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Objectives. Roughened dental implants promote mesenchymal stem cell (MSCs) osteoblastic

differentiation, and hydrophilic modifications induce anti-inflammatory macrophages acti-

vation. While the effect of different surface modifications on osseointegration of commercial

dental implants have been compared in vivo and clinically, the initial cellular response to

these  modifications often overlooked. We  aimed to characterize the macrophage inflam-

matory response and MSC osteogenesis across different commercially available implants

in  vitro.

Methods. Six commercially available rough implants [OsseoSpeedTM (Astra-TechTM, Implant

A);  Osseotite
®

(Biomet 3iTM, Implant B); TiUniteTM (Nobel-Biocare
®
, Implant C); Ti-SLA

®
,

(Implant D), Roxolid
®

(RXD-SLA, Implant E), RXD-SLActive
®

(Implant F) (Straumann
®
)] were

examined. Macrophages and MSCs were seeded directly on implants and cultured in custom

vials. mRNA and protein levels of pro- (IL1B, IL6, IL17A, CXCL10, TNFa) and anti- (IL4, IL10,

TGFB1) inflammatory markers were measured after 24 and 48 h in macrophages. Osteoblas-

tic  differentiation of MSCs was assessed after seven days by alkaline phosphatase activity,

osteocalcin, and angiogenic, osteogenic, and inflammatory markers by ELISA and qPCR

(n  = 6/variable, ANOVA, post hoc Tukey HSD with  ̨ = 0.05).

Results. Hydrophilic implant F induced the highest level of osteogenic factor released

from MSCs and anti-inflammatory factors from macrophages with the lowest level of pro-

inflammatory factors. Alternatively, implants A and C supported lower levels of osteogenesis

and  increased secretion of pro-inflammatory factors.

Significance. In this study, we successfully evaluated differences in cell response to commer-
cially  available clinical implants using an in vitro model. Data from this model suggest that

not  all surface modification procedures generate the same cell response.

©  2018 The Academy of Dental Materials. Published by Elsevier Inc. This is an open access

C BY-

modifications to improve success [2] in difficult cases. The
article under the C

1.  Introduction
Dental implants offer a reliable treatment for single tooth
gaps in edentulous in patients [1] with high success rates and
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failures seen in early materials like gold, aluminum and porce-
lain lead to the introduction of biologically “inert” materials
like titanium (Ti) and Ti alloys that were thought to not alter
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he healing response after placement [3]. However, the orig-
nal characterization of Ti as an inert material has evolved,
ith recent studies demonstrating that changes to Ti sur-

ace properties play an active role in controlling cell response
4–8]. Various surface modifications have been applied to clin-
cal implants using both subtractive and additive methods
ncluding sandblasting, acid etching, anodization, and surface
oatings. Rough implants increased bone-to-implant contact
nd overall clinical success [9,10] with faster healing rates and
he potential for earlier loading times [1,11,12]. These results
ed to the development of different techniques to increase sur-
ace roughness on smooth dental implants. However, each
rocedure generates a roughened surface with slightly dif-
erent topographical characteristics even when the arithmetic

ean roughness is the same. Furthermore, the chemical and
ettability characteristics of the material will also be altered
s result of surface modifications and can drastically change
he initial cell response to an implanted material.

Implant placement generates an immune response both to
he injury and the material placed at the surgical site [13], with
vents during the first 24-h being critical to implant success.
ells of the innate immune system migrate to the site to clear
ebris and respond to the material. Macrophages are the pri-
ary  effector cells that determine whether the response will

e resolved quickly or prolonged. Therefore, materials mod-
lating macrophage activation can enhance implant success.
acrophages can be activated to a pro-inflammatory pheno-

ype and release factors (IL-1�, IL6, IL-12, IL17A, TNF�) that
ropagate the immune response or an anti-inflammatory phe-
otype to abrogate the immune response through cytokine
elease (IL-4 and IL-10) [14]. Once the immune response has
een resolved, new bone tissue can begin to form. Bone for-
ation can be generated by osteoblasts that differentiate from
esenchymal stem cells (MSCs) in contact with the implant

urface.
One limit to testing implant surfaces in the past has been

he use of replica surfaces created on 2D samples that model
he surface presented on the clinically used implant. Since
hese are not the exact device used clinically, small differ-
nces may exist between the cell culture response and the

n vivo results. Therefore, the purpose of our study was to cre-
te a rapid in vitro screening model for surface characteristics
sing inflammatory response and osteoblastic differentiation
s read-outs using full-size, commercially available clinical
ental implants.

.  Materials  and  methods

.1.  Implants

ive rough, hydrophobic, clinically used Ti or Ti-zirconium
ental implants were used in this study: OsseoSpeedTM (Astra-
echTM [implant A]); Osseotite

®
(Biomet 3iTM [implant B]);

iUniteTM (Nobel-Biocare
®

[implant C]); SLA
®

[implant D] and
® ®
oxolid (RXD, TiZr alloy with 15 wt%  Zr) SLA [implant E]
Institut Straumann AG

®
). These hydrophobic implants were

ompared to rough hydrophilic RXD-SLActive
®

[implant F]
Straumann).
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2.2.  Material  characterization

Surface roughness was quantified by scanning electron
microscopy (SEM, Zeiss Auriga, Carl Zeiss, Jena, Germany)
with 5 kV and ∼2 mm working distance. Macroscale differ-
ences were assessed at 500 × magnification while higher
magnifications (5kx and 50kx) were used to compare micro-
and nano-topographies. Quantitative surface roughness mea-
surements were performed using laser scanning confocal
microscopy (LSCM, Zeiss LSM 710, Carl Zeiss). Z-stacks were
acquired with a focus area of 106.27 �m × 106.27 �m with a
20 × objective, including thread edges and troughs. Average
surface roughness was quantified with a 100 �m threshold at
six different areas of three separate implants from each group.

Oxide layer composition was determined by X-ray photo-
electron spectroscopy (XPS, ESCALAB 250, Thermo Scientific,
Waltham MA) under ultra-high vacuum (10−9 Torr or below)
with microfocused monochromatic AlKa X-ray source. Survey
scans were completed at three points on each implant fol-
lowed by high-resolution scans for carbon C1s, titanium Ti2p,
oxygen O1s, sodium Na1s, chloride Cl2p, and zirconium Zr3d.
ThermoAdvantage software (TA Instruments, New Castle, DE,
USA) was used to assess spectrum results. Three areas were
selected on separate implants for each group.

Surface wettability was determined by sessile drop con-
tact angle (ramé-hart contact angle goniometer 250, model
100–25a, ramé-hart instrument co., Succasunna, NJ). 0.5 �L of
deionized water was dropped on the unthreaded neck of each
implant and imaged to determine the contact angle, with 0◦

representing hydrophilic, and angles greater than 80◦ repre-
senting hydrophobic surfaces.

2.3.  Cell  culture

Primary murine macrophages were differentiated from bone-
marrow of 10–12 week old male C57Bl/6 mice (The Jackson
Laboratory, Bar Harbor, ME)  in accordance with the Institu-
tional Animal Care and Use Committee (protocol AD10001108).
Bones were removed, flushed with PBS, and plated at
a density of 500,000 cells/mL after red cell lysis (ACK
Buffer, ThermoFisher, Carlsbad, CA). Naïve macrophages were
generated in culture in RPMI 1640 (ThermoFisher) supple-
mented with 10% fetal bovine serum (ThermoFisher), 50 U/mL
penicillin-50 �g/mL streptomycin (ThermoFisher), 50 U/mL
sodium pyruvate (ThermoFisher), and 30 ng/mL macrophage
colony stimulating factor (M-CSF, PeproTech, Rocky Hill, NJ).
After seven days, macrophages were subpassaged using
non-enzymatic methods (Accutase, ThermoFisher) for exper-
iments. Macrophages generated by this protocol [5,15,16] have
been characterized as ≥80% positive for two macrophage spe-
cific markers CD68 + CD11b +. Human bone-marrow-derived
MSCs (Lonza Biosciences, Walkersville, MD)  were cultured in
MSC  Growth Medium (Lonza Biosciences). MSCs were sub
passaged at 80% confluence and passage 3 cells used for exper-
iments.
2.4.  Cell  plating

Macrophages (200,000 cells/cm2) and MSCs (40,000 cells/cm2)
were plated directly onto the implant surface (∼1.85 cm2) in

https://doi.org/10.1016/j.dental.2018.11.011
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50 �L media droplets to ensure direct interaction with the sur-
face. Droplets were spread out over the implant surface to
increase distribute cells evenly and avoid medium dripping.
Implants were incubated at 37 ◦C for 2 h to facilitate cell attach-
ment before implants were placed into custom culture vials
containing 2 mL  of media to fully submerge the implant for
culture time points. Cells were cultured at 37 ◦C, 5% CO2, and
100% humidity. The medium was exchanged every 48 h for
MSC  culture.

2.5.  Cell  staining

Cells were plated at 25% density to allow morphology to
be observed on the surface. Cells were fixed for 30 min  in
PBS containing 4% paraformaldehyde. Cell membranes were
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) and
cytoskeleton stained with Alexa Fluor 488 conjugated phal-
loidin (0.165 �M)  in PBS and nuclei stained using 2.5 ng/mL of
Hoechst 34580 (ThermoFisher). Cells were imaged at three ran-
domly selected regions on six separate implants using LSCM
at 40 × magnification.

2.6.  Gene  expression

After one (macrophage) or seven days (MSCs) of culture, RNA
was extracted using TriZOL (ThermoFisher) then quantified
and 1 �g converted into cDNA. Custom Bio-Rad PCR arrays
(Bio-Rad, Hercules, CA) were designed for inflammation and
osteogenic differentiation. Inflammatory genes were mea-
sured in murine macrophages (Ifng, Il1b, Il6, Il17a, Tnf, Il4,
Il13, Il1rn, Tgfb1, Tgfb2, Tgfb3) and MSCs (TGFB1). Levels of
osteogenic markers (RUNX2, ALPL, SP7, BGLAP, OPG, RANKL),
angiogenic markers (BMP2, TGFB1, VEGFA, FGF2), and inflam-
matory factors were measured in MSCs. Three housekeeping
genes [glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
ribosomal protein S18 (RPS18), TATA-binding protein (TBP)]
were used to normalize data.

2.7.  Protein  analysis

Secreted pro-inflammatory (TNF�, IL-1�, IL-6, IL-12, IL-17A
[PeproTech, Rocky Hill, NJ] and IL-8 [R&D Systems, Minneapo-
lis, MN]), anti-inflammatory (IL-4, IL-10 [PeproTech]), and
osteogenic proteins (osteocalcin and osteoprotegerin [R&D
Systems] RANKL, VEGFA, BMP-2 [PeproTech]) were quanti-
fied by ELISA. All secreted protein levels were normalized to
DNA content using a Quant-iTTM PicoGreen dsDNA Assay Kit
(ThermoFisher) through the method described in the man-
ufacturer’s protocol. Alkaline phosphatase specific activity
(ALP) was quantified in the cell lysates and normalized to
total protein levels quantified through Macro BCA total protein
assay (Sigma) as previously described [8].

2.8.  Statistical  analysis

Experiments were conducted with an n of six implants each.

Macrophage experiments were conducted with primary cells
pooled from eight donors. Experiments were performed three
times and data presented are representative of one indepen-
dent experiment. RNA expression was analyzed using ��CT
5 ( 2 0 1 9 ) 176–184

method normalized with housekeeping genes (GAPDH, RSP18,
TBP) and TCPS. Prism GraphPad V7 software was used to ana-
lyze results. Data were found to be normally distributed based
on analysis of QQ plots for each group. A one-factor, equal-
variance analysis of variance (ANOVA) was used to test the null
hypothesis that the group means were equal, against an alter-
native hypothesis that at least two of the group means were
different, at an  ̨ = 0.05 significance level. Once the p-value
resulting from the initial ANOVA model was determined less
than 0.05, multiple comparisons were made between group
means with TUKEY-HSD. All experiments were repeated three
times to validate results.

3.  Results

3.1.  Implant  characterization

At 500 × and 5k× magnification each implant appeared vis-
ibly rough with differences in surface morphology between
them (Fig. 1A). Microstructures on Implant C appeared as
rounded pits while all others show a sharp peak morphol-
ogy. At higher magnification (50kx) nanoscale differences were
apparent, with nanostructures visible on implants F, A, B, and
C but not on implants D and E. Quantitative average rough-
ness (Fig. 1B) varied significantly, with higher values seen on
implants A (Sa = 3.12 �m),  B (Sa = 3.11 �m),  and D (Sa = 2.92 �m)
in comparison to implants C (Sa = 1.29 �m),  E (Sa = 2.26 �m)
and F (Sa = 2.29 �m).  Contact angle analysis (Fig. 1C) demon-
strated that A (112◦), B (103◦), C (100◦), D (94◦), and E (106◦)
were hydrophobic (contact angle (�) >80◦), while implant F was
hydrophilic (� = 0◦). XPS indicated clear differences in oxide
layer composition (Fig. 1D). Carbon content varied consider-
ably between each of the implant groups, with implant B (71%
carbon) containing the highest levels.

3.2.  Cell  attachment

Both macrophages and MSCs were attached to the implant
surface after two or four days of culture, respectively. DNA
quantification following cell culturing showed little variance
in DNA content of macrophages (Fig. 2A) and MSCs (Fig. 2B) on
the implant surface between the groups.

3.3.  Global  changes  in  gene  expression

Global gene expression analysis is shown in Fig. 3A. Vertical
lines depict a 2-fold threshold in change, while the horizontal
line indicates p < 0.05. Implant F showed the most signifi-
cant upregulation of measured genes, while implants D and
E upregulated slightly fewer genes. Implant B upregulated a
similar number of genes as D and E, but with only moderate
fold changes. Implants A and C showed an even distribution of
up and down regulated genes and downregulated more  genes
than the other groups.
3.4.  Immune  response  to  clinical  implants

Different implant surfaces facilitated changes in inflamma-
tory genes in both macrophages (Fig. 3B) and MSCs (Fig. 3C).

https://doi.org/10.1016/j.dental.2018.11.011
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Fig. 1 – Comparison on implant surface characteristics. A. Qualitative SEM analysis at 500×, 5k×,  and 50k×. B.
Quantification of surface roughness by LSCM z-stack analysis. # p < 0.05 vs.  implant A, $ vs.  implant B, % vs.  implant C, & vs.
i y. D.
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mplant D. C. Contact angle assessment of surface wettabilit

fter 24 h, macrophages on implants A and C upregulated pro-
nflammatory mRNA  (Tnf, Il17a, Il1b, Infg) while cells on E and

 exhibited reduced expression (Fig. 3B). Expression of anti-
nflammatory markers (Il4, Il13, and Il1rn) was significantly
pregulated on implants E and F compared to A, B, C and D.
gfb1, Tgfb2 and Tgfb3 were also upregulated on implants E and
. Likewise, macrophages cultured on implant A and C secreted

he highest levels of pro-inflammatory proteins (TNF�, IL-17A,
L-1�, IL-12, IL-6) compared to other implants after 48 h (Fig. 4).
he lowest levels of pro-inflammatory factors were released

ig. 2 – DNA quantification of macrophages and MSCs on each im
mplant C, & vs.  implant D, @ vs.  implant E.
 XPS analysis of implant oxide layer composition.

from cells on implants E and F. Implants E and F also promoted
increased secretion of anti-inflammatory cytokines IL-4 and
IL-10 by macrophages, with cells on implant F releasing the
most.

Similarly, MSCs cultured for seven days on implants A and C
released higher levels of pro-inflammatory IL-6 and IL-8, while
cells on E and F released lower levels compared to control. E

and F implants also promoted anti-inflammatory factor pro-
duction with significant increases in IL-10 compared to other
implants (Figs. 3C, 5).

plant. # p < 0.05 vs.  implant A, $ vs.  implant B, % vs.

https://doi.org/10.1016/j.dental.2018.11.011


l s 3 
180  d e n t a l m a t e r i a 

3.5.  Osteogenic  differentiation

After seven days, MSCs on implants D, E, and F upregulated
osteogenic associated genes, RUNX2, SP7 and BGLAP, while
MSCs on A and C did not (Fig. 3C). Similarly, implants D, E,
and F also upregulated BMP2, TGFB1, and VEGFA, genes asso-
ciated with angiogenesis and bone induction. Additionally,
MSCs on implant F produced the highest levels of ALP, an
early marker of osteoblastic differentiation. Cells on implants
A and C secreted lower levels of osteocalcin, a late-stage
marker of osteogenic differentiation, than those on other

implants, which all released similar levels. Cells on implant
F produced the highest levels of BMP2 and VEGFA, suggesting
a microenvironment that promotes strengthened osseointe-
gration in comparison to other groups. Changes in markers

Fig. 3 – Gene expression changes in macrophages and MSCs. A. 

changes across both cell types. Significant upregulation shown (
downregulation (less than −2-fold change) shown in red. B. Chan
of osteoblastic differentiation and microenvironment production
in bar graph.
5 ( 2 0 1 9 ) 176–184

of bone formation versus bone resorption were also evident
between different implants in both RNA expression and pro-
tein secretion. Implant F increased production of OPG while
simultaneously reducing levels of RANKL, which favors bone
formation. In contrast, cells on implants A and C increased
RANKL and reduced OPG, favoring bone resorption.

4.  Discussion

Dental implants are highly successful in healthy patients, but

further innovations are needed to improve performance in
compromised patients. This study is of the first to establish
a simple in vitro screening method to compare cell response
across commercially available dental implants. While many

Volcano plots demonstrating global gene expression
greater than 2-fold change) shown in purple,
ges in inflammatory genes in macrophages and markers

 in MSCs. Implants groups from left to right (A, B, C, D, E, F)

https://doi.org/10.1016/j.dental.2018.11.011
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Fig. 4 – Inflammatory protein secretion from macrophages cultured on implants for 48 h. # p < 0.05 vs.  implant A, $ vs.
i
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mplant B, % vs. implant C, & vs.  implant D, @ vs.  implant E.

ental implant studies have looked at long-term osseointe-
ration as implant success, generally after weeks or months
ollowing implantation, here we  show the effects of sur-
ace modifications to clinical implants by initial inflammatory

icroenvironment production and osteoblastic differentia-
ion. Although this study provides evidence of the cellular
esponse to clinically used dental implants in vitro that can be
orrelated to in vivo and clinical studies published elsewhere,
here are limitations due to the in vitro nature of this work.
owever, this study established an in vitro system that can

apidly screen clinically used dental implants using inflam-
atory response and cellular differentiation as readouts.
Advancements in dental implants have been achieved in

arge part through physical or chemical alteration on the
mplant surface. The most common modifications to sur-
ace topography are created by roughening the surface of the
mplant physically (e.g., sandblasting) or chemically (e.g., acid
tching) [10,17]. Additionally, modifications to increase corro-
ion resistance (e.g., anodization) [11], modify surface energy

r vary the surface composition by adding different elements

8,18] have been developed. While many  surface modifica-
ions have been proposed to increase osseointegration and

ig. 5 – Osteogenic and inflammatory protein secretion from MSC
s. implant B, % vs.  implant C, & vs.  implant D, @ vs.  implant E.
the overarching goal of greater implant success [17,19], only
a handful of modifications have successfully been translated
into the clinic. Several studies have characterized successful
modification to surface roughness, oxide layer composition,
and wettability of clinically relevant dental implants [12,20].
Results from these studies, while fundamental from the mate-
rial characteristics perspective, are unable to predict biological
outcomes and rely heavily on studies carried on 2D replicas
with similar modifications [21]. The basic understanding of
the effects of dental implant surface characteristics has been
generated in samples that are processed with similar protocols
as clinical implants, but differences in surface parameters are
evident across publications [19,21,22].

Our results showed that among the implants tested, C
had the lowest average surface roughness, possibly due to
the unique morphology and wide spacing of microstructures.
The pocket-like pits on this surface could be used to store
therapeutic agents or retain contamination, which both may
play a role in ultimate osseointegration. This potentially neg-

ative outcome from morphology may be correlated to bone
loss seen surrounding these implants in clinical retrospective
studies after 5 years [23]. Each of the other implants displayed

s cultured on implants for 48 h. # p < 0.05 vs.  implant A, $

https://doi.org/10.1016/j.dental.2018.11.011
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a sharp peak morphology more  similar to bone resorption
following osteoclast activation [24]. This change in perfor-
mance suggests how implant surface topography can alter
cell response both initially and overtime. In addition to gen-
erating bio-mimicking morphologies, some companies have
begun “doping” the implant surface with elements in an effort
to promote bone formation. This was seen in the elevated flu-
oride levels measured in implant A. Implants E and F, the
only two TiZr alloy implants, were found to have the next
lowest Sa values. The lower roughness of these two implants
compared to pure Ti A, B and D implants may be due to the
harder material responding differently to mechanical rough-
ness modifications. The roughness values measured in this
study range from 1.2 �m to 3.29 �m,  which is higher than
values quantified by reviews comparing surface properties of
commercially available implants [25]. As a standard operat-
ing procedure for quantifying surface roughness on cylindrical
implants has not been established, these differences can be
attributed to the selection of difference scan sizes, cutoff
thresholds, or the use of filters on each machine.

In general, all the implants allowed similar levels of cell
attachment and similar levels of DNA content after 7 days,
indicating that changes in surface topography, chemistry, and
energy did not substantially affect cellular attachment and
proliferation. However, differences were found in macrophage
and MSC  gene expression on each implant. Implants A and C
significantly increased expression of pro-inflammatory genes
and reduced expression of anti-inflammatory genes, while
Implant F decreased expression of pro-inflammatory and
increased expression of anti-inflammatory genes. Changes
in gene expression were matched in protein release. These
results confirm previous reports by our group and others
indicating that hydrophilic surfaces preferentially activate
macrophages into an anti-inflammatory phenotype that can
result in faster healing and osseointegration [5]. We  believe
that the changes in surface wettability may induce differ-
ential protein adsorption and subsequent cell interaction.
While each hydrophobic surface was found to have similar
contact angle and therefore assumed to have similar wet-
tability, there were differences in oxide layer composition.
Both implants A and C displayed a higher percent of oxygen
and lower carbon compared to others, which interestingly did
not increase wettability in our model. The change in oxide
layer can control the protein adsorption exposing different
epitopes to influence cell activation toward a potential pro-
inflammatory phenotype. Previous studies have correlated
expression of pro-inflammatory TNF� with clinical complica-
tions at early stages [26], suggesting a surface able to control
the inflammation is desired. In addition to decreasing the pro-
inflammatory microenvironment, a faster resolution of the
initial inflammation can also improve success. IL-10 is a classi-
cal immunomodulatory cytokine, and our results showed that
hydrophilicity plays a fundamental role in increased expres-
sion and release of this cytokine.

Once the inflammatory response has subsided, progeni-
tor cells or MSCs will migrate to the implant and start the

de novo bone formation [27]. Several studies from our lab
and others have shown that surface roughness and topog-
raphy promote osteoblastic differentiation, in Ti 2D samples,
traditionally measured by an increase in ALP and osteocal-
5 ( 2 0 1 9 ) 176–184

cin levels [28,29]. We found all implant surfaces promote
ALP and osteocalcin, suggesting that all implants could suc-
cessfully osseointegrate. While our results are similar to
those found by other groups comparing one or two of the
selected implant surfaces, differences can arise due to cul-
ture times and sterilization techniques. Groups who  chose
to UV sterilize disks [30] prior to use may modify protein
adsorption and subsequent cell response by generating a
more  hydrophilic surface that was originally present. In this
study, we  used gamma-irradiated implants packaged and sent
directly from manufacturer without further sterilization tech-
niques. Increased levels of osteoblast differentiation markers
were also measures on surface replicas from stem cells cul-
tured for as few as 3 days [30] and up to 7 days [7] as with
this study. However, significant differences were present in
the amount of activity and protein release. This indicates that
while each surface had similar global roughness values, the
cells could discriminate between topographical parameters on
the surfaces. In this respect, cells grown in Implant C showed
the lowest levels of ALP and osteocalcin. This implant also
showed the lowest average roughness and the only with a
positive skewness and the highest kurtosis. Higher levels of
osteoblastic differentiation markers measured on Implants
E and F correspond to faster healing, osseointegration and
loading times seen in clinical and preclinical animal studies
[31,32]. This study shows that not all roughness is consid-
ered the same when considering differentiation or pro-bone
forming microenvironment production. While Implants D, E,
and F generated higher OPG to RANKL ratios, supporting bone
formation over resorption, Implant A and Implant C pro-
moted more  RANKL release and less OPG [33]. The higher
levels of RANKL could be attributed to changes in surface
morphology or to surface chemistry. Studies have found that
higher levels of fluoride can have detrimental effects on bone
forming cells [34] leading to disruption in bone homeosta-
sis. The elevated level of fluoride present in the oxide layer
of Implant A may promote the release of osteoclast acti-
vating RANKL and would be interesting to study further.
This switch to higher osteoclast forming RANKL production
may favor bone resorption and remodeling. Additionally, we
found that MSCs produced the highest levels of IL-6 and
IL-8 in Implant C, with the lowest levels of IL-10, indicat-
ing a pro-inflammatory microenvironment. While hydrophilic
implant F favored an anti-inflammatory microenvironment.
While investigating the mechanisms by which some den-
tal implants produce a more  pro-inflammatory environment
were out of the scope of this work, we can speculate that
the physicochemical changes observed in implant C and, in
some magnitude, implant A can affect the interaction between
the implant surface and the proteins present in the medium,
resulting in a preferential protein adsorption or changes in
the motifs presented for cell recognition. Several studies have
shown that changes in surface chemistry and surface topog-
raphy affect protein adsorption, including proteins that can
affect the immune response [35–37]. Moreover, these physic-
ochemical changes can produce changes in cellular behavior

[35,36].

Overall, this study showed that clinical implants could be
used as a rapid screening tool to help predict how newly  devel-
oped surface modifications may affect biological outcome.

https://doi.org/10.1016/j.dental.2018.11.011
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hile all the implants promoted osteoblastic differentiation,
he differences in surface characteristics create different cel-
ular responses that can be detected by a simple in vitro set up.
hese differences in protein release and microenvironment
uggest differences in healing and osseointegration times that
ay alter the outcome of the treatment.
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