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ARTICLE INFO ABSTRACT

Cold spraying has been proved it is a promising method for biomaterials surface modification and additive
manufacturing. Fundamental understanding of the cell-biomaterial interaction is essential for design and fab-
rication of biomaterials for their biomedical applications. Here we report the evolutional characteristics of the
interfaces between osteoblast cells and cold sprayed hydroxyapatite-titanium composite coating. The in situ
observation of the interfaces was carried out by focused ion beam-scanning electron microscopy, and influence
of the surface characteristics of the coatings on the behaviors of protein adsorption and cell proliferation was
examined. Apparent cellular sensing, adhesion, migration, and mineral dissolution after 3 h incubation of the
cells were visualized. The predominant existence of fragment particles in the coatings, one of the exceptional
features of cold sprayed coating, plays vital role in regulating the cell association and cellular uptake. The
presence of Ti and HA fragments at the cell-coating interface had no significant effect on cell viability and cell
proliferation. After 5 days culturing, in vitro cell fusion and mineralization with the formation of an intermediate
layer were evidenced on the coating, suggesting rapid regeneration and accelerated establishment of bone-
implant integration. These critical phenomena occurred at different periods of culturing would facilitate un-
derstanding the influence of specific surface features of biomaterials on cell responses, and shed light on the
development of manufacturing techniques for biomaterials.

Keywords:
Cell-material interface
Focused ion beam
Cellular behavior
Protein adsorption
Intermediate layer

1. Introduction microscope [4,5], scanning electronic microscopy [5,6] and histomor-

phometric analysis [7,8] are commonly used approaches for visualized

Osseointegration of any orthopedic arthroplasty or dental implant is
permanent fixation to the surrounding tissue [1]. The dynamic inter-
faces between biosystem and biomaterial surfaces regulate cellular
adherence, spreading, proliferation and differentiation process of os-
teoprogenitor cells and ultimately the success of medical implants
[2,3]. In this regard, comprehensive understanding of the cell responses
on artificial implants is essential for facilitating design and construction
of desirable topographical morphology of biomaterials for regenerative
tissue engineering. Many techniques were developed in past decades for
investigating the cell-material interfaces. Transmission electron

characterization of cell-material interface. It is virtually known that
upon transplantation of foreign materials into the human body, ab-
sorption of key serum proteins on their surfaces takes place as the initial
event participating in cell-biomaterial interactions [9]. This is followed
by recognition of integrin-mediated cell binding motifs on these pro-
teins, which can in turn regulate signal transduction and important cell
processes [2,9,10]. The surface properties have been identified as main
determinants of cell fate and tissue integration [2,11,12]. In order to
improve the biocompatibility, cell-material interacction can be gov-
erned by modification of the surface properties.
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Hydroxyapatite (HA) is the most common calcium phosphate
ceramic and is a particularly suitable bone graft substitute owing to its
similarity in chemistry to the mineral nature of cortical bone [1,13-15].
For biomedical materials, it has been extensively reported that nanos-
tructures offer the potential for significant improvements in both me-
chanical strength and biological properties as compared to conven-
tional microphasestructures [15-18]. Additionally, nanomaterials also
better mimic physiological structures as most tissues in vivo have na-
noscale features because they are assembled from nanoscale units of
amino acids, proteins, and lipids, all of which are in the low end of the
nanoscale range in terms of size [18,19]. In this regard, a major chal-
lenge remains for HA pertaining to the design and construction of ap-
propriate nanostructures.

Thermal sprayed HA coating on metallic implant for dentistry and
orthopedics provides a state-of-the-art template for rapid fixation and
strong bonding between the host bone and the implant [1,15,20,21].
However, the intrinsic high temperature accompanied with the coating
processing usually leads to certain degree of dihydroxylation, decom-
position and grain growth of the starting powder materials [1,22,23].
Cold spray (CS) is known for its ability to deposit advanced 2D/3D
materials onto a diversity of substrates with minimum thermal penalty
[24-27]. These are the cornerstones that will direct application areas
and opportunities lying ahead for CS technique. Yet, the low deposition
efficiency, inadequate mechanical properties and poor bonding strength
between HA coating and substrate hinder its application for hard-tissue
replacement. The limited deformation ability of pure ceramic is a major
hurdle that impedes its deposition efficiency via CS processing [24].

To tackle the above mentioned challenges, new approaches to make
desired HA coatings are to be explored. Among the measures that have
been taken, addition of second phase has been stimulating in promoting
deposition efficiency and reinforcing the coating properties
[8,26,28-30]. Microstructured HA coatings were deposited by cold
spray on PEEK substrate, and enhanced in vitro biocompatibility and in
vivo osteointegration were achieved [8]. HA coated magnesium-based
biodegradable alloy via cold spray showed excellent biodegradable and
bioactive performances [30]. Our previous finding implied that cold
spray is of particular perspective for its outstanding advantages of
making nanostructured HA-based coatings for biomedical applications
[26]. Generally, during cold spray processing, the tamping effect at-
tained by successive impact of agglomerated particles is essential for
consolidating ceramic coatings [31,32]. The previously deposited layers
are impacted by subsequent particles which make the former layer
considerably denser due to in-situ tamping effect. Utilizing plastic de-
formation ability of dense metal particles, it is effective to improve the
deposition efficiency and mechanical strength of ceramic phase. It is
therefore anticipated that the possible tamping of metallic particles
applied onto ceramic particles would facilitate densification of the
ceramic coatings. In the case of cold sprayed HA coating, the tamping
effect could be realized by adding biocompatible metal particles in the
starting feedstock powder. Titanium (Ti) and its alloys have been
widely used as additive manufacturing materials and medical implant
materials due to their excellent mechanical properties and biocompat-
ibility. To construct nano-HA coatings from nano particles, agglom-
eration by spray-drying processing of the particles was conducted. We
used cold spraying technology and the addition of second phase metal
particles to resolve nano-grain growth at high temperature and low
deposition efficiency of ceramic phase.

For biomedical implants, the persisting major concerns are bio-
compatibility and structure compatibility. The material-cell interaction
is a key determinant for subsequent biological activities after im-
plantation of the materials in human body. The interaction regulates
protein adhesion, cellular attachment, motility, adhesion, spreading,
proliferation and decides the final fate of artificial implants [2,11]. An
important topic in tissue engineering is the effect of topography on cell
response, since surface features of biomaterials are signal emitters of
cellular behaviors. It has a significant impact on the organization and
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type of focal adhesions formed, either by disrupting their formation or
by inducing specific integrin recruitment [2]. For cold sprayed bio-
ceramic-based coatings, to date, the question of how cold sprayed
particles affect the cell behaviors remains largely unexplored. Knowl-
edge on in vitro and in vivo behaviors of the constructed coatings at
different levels, namely animal, organ, cell, sub-cell and molecular, etc.,
is yet insufficient.

For biomedical coatings, understanding their biological perfor-
mances is essential for their potential biomedical applications. To un-
derstand how cells respond to cold sprayed nanostructure, it is of cri-
tical importance to in-situ visualize the cell-coating interaction at
different stages. Currently, a combination of in situ site-specific focused
ion beam (FIB) milling and scanning electron microscopy (SEM) ima-
ging using a wide range of magnifications is a promising approach for
directly imaging interface events of individual cells and support mate-
rial underneath them [3,33,34]. In this paper, HA-Ti composite coat-
ings were deposited by cold spray, and their nanostructural features
were characterized. The particular topographical structures of the
coatings gave rise to an exceptional coatings-cell interaction regime,
which would give insight into fabricating biomedical coatings with
desired biological performances.

2. Materials and methods

HA powder in nanosizes was synthesized by the wet chemical ap-
proach using stoichiometric reaction between (NH4),HPO, (Aladdin
7783-28-0, China), Ca(NO3), (Aladdin C100074, China), and NH3-H,O
(Aladdin 1336-21-6, China). The spray-drying method was used to
produce micro-nanostructured HA beads. Nanosized HA powder was
mixed with 2 wt% poly(vinyl alcohol) (PVA, Aladdin 9002-89-5,
China) binder in water with the concentration of 50 g/L. Dispersed HA
suspension was injected into a chamber of spray-drying equipment
(LPG, Changzhou Xingyu Drying Equipment Co., Ltd, China). The inlet
air temperature was 210 °C with the rotary speed of 190 r/s and the
liquid feed rate was 30 mL/min. The HA beads were then sintered at
900 °C for 2 hrs to remove the PVA binder and to consolidate the beads.
Kinetiks-4000 cold gas spray system (CGT Cold Gas Technology GmbH,
Ampfing, Germany) with Kinetiks PF4000 powder feeders were utilized
for the spraying. Nitrogen was used as the accelerating gas and powder
carrier gas. The agglomerate nanostructured HA powder with an
average size of 40 um (Fig. 1a) was mechanically mixed with titanium
powder (dos = 50 pm, TLS Technik GmbH, Germany) and then cold
sprayed onto TigAl4V substrates operated at 500 °C with the gas pres-
sure of 3.5 MPa. The standoff distance was 20 mm and gun traverse
speed was 40 mm/s.

Microstructure of the coatings was characterized by field emission
scanning electron microscopy (FESEM, FEI Quanta FEG250, the
Netherlands) and laser confocal microscope (ZEISS, LSM700,
Germany). The function of Z-stack 3D imaing was used to measure the
surface morphology of CS coating. Scanning speed is 2 frames/sec with
512 X 512 pixels. Precision of sample positioning is guaranteed by
piezoelectric linear motors with minimum X and y step size 10 nm. The
scanning distance of each layer is 20 nm along the height direction (Y
axis). And, it was used to measure surface roughness Ra parameters.

Adsorption of serum proteins on the surfaces of the coatings was
analyzed using the bicinchoninic acid (BCA) protein assay. The TigAl,V
plates and HA-Ti coatings were immersed in 3 key serum protein so-
lution (1 mg/mL albumin, 0.3 mg/mL fibronectin and 0.3 mg/mL vi-
tronectin) for 1 h, respectively. Subsequently the samples were rinsed
with PBS to remove unadsorbed protein molecules and shaken in 1 mL
1% SDS for 1 h. After adding BCA working reagent (1.0 mL), each
sample was incubated at 37 °C for 30 min. The amount of adsorbed
protein was measured by optical density (OD) at 562 nm using
SpectraMax 190 Microplate Reader (Molecular Devices, USA).

Cell culture experiments were conducted using the human osteo-
blast cells (HFOB 1.19 SV40 transfected osteoblasts) using a-minimum
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Fig. 1. (a-1) Typical morphology of the starting nSD-HA particles and the inset (a-2) shows cross-section of HA microsphere. Magnified view of the typically selected

area from (a-2) shows the agglomeration of nanosized HA powders (b).

essential medium (a-MEM, SH30265.01B, HyClone, USA) supple-
mented with 10% heat-inactivated fetal bovine serum in an atmosphere
of 100% humidity and 5% CO, at 37 °C. For the testing, the cells were
seeded at a density of 2000 cells/cm? onto the samples in 24-well plates
with 2 mL media containing 10% heat-inactivated fetal bovine serum in
each well and grew under standard culture conditions for 3 hrs, 1 d, 3d
and 5 d. Prior to seeding, the samples were autoclave sterilized for
30 min. Proliferation and biocompatibility of the HA-Ti coatings were
examined by MTT assay. The human osteoblast cells were cultured on
tissue culture polystyrene (TCPS)-24 well plates as control. Paired
student’s t-distribution was employed to clarify the level of significance
(p) in difference between two sets of data. Data was presented with
standard deviation ( = SD) and statistical significance was set at
p < 0.05 as determined by the Student’s t-test. The adhesion and
spreading of cells and the cell-coating interfaces were observed by FIB/
SEM system (Carl Zeiss Auriga, Germany). For in-situ observation of the
adherent cells on the coatings surfaces, the proliferated cells were fixed
in 2.5% glutaraldehyde for 24 hrs, dehydrated gradually and coated
with Au. Prior to Ga™ milling and polising, the protective platinum
strip (~500 nm thick) was deposited on the cells.

Sample labels: Hydroxyapatite (HA); Spray-dried HA (nSD-HA);
Titanium (Ti); Cold spray (CS); Hydroxyapatite-titanium composite
coating (HA-Ti coating); Cold sprayed hydroxyapatite-titanium com-
posite coating (CS HA-Ti coating); TigAl,V substrate (TigAl,V);

3. Results and discussion

The spray-dried HA (nSD-HA) feedstock particles exhibit the sizes of
25-100 ym in diameter (Fig. 1 a-1) and dense structure (inset in Fig. 1
a-2). HA microsphere is formed by the agglomeration of individual rod-
shaped nanosized HA powders. Close examination of cross-sectional
part of the spherical individual particles shows the nanostructures with
rod-like powders with the size of ~ 120 nm in length and ~ 50 nm in
diameter (Fig. 1 b).

HA-50wt.%Ti coatings fabricated by cold spraying show a uniform
thickness and a tightly adhered structure to TigAl,V substrate (Fig. 2 a).
Adiabatic shear instability has been acknowledged as one of the
dominant mechanisms during cold spraying [24,35,36]. The Ti particles
undergo severe plastic deformation as they impact at high velocity on
the substrate. Besides promoting the increment in bonding strength, the
shear stress and plastic deformation of the Ti particles may facilitate HA
deposition [28,29]. Yet surprisingly, the nSD-HA particles are crushed
into small pieces and partially embedded in surrounding Ti during the
coating formation. HA phase being a ceramic lacks deformability that is
a key requirement for cold spray. The hard/soft mixture powders were
created by mechanical dispersion of ceramic/metallic particles. The as-

sprayed coatings are deposited with nano-sized HA particles embedding
in a softer Ti matrix. Consequently, some HA particles are retained by
being embedded in the deformed Ti spread particles whereas some are
nicely compacted between the Ti particles. Surface topography of the
coatings was captured in FIB machine with the specimen being tilted for
52°. Typical rough morphology is seen on the top surface (Fig. 2 b),
which might act as anchor points, in turn facilitating adsorption of cell
surface proteins. This was further justified by the 3D image analysis
(Fig. 2 d) and cell response testing (Fig. 4).

Based on these observations, the tamping and in-situ shot peening
effects of Ti particles is suggested, which are effective to improve the
densification of nanostructured HA coatings [37]. In this case, loose
structures of previously deposited HA can be removed by erosion effect.
Meanwhile, creation of the residual craters is a result of the shot re-
bounding of the impacting particles occurred as their velocity is lower
than the critical value (Fig. 2 ¢ and d). Generally, auxiliary continuous
tamping, squeeze, shear and blast of metalic particles is necessary for
ceramic coatings consolidation, and dense microstructure and crater-
island-shaped morphology is the typical topographical feature. For the
cold sprayed HA-Ti coatings, their structural features further evidenced
the tamping effect brought about by the Ti particles during the
spraying.

It is established that attachment, immigration and proliferation of
osteoblast cells are sensitive to the surface texture of biomaterial in
early stage of tissue-biomaterial interaction for bone regeneration.
Surface roughness is one of the critical parameters that affect cell-bio-
material interactions. Further examination of the topographical mor-
phology by laser confocal microscope provides roughness parameters as
well as three-dimensional views of the coatings at their surfaces (Fig. 2
d). The arithmetic mean roughness Ra shows an average value of ap-
proximately 13.4 um. The diameters of the “craters” range from 15 to
50 pm with maximum depth of ~40 pum. Accordingly, the vertical
height of the “islands” is 10-40 um (Fig. 2 d).

It is virtually known that upon contact of cells or tissues with bio-
material, initial absorption of serum proteins from biological fluids on
the material surface takes place as the initial event participating in the
material-cell interactions. There are more than 150 proteins known in
human blood serum. Among the important proteins in human blood
serum, fibronectin (Fn) [38] and vitronectin (Vn) are obligate adhesive
ones for integrin-receptor-based adhesion and spreading of cells on
material surfaces [2,38,39]. Human serum albumin (HSA) is the most
abundant protein in blood plasma and is evidenced to eliminate cell
attachment and block nonspecific binding [40]. In this study, Fn, Vn
and HSA were chosen as typical molecules to examine at molecular
level the biological significance of the physiochemical characteristics of
the cold sprayed HA-Ti coatings.
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Fig. 2. (a) Typical cross-sectional view of
the HA-Ti coating cold sprayed on Ti6Al4V
substrate. (b) Tilted FESEM view (52°) of of
the HA-Ti coating surface. (¢) Schematic il-
lustration showing tamping and in-situ shot
peening effects attained by of Ti particles
that promoted ceramic coatings consolida-
tion and formation of the HA-Ti coating.(d)
laser confocal microscopy observation of the
as-deposited coatings.
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Fig. 3. (a) Adsorption of serum proteins and (b) cell culture results for the HA-Ti coatings. The proteins (albumin, fibronectin, vitronectin) and osteoblast cells
cultured on the coated surfaces show enhanced adsorption/proliferation behaviors. **p < 0.05 as compared with the TigAl,V substrate (analyzed by paired

Student’s t-test).

In this case, the adsorbed proteins are in good agreement with the
cells attached/proliferated on the surfaces of the samples (Fig. 3). The
micro-nano-scaled surface texture improved the adhesive molecular
interaction with the HA-Ti coatings (Fig. 3 a), giving in part rise to the
enhanced cellular attachment and proliferation (Fig. 3 b). The early
adsorption of albumin, fibronectin and vitronectin presumably suggests
that surface features promote the extracellular matrix (ECM) formation,
which in turn facilitates cell culture. The original HA phase and the
nanosize of the grains are completely retained after the coating de-
position [26,28,29], biological performance of medical titanium alloy
can be significantly improved via surface functional modification of
cold spraying. Additionally, high surface roughness might play roles in
regulating cell-material interaction through influencing adsorption of
key serum proteins, rougher substratum with “craters” and “islands”

bound higher amount of total proteins and adhesive proteins than the
smoother TigAl4V substrate (Fig. 3 a).

The topographical features of the coatings take part in coating-cell
interaction. Results show that the coatings favor the attachment of the
cells on their surfaces. The cells exhibit faster spreading and better
stretching state on the HA-based coatings than on Ti alloy, as well as
greater cell spreading and adhesion on craters than on islands (Fig. 4 a).
Interestingly, as noticed from the close view of the cells grown on the
coating surface, the filopodia of the cells incline to exhibit a hole-filling
state and bridge over the craters (Fig. 4 a). Since the micro-sized craters
possess relatively high storage capacity for biological fluids especially
biomolecules, which might favor adsorption of serum proteins for in-
tegrin-receptor-based cell adhesion and spreading on the crater-rich
areas. Accordingly, cells opt to grow around the areas and gradually
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spread over the islands (Fig. 4 b and Fig. 8), for this surface texture is
sensed as barriers. Pioneering work already proposed a generalized cell
response to changes in island size, implying islands height of greater
than 40 nm decreased cell adhesion [2,41]. This phenomenon suggests
a special assembly style of cells growing on the cold sprayed coating in
a well-defined geometry.

Understanding of tissue-biomaterial interaction is essential for de-
signing and construction of desired surfaces of the biomaterials.
Evolution of the interfaces between the HA-Ti coatings and the cells
during the cell culturing testing was visualized via SEM on a transverse
section conducted by FIB milling. This approach can be used to observe
and record detailed information about important cellular responses that
are primarily involved in cell-material interactions.

After culturing after 3 h, cellular sensing, adhesion, migration, and
mineral dissolution were realized underlying the partially spreading
cells. Notably, the cell probes surrounding environment and moves
using their filopodias (Fig. 5b-1 and b-2). Since their receptors and fi-
lopodias at cellular membrane are structured at nanoscale level of
80-200 nm (Fig. 5 b-2), cells are likely to rapidly respond to the
composite nanostructures in order to find suitable sites for adhesion and
growth. Moreover, the ends of filopodias serve as anchor points for
migration and adhesion [19,42]. Furthermore, integrin receptors bind
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Fig. 4. Cell culture results for the HA-Ti
coating surface. (a) The craters are marked
by yellow circles, while the islands areas are
enveloped by the blue circles (b). The cells
incline to cover the craters rather than the
islands. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)

x 1 9.4 mm |ETD |63.5 ym

absorbed proteins (e.g. fibronectin, vitronectin) on coating surface, in
turn forming the focal adhesions (FAs) as indicated by red arrows
shown in Fig. 5 b-2 and b-3. The jet of individual Ti particles and ac-
cumulation of HA particles in the first layer of the coating are also
clearly visualized. It is noted that cells are able to establish FAs with
interfacial jet and HA particles (Fig. 5 b-2), enabling an intimate con-
tact and hence facilitating cell-coating bonding (Fig. 5 b-1). The cellular
response, particularly cell attachment, could be explained by the pro-
moted adsorption of the key serum proteins on the retained HA nano-
grains. Yet, interestingly, the partially dissolved regions appear to be
localized in the residual pores adjacent to the HA-rich areas, which are
preferentially distributed across the coating surface, indicating de-
gradation that initiates from HA fragments after only 3 h incubation
(Fig. 5 b-4). This suggests the impact of the slight dissolution of HA on
the bioactivity of these coatings.

The primary cell's capacity to proliferate and differentiate is influ-
enced by its attachment, adhesion and spreading at first phase upon
contact with biomaterial. For the nanostructured HA-Ti coatings, after
1 day incubation, cell division and proliferation are particularly re-
cognized between the two cells (cell 2 and cell 3, Fig. 6 a-1), giving rise
to segregation of two nuclei, simultaneously accompanied with cell
segregation (Fig. 6 a-2) or conjunction between cell 1 and cell 3 from

%
HA degradation

Fig. 5. (a-1) Secondary electron micrographs taken at 52° tilting angle showing individual osteoblast attached on the HA-Ti coating after 3 hrs incubation (the sample
was coated with a thin platinum layer). (a-2) The inset shows a panoramic view of adherent cell-coating interface after ion polishing. (b-1) Close view of cellular
response to the coating surface. (b-2) The osteoblast filopodia sensing surrounding environment and spreading on the HA-Ti coating. (b-3) The formation of focal
adhesions (FAs), and (b-4) partial dissolution of HA grains at cell-coating interface. The red arrows point to focal adhesions (FAs). The image (b-2), (b-3) and (b-4) are
magnified views of box 1, box 2 and box 3 highlighted in (b-1), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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the cross-sectional views (Fig. 6 b and c-1). Additionally, cytoskeletal
re-arrangement underlying the plasma membranes of two neighboring
cells takes place during cell replication (Fig. 6 a-1). These phenomena
demonstrate that the HA-Ti coatings promote proliferation of the cells
attached on their surfaces.

Currently, mechanical interlocking and metallurgical bonding are
commonly recognized as the two major adhesion mechanisms for cold
sprayed coatings [24,35,36]. Particle-cell association and cellular up-
take may influence correlated cytotoxicity and biostability which is a
vital issue for biomedical applications [43,44]. Some Ti particles un-
dergo significant fraction and crush into fragments due to high impact
strength [45], whereas nSD-HA is broken down to their nanoparticle
components. The fragments near the cell surface are more prone to be
engulfed. It is noted that cellular uptake of detached Ti fragments of
~200 nm and particulate HA debris of ~50 nm can be observed from
the surface of the coating (Fig. 6 c-2), indicating that osteoblasts in-
itially ‘swallow’ particles near the top coating layer after 1 day in-
cubation, even though the cell might not spread well on the coating
surface. The non-specific pinocytosis process originates from the ruffled
membrane invagination (Fig. 6 c-2) and the plasma membrane further
wraps around the external fragments to form vesicles (Fig. 7). Mean-
while, the micro-sized Ti fragments could not penetrate the cell mem-
brane due to their large size, evidencing the dependence of cellular
uptake on debris size.

After culturing for 3 days, leading edges of the cells spread out onto
the coating surface and flatten down to ~ 100 nm (Fig. 7 a-1 and a-2).
FIB-SEM characterization further showed that cells engulfed along the
particle-cell interface and the fragment clusters penetrated into the
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Fig. 6. (a) Secondary electron micrographs
showing cell division on the HA-Ti coating after
1 day incubation (-1: vertical view, —2: side
view). The dividing nuclei and cytoskeletal re-
arrangement underlying the plasma membranes
are clearly seen. (b) A panoramic view of cell-
coating interface showing the region of interest
for the sequential ion milling. (c-1) Enlarged
cross-sectional view revealing the close contact
of the plasma membrane on the HA-Ti coating
surface. The yellow box highlights the region
with non-specific pinocytosis. (c-2) Uptake of HA
and Ti fragments by osteoblast on the HA-Ti
coating as revealed by FIB-SEM. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version
of this article.)

cells. The MTT result and cellular growth morphologies clearly de-
monstrated that the Ti and HA fragments had no remarkable negative
effect on the cell viability and cell proliferation (Fig. 7 b-1 and b-2).
Studies have claimed that sphere- and rod-shaped HA nanoparticles
induced significantly less cytotoxicity than needle- and plate-shaped
ones [46].

Chemistry and structure of biomaterials are the two important
variables that determine the rate of degradation and consequently alter
or control biomaterial-tissue interactions and bone remolding. The HA
particles that are in intimately contact with the cells are progressively
degraded, forming an intermediate layer between cells and the coating
(Fig. 7 b-2 and b-3). Generally, HA degradation is initiated accom-
panied with phagocytosis and followed by intracellular degradation in
phagolysosomes, which is one of the main mechanisms of cell-mediated
material solubilization [47]. In the absence of osteoblasts and extra-
cellular matrix (ECM), HA nano-grains were loosened and dissolved
after culturing periods as short as 3 h (Fig. 5 b-4). After elongated ex-
posure of 3 days, the considerable degradation shows an abundance of
small pores (50-200 nm) spreading out across the surface (Fig. 7 b-3).
Furthermore, calcium and phosphate ions would be released into the
surrounding physiological environment as the calcium phosphate dis-
solves. Ion exchange and new crystalline apatite is subsequently pre-
cipitated from the calcium and phosphate ions in the physiological fluid
[21,48,49]. The establishment of an intermediate layer corresponds to
the dynamic balancing of degradation and dissolution of bioactive layer
[50]. Eventually, degradable phases are partially resorbed and in-
corporated into remodeled calcium phosphate layer that lead to
stronger bonding between cell-coating [21]. Degradation and
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resorption of the physiological regions create a new extracellular mi-
croenvironment owing to different microstructure, chemical composi-
tion and ion concentration that further regulate subsequent cellular
functions and biological events around the implant.

While after 5 days culturing, osteoblasts present fully flat and the
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Fig. 7. (a-1) Secondary electron micrographs of
the cells spreading on the HA-Ti coating after
3 days incubation. (a-2) The inset shows the SEM
micrograph taken at the same location after ion
milling. (b) An overview image of the cross
section showing the interface between cell and
coating. The yellow boxes highlight the regions
shown in (b-2) and (b-3). (b-2) The typical cel-
lular uptake and degradation around the coating.
The red dotted curves denote the areas for
membrane invagination that is extremely prone
to form vesicles. The red arrows point to the
location where HA degradation occurred. (b-3)
The yellow dashed arrow highlights an inter-
mediate layer across the coating surface. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

cellular coverage is up to 95% (Fig. 8 a-1). The cells form a closely
packed sheet on the coating surface, indicating the HA-Ti coating
possesses outstanding capability for cellular recruitment and organi-
zation. Moreover, the coating surface is thoroughly occupied by ex-
tensive spreading cell which promotes osteoconduction to bridge large

Fig. 8. (a-1) Secondary electron micro-
graphs showing the formation of cell ag-
gregates and masses on the HA-Ti coating
after the incubation time of 5 days, and (a-2)
corresponding SEM micrograph after ion
milling. (b-1) The cross-sectional view
showing a strongly confluent layer of os-
teoblastic cells and cell fusion and accumu-
lation of numerous vesicles. Yellow boxes
highlight the regions of (b-2) and (b-3). (b-2)
Visualization of intercellular response
showing the development of cellular fusion
and formation of a continuous cellular sheet.
Green arrows point to de-adhesion and in-

V > spreading
F . cell 1

1pm coating
| B L TPl L6 T Tl

(b-2)

terlocking of the cells. (b-3) Mineralization
is apparent in close proximity to collagen
fibers near cell plasma membrane, sug-
gesting the progressive bone remodeling and
new bone formation at the cell-coating in-
terface. Yellow arrows point to the site of
newly formed nanocrystal fibers. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)
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gaps. Actually, bone repair cannot be realized by individual osteoblasts
because their in vitro differentiation is affected by cell density as well as
endogenous and exogenous inhibitors [51]. Integrins are the major
transmembrane components existing in FAS, and they also participate
in cell-cell communication. The disassembly of FAs and cellular de-
adhesion occurred during the transition from flat to round cells, which
tightly coordinate with the formation of intercellular junctions (Fig. 8
b-2). These further promote notably the interaction of one cell with
another (Fig. 8 b-2) and their aggregation to form interlocked masses
and tissue (Fig. 8 a-2 and b-1). The accumulation and fusion of cells is
ready to launch subsequent differentiate and mineralization.

Massive numbers of vesicles shed at plasma membrane of osteo-
blasts and serve as nucleation sites for crystalline apatite precipitation
(Fig. 8 b-1 and b-3). These vesicles may have multifunctions, including
facilitating cellular communication, causing fragments uptake and ex-
tending cell membrane surface to support mineralization [51]. The
intracellular calcium signal regulates gene transcription and further
triggers vesicles to form HA nanocrystals [52].

The absence of mineralization has been identified as an important
feature that improves osseointegration. Further FIB-SEM observation
shows newly formed nanocrystal fibers of 50 nm in diameter and
300 nm in length at cell-coating interface, suggesting an initial period
of mineralization of collagen fibers (Fig. 8 b-3). Small bone mineral
crystals are identified in this area. Osteoblasts are responsible for the
bone mineralization during bone remodeling. They secrete type I col-
lagen and matrix organizing proteins that further support crystal nu-
cleation and epitaxial re-precipitation. Moreover, bone cells could re-
tract deposited collagen anchored to a layer of loose HA grains by
epitaxially precipitated HA. It is known that bone remodeling is com-
pleted by osteoblastic bone formation and mineralization of bone ma-
trix at tissue-implant interface. Biological fixation can be ultimately
achieved through the bidirectional growth of a bonding layer, which
was visualized in this work.

The results showed that the HA-Ti composite structure could enable
rapid regeneration and complete establishment of bone-implant in-
tegration, providing a favorable environment for osteoblastic activities.
The special surface nanostructures of the cold sprayed HA-Ti coatings
can promote early and strong fixation. It is hypothesized that the
coatings may accelerate cell-coating integration rate in vitro than tra-
ditional coatings made by other thermal spray techniques. The FIB-SEM
characterization of the cell-biomaterial interfaces would give insight
into understanding both the host response and material response, in
turn facilitating design and fabrication of biomaterials for desired
performances.

4. Conclusions

The dynamic cell - material interaction were characterized by fo-
cused ion beam-scanning electron microscopy. After exposing the cells
to coating surface, cell uptake of Ti and HA fragments exhibited
biostability and nontoxicity. Compared to titanium alloys as gold
standard, the micro-nano-scaled surface texture of CS HA-Ti coatings
improved the adsorption of fibronectin, vireonectin and albumin,
giving rise to the enhanced cell viability in an initial stage of cell-ma-
terial interaction. Cellular sensing, adhesion and migration is accom-
panied by mineral dissolution underlying the partially spreaded cells
after 3 h of in vitro incubation. Bioactive HA-Ti coating could stimulate
the rapid development of an intermediate layer after 3 days and further
improve tissue regeneration between the implant and surrounding tis-
sues after 5 days. It is anticipated to give certain insights into design
and fabrication of bioactive coatings with mediatable cellular behaviors
for biomedical applications.
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