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KEYWORDS Abstract Background/purpose: In-vitro studies are essential for understanding cellular re-
Hydrophilic sponses, but traditional culture systems often neglect the three-dimensional (3D) structure

materials; of real implants, leading to limitations in cellular recruitment and behavior largely governed
Osseointegration; by gravity. The objective of this study was to pioneer a novel 3D dynamic osteoblastic culture
Osteoblasts; system for assessing the biological capabilities of dental implants in a more clinically and phys-
Surface properties iologically relevant manner.

Materials and methods: Rat bone marrow-derived osteoblasts were cultured in a 24-well dish
with a vertically positioned dental implant. Controlled rotation using a 3D rotator with 3° tilts
was applied. Cell attachment, proliferation, and differentiation on implant surfaces were eval-
uated in response to different surface topographies, physicochemical properties, and local en-
vironments.

Results: Among the tested rotational speeds (0, 10, 30, 50 rpm), optimal osteoblast attach-
ment and proliferation were observed at 30 rpm. A linear correlation was found between cell
attachment and rotation speed up to 30 rpm, declining at 50 rpm. Alkaline phosphatase (ALP)
activity and mineralized matrix formation were elevated on newly acid-etched, hydrophilic
surfaces compared to their 4-week-old hydrophobic surfaces. Sandblasted implants showed
higher ALP activity and matrix mineralization. Adding N-acetyl cysteine to the culture medium
increased ALP activity and mineralization.

Conclusion: Osteoblasts successfully attached, proliferated, and mineralized on dental im-
plants in vitro under optimized dynamic conditions. This system differentiated the biological
capabilities of implants with varying surface topographies, wettability, and biochemically
modulated environments. These findings support developing a 3D dynamic dental implant
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culture model, advancing osseointegration research and innovating dental implant designs.

© 2025 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Osseointegration is a dynamic process governed by intricate
interactions between biological molecules and cells with
implant surfaces and has been a cornerstone in implant
research and titanium science.”? A focal point in this
domain has been the enhancement of osseointegration
through improvements in implant surface properties.®*
Microrough titanium surfaces, prevalent in contemporary
dental implants, have demonstrated superior bio-capability
compared to smooth, machined predecessors.” These sur-
faces not only augment cell and bone retention through
enhanced mechanical interlocking® ® but also foster the
functionality of osteogenic cells.” '" Specifically, mesen-
chymal stem cells adhering to microrough surfaces is able
to sense the surface texture and promote their differ-
entiation,'> '* thereby expediting osseointegration.'>"®
Additionally, microrough surfaces contribute to the
enhancement of mineralized tissue quality and interfacial
bonding.'”~"°

In vitro osteoblast culture has been essential in the
development of such surface topographies, typically con-
ducted on titanium disks within polystyrene dishes.?? 2
The advantages of in vitro cell culture over in vivo animal
experiments are diverse, including the ability to dissect
osteoblast function event-by-event, test various types and
stages of osteogenic cells, examine a plethora of biological
markers relevant to osseointegration, conduct high-
throughput screening, control culture conditions, and
reduce costs and study time.?>~2° In particular, rat-derived
osteoblasts have higher reproducibility and greater miner-
alization efficiency than human-derived cells,?® making
them widely applicable in previous studies on titanium
implants.'"® This approach has proven essential for
generating robust in vitro data that can refine hypotheses
and experimental designs, facilitating the progression to
more complex bioengineering studies.

However, disparities between results from in vitro and
in vivo experiments underscore the pressing need for
refinement in in vitro setups to better mimic real-life
procedures and environments in implant dentistry.?*2>?’
Titanium disks offer only a two-dimensional, flat, horizon-
tal surface for cell adhesion, with cells predominantly
adhering to these surfaces following gravity, regardless of
surface properties, thereby diluting the effects of varied
surface properties. This limitation is compounded by the
failure of titanium disks to replicate the macroscopic form
of dental implants, which include screw threads, inclines,
valleys, peaks, and extensive undercuts along the gravity.
Cell adhesion and subsequent expression of functional
phenotypes should be extremely challenging for osteoblasts
on dental implants compared to flat titanium disks. More-
over, fluid dynamics are significantly influenced by the
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micro- and macroscopic forms of dental implants, regu-
lating the speed and distribution of proteins and cells
around implants,”® " which is not considered in the cur-
rent 2D cell cultures. Thus, the inherent limitation of static
cultures on flat titanium specimens is evident.?42%%7

The objective of this study is to pioneer a novel 3D dy-
namic osteoblastic culture system aimed at assessing the
biological capabilities of dental implants in a more clini-
cally and physiologically relevant manner. We hypothesize
that osteoblasts can be cultured on dental implants
reflecting real-life complexities, such as non-flat morphol-
ogies, without horizontal surfaces, by optimizing peri-
implant fluid dynamics. To validate the reliability and
usefulness of this system, we investigated its responsive-
ness to established osteoblast behavior on titanium and its
sensitivity in discriminating between different surface to-
pographies, wettability states of implants, and diverse
osteogenic environments.

Materials and methods
Study design

We initially tested three different rotational speeds to
identify the optimal rotation for the dynamic 3D culture
system (Fig. 1A). Subsequently, the sensitivity of the cul-
ture system was evaluated based on osteoblast response to
three key biological factors of implant research: 1) topog-
raphy; 2) wettability; and 3) biochemically modulated local
environments (Fig. 1B). This comprehensive approach
designed to validate the capabilities of a 3D culture system
for cell culture on dental implant surfaces.

Sample preparation

To investigate the sensitivity of the new culture method to
implant surface characteristics, we prepared two types of
implants with different surface topographies. First, we
used commercially available sandblasted tapered implants
(3.8 x 10.5 mm, BioHorizons, Birmingham, AL, USA) for the
sandblasted implant group. Second, we created the acid-
etched implant group by further acid-etching these sand-
blasted implants with 66% sulfuric acid at 120 °C for 90 s.
Additionally, to test the impact of surface wettability, we
prepared two sets of acid-etched implants: “new” im-
plants, which were used immediately after acid etching,
and "aged” implants, which were stored in the dark for four
weeks post-etching. This approach is based on the phe-
nomenon of the biological aging of titanium,*? where new
implants are hydrophilic and aged implants become
hydrophobic.
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Figure 1

Study design. (A) Schematic illustration of the experimental setup designed to determine the optimal rotation speed for

enhancing osteoblast attachment and proliferation on dental implant surfaces vertically positioned at the center of the well. (B)
Overview of the experimental strategy to assess the sensitivity of the three-dimensional (3D) dynamic culture system. The
sensitivity of the 3D culture system to discern three key factors—1) surface morphology, 2) wettability, and 3) biochemical sup-
plements—was evaluated by examining osteoblast differentiation.

Surface characterization

Scanning electron microscopy (SEM; FEI, Hillsboro, OR, USA)
was used to confirm the differences in surface morphology
between sandblasted implants and acid-etched implants.
Surface roughness parameters Ra and Rz were examined
using a three-dimensional confocal scanning laser micro-
scope (Keyence, Osaka, Japan). The surface wettability of
implants was assessed by measuring the contact angle of a
3 uL ddH,0 droplet.
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Osteoblast cell culture

Bone marrow-derived osteoblastic cells were isolated from
the femurs of 8-week-old male Sprague—Dawley rats,
following established protocols.>® Isolated cells were
cultured in alpha-modified Eagle’s medium with 15% fetal
bovine serum, 50 pg/mL ascorbic acid, 10 mM Na-B-glyc-
erophosphate, 10" M dexamethasone, and antibiotics at
37 °C in 95% air and 5% CO,. At 80% confluency, cells were
detached using 0.25% trypsin—EDTA. For the setup of
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dynamic culture conditions, implants were vertically
placed in 14 mm-diameter wells of a 24-well culture dish
and immobilized with 0.002 g adhesive cement (Sun Medical
Co. Ltd., Shiga, Japan) (Fig. 2A). Then, 8 x 10* cells were
seeded into each well (Fig. 2B). Immediately after cell
seeding, the culture plates were subjected to dynamic
conditions using a speed-controllable 3D rotator (PS-3D,
Grant Instruments, Cambridge, UK) (Fig. 2C). The system
tested three different rotational speeds—low (10 rpm),
medium (30 rpm), and high (50 rpm)—to assess osteoblast
response. Plates without rotational movement served as
the static culture condition. Specifically, for testing the
sensitivity of the dynamic culture to local biochemical en-
vironments, N-acetylcysteine (NAC) was added at a con-
centration of 1 mM to the culture wells concurrently with
cell seeding, following previously established protocols.>*
The experiments were approved by the UCLA Animal
Research Committee (ARC #2005-175-41E).

Quantification of attached and proliferated cells

The number of osteoblasts on implant surfaces at days 2, 4,
and 6 was evaluated using a tetrazolium salt-based colori-
metric assay (WST-1; Roche Applied Science, Mannheim,
Germany), following established protocols.*>¢ Cultured
implants were treated with WST-1 reagent, and formazan

A

product was measured at 450 nm using a plate reader
(BioTek Instruments, Winooski, VT, USA). Additionally, to
visualize cell distribution, cells were fixed in 10% formalin
and stained with Rhodamine-phalloidin (actin filaments,
red) and DAPI (nuclei, blue).

Alkaline phosphatase (ALP) activity

To monitor early cell differentiation, ALP activity on
cultured implants was evaluated on day 5. ALP is an early
biomarker of osteoblast differentiation and typically
changes early days of culture in rat-derived osteoblasts,
reflecting the characteristics of titanium surfaces." Im-
plants were treated with 250 pL p-nitrophenylphosphate
(Wako Pure Chemicals, Richmond, VA, USA), and incubated
at 37 °C for 15 min. ALP activity, indicated by the amount of
nitrophenol released, was measured at 405 nm using a plate
reader.

Alizarin red staining and quantitative analysis

Mineralized matrix formation is a late-stage marker of
osteoblast differentiation, occurring after the rise in ALP
activity. Based on previous studies, we evaluated mineral
deposition on the implant surface using alizarin red staining
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Figure 2

A dynamic three-dimensional culture model for dental implants. (A) A dental implant standing upright was secured

using 0.002 g of resin bonding cement in a well of a 24-well cell culture-grade polystyrene dish. (B) Dental implants were fully
immersed in the culture medium. (C) The culture dish underwent continuous rotational motion with 3° tilts and variable speed.
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on day 10.>”*® Implants were fixed in 10% formalin, and
stained with 1% alizarin red solution (Sigma—Aldrich, St.
Louis, MO, USA) for 5 min. The stained implants were dis-
solved in 10% acetic acid for 30 min, then 10% ammonium
hydroxide was added. The optical density was measured at
405 nm using a microplate reader.

Statistical analysis

All cell culture experiments were performed in triplicate.
Results are presented as means + standard deviation (SD).
Statistical analyses were conducted using GraphPad Prism
9.0 software (GraphPad Software, La Jolla, CA, USA). One-
way ANOVA with Bonferroni post hoc tests compared cell
attachment and proliferation among different rotational
speeds. Unpaired t-tests determined differences between
two groups. A P-value <0.05 was considered significant.

Results
Implant surface topography

SEM analysis of sandblasted and acid-etched implants
revealed distinct characteristics. Sandblasted implants
exhibited supra-micron scale, coarse roughness with
randomly distributed craters resulting from blasting parti-
cles, while acid-etched implants displayed a finer, micro-
scale, homogeneous roughness (Fig. 3A). The average sur-
face roughness (Ra) was approximately four times higher
for sandblasted surfaces (Fig. 3B), with a corresponding
increase in the maximum height difference (Rz). Cross-
sectional profiling confirmed significantly greater fluctua-
tion in sandblasted surfaces compared to acid-etched sur-
faces, consistent with quantitative roughness values.

Wettability of new and aged implants

Titanium implants undergo biological aging, losing hydro-
philicity over time. To replicate this phenomenon, acid-
etched surfaces were created at different aging stages:
immediately after acid-etching and four weeks post-
etching. Droplet assays demonstrated rapid spreading on
new implants, indicating hydrophilicity, while aged im-
plants exhibited spherical droplets, indicative of hydro-
phobicity. Contact angle measurements confirmed this
observation, with aged implants exhibiting a contact angle
of 124.5 + 8.8° compared to 0° for freshly acid-etched
implants (Fig. 3C). Thus, implants with identical topogra-
phies manifested distinct wettability properties.

Rotation speed optimization for osteoblastic
dynamic culture

We hypothesized that there would be insufficient osteo-
blast attachment to vertically standing dental implants
under static conditions. To address this limitation, we
explored dynamic culture conditions using a speed-
controllable, 3D rotator to enhance osteoblast attach-
ment. The rotator was capable to maintain the rotational
movement while tilting the culture dish, as shown in Fig. 2.
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Cell attachment was maximized at 30 rpm, doubling the
number of cells compared to static culture (Fig. 4A).
Fluorescent microscopic observation confirmed increased
cell attachment with dynamic cultures, peaking at 30 rpm
and evenly distributed across implant zones. However, cell
colonization was sparse in static cultures (0 rpm) and dy-
namic cultures at 50 rpm, particularly in the mid zone
(Fig. 4B).

Cell proliferation in dynamic cultures with varying
rotation speed

We further validated the sensitivity of osteoblast behavior
to rotation speed in dynamic cultures. Given the potential
for cell detachment due to fluid dynamics in later stages of
culture, it was imperative to assess cell proliferation over
time.

Dynamic cultures with varying rotation speeds consis-
tently exhibited rotation speed-sensitive osteoblast
behavior. Cell proliferation assays revealed the highest cell
counts on implants cultured at 30 rpm after 4 and 6 days,
while dynamic cultures at 50 rpm were ineffective and even
resulted in decreased cell numbers on day 6 compared to
static culture (Fig. 5). Regression analysis demonstrated a
quadratic relationship between cell number and rotation
speed, peaking at 30 rpm (R? = 0.881). Exclusion of 50 rpm
from the analysis revealed a linear correlation
(R* = 0.995), indicating increased osteoblast attachment
with higher rotation speeds (Fig. 6).

These findings from continuous cell counts over days 2,
4, and 6, along with regression analyses, collectively
underscored the significant enhancement in osteoblast
attachment and function on standing dental implants in
dynamic cultures compared to the static culture. However,
optimal rotation speed is crucial to maximize cell attach-
ment and function, as excessive rotation speed can
compromise cell behavior even more than static culture.

Osteogenic response to diverse surface properties
and local environments

Next, we investigated whether the attached osteoblasts
successfully followed the anticipated course of differenti-
ation/maturation, ultimately leading to mineralization.
Various influencing factors on osteoblastic differentiation,
such as different surface topographies, levels of wetta-
bility, and local environments, were examined. These ex-
periments utilized optimized dynamic cultures with a
rotation speed of 30 rpm.

Osteoblasts on sandblasted surfaces exhibited higher
ALP activity at day 5 and increased matrix mineralization at
day 10 compared to acid-etched surfaces (Fig. 7A and B).
Additionally, hydrophilic acid-etched surfaces showed
higher ALP activity and mineralization than hydrophobic
counterparts (Fig. 7C and D). Furthermore, dynamic cul-
tures with NAC supplementation promoted robust ALP ac-
tivity and mineralization (Fig. 7E and F). These findings
underscore the sensitivity of the optimized dynamic culture
system in discerning osteoconductive potential arising from
different surface properties and local environments.
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Figure 3  Surface characterization of dental implants. (A) Scanning electron microscopy (SEM) images of sandblasted and acid-
etched implants are shown, including both low- and high-magnification views. (B) Quantitative assessment of surface roughness.
An average roughness (Ra) and peak-to-valley roughness (Rz) parameters of sandblasted and acid-etched implant surfaces, along
with representative images of roughness profiles. (C) Creation of hydrophilic and hydrophobic implants with identical surface
morphology. Wettability evaluation for new and old acid-etched implants is shown. The “new” surface represents the implant
immediately after acid-etching, while the “aged” surface represents a 4-week-old implant after acid-etching (stored for 4 weeks in
a dark condition). Both surfaces had identical surface topography as shown in Fig. 3A. Representative images show a 3 pL water
droplet placed on the surfaces with a histogram of measured contact angles. Data are presented as mean + standard deviation
(n = 3). **P < 0.001. ****P < 0.0001.
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Figure 4 Osteoblast attachment efficiency in three-dimensional dynamic culture under different rotational speeds. (A) Quan-
tification of osteoblasts attached to implant surfaces under various rotational conditions, assessed by the tetrazolium salt-based
colorimetric assay (WST-1) on day 2 of culture. Data are presented as mean + standard deviation (n = 3). *P < 0.05. (B) Fluo-
rescence microscopy images showing the distribution of osteoblasts across three different zones of the implant surfaces after day 2
under varied rotational speeds. Cells are dual-stained, with Rhodamine-phalloidin (red) for actin filaments and 4',6-diamidino-2-

phenylindole (DAPI) (blue) for nuclei. Scale bar: 320 um.

Discussion

The aim of this study was to develop and validate a novel 3D
dynamic osteoblastic culture system for assessing the bio-
logical capabilities of dental implants in a clinically rele-
vant manner. Utilizing real-life dental implants in vitro, our
model bridges the gap between in vitro and in vivo ex-
periments in implant research while retaining the advan-
tages of traditional in vitro culture studies.

Validating the present 3D dynamic culture model is
essential to ensure its reliability and relevance in repli-
cating complex in vivo conditions. Our findings shed light
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on several critical aspects of method validation, encom-
passing content, construct, and criterion validities.3®*°
Content validity assesses whether the study variables
capture the necessary phenomena to address the research
question. Static culture conditions led to uneven osteoblast
attachment on standing dental implants due solely to
gravity’s influence on cell migration, making adherence to
undercut areas challenging. To overcome this, we imple-
mented dynamic flow of culture medium to promote con-
stant cell circulation and exposure to the entire implant
surface. Our optimized rotation speed of 30 rpm resulted in
uniform attachment and proliferation of osteoblasts from
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data points were considered.

apex to coronal region. The significant correlation between
rotation speed and attached cells validates this approach.
Additionally, identifying the optimal speed (30 rpm) en-
hances content validity by showing that controlled rotation
facilitates cell circulation without settling. Excessively fast
circulation reduced cell attachment, aligning with previous
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computer fluid dynamics studies, which revealed protein
attachment is maximized with slow peri-implant blood
flow.3%3" Thus, the optimal fluid flow rate is one that is fast
enough to prevent cells from settling on the polystyrene
dish and slow enough to allow them to settle on implant
surfaces—30 rpm in our model.
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Figure 7 Influence of surface and environmental factors on osteogenic response. (A) Comparison of day 5 alkaline phosphatase
(ALP) activity between sandblasted versus acid-etched implants. (B) Assessment of matrix mineralization by alizarin red staining on
day 10 and representative images of sandblasted and acid-etched implants. (C) Comparison of ALP activity between hydrophobic
versus hydrophilic implants. (D) Assessment of matrix mineralization and representative images of implants for both hydrophobic
and hydrophilic surface. (E) Changes in ALP activity with or without N-acetylcysteine (NAC) supplementation to the culture me-
dium. (F) Assessment of matrix mineralization and representative images of stained implants with and without NAC supplemen-
tation. Data are presented as mean + standard deviation (n = 3). *P < 0.05. **P < 0.01. ***P < 0.001. ****P < 0.0001.

Construct validity ensures that the selected variables responses to implant surface topography, surface wetta-
align with established concepts. We assessed the construct bility, and biochemical supplements. Our dynamic culture
validity of our culture method by evaluating cellular model showed that implants with higher roughness had
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higher ALP activity and mineralization compared to im-
plants with lower roughness, establishing construct validity.
The significant enhancement in osteoblast differentiation
on hydrophilic microrough surfaces further supports this.
Additionally, we tested the responsiveness of this dynamic
culture to exogenous biochemical stimulation. Previous
studies showed that NAC supplementation mitigates
oxidative stress, enhancing cellular phenotypes.*'~*
Although our study did not apply oxidative stress aggres-
sively, it is present in the culture, particularly affecting
osteoblasts due to microrough texture. NAC may have
alleviated this stress. Our culture model confirmed upre-
gulated differentiation markers with NAC, validating the
sensitivity of our dynamic culture model and supporting its
construct validity. This high-sensitivity 3D culture system
has the potential to be a valuable tool for studying the
cellular impacts and underlying mechanisms of NAC as well
as other supplements.

Criterion validity evaluates if a new method measures a
concept in a manner consistent with existing methods. Our
dynamic culture with 30 rpm exhibited an exponential in-
crease in the number of cells present on implant surfaces
with increasing culture time. Not only did the initial
attachment of cells increase, but the retention of cells
without dislodgement, even under dynamic conditions,
likely contributed to this outcome. Considering the typical
doubling time of osteoblasts, the rate of cell number in-
crease found in our study aligns with the common under-
standing and results reported in the literature using similar
rat bone marrow-derived osteoblasts.'” The ALP and aliz-
arin red staining results measured in our culture model also
aligns with common documentation of osteoblast behavior
in vitro, further supporting criterion validity. Although we
did not assess transcriptional profiles of osteoblasts, the
observed ALP activity and mineralization, which appropri-
ately responded to the culture environment and implant
surface characteristics, suggest that changes in the
expression of underlying osteogenic genes preceded these
observations. Future studies should include mRNA profiling
to complement the current findings and provide a more
robust validation of the proposed 3D osteoblast culture
method at the molecular biology level. Additionally, it is
important to note that this study used rat-derived osteo-
blasts to validate the new culture system. Rat-derived os-
teoblasts differ from human osteoblasts in terms of cell
proliferation capacity and mineralization efficiency,?®
which may lead to variations in responses to surface to-
pographies and biochemical signals. However, an in vitro
study testing novel implant surfaces with both rat-derived
and human osteoblasts showed no significant differences
in differentiation responses between cell types.* There-
fore, while preliminary validation of culture duration might
be prudent when applying different cell types in our 3D
culture method, existing evidence suggests similar differ-
entiation responses.

The developed 3D dynamic culture system represents a
significant advancement in implant research, providing a
more clinically and physiologically relevant platform for
evaluating implant surfaces and studying osseointegration.
Future studies could explore new factors potentially influ-
encing osteoblast behavior and function, such as novel
surface topographies, incorporation of growth factors and
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biomolecules, or simulation of various host systemic con-
ditions in the culture system.

In conclusion, this study highlights the need for more
clinically relevant in vitro models in implant research and
developed a novel 3D dynamic osteoblastic culture for
dental implants. Our model allows evaluation of osteoblast
attachment and function on dental implants in vitro and
replicates optimized liquid flow around implants. Rigorous
validation showed the system’s sensitivity in discerning
osteoblastic activity differences due to implant surface
characteristics, and local biochemical factors. By offering a
more physiologically relevant environment, this in vitro
system has significant potential to advance implant
research and development.
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