the
Ca/P molar ratio of deposited apatite from quantitative element
analysis was in accordance with that calculated from the EDS.
FTIR measurements confirmed the groups of deposited apatite
formed on N-MPK. Fig. 6(d) exhibited sharp P-O bands at 1090
em ',1030 cm ™!, and 963 cm ! for the P-O stretching vibration
mode (v;). The two P-O bands at 561 cm™ " and 603 cm ™"
assigned to P-O bending vibration (v,).** In addition, FTIR
spectra also displayed that the weak bands at 1497 (v;) cm ™,
1466 (v;) cm ! assigned to C-O stretching vibration of CO;>~
group were attributed to A-type carbonate-containing apatite,
where CO;>~ substituted for -OH sites.**** And the two bands at

RSC Adv., 2017, 7, 32974-32981 | 32979
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1419 (v;) em ' and 863 (v,) cm ! of CO;>~ group corresponded
to B-type carbonate-containing apatite, where partial PO,>~
sites were replaced by CO;>” in the apatite lattice.*> Meanwhile,
there was a broad absorption band in the 3000-3700 cm™*
range, originating from the replacement of PO,*~, CO;*>~ and
the presence of lattice water in the solid, which is a common
characteristic of apatite precipitates in aqueous solutions.*® Due
to the hydrogen bonding between water and hydroxyl, especially
the surface bounding water, the absence of the hydroxyl groups
which were represented by stretching (3570 cm™") and vibra-
tional (635 cm ') bands provided further evidence for the
existence of carbonate apatite. Combined with XRD pattern
(Fig. 6(b)), it indicated that the deposited mineral was
composed of partially carbonated calcium hydroxyapatite.
Therefore, these observations confirmed that the existence of
carbonated hydroxyapatite as a mixed AB-type carbonate
substitution similar to natural bone apatite formed on MPK
after immersion in SBF.*"**

These analytical results indicated the formation of partially
carbonated hydroxyapatite. Deposited apatite was in accorded
with the apatite in natural bone. So, by modulating apatite
precipitation here, MPK materials will help realize the great
potential as bone implants. What's more, the formation of set-
selective apatite is not only an imitation of bone composition,
but also a measure of in vivo bioactivity. Spatial charge could
afford an effective means to regulate the deposition of apatite
selectively.

4. Conclusions

In summary, this study demonstrated the construction of
spatial charge with different piezoelectricity generated on
polarized MPK in regulating the set-selective apatite precipita-
tion in SBF. The MPK was built via a simple laser-induced
micro-zonal phase transition, forming two types of micro-
zones on polarized MPK, H-zone and L-zone. Two zones dis-
played different piezoelectricity. H-Zone of N-MPK displayed the
best growth of set-selective carbonated hydroxyapatite, which
was in accorded with the apatite in natural bone. Overall, the
concept of manipulating the set-selective apatite deposition via
micropatterned piezoelectric materials will inspire future
development in biomimetic materials designation. Therefore,
spatial charge manipulating the set-selective apatite deposition
has provided a method to design biomimetic materials for bone
repair. The feasible concept will also inspire future develop-
ment of biomimetic materials.
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