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Abstract: The mechanisms underlying bone-implant integration, or osseointegration, are still in-
completely understood, in particular how blood and proteins are recruited to implant surfaces.
The objective of this study was to visualize and quantify the flow of blood and the model protein
fibrinogen using a computational fluid dynamics (CFD) implant model. Implants with screws were
designed with three different surface topographies: (1) amorphous, (2) nano-trabecular, and (3) hybrid
meso-spikes and nano-trabeculae. The implant with nano-topography recruited more blood and
fibrinogen to the implant interface than the amorphous implant. Implants with hybrid topography
further increased recruitment, with particularly efficient recruitment from the thread area to the
interface. Blood movement significantly slowed at the implant interface compared with the thread
area for all implants. The blood velocity at the interface was 3- and 4-fold lower for the hybrid
topography compared with the nano-topography and amorphous surfaces, respectively. Thus, this
study for the first time provides insights into how different implant surfaces regulate blood dynamics
and the potential advantages of surface texturization in blood and protein recruitment and retention.
In particular, co-texturization with a hybrid meso- and nano-topography created the most favorable
microenvironment. The established CFD model is simple, low-cost, and expected to be useful for a
wide range of studies designing and optimizing implants at the macro and micro levels.

Keywords: bone-implant integration; computational fluid dynamics (CFD); osseointegration; titanium
implant; zirconia implant

1. Introduction

Developing a more osteoconductive endosseous implant surface than that of “mi-
crorough” implant surfaces has proven difficult due to the well-established capability
of microrough titanium surfaces [1–8], technical challenges of nanotechnology [3,9–21],
potential biological limits of bone generation [9–11,13,14,22], restricted use of different
types of materials other than titanium [23–25], and cost–performance ratio considera-
tion [3,10,11,15,23,25,26]. Microrough surfaces on titanium, titanium alloy, or zirconia
with acid-etched [7,27–29], sandblasted [2], oxidized [30,31], alkaline-treated [23,25], or
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plasma-sprayed surfaces [30–32] are used in most dental and orthopedic implants. A
typical microrough topography is a formation of compartments made of ~5 mm-interval
peaks and valleys and, compared with relatively smooth surfaces like machined surfaces,
not only increase mechanical interlocking between the implant and bone but also promote
the differentiation of osteogenic cells growing on the surface and increase the mechanical
quality of de novo bone [4,6,7,27,28,32–37]. Together, these properties accelerate and im-
prove bone-implant integration, or osseointegration. Among the reasons why no titanium
or zirconia surface that outperforms microrough surfaces has been developed, the most
significant challenge is the technical difficulty in creating the defined roughness at the meso-
(between 10 and 500 mm) and nano-scales, or indeed adding roughness at a new scale to
the existing micro-scale. Some advances in hybrid micro- and nano-surfaces have yet to
replace microrough surfaces or remain experimental due to their high cost and technical
complexity [3,11,13–15,17,18,20,23,26,29].

Recent advances in laser technology have allowed the simultaneous generation of
meso- and nano-topographies on metallic surfaces [38–44]. Particular studies utilizing
solid-state laser etching created a unique meso-and-nano hybrid zirconia surface on which
the meso-topography mimics “cactus-like” oscillating spikes, while the nano-topography
consists of dense, nodular protrusions, 100–300 nm in diameter, resembling trabecular
bone [45,46]. The cactus topography drastically increased the surface area of the implant
as well as physical mechanical interlocking between the implant and bone [46]. Indeed,
implant primary stability or the implant stability immediately after implant placement
is considered the most pertinent factor for successful osseointegration [47,48], to which
the enhanced meso-scale topography of the cactus zirconia may have contributed. The
increased surface area also contributed to an increase in the number of attaching cells [46].
The nano-topography promoted the differentiation of osteogenic cells recruited to and
growing on the surface [45,46]. In vivo studies demonstrated that the biomechanical
strength of osseointegration is considerably increased for the meso–nano hybrid zirco-
nia compared with machined zirconia and even higher than micro-roughened titanium
implants [46,49,50]. However, these documented mechanisms may not fully explain the
advantages of the meso- and nano-hybrid surfaces. More importantly, in the general field
of implant science and bone-and-implant integration, understanding biologic events other
than the growth and function of osteogenic cells on implant surfaces is critically lacking. In
particular, it is unknown how cells and proteins necessary for osseointegration are recruited
to implant surfaces.

The recent application of computational fluid dynamics (CFD) to implant science
has provided a novel approach to understanding the mechanisms of osseointegration
and the effect of implant surface modification. For instance, hydrophilic implant surfaces
significantly alter blood flow around the implant and increase the recruitment of blood
and protein to areas within macroscopic threads, particularly to the implant interface,
compared with hydrophobic implant surfaces [51,52]. These in silico approaches not only
provided new knowledge about how osseointegration is established but also may allow the
rational design and optimization of implants at the macro- and micro-scales for improved
blood and protein recruitment. By exploiting a CFD model, this study attempts to examine
the effects of meso- and nano-scale topography on the blood and protein dynamics. In
particular, we utilized the recently created hybrid zirconia with meso-spikes and nano-
trabeculae as a CFD model. Therefore, the objective of this study was to examine the density,
speed, direction, and other dynamic behaviors of blood and proteins around screw-shaped
implants with (1) amorphous surfaces, (2) nano-trabecular topography, and (3) hybrid
meso-spike and nano-trabecular topography. We selected fibrinogen as a model protein
due to its crucial role in bone healing. The null hypothesis tested was that the difference in
surface topography does not influence the blood and protein flow around implants.
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2. Materials and Methods
2.1. Creation of a Zirconia Surface with Meso–Nano Hybrid Topography

To design and establish the validity of the CFD models, we created a hybrid meso-
and nano-scale topography using zirconia. First, experimental samples of zirconia in disk
form (20 mm diameter, 1.5 mm thickness) were prepared from zirconia oxide powder
with 3 mol% yttria oxide (3Y-TZP, Tosoh, Tokyo, Japan) by injection molding, followed by
sintering at 1400 ◦C. The sintered yttria-stabilized tetragonal zirconia polycrystal (Y-TZP)
specimens were then surface-textured by solid-stage laser treatment. The laser etching was
originally developed to carve grooves with hemispherical bottom surfaces [38] and was
used in this study in a crisscrossing direction to carve cactus-like meso-spikes, as reported
previously [46]. The laser was adjusted to create 40 µm high, 50 µm wide spikes. This
meso-topography was proven to show the highest osteoconductivity in previous studies
by promoting cell attachment and maximizing osseointegration [38,45,46]. A previous
study showed that the standard deviations of the dimensional measurements and various
surface roughness parameters were less than 5%, highlighting the precision of the laser
texturing [45]. Simultaneously, laser-etched zirconia was expected to show trabeculae-like
nano-nodular structures by self-assembly all over the meso-scale cactus spiles [38]. The
detail protocol of laser etching, such as the source, energy, wavelength, frequency of laser,
is proprietary. X-ray photoelectron spectroscopy conducted in previous studies showed
that the zirconia surface consisted of elements of zirconium, yttrium, oxygen, hafnium, and
carbon [38].

To further verify the viability of the laser technology, a screw-shaped implant (11 mm
length, 4 mm diameter) representing a standard sized and shaped dental implant was
injection-molded with Y-TZP with macroscopic helical threads, and then laser-etched to
create the hybrid meso- and nano-topography. The size of the meso-spikes was the same as
the one on zirconia disks. All specimens were supplied from Nantoh Co., Ltd. (Numazu,
Japan). The morphology of the specimens was assessed using scanning electron microscopy
(SEM; Nova 230 Nano SEM, FEI, Hillsboro, OR, USA) and an optical profilometer with
a 50× lens (VK-X110, Keyence, Itasca, IL, USA) for three-dimensional (3D) imaging in
the area of 282.9 µm × 202.0 µm. The resolution of the profilometer was 0.005 µm and
0.01 µm for the vertical and horizontal detection, respectively, while the accuracy for re-
peated measurements was 0.02 µm and 0.03 µm along the vertical and horizontal direction,
respectively. Quantitative analysis was conducted for surface roughness and the following
parameters were calculated: the arithmetical mean height (Sa) defined as the extension
of Ra (arithmetical mean height of a line) to a surface, expressing the difference in height
of each point compared to the arithmetical mean of the surface; the maximum height (Sz)
defined as the sum of the largest peak height value and the largest pit depth value within
the defined area; the developed interfacial area ratio (Sdr) expressed as the percentage of
the definition area’s additional surface area contributed by the texture as compared to the
planar definition area.

2.2. Computational Fluid Dynamics (CFD) Implant Model

A geometric model for implants was created using ANSYS Design Modeler (2019 R1,
ANSYS Inc., Canonsburg, PA, USA) to simulate the environment around the implants,
as reported elsewhere [51,52] (Figure 1A). Three different topographies were modeled:
(1) an amorphous surface with no projections or structure; (2) a nano-trabecular surface
with nodular structures (300 nm height, 300 nm width); and (3) a hybrid meso- and
nano-surface with a combination of meso-scale spikes (40 µm height, 50 µm width) and
nano-nodules (300 nm height, 300 nm width) (Figure 1B). As mentioned earlier, this meso-
scale topography was chosen based on the previous studies that optimized the morphology
for the highest osteoconductivity [38,45,46]. The model, boundaries, and three different
zones (interface, thread, and outer zones) were designed following the methods reported
elsewhere (Figure 1C) [52]. The established analytical approach was used, including the
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volumes of the fraction model, species transport model, fluid properties, and numerical
conditions [52].
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Figure 1. A computational fluid dynamics (CFD) model designed for a screw-shaped implant.
(A) Dimensions and design of an implant, blood area, and boundary conditions. (B) Modeling of
three different surface topographies. (C) Three different zones defined around an implant.

3. Results
3.1. Demonstration of Hybrid Meso–Nano Surface Creation

Because a CFD model was to be created based on the actual experimental specimens,
it was crucial to demonstrate that specimens with a hybrid morphology can be made.
Therefore, we first demonstrated the creation of a biomimetic meso–nano hybrid surface
by laser etching a flat disk zirconia. As shown in the low-magnification images, accu-
rate, organized arrays of meso-scale 40 µm oscillating peaks and valleys were clearly
formed (Figure 2A). High-magnification images showed the even and uniform formation of
nano-scale trabeculae-like nodular structures (100–300 nm width) all over the meso-peaks,
inclines, and valleys (right panel in Figure 2B). In addition, 3D surface imaging confirmed
the formation of the meso-peaks and quantitative analysis showed that the arithmetical
mean height (Sa), maximum height (Sz), and developed interfacial area ratio (Sdr) were
7.71 µm, 42.8 µm, and 2.83 µm, respectively. The width of a meso-spike was approximately
50 µm, as shown in the 2D projection (right panel in Figure 2B).
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Figure 2. Creating the hybrid textured zirconia surface consisting of cactus-like meso-scale spikes and
trabeculae-like nano-scale nodules. Low- and high-magnification SEM (A) and 3D optical (B) images of
the laser-etched zirconia. (C) SEM images of a laser-etched dental implant prototype made of zirconia.

After confirming the feasibility of creating hybrid topography on flat zirconia surfaces,
we determined whether similar topography can be created on a 3D complex shape mim-
icking dental implants. SEM revealed a vivid, uniform, and seamless creation of arrays
of meso-spikes all over the peaks, flanks, and valleys of implant threads, similar to the
appearance observed on the flat zirconia disk. Nano-trabeculae were also confirmed on
the dental implant-shaped zirconia. These qualitative and quantitative morphological
assessments of the laser-textured zirconia validated the design and dimensions of the CFD
model to be created.

3.2. Blood Plasma Flow Visualization and Quantification around Implants with Three Different
Surface Topographies

As mentioned in the Introduction, little information is available on how cells and
proteins are recruited to implant surfaces. It was reasonable to begin with an overall
qualitative assessment of blood flow in the implant model. To visualize blood flow, we
conducted color mapping of blood plasma density around the implants with either an
amorphous surface, nano-trabeculae, or a hybrid surface from the commencement of blood
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flow up to 3 s. In the model, blood entered at the apex of the implant and side-wall of
the bone and then exited upwards, as shown in Figure 1A. As shown in the color maps
(Figure 3), the plasma did not infiltrate into the implant threads of all the implants by 1 s,
leaving voids in the implant threads and at the interface. Blood infiltration into the threads
progressed from 1 to 3 s regardless of the surface topography. However, at 2 and 3 s, blood
infiltration was more advanced in the threads of nano-trabecular and meso–nano hybrid
surfaces compared with the amorphous surface.
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Figure 3. Blood dynamics visualized by color mapping the blood plasma density. Implants with
three different surface topographies are compared.

The blood plasma color mapping was useful but cross-sectional. Therefore, we next
quantitatively assessed blood plasma in the interface and thread zones along the timeline.
As shown in Figure 4A, blood plasma density in the interface zone increased for all three
implant models over time. After 2 s, the plasma density varied significantly according
to the surface topography, with the hybrid meso–nano surface increasing most rapidly,
followed by the nano-trabecular surface. Approximately 40% more plasma was present
at the hybrid interface than the amorphous and nano-trabecular surfaces at the end of the
study period. In the thread zone, the plasma density was highest for the nano-trabecular
surface at 3 s, followed by the hybrid surface (Figure 4B). These results indicated the surface
topography-dependent and zone-specific differences in blood infiltration.
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the interface (A) and thread (B) zones.

3.3. Direction and Velocity of Whole Blood Flow

The results of the blood mapping and density analyses simply showed the localization
of blood plasma but not the dynamics. In particular, it was important to determine if the
blood movement was static, slow, or fast as well as the direction of the movement, because
how much cells and proteins are retained at the implant interface potentially depends
on these dynamic parameters. Therefore, we evaluated the vector field formation across
the different surfaces. Vector color mapping uncovered more robust vector formation
at the implant interface than in the thread or outer zones for all implants and revealed
considerable differences among the three different surfaces (Figure 5). Vectors were most
dense at the hybrid interface and least dense at the amorphous interface. The particular
area of the interface contained no or only sparse vectors around the amorphous and nano-
trabecular surfaces (white arrowheads in top panels, Figure 5). As indicated by the majority
of high-magnitude red vectors pointing vertically upwards (top panels, Figure 5), blood
flow was, in general, upbound around amorphous and nano-trabecular interfaces, whereas
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all the red vectors were side-bound or slightly downbound around the hybrid meso–nano
surface, indicating that the blood flow had slowed down or even stalled exclusively around
the hybrid topography.

Biomimetics 2023, 8, x FOR PEER REVIEW  8  of  18 
 

 

across  the different  surfaces. Vector  color mapping uncovered more  robust vector  for-

mation at the implant interface than in the thread or outer zones for all implants and re-

vealed considerable differences among the three different surfaces (Figure 5). Vectors were 

most dense at the hybrid interface and least dense at the amorphous interface. The partic-

ular area of the interface contained no or only sparse vectors around the amorphous and 

nano-trabecular surfaces (white arrowheads in top panels, Figure 5). As indicated by the 

majority of high-magnitude red vectors pointing vertically upwards (top panels, Figure 

5), blood flow was, in general, upbound around amorphous and nano-trabecular inter-

faces, whereas all the red vectors were side-bound or slightly downbound around the hy-

brid meso–nano surface, indicating that the blood flow had slowed down or even stalled 

exclusively around the hybrid topography. 

 

Figure 5. Vector color mapping for blood flow around three different surfaces. Each vector repre-

sents the direction and speed of the cell meshed in the domain. Refer to the main text for symbols. 

These qualitative findings needed to be confirmed by quantitative assessment. Also, 

vectors need to be separated into vertical and horizontal components for the precise as-

sessment of the direction and speed of blood movement. Quantitative assessment of the 

blood vectors showed that the averaged vertical component of the vectors in the interface 

Figure 5. Vector color mapping for blood flow around three different surfaces. Each vector represents
the direction and speed of the cell meshed in the domain. Refer to the main text for symbols.

These qualitative findings needed to be confirmed by quantitative assessment. Also,
vectors need to be separated into vertical and horizontal components for the precise
assessment of the direction and speed of blood movement. Quantitative assessment of
the blood vectors showed that the averaged vertical component of the vectors in the
interface zone was upbound for all the implants but lowest for the hybrid surface and
highest for the amorphous surface (Figure 6A). The vertical component of the vectors in
the thread zone was also upbound and higher than in the interface zone for all implants.
The thread zone vertical vector was lower for the amorphous and hybrid surfaces than the
nano-trabecular surface.
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described based on mean values of the vectors. Pink arrows indicate blood inlet.

The horizontal components of the vector also differed significantly for the different
surfaces (Figure 6B). Higher magnitude inbound vectors were found both in the interface
and thread zones exclusively for the hybrid surface, while the vector was outbound at the
nano-trabecular interface. Total velocity combined with the vertical and horizontal compo-
nents was considerably small at the interface zone of the hybrid surface (Figure 6C), with a
3- and 4-fold difference compared with the nano-trabecular and amorphous surfaces, re-
spectively. The velocity in the thread zone was slow for the amorphous and hybrid surfaces.
The results of these averaged directions and magnitudes are schematically summarized in
Figure 6D.

3.4. Fibrinogen Flow Visualization around Three Different Implants

The blood movement does not necessarily represent the movement of cells and proteins
that should be recruited to implant surfaces to initiate osseointegration. Therefore, we
next examined the dynamics of fibrinogen as a model protein, starting with color mapping
(Figure 7). Fibrinogen dynamics mimicked blood dynamics (Figure 3), in that the infiltration
into the thread zone progressed over time. However, the speed of infiltration seemed to be
slower than the blood, implying a time gap between the blood and proteins. Especially,
there was a significant delay in thread zone filling for the amorphous surface compared
with the nano-trabecular and hybrid surfaces.

A time-dependent plot of the quantity of fibrinogen in the interface zone showed an
increase over time for all surfaces, with a particular surge after 2.5 s for the nano-trabecular
and hybrid surfaces (Figure 8). Fibrinogen infiltration into the interface zone at 3 s was
the highest for the hybrid surface and lowest for the amorphous surface, with a 2.5-fold
difference. In the thread zone, the fibrinogen density was the highest for the nano-trabecular
surface, followed by the hybrid surface.
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3.5. Blood and Protein Recruitment Efficiency to the Implant Interface

Although we have analyzed the progressive change in blood and protein infiltration
into the interface and thread zones, the total amount of their recruitment throughout the
study time remained unknown. Because we believed the recruitment of blood and protein
was (1) to the bay of the implant threads, and (2) immediately adjacent to the implant
surface, which is particularly crucial for osseointegration, we analyzed the total quantity of
blood plasma and protein infiltrating into both the thread and interface zones as well as
the percentage of infiltration into the interface zone relative to that into the thread zone.
The total infiltration at 3 s was highest for the nano-surface and lowest for the amorphous
surface both for blood plasma and fibrinogen (Figure 9A). Very interestingly, the percentage
of interfacial infiltration was the highest around the hybrid surface both for blood plasma
and fibrinogen, demonstrating a particularly remarkable increase in fibrinogen (Figure 9B).
The efficiency of fibrinogen recruitment to the hybrid interface was over twice that of the
other two implant interfaces.
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3.6. Overall Characterization of Blood and Protein Dynamics

The blood and protein dynamics around three different surfaces are summarized in
Table 1.

Table 1. Summary of blood and fibrinogen dynamics regulated by surface topography.

Blood Plasma
Density Blood Velocity Blood Vector Fibrinogen

Density

Interfacial
Recruitment

Efficiency

Interface Thread Interface Thread Interface Thread Interface Thread Blood
Plasma Fibrinogen

Amorphous +/− +/− +/− +/− Up and In Up and In +/− +/− +/− +/−

Nano-trabeculae + ++ Slow Fast Up and Out Up and In + ++ − +/−

Hybrid (meso-spike
and nano-trabeculae) ++ + Very slow +/− Up and In Up and In ++ + + ++

+/−: Standard. +: High. ++: Very high. −: Low. Up: Upbound. Down: Downbound. In: Inbound.
Out: Outbound.

4. Discussion

This is the first study exploring blood and protein flow around implants with different
surface topographies. We revealed that surface topography drastically altered the distribu-
tion and density of blood and protein as well as their speed and direction of movement.
In doing so, we showcase a new surface functionalization that alters the peri-implant
microenvironment. Specifically, the presence of nano-trabeculae, regardless of the presence
or absence of meso-spikes, promoted the recruitment of blood and fibrinogen into the
implant thread compared with an amorphous surface by as much as 25–65% (Figure 9A).
The presence of meso-spikes with nano-trabeculae slightly attenuated this enhanced re-
cruitment. However, more importantly, the hybrid meso-nano surface recruited blood and
fibrinogen to its interface more effectively than the amorphous surface and the surface with
nano-trabeculae alone (Figure 9B), resulting in the highest density of blood plasma and
fibrinogen at the hybrid interface.

We postulate that both the speed and density of blood and protein flow are crucial
determinants of the subsequent biological outcome around implants. The slower the blood
flow, the more blood components and proteins may persist at the implant interface, facil-
itating protein and cell attachment to the implant surface. Considering this hypothesis,
this study revealed that the velocity of blood flow, as represented by the total vector mag-
nitude, was significantly regulated by surface topography (Figure 6C,D). In the interface
zone, the hybrid surface slowed the blood flow by 3- and 4-fold compared with the nano-
trabecular and amorphous surfaces, respectively. Even the nano-trabecular topography
alone significantly slowed the blood flow compared with the amorphous surface. Such
a stagnating effect of blood was primarily observed in the vertical components of the
vectors (Figure 6A,D). Individual vector visualization by color mapping indeed corrobo-
rated the result of the average components of the vectors. As depicted by the down- and
side-bound red arrows rather than upbound ones for other surfaces (Figure 5), there were
major down- and side-bound blood streams exclusively at the hybrid interface, indicating
that the vertical, upbound blood stream was neutralized or minimal in the proximity of the
hybrid surface. Furthermore, denser and more extensive vector formation at the hybrid
interface compared with the other two surfaces consisted of vectors of conflicting direction,
which may have neutralized the upward momentum of inflowing blood and slowed blood
movement. Together, the unique meso-spikes created and tested in the present study may
induce a bay effect in recruiting and retaining blood and proteins within the meso-habitat.
Interestingly, the blood speed was faster in the nano-trabecular thread zone compared with
the other two surfaces. Nano-topography alone may accelerate blood flow, which is atten-
uated or negated by the co-existence of meso-topography, i.e., the meso-effect overrides
the nano-effect.
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The results of the horizontal components of blood vectors were consistent with our
hypothesis that all average vectors should be inbound or toward the implant surface, except
those in the nano-trabecular interface (Figure 6B,D). The inbound vectors were the result of
blood infiltration into the implant threads and continued to the interface zone, except for
the nano-trabecular surface. This natural influx, although only currently evidenced by in
silico simulations, can be considered a benefit of the screw-shaped structure and favorable
for carrying blood, proteins, and cells to the area of greatest importance for osseointegration.
Inbound movement at the interface and thread zones was enhanced substantially by the
hybrid surface compared with the amorphous surface (Figure 6B), indicating increased
blood recruitment and confirming the increased density of blood plasma and fibrinogen.
The outbound average vector was exclusive to the nano-trabecular interface, and further
studies are now required to explain the underlying mechanism.

The mechanism of osseointegration, particularly contact osteogenesis occurring around
modern micro-rough implant surfaces, is not fully understood [5,27,53,54]. Regardless of
the presence or absence of nano-topography or meso-spikes, this study provides novel,
valuable information about the biological process of osseointegration. First, blood and
protein flow was significantly slower in the interface zone than in the thread zone for all
three surface groups tested. Second, blood vector formation at the implant interface was
poly-directional, and thereby neutralized and negated for all surfaces. This biological phe-
nomenon facilitates cells and proteins to settle, adhere, and remain at the implant surface.
Thus, such surface texture-induced microenvironments with stagnated and concentrated
blood and proteins may explain the successful, contact osteogenesis or osseointegration.
The effects of hydrophilic titanium surfaces on the recruitment of blood, proteins, and cells
have been reported extensively [55–71]. The present study has revealed that a similar effect
can occur by surface texturing.

Here, we provide a comprehensive visualization and quantification of movement and
distribution of blood and protein regulated by nano-topography alone or a combination of
nano- and meso-topography, and in doing so, we establish new baseline knowledge during
the biological process of osseointegration. While CFD modeling has provided the opportu-
nity to investigate the effects of surface hydrophilicity/hydrophobicity [51], here we extend
the utility of this model to another surface property of implants, texture/topography. The
CFD model used in this study is new in the fields of implant and bone studies. Therefore,
the role of blood and protein flow in initiating and achieving osseointegration has been un-
explored or overlooked. The considerable modulation of blood and protein flow by surface
topography found in this study will be of great significance in future implant studies. The
advantage of CFD models in biological research includes the simulation of liquid, drug,
and protein flow. For instance, it is near impossible to examine the blood flow potentially
influenced by implant shape and topography in vivo. The CFD model established in this
study proved its usefulness and sufficient sensitivity for future studies. The drawback of
CFD modeling includes the limited interpretation of data due to the relatively short time
frames that can be analyzed. In addition, the model may not represent the actual implant
and host environment. For instance, the present model only had three implant threads,
which was less than ordinary dental implants. Although blood flow can be diverse or
random inside the bone marrow, the present model had blood influx only from the implant
apex and adjacent bone. The implant-bone gap designed in this study was 0.3 mm, which
may not be standard in regular implant placement. Also, it is difficult to validate the results
from CFD models with in vivo events or previous studies. Indeed, as mentioned earlier,
this was the first study examining blood flow around differently textured dental implants.

The CFD analysis is rapid and low-cost and can be applied to countless surface
topographies as well as the optimization and development of micro- and macroscopic
implant designs in the future. For macroscopic morphology, the height and pitch of
screw threads can be optimized for better blood and protein recruitment. For micro-scale
morphology, studying the effect of different surface roughness will be a priority to optimize
the micro-texture. Further, the combined effects of meso-, micro-, and nano-topography will
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be interesting [15,19,24]. We also believe CFD models are useful to test the host condition.
Osseointegration does not solely depend on the implant surface property but also surgical
technique and bone quality of the recipient. CFD models with different blood supplies and
protein densities and other diverse anatomical conditions can simulate unfavorable host
conditions. Thus, CFD models are expected to be used to better understand the biological
events around implant surfaces and to improve and optimize future implant design.

5. Conclusions

The objective of this study was to examine blood and protein movement around
implants with three different surface topographies using a CFD model. The three surface
topographies compared were an amorphous surface, a surface with nano-topography alone,
and a surface with meso- and nano-topography. Blood and protein flow was analyzed in
the implant interface zone (closest to implant surface) and the thread zone (an area within
implant screw threads).

1. Implants with nano-topography recruited more blood and protein to the implant
interface compared with amorphous implants, and implants with hybrid topography
further increased recruitment, with particularly efficient recruitment from the thread
zone to the interface zone.

2. The blood movement was significantly slower at the implant interface compared with
in the thread zone for all the topographies.

3. Blood movement was slowest at the meso–nano hybrid interfaces and fastest at the
amorphous interfaces. The blood velocity at the interface was 3- and 4-fold lower
for the hybrid topography compared with the nano-topography and amorphous
surfaces, respectively.

4. Fibrinogen recruitment to the implant interface was the most efficient around the
meso–nano topography and least efficient around the amorphous surface.

Thus, the present study revealed the impact of surface topography on the recruitment
and retention of blood and proteins around implants. In particular, co-texturization with
meso- and nano-topography created the most favorable microenvironment.

Author Contributions: Conceptualization, T.O.; methodology, H.K., M.H. and T.O.; validation, H.K.,
K.O., J.S. and T.O.; formal analysis, H.K., M.H. and K.O.; investigation, H.K., M.H., K.O. and J.S.;
resources, T.O.; data curation, M.H., T.I., K.M. and T.O.; writing—original draft preparation, H.K.,
M.H. and T.O.; writing—review and editing, H.K., M.H., K.O., T.I., K.M., J.S. and T.O.; visualization,
H.K., M.H. and T.O.; supervision, T.I., K.M. and T.O.; project administration, T.O.; funding acquisition,
T.O. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by a research gift from Nantoh Inc. (Nantoh Co., Ltd.,
Numazu, Japan).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data availability upon request from author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cooper, L.F. Biologic determinants of bone formation for osseointegration: Clues for future clinical improvements. J. Prosthet.

Dent. 1998, 80, 439–449. [CrossRef] [PubMed]
2. Cooper, L.F. A role for surface topography in creating and maintaining bone at titanium endosseous implants. J. Prosthet. Dent.

2000, 84, 522–534. [CrossRef] [PubMed]
3. Saruta, J.; Sato, N.; Ishijima, M.; Okubo, T.; Hirota, M.; Ogawa, T. Disproportionate Effect of Sub-Micron Topography on

Osteoconductive Capability of Titanium. Int. J. Mol. Sci. 2019, 20, 4027. [CrossRef] [PubMed]
4. Nakamura, H.; Saruwatari, L.; Aita, H.; Takeuchi, K.; Ogawa, T. Molecular and biomechanical characterization of mineralized

tissue by dental pulp cells on titanium. J. Dent. Res. 2005, 84, 515–520. [CrossRef] [PubMed]

https://doi.org/10.1016/S0022-3913(98)70009-5
https://www.ncbi.nlm.nih.gov/pubmed/9791791
https://doi.org/10.1067/mpr.2000.111966
https://www.ncbi.nlm.nih.gov/pubmed/11105008
https://doi.org/10.3390/ijms20164027
https://www.ncbi.nlm.nih.gov/pubmed/31426563
https://doi.org/10.1177/154405910508400606
https://www.ncbi.nlm.nih.gov/pubmed/15914587


Biomimetics 2023, 8, 376 15 of 17

5. Kojima, N.; Ozawa, S.; Miyata, Y.; Hasegawa, H.; Tanaka, Y.; Ogawa, T. High-throughput gene expression analysis in bone healing
around titanium implants by DNA microarray. Clin. Oral Implant. Res. 2008, 19, 173–181. [CrossRef] [PubMed]

6. Ogawa, T.; Nishimura, I. Different bone integration profiles of turned and acid-etched implants associated with modulated
expression of extracellular matrix genes. Int. J. Oral Maxillofac. Implant. 2003, 18, 200–210.

7. Ozawa, S.; Ogawa, T.; Iida, K.; Sukotjo, C.; Hasegawa, H.; Nishimura, R.D.; Nishimura, I. Ovariectomy hinders the early stage of
bone-implant integration: Histomorphometric, biomechanical, and molecular analyses. Bone 2002, 30, 137–143. [CrossRef]

8. Ogawa, T.; Sukotjo, C.; Nishimura, I. Modulated bone matrix-related gene expression is associated with differences in interfacial
strength of different implant surface roughness. J. Prosthodont. 2002, 11, 241–247. [CrossRef]

9. Cooper, L.F.; Zhou, Y.; Takebe, J.; Guo, J.; Abron, A.; Holmen, A.; Ellingsen, J.E. Fluoride modification effects on osteoblast
behavior and bone formation at TiO2 grit-blasted c.p. titanium endosseous implants. Biomaterials 2006, 27, 926–936. [CrossRef]

10. Souza, J.C.M.; Sordi, M.B.; Kanazawa, M.; Ravindran, S.; Henriques, B.; Silva, F.S.; Aparicio, C.; Cooper, L.F. Nano-scale
modification of titanium implant surfaces to enhance osseointegration. Acta Biomater. 2019, 94, 112–131. [CrossRef]

11. Kubo, K.; Tsukimura, N.; Iwasa, F.; Ueno, T.; Saruwatari, L.; Aita, H.; Chiou, W.A.; Ogawa, T. Cellular behavior on TiO2
nanonodular structures in a micro-to-nanoscale hierarchy model. Biomaterials 2009, 30, 5319–5329. [CrossRef] [PubMed]

12. Wennerberg, A.; Galli, S.; Albrektsson, T. Current knowledge about the hydrophilic and nanostructured SLActive surface. Clin.
Cosmet. Investig. Dent. 2011, 3, 59–67. [CrossRef] [PubMed]

13. Iwasa, F.; Tsukimura, N.; Sugita, Y.; Kanuru, R.K.; Kubo, K.; Hasnain, H.; Att, W.; Ogawa, T. TiO2 micro-nano-hybrid surface to
alleviate biological aging of UV-photofunctionalized titanium. Int. J. Nanomed. 2011, 6, 1327–1341. [CrossRef]

14. Hori, N.; Iwasa, F.; Ueno, T.; Takeuchi, K.; Tsukimura, N.; Yamada, M.; Hattori, M.; Yamamoto, A.; Ogawa, T. Selective cell affinity
of biomimetic micro-nano-hybrid structured TiO2 overcomes the biological dilemma of osteoblasts. Dent. Mater. Off. Publ. Acad.
Dent. Mater. 2010, 26, 275–287. [CrossRef] [PubMed]

15. Hasegawa, M.; Saruta, J.; Hirota, M.; Taniyama, T.; Sugita, Y.; Kubo, K.; Ishijima, M.; Ikeda, T.; Maeda, H.; Ogawa, T. A Newly
Created Meso-, Micro-, and Nano-Scale Rough Titanium Surface Promotes Bone-Implant Integration. Int. J. Mol. Sci. 2020, 21, 783.
[CrossRef] [PubMed]

16. Att, W.; Tsukimura, N.; Suzuki, T.; Ogawa, T. Effect of supramicron roughness characteristics produced by 1- and 2-step acid
etching on the osseointegration capability of titanium. Int. J. Oral Maxillofac. Implant. 2007, 22, 719–728.

17. Sugita, Y.; Ishizaki, K.; Iwasa, F.; Ueno, T.; Minamikawa, H.; Yamada, M.; Suzuki, T.; Ogawa, T. Effects of pico-to-nanometer-thin
TiO2 coating on the biological properties of microroughened titanium. Biomaterials 2011, 32, 8374–8384. [CrossRef] [PubMed]

18. Nishimura, I.; Huang, Y.; Butz, F.; Ogawa, T.; Lin, A.; Wang, C.J. Discrete deposition of hydroxyapatite nanoparticles on a titanium
implant with predisposing substrate microtopography accelerated osseointegration. Nanotechnology 2007, 18, 245101. [CrossRef]

19. Tsukimura, N.; Yamada, M.; Iwasa, F.; Minamikawa, H.; Att, W.; Ueno, T.; Saruwatari, L.; Aita, H.; Chiou, W.A.; Ogawa, T.
Synergistic effects of UV photofunctionalization and micro-nano hybrid topography on the biological properties of titanium.
Biomaterials 2011, 32, 4358–4368. [CrossRef]

20. Yamada, M.; Ueno, T.; Minamikawa, H.; Ikeda, T.; Nakagawa, K.; Ogawa, T. Early-stage osseointegration capability of a
submicrofeatured titanium surface created by microroughening and anodic oxidation. Clin. Oral Implant. Res. 2013, 24, 991–1001.
[CrossRef]

21. Ishizaki, K.; Sugita, Y.; Iwasa, F.; Minamikawa, H.; Ueno, T.; Yamada, M.; Suzuki, T.; Ogawa, T. Nanometer-thin TiO(2) enhances
skeletal muscle cell phenotype and behavior. Int. J. Nanomed. 2011, 6, 2191–2203. [CrossRef]

22. Ishijima, M.; Hirota, M.; Park, W.; Honda, M.J.; Tsukimura, N.; Isokawa, K.; Ishigami, T.; Ogawa, T. Osteogenic cell sheets
reinforced with photofunctionalized micro-thin titanium. J. Biomater. Appl. 2015, 29, 1372–1384. [CrossRef] [PubMed]

23. Tsukimura, N.; Ueno, T.; Iwasa, F.; Minamikawa, H.; Sugita, Y.; Ishizaki, K.; Ikeda, T.; Nakagawa, K.; Yamada, M.; Ogawa, T. Bone
integration capability of alkali- and heat-treated nanobimorphic Ti-15Mo-5Zr-3Al. Acta Biomater. 2011, 7, 4267–4277. [CrossRef]
[PubMed]

24. Yamada, M.; Ueno, T.; Tsukimura, N.; Ikeda, T.; Nakagawa, K.; Hori, N.; Suzuki, T.; Ogawa, T. Bone integration capability of
nanopolymorphic crystalline hydroxyapatite coated on titanium implants. Int. J. Nanomed. 2012, 7, 859–873. [CrossRef]

25. Ueno, T.; Tsukimura, N.; Yamada, M.; Ogawa, T. Enhanced bone-integration capability of alkali- and heat-treated nanopolymor-
phic titanium in micro-to-nanoscale hierarchy. Biomaterials 2011, 32, 7297–7308. [CrossRef] [PubMed]

26. Hori, N.; Iwasa, F.; Tsukimura, N.; Sugita, Y.; Ueno, T.; Kojima, N.; Ogawa, T. Effects of UV photofunctionalization on the
nanotopography enhanced initial bioactivity of titanium. Acta Biomater. 2011, 7, 3679–3691. [CrossRef] [PubMed]

27. Ogawa, T.; Nishimura, I. Genes differentially expressed in titanium implant healing. J. Dent. Res. 2006, 85, 566–570. [CrossRef]
[PubMed]

28. Takeuchi, K.; Saruwatari, L.; Nakamura, H.K.; Yang, J.M.; Ogawa, T. Enhanced intrinsic biomechanical properties of osteoblastic
mineralized tissue on roughened titanium surface. J. Biomed. Mater. Res. A 2005, 72, 296–305. [CrossRef]

29. Tsukimura, N.; Kojima, N.; Kubo, K.; Att, W.; Takeuchi, K.; Kameyama, Y.; Maeda, H.; Ogawa, T. The effect of superficial
chemistry of titanium on osteoblastic function. J. Biomed. Mater. Res. A 2008, 84, 108–116. [CrossRef]

30. Albrektsson, T.; Wennerberg, A. Oral implant surfaces: Part 1--review focusing on topographic and chemical properties of
different surfaces and in vivo responses to them. Int. J. Prosthodont. 2004, 17, 536–543.

31. Wennerberg, A.; Albrektsson, T. On implant surfaces: A review of current knowledge and opinions. Int. J. Oral Maxillofac. Implant.
2010, 25, 63–74.

https://doi.org/10.1111/j.1600-0501.2007.01432.x
https://www.ncbi.nlm.nih.gov/pubmed/18184341
https://doi.org/10.1016/S8756-3282(01)00646-9
https://doi.org/10.1053/jpro.2002.129772
https://doi.org/10.1016/j.biomaterials.2005.07.009
https://doi.org/10.1016/j.actbio.2019.05.045
https://doi.org/10.1016/j.biomaterials.2009.06.021
https://www.ncbi.nlm.nih.gov/pubmed/19589591
https://doi.org/10.2147/CCIDE.S15949
https://www.ncbi.nlm.nih.gov/pubmed/23674916
https://doi.org/10.2147/ijn.S22099
https://doi.org/10.1016/j.dental.2009.11.077
https://www.ncbi.nlm.nih.gov/pubmed/20006380
https://doi.org/10.3390/ijms21030783
https://www.ncbi.nlm.nih.gov/pubmed/31991761
https://doi.org/10.1016/j.biomaterials.2011.07.077
https://www.ncbi.nlm.nih.gov/pubmed/21840046
https://doi.org/10.1088/0957-4484/18/24/245101
https://doi.org/10.1016/j.biomaterials.2011.03.001
https://doi.org/10.1111/j.1600-0501.2012.02507.x
https://doi.org/10.2147/IJN.S24839
https://doi.org/10.1177/0885328214567693
https://www.ncbi.nlm.nih.gov/pubmed/25604095
https://doi.org/10.1016/j.actbio.2011.08.016
https://www.ncbi.nlm.nih.gov/pubmed/21888994
https://doi.org/10.2147/IJN.S28082
https://doi.org/10.1016/j.biomaterials.2011.06.033
https://www.ncbi.nlm.nih.gov/pubmed/21742375
https://doi.org/10.1016/j.actbio.2011.06.022
https://www.ncbi.nlm.nih.gov/pubmed/21723964
https://doi.org/10.1177/154405910608500617
https://www.ncbi.nlm.nih.gov/pubmed/16723657
https://doi.org/10.1002/jbm.a.30227
https://doi.org/10.1002/jbm.a.31422


Biomimetics 2023, 8, 376 16 of 17

32. Cooper, L.F.; Masuda, T.; Yliheikkila, P.K.; Felton, D.A. Generalizations regarding the process and phenomenon of osseointegration.
Part II. In vitro studies. Int. J. Oral Maxillofac. Implant. 1998, 13, 163–174.

33. Butz, F.; Aita, H.; Wang, C.J.; Ogawa, T. Harder and stiffer bone osseointegrated to roughened titanium. J. Dent. Res. 2006, 85,
560–565. [CrossRef] [PubMed]

34. Nakamura, H.; Shim, J.; Butz, F.; Aita, H.; Gupta, V.; Ogawa, T. Glycosaminoglycan degradation reduces mineralized tissue-
titanium interfacial strength. J. Biomed. Mater. Res. A 2006, 77, 478–486. [CrossRef] [PubMed]

35. Nakamura, H.K.; Butz, F.; Saruwatari, L.; Ogawa, T. A role for proteoglycans in mineralized tissue-titanium adhesion. J. Dent. Res.
2007, 86, 147–152. [CrossRef]

36. Uno, M.; Hayashi, M.; Ozawa, R.; Saruta, J.; Ishigami, H.; Ogawa, T. Mechanical Interlocking Capacity of Titanium with Respect
to Surface Morphology and Topographical Parameters. J. Dent. Oral Biol. 2020, 5, 1163.

37. Uno, M.; Ozawa, R.; Hamajima, K.; Saruta, J.; Ishigami, H.; Ogawa, T. Variation in Osteoblast Retention Ability of Titanium
Surfaces with Different Topographies. J. Dent. Oral Biol. 2020, 5, 1169.

38. Rezaei, N.M.; Hasegawa, M.; Ishijima, M.; Nakhaei, K.; Okubo, T.; Taniyama, T.; Ghassemi, A.; Tahsili, T.; Park, W.; Hirota,
M.; et al. Biological and osseointegration capabilities of hierarchically (meso-/micro-/nano-scale) roughened zirconia. Int. J.
Nanomed. 2018, 13, 3381–3395. [CrossRef]

39. Shapoff, C.A.; Lahey, B.; Wasserlauf, P.A.; Kim, D.M. Radiographic analysis of crestal bone levels around Laser-Lok collar dental
implants. Int. J. Periodontics Restor. Dent. 2010, 30, 129–137.

40. Farronato, D.; Mangano, F.; Briguglio, F.; Iorio-Siciliano, V.; Riccitiello, F.; Guarnieri, R. Influence of Laser-Lok surface on
immediate functional loading of implants in single-tooth replacement: A 2-year prospective clinical study. Int. J. Periodontics
Restor. Dent. 2014, 34, 79–89. [CrossRef]

41. Seo, B.Y.; Son, K.; Son, Y.T.; Dahal, R.H.; Kim, S.; Kim, J.; Hwang, J.; Kwon, S.M.; Lee, J.M.; Lee, K.B.; et al. Influence of Dental
Titanium Implants with Different Surface Treatments Using Femtosecond and Nanosecond Lasers on Biofilm Formation. J. Funct.
Biomater. 2023, 14, 297. [CrossRef] [PubMed]

42. Zhou, Y.; Tang, C.; Deng, J.; Xu, R.; Yang, Y.; Deng, F. Micro/nano topography of selective laser melting titanium inhibits
osteoclastogenesis via mediation of macrophage polarization. Biochem. Biophys. Res. Commun. 2021, 581, 53–59. [CrossRef]
[PubMed]

43. Souza, J.C.M.; Raffaele-Esposito, A.; Carvalho, O.; Silva, F.; Ozcan, M.; Henriques, B. Surface modification of zirconia or lithium
disilicate-reinforced glass ceramic by laser texturing to increase the adhesion of prosthetic surfaces to resin cements: An integrative
review. Clin. Oral Investig. 2023, 27, 3331–3345. [CrossRef]

44. Schunemann, F.H.; Galarraga-Vinueza, M.E.; Magini, R.; Fredel, M.; Silva, F.; Souza, J.C.M.; Zhang, Y.; Henriques, B. Zirconia
surface modifications for implant dentistry. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 98, 1294–1305. [CrossRef] [PubMed]

45. Kitajima, H.; Komatsu, K.; Matsuura, T.; Ozawa, R.; Saruta, J.; Taleghani, S.R.; Cheng, J.; Ogawa, T. Impact of nano-scale trabecula
size on osteoblastic behavior and function in a meso-nano hybrid rough biomimetic zirconia model. J. Prosthodont. Res. 2023, 67,
288–299. [CrossRef]

46. Saruta, J.; Ozawa, R.; Okubo, T.; Taleghani, S.R.; Ishijima, M.; Kitajima, H.; Hirota, M.; Ogawa, T. Biomimetic Zirconia with
Cactus-Inspired Meso-Scale Spikes and Nano-Trabeculae for Enhanced Bone Integration. Int. J. Mol. Sci. 2021, 22, 7969. [CrossRef]

47. Stacchi, C.; Troiano, G.; Montaruli, G.; Mozzati, M.; Lamazza, L.; Antonelli, A.; Giudice, A.; Lombardi, T. Changes in implant
stability using different site preparation techniques: Osseodensification drills versus piezoelectric surgery. A multi-center
prospective randomized controlled clinical trial. Clin. Implant. Dent. Relat. Res. 2023, 25, 133–140. [CrossRef]

48. Herrero-Climent, M.; Falcao, A.; Tondela, J.; Brizuela, A.; Rios-Carrasco, B.; Gil, J. Relevant Aspects of the Dental Implant Design
on the Insertion Torque, Resonance Frequency Analysis (RFA) and Micromobility: An In Vitro Study. J. Clin. Med. 2023, 12, 855.
[CrossRef]

49. Ogawa, T.; Ozawa, S.; Shih, J.H.; Ryu, K.H.; Sukotjo, C.; Yang, J.M.; Nishimura, I. Biomechanical evaluation of osseous implants
having different surface topographies in rats. J. Dent. Res. 2000, 79, 1857–1863. [CrossRef]

50. Suzuki, T.; Hori, N.; Att, W.; Kubo, K.; Iwasa, F.; Ueno, T.; Maeda, H.; Ogawa, T. Ultraviolet treatment overcomes time-related
degrading bioactivity of titanium. Tissue Eng. Part. A 2009, 15, 3679–3688. [CrossRef]

51. Kitajima, H.; Hirota, M.; Iwai, T.; Hamajima, K.; Ozawa, R.; Hayashi, Y.; Yajima, Y.; Iida, M.; Koizumi, T.; Kioi, M.; et al.
Computational Fluid Simulation of Fibrinogen around Dental Implant Surfaces. Int. J. Mol. Sci. 2020, 21, 660. [CrossRef]
[PubMed]

52. Kitajima, H.; Hirota, M.; Osawa, K.; Iwai, T.; Saruta, J.; Mitsudo, K.; Ogawa, T. Optimization of blood and protein flow around
superhydrophilic implant surfaces by promoting contact hemodynamics. J. Prosthodont. Res. 2022. [CrossRef]

53. Aita, H.; Hori, N.; Takeuchi, M.; Suzuki, T.; Yamada, M.; Anpo, M.; Ogawa, T. The effect of ultraviolet functionalization of
titanium on integration with bone. Biomaterials 2009, 30, 1015–1025. [CrossRef] [PubMed]

54. Ogawa, T. Ultraviolet photofunctionalization of titanium implants. Int. J. Oral Maxillofac. Implant. 2014, 29, e95–e102. [CrossRef]
[PubMed]

55. Yamada, M.; Miyauchi, T.; Yamamoto, A.; Iwasa, F.; Takeuchi, M.; Anpo, M.; Sakurai, K.; Baba, K.; Ogawa, T. Enhancement of
adhesion strength and cellular stiffness of osteoblasts on mirror-polished titanium surface by UV-photofunctionalization. Acta
Biomater. 2010, 6, 4578–4588. [CrossRef] [PubMed]

https://doi.org/10.1177/154405910608500616
https://www.ncbi.nlm.nih.gov/pubmed/16723656
https://doi.org/10.1002/jbm.a.30624
https://www.ncbi.nlm.nih.gov/pubmed/16482547
https://doi.org/10.1177/154405910708600208
https://doi.org/10.2147/IJN.S159955
https://doi.org/10.11607/prd.1747
https://doi.org/10.3390/jfb14060297
https://www.ncbi.nlm.nih.gov/pubmed/37367261
https://doi.org/10.1016/j.bbrc.2021.09.021
https://www.ncbi.nlm.nih.gov/pubmed/34655976
https://doi.org/10.1007/s00784-023-05016-z
https://doi.org/10.1016/j.msec.2019.01.062
https://www.ncbi.nlm.nih.gov/pubmed/30813009
https://doi.org/10.2186/jpr.JPR_D_22_00015
https://doi.org/10.3390/ijms22157969
https://doi.org/10.1111/cid.13140
https://doi.org/10.3390/jcm12030855
https://doi.org/10.1177/00220345000790110701
https://doi.org/10.1089/ten.tea.2008.0568
https://doi.org/10.3390/ijms21020660
https://www.ncbi.nlm.nih.gov/pubmed/31963895
https://doi.org/10.2186/jpr.JPR_D_22_00225
https://doi.org/10.1016/j.biomaterials.2008.11.004
https://www.ncbi.nlm.nih.gov/pubmed/19042016
https://doi.org/10.11607/jomi.te47
https://www.ncbi.nlm.nih.gov/pubmed/24451893
https://doi.org/10.1016/j.actbio.2010.07.010
https://www.ncbi.nlm.nih.gov/pubmed/20633705


Biomimetics 2023, 8, 376 17 of 17

56. Ikeda, T.; Hagiwara, Y.; Hirota, M.; Tabuchi, M.; Yamada, M.; Sugita, Y.; Ogawa, T. Effect of photofunctionalization on fluoride-
treated nanofeatured titanium. J. Biomater. Appl. 2014, 28, 1200–1212. [CrossRef] [PubMed]

57. Ikeda, T.; Ueno, T.; Saruta, J.; Hirota, M.; Park, W.; Ogawa, T. Ultraviolet Treatment of Titanium to Enhance Adhesion and
Retention of Oral Mucosa Connective Tissue and Fibroblasts. Int. J. Mol. Sci. 2021, 22, 12396. [CrossRef] [PubMed]

58. Tateshima, S.; Kaneko, N.; Yamada, M.; Duckwiler, G.; Vinuela, F.; Ogawa, T. Increased affinity of endothelial cells to NiTi using
ultraviolet irradiation: An in vitro study. J. Biomed. Mater. Res. A 2018, 106, 1034–1038. [CrossRef]

59. Aita, H.; Att, W.; Ueno, T.; Yamada, M.; Hori, N.; Iwasa, F.; Tsukimura, N.; Ogawa, T. Ultraviolet light-mediated photofunction-
alization of titanium to promote human mesenchymal stem cell migration, attachment, proliferation and differentiation. Acta
Biomater. 2009, 5, 3247–3257. [CrossRef]

60. Att, W.; Ogawa, T. Biological aging of implant surfaces and their restoration with ultraviolet light treatment: A novel understand-
ing of osseointegration. Int. J. Oral Maxillofac. Implant. 2012, 27, 753–761.

61. Ogawa, T. UV-photofunctionalization of titanium implants. Oral Craniofacial Tissue Eng. 2012, 2, 151–158.
62. Tabuchi, M.; Hamajima, K.; Tanaka, M.; Sekiya, T.; Hirota, M.; Ogawa, T. UV Light-Generated Superhydrophilicity of a Titanium

Surface Enhances the Transfer, Diffusion and Adsorption of Osteogenic Factors from a Collagen Sponge. Int. J. Mol. Sci. 2021,
22, 6811. [CrossRef] [PubMed]

63. Hirota, M.; Hori, N.; Sugita, Y.; Ikeda, T.; Park, W.; Saruta, J.; Ogawa, T. A Novel Cell Delivery System Exploiting Synergy between
Fresh Titanium and Fibronectin. Cells 2022, 11, 2158. [CrossRef] [PubMed]

64. Kitajima, H.; Hirota, M.; Komatsu, K.; Isono, H.; Matsuura, T.; Mitsudo, K.; Ogawa, T. Ultraviolet Light Treatment of Titanium
Microfiber Scaffolds Enhances Osteoblast Recruitment and Osteoconductivity in a Vertical Bone Augmentation Model: 3D UV
Photofunctionalization. Cells 2023, 12, 19. [CrossRef] [PubMed]

65. Al Qahtani, M.S.; Wu, Y.; Spintzyk, S.; Krieg, P.; Killinger, A.; Schweizer, E.; Stephan, I.; Scheideler, L.; Geis-Gerstorfer, J.; Rupp, F.
UV-A and UV-C light induced hydrophilization of dental implants. Dent. Mater. 2015, 31, e157–e167. [CrossRef] [PubMed]

66. Gittens, R.A.; Scheideler, L.; Rupp, F.; Hyzy, S.L.; Geis-Gerstorfer, J.; Schwartz, Z.; Boyan, B.D. A review on the wettability of
dental implant surfaces II: Biological and clinical aspects. Acta Biomater. 2014, 10, 2907–2918. [CrossRef] [PubMed]

67. Kommireddy, D.S.; Patel, A.A.; Shutava, T.G.; Mills, D.K.; Lvov, Y.M. Layer-by-Layer assembly of TiO2 nanoparticles for stable
hydrophilic biocompatible coatings. J. Nanosci. Nanotechnol. 2005, 5, 1081–1087. [CrossRef] [PubMed]

68. Rupp, F.; Gittens, R.A.; Scheideler, L.; Marmur, A.; Boyan, B.D.; Schwartz, Z.; Geis-Gerstorfer, J. A review on the wettability of
dental implant surfaces I: Theoretical and experimental aspects. Acta Biomater. 2014, 10, 2894–2906. [CrossRef]

69. Suzuki, T.; Kubo, K.; Hori, N.; Yamada, M.; Kojima, N.; Sugita, Y.; Maeda, H.; Ogawa, T. Nonvolatile buffer coating of titanium to
prevent its biological aging and for drug delivery. Biomaterials 2010, 31, 4818–4828. [CrossRef]

70. Minamikawa, H.; Ikeda, T.; Att, W.; Hagiwara, Y.; Hirota, M.; Tabuchi, M.; Aita, H.; Park, W.; Ogawa, T. Photofunctionalization
increases the bioactivity and osteoconductivity of the titanium alloy Ti6Al4V. J. Biomed. Mater. Res. A 2014, 102, 3618–3630.
[CrossRef]

71. Ikeda, T.; Okubo, T.; Saruta, J.; Hirota, M.; Kitajima, H.; Yanagisawa, N.; Ogawa, T. Osteoblast Attachment Compromised by High
and Low Temperature of Titanium and Its Restoration by UV Photofunctionalization. Materials 2021, 14, 5493. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/0885328213501566
https://www.ncbi.nlm.nih.gov/pubmed/23985537
https://doi.org/10.3390/ijms222212396
https://www.ncbi.nlm.nih.gov/pubmed/34830275
https://doi.org/10.1002/jbm.a.36304
https://doi.org/10.1016/j.actbio.2009.04.022
https://doi.org/10.3390/ijms22136811
https://www.ncbi.nlm.nih.gov/pubmed/34202795
https://doi.org/10.3390/cells11142158
https://www.ncbi.nlm.nih.gov/pubmed/35883601
https://doi.org/10.3390/cells12010019
https://www.ncbi.nlm.nih.gov/pubmed/36611812
https://doi.org/10.1016/j.dental.2015.04.011
https://www.ncbi.nlm.nih.gov/pubmed/25981907
https://doi.org/10.1016/j.actbio.2014.03.032
https://www.ncbi.nlm.nih.gov/pubmed/24709541
https://doi.org/10.1166/jnn.2005.149
https://www.ncbi.nlm.nih.gov/pubmed/16108431
https://doi.org/10.1016/j.actbio.2014.02.040
https://doi.org/10.1016/j.biomaterials.2010.02.061
https://doi.org/10.1002/jbm.a.35030
https://doi.org/10.3390/ma14195493

	Introduction 
	Materials and Methods 
	Creation of a Zirconia Surface with Meso–Nano Hybrid Topography 
	Computational Fluid Dynamics (CFD) Implant Model 

	Results 
	Demonstration of Hybrid Meso–Nano Surface Creation 
	Blood Plasma Flow Visualization and Quantification around Implants with Three Different Surface Topographies 
	Direction and Velocity of Whole Blood Flow 
	Fibrinogen Flow Visualization around Three Different Implants 
	Blood and Protein Recruitment Efficiency to the Implant Interface 
	Overall Characterization of Blood and Protein Dynamics 

	Discussion 
	Conclusions 
	References

