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Micro- and nanoscale surface modifications have been the focus of multiple studies in the pursuit of accelerating
bone apposition or osseointegration at the implant surface. Here, we evaluated histological and nanomechanical
properties, and gene expression, for a microblasted surface presenting nanometer-scale texture within a
micrometer-scale texture (MB) (Ossean™ Surface, Intra-Lock International, Boca Raton, FL) versus a dual-acid
etched surface presenting texture at the micrometer-scale only (AA), in a rodent femur model for 1, 2, 4, and
8 weeks in vivo. Following animal sacrifice, samples were evaluated in terms of histomorphometry, biomechan-
ical properties through nanoindentation, and gene expression by real-time quantitative reverse transcription
polymerase chain reaction analysis. Although the histomorphometric, and gene expression analysis results
were not significantly different between MB and AA at 4 and 8 weeks, significant differences were seen at 1
and 2 weeks. The expression of the genes encoding collagen type I (COL-1), and osteopontin (OPN) was signifi-
cantly higher for MB than for AA at 1 week, indicating up-regulated osteoprogenitor and osteoblast differentia-
tion. At 2 weeks, significantly up-regulated expression of the genes for COL-1, runt-related transcription factor 2
(RUNX-2), osterix, and osteocalcin (OCN) indicated progressivemineralization in newly formed bone. The nano-
mechanical properties tested by the nanoindentation presented significantly higher-rank hardness and elastic
modulus for the MB compared to AA at all time points tested. In conclusion, the nanotopographical featured
surfaces presented an overall higher host-to-implant response compared to the microtextured only surfaces.
The statistical differences observed in some of the osteogenic gene expression between the two groups may
shed some insight into the role of surface texture and its extent in the observed bone healing mechanisms.

© 2014 Elsevier Inc. All rights reserved.
Introduction

It has been known that [1] moderately micro-roughened surface
with an average height deviation (Sa) ranging between 1.0 and 2.0 μm
and a developed surface ratio (Sdr) of around 50% has been suggested
to elicit the most favorable bone responses to the oral implant [2–4]. A
method to further increase the bioactivity of the implant is to topo-
graphically and chemically modify the surface, and the use of calcium
phosphate has shown enhanced bone apposition in numerous in vivo
studies [5–8]. However, there have been indications that the application
of a thick plasma-sprayed hydroxyapatite coating would potentially
provoke clinical complications, such as detachment of the coating and
eventual inflammation caused by the released apatite particles [9–11].
ontics, Faculty of Odontology,
665 8503.
In order to improve themechanical properties of the coated hydroxyap-
atite to prevent negative biological effects, different coatingmethodolo-
gies have been proposed, which appear to significantly improve the
coating bonding properties [6,12–14]. Modifications using resorbable
bioceramic grit blasting media have been one of the most promising
methodologies showing osteoconductive properties [15,16]. Interest-
ingly, some of those surface treatments have been reported to present
both micro- and nanotopographies [13,17–23].

The addition of nanotopography on implant surfaces has shown to
result in significantly enhanced osseointegration and has been sug-
gested to affect cellular shape and fate, e.g. apoptosis, growth, and differ-
entiation [24]. Gittens et al. [25] reported enhanced differentiation of
pre-osteoblasts with nanoscale modifications through significantly
higher levels of osteocalcin (OCN) and osteoprotegerin expression
in vitro. Moreover, surface modification using fluoride has been report-
ed to provide nanoscale roughness, which resulted in up-regulated
bone-specific gene expression in human mesenchymal stem cells [26].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bone.2014.05.004&domain=pdf
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In agreement with the in vitro studies, several animal studies utilizing
histological or biomechanical evaluation techniques suggested that the
presence of nanostructures on implant surfaces accelerated and im-
proved bone formation [1,27,28].

In order to further investigate the effect of nanotopography, Jimbo
et al. [29] have investigated gene expression in the newly formed
bone proximal to the nanostructured implant, and reported up-regulated
osteogenic gene expression with concurrently increased osteoclast
activity, indicating the active role played by the nanostructures in bone
formation. Furthermore, Hayashi et al [30]. reported that even when
histomorphometric evaluation concerning nanomodified implants did
not reveal differences between different groups, the gene expression
technique revealed that the remodeling activity was significantly higher
for a certain nanolevel modification.

Therefore, in this study, we used real-time quantitative reverse tran-
scription polymerase chain reaction (qRT-PCR) to characterize the gene
expression of the tissue around microblasted surface presenting
nanometer-scale texture within a micrometer-scale texture, and evalu-
ated the differences to a dual-acid etched surface that exhibited texture
at the micrometer scale, in tandemwith histomorphometric and nano-
mechanical analysis using the nanoindenter. It was hypothesized that
MB surfaces would present up-regulated osteogenic gene expression
compared to the controls, and that the combination of different evalua-
tion techniques would facilitate better interpretation of the biological
phenomenon.

Materials and methods

Implant

Two types of titanium implants (4mm in length by 1.5mm in diam-
eter, Fig. 1), i.e. a microblasted surface presenting nanometer-scale tex-
ture within a micrometer-scale texture (MB), Ossean™ Surface, and a
dual-acid etched surface presenting texture at the micrometer-scale
only (AA), were provided by an implant manufacturer (Intra-Lock
International, Boca Raton, FL). Scanning electron micrographs of both
surfaces are presented in Fig. 2.

Sample preparation, implantation, and histological evaluation

Animal experiments were conducted with ethical approval from the
New York University School of Medicine (protocol #090504-03). A
Sprague–Dawley male rat femur model (n = 40; 8–10 weeks old,
300–350 grams each)was utilized in the present study. A total of 40 im-
plants of each type were distributed among the experimental and con-
trol groups according to the length of time in vivo (1, 2, 4, and 8 weeks;
n= 10 per group). General anesthesia was administered via intramus-
cular injection with 0.3–0.4 ml of ketamine/xylazine (80–100 mg/kg
Fig. 1. Implant design utilized in the present study.
and 10–20 mg/kg body weight, respectively). The flat medial surface
of the femur was used as the surgical site. The surgical areas were
shaved, and the skinwaswashedwith 70% ethanol before surgical drap-
ing. The surgical sitewas exposedwith an incision on themedial surface
of the femur through the skin, fascia, and periosteumusing a sterile sur-
gical blade. The implant osteotomy was prepared using a No. 6 round
burr, and all drilling procedures were carried out under profuse sterile
saline irrigation. The AA and MB implants were inserted with a self-
tapping procedure, in which all of the implants penetrated only the
first layer of the bone cortex. A total of two osteotomies on the right
side and one on the left side of these rats were performed by placing
a screw-shapedMB and a control implant (mock surgery, involving dril-
ling only and no implant) on the right side and an AA implant on the
left side. After surgery, the tissues were closed in layers and sutured
using5-0 absorbable sutures (Henry Schein,Melville, NY). Buprenorphine
(0.01–0.05 mg/kg) was administered as post-surgery analgesia, injected
intramuscularly for 3 days to control postsurgical pain. The implants
remained for 1, 2, 4, or 8 weeks in vivo (n=10 per group). Upon animal
sacrifice, the implants and surrounding bone were retrieved and exam-
ined for gene expression levels, histology, and bone mechanical proper-
ties. For qRT-PCR, the femurs containing the implants were then placed
into Trizol reagent (Invitrogen, Carlsbad, CA) at −80 ºC. For histology
and nanoindentation, the bone samples were stored in 70% ethanol
for 24 hours and subsequently washed under running water for an addi-
tional 24 hours. The samples then underwent progressive dehydration
through a series of alcohol solutions ranging from 70% to 100% ethanol
and embedded in a methacrylate-based resin according to the
manufacturer's instructions (Technovit 9100, Heraeus Kulzer GmbH,
Wehrheim, Germany). The resin blockswere sectioned along the implant
long axiswith a precision diamond saw (Isomet 2000, Buehler, Lake Bluff,
IL) as slices of ~300 μm thickness and glued to an acrylic plate with
acrylate-based cement. After allowing the samples 24 hours to set, they
were prepared for nanoindentation testing by grinding (400–2400 grit
SiC abrasive papers) and polishing (diamond suspension solutions of
1–9 μm particle size; Isomet 2000, Buehler, Lake Bluff, IL) using a grind-
ing/polishing machine (Metaserv 3000, Buehler) under water irrigation
to a final thickness of ~50 μm. Two sets of implant sections were created
for nanoindentationmechanical testing and standardized non-decalcified
histology [31]. Histological observations and images were obtained using
a light microscope (Leica DM2500M, LeicaMicrosystems GmbH,Wetzlar,
Germany) and specialized computer software (Leica Application Suite,
LeicaMicrosystemsGmbH). Using the software, the bone-to-implant con-
tact (BIC) along the implant and the bone area fraction occupancy (BAFO)
within the implant thread chambers were calculated.

Nanoindentation testing

Nanoindentation (n = 30 per specimen) was performed using a
triboindenter (TI 950, Hysitron, Minneapolis, MN) equipped with a
Berkovich diamond three-sided pyramid probe. Water droplets were
added to the surface of each sample slide upon proper tip and probe
calibration for testing under wet conditions. A loading profile was
developed with a peak load of 300 μN at a rate of 60 μN/s, followed by
holding and unloading times of 10 and 2 sec, respectively. The extended
holding period allowed sufficient relaxation of the surrounding bone
around the testing probe and a more linear relaxing response, which
prevented any tissue creep effect during the unloading portion of the
loading profile.

For each specimen, mechanical testing was performed within the
threaded regions (cortical area) between the first and second plateau
or the initial set of inter-plateau spaces containing novel bone forma-
tion. If no cortical bone was present within any of the inter-plateau
regions, the specimen was discarded. Bone tissue within these regions
was initially detected via imaging through a lightmicroscope (Hysitron)
[32]. Indentations (n = 30/implant) were performed in the identified
regions of interest within each plateau region.



Fig. 2. Scanning electron micrographs of the AA (a and c) and MB (b and d) surfaces.

Table 1
Primer sequences for QRT-PCR.

COL-1 Forward CCTGAGCCAGCAGATTGA
RUNX-2 Reverse TCCGCTCTTCCAGTCAG

Reverse CTGGCTTGGATTAGGGAGTCAC
Osterix Forward CGGCAAGGCTTCGCATCTG

Reverse GGAGCAGAGCAGACAGGTGAACT
OPN Forward GACAGCAACGGGAAGACC

Reverse CAGGCTGGCTTTGGAACT
OCN Forward GAGGGCAGTAAGGTGGTGAA

Reverse CGTCCTGGAAGCCAATGTG
ALP Forward AGCGACACGGACAAGAAGC

Reverse GGCAAAGACCGCCACATC
β-Actin Forward GGAGATTACTGCCCTGGCTCCTA

Reverse GACTCATCGTACTCCTGCTTGCTG
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From each generated load–displacement curve (Fig. 1), the reduced
modulus Er (GPa) and hardness H (GPa) of cortical bone tissue were
computed via the Hysitron TriboScan software using the following for-
mulae, respectively:

Er ¼
ffiffiffi
π

p

2
ffiffiffiffiffiffiffiffiffiffiffiffi
A hcð Þp � S; H ¼ Pmax

A hcð Þ ;

where S is the stiffness, hc is the contact depth, Pmax is the maximum
applied force (300 μN), and A(hc) is the contact area computed from
the TriboScan software utilizing the area function with respect to the
contact depth. Through the reducedmodulus Er, the corresponding elas-
tic modulus Eb (GPa) may be calculated using the following equation:

1
Er

¼ 1−v2b
Eb

þ 1−v2i
Ei

;

where vb (0.3) is the Poisson's ratio for cortical bone, Ei (1140GPa) is the
elastic modulus of the indenter, and vi (0.07) is the Poisson's ratio for
the indenter [33,34]. This methodology [35] has been shown successful
in determining the mechanical properties of bone through nanoinden-
tation [1,36–39].

RNA extraction and qRT-PCR

RNA from the retrieved samples was extracted from the pulverized
bone powder using Trizol reagent according to the manufacturer's
protocol. RNA levels were then measured using a NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA)
and treated with DNase I. Rat Universal ProbeLibrary probes and
target-specific PCR primers for type I collagen (COL-1), runt-related
transcription factor 2 (RUNX-2), osterix, osteopontin (OPN), osteocalcin
(OCN), alkaline phosphatase (ALP), and β-actin, a housekeeping gene,
were selected using the ProbeFinder assay design software (Table 1).
cDNAs were synthesized from 1 μg of total extracted RNA for each
sample using reverse transcriptase (Roche, Nutley, NJ). Reactions were
performed using the 480 LightCycler (Roche) in 20-μl reaction volumes
for the genes encoding COL-1, RUNX-2, osterix, OPN, OCN, ALP and β-
actin using 100 ng of cDNA under the following conditions: 95 °C
for 5 min, 50 cycles at 95 °C for 10 sec, 60 °C for 15 sec, and 72 °C for
1 sec as previously reported [40,41]. To confirm real-time PCR specific-
ity, gel electrophoretic assessment was performed (data not shown).
Each product size of PCR was the following (unit bp): COL-1, 106;
RUNX-2, 150; Osterix, 166; OPN, 216; OCN, 354; ALP, 183; and β-
actin: 150. The comparative Ct method (also as known the 2–ΔΔCt

method) was used to obtain quantitative data of relative gene expres-
sion. The qRT-PCR results of the experimental genes were normalized
against an internal control group, β-actin. Triplicates for each data set
were averaged, and the mean values were used for statistical analysis.

Statistical analysis

The collected dependent variables and histomorphometric data,
i.e. BIC, BAFO, rank hardness (GPa), and rank elastic modulus (GPa),
were displayed as estimated means with their respective 95% confi-
dence intervals (95% CI) and utilized to generate a general linear analy-
sis of variance (ANOVA)model (NCSS LLC) with the level of significance



Fig. 4. Statistical summary (mean ± 95% CI) for %BIC and %BAFO for the MB and AA
surfaces at 1, 2, 4, and 8 weeks in vivo. The letters depict statistically homogeneous
groups.
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set at p b 0.05. The rank hardness and elastic modulus were utilized for
the analysis since preliminary nanoindentation data analysis showed
deviations from normality that was corrected by ranking the outcome
from the lowest to highest values [1,36–39]. The independent variables
included the implant surface type and time in vivo. For gene expression
analysis, an ANOVA test was performed to evaluate differences within
the data between the groups. p-values less than 0.05 were considered
significant.

Results

Histological observations

The histological sections revealed newly formed trabeculae with
deeply stained mineralized tissue for both groups after 1 and 2 weeks
of healing, with no visible differences in bone formation between
the groups (Fig. 3). At 4 and 8 weeks, the woven bone observed at the
1- and 2-week time-points was replaced by lamellar bone in close prox-
imity with the implant surface.

Histomorphometric analysis

Significant differences (p b 0.02) in bone-to-implant contact (BIC)
were seen between the MB and AA implants at 1 and 2 weeks
in vivo, with the MB implant group showing higher results (Fig. 4). No
BIC significant difference was observed at 4 weeks (p N 0.35), as
well as at 8 week (p N 0.25). No differences in bone area fraction occu-
pancy (BAFO) levels were detected between the groups at 1 and
4 weeks (p N 0.80 and p N 0.91, respectively). At 2 weeks in vivo,
the AA group presented significantly higher values than the MB group
(p b 0.03) (Fig. 4). At 8 weeks in vivo, the MB group presented a signif-
icantly higher BAFO value compared to the AA group (p b 0.04) (Fig. 4).

Biomechanical characterization and nanoindentation evaluation

Significant differences in either rank hardness (Fig. 5) or rank elastic
modulus (Fig. 6)were observedbetween theMBandAA implant groups
when time in vivo (p = 0.03, p b 0.02, respectively; Figs. 5 and 6) was
considered. When implant surface type was considered, the MB group
presented significantly higher-rank hardness and ranks elastic modulus
compared to the AA group (both at p b 0.01) (Figs. 5 and 6). When
implant surface group and time in vivo were evaluated together,
Fig. 3. Histological sections for the MB and A
significantly higher values of rank hardness and rank elastic modulus
were observed for MB implants over those of the AA samples at all
times in vivo (p b 0.02 and p b 0.02, respectively) (Figs. 5 and 6).

Gene expression analysis

The qRT-PCR results are presented in Fig. 7. At 1 week, the expres-
sion levels of collagen type 1 (COL-1; 3.8-fold), runt-related transcrip-
tion factor 2 (RUNX-2; 6.3-fold), OPN (5.1-fold), OCN (1.9-fold), and
ALP (4.4-fold) on MB surfaces were significantly higher than those on
the unmodified control surface. Within the same time-point, the AA
surface induced significantly higher expression of RUNX-2 (3.8-fold)
and ALP (3.2-fold) than seen on the control surface. However, within
the experimental groups, MB implants exhibited enhanced expression
levels of COL-1 (2.1-fold) and OPN (2.5-fold) over those seen in AA im-
plants. At 2 weeks, the expression levels of COL-1 (6.0-fold), RUNX-2
(3.0-fold), osterix (9.0-fold), and OCN (7.4-fold) on MB surfaces
were significantly higher than in the control group. Within the same
time-point, the AA implants induced significantly higher expression of
COL-1 (3.4-fold), OPN (1.8-fold), and ALP (2.0-fold) than on control sur-
faces. However, within the experimental groups, MB surfaces enhanced
A groups at 1, 2, 4, and 8 weeks in vivo.



Fig. 5. Statistical results summary (mean±95%CI) of rankhardness valueswith respect to
implant surface and time in vivo: (a) time in vivo; (b) implant surface; (c) time in vivo and
implant surface. The letters depict statistically homogeneous groups.

Fig. 6. Statistical results summary (mean ± 95% CI) of rank elastic modulus values with
respect to implant surface and time in vivo: (a) time in vivo; (b) implant surface;
(c) time in vivo and implant surface. The letters depict statistically homogeneous groups.
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COL-1 (1.8-fold), RUNX-2 (2.3-fold), osterix (6.3-fold), and OCN (2.5-
fold) expression in comparison to the AA samples. No differences in
gene expression level were detected between the groups at
4–8 weeks (data not shown).

Discussion

Traditionalmethods of determining the extent of osseointegration in a
quantitative manner primarily depend on histology/histomorphometry
and biomechanics. However, in order to compensate for the inherent
insensitivity in nanoscale detection of the listed techniques,more detailed
approaches are essential to elucidate and clarify the roles of the intro-
duced nanotopography. Thus, in addition to nanomechanical characteri-
zation of the novel bone tissue in the proximity of the implant, this
study investigated the gene expression to a nanostructured bioceramic
grit blasted surface and a dual acid-etched surface in a rodent model.
One of the major aims of the present study was to unveil the underlying
molecular processes corresponding to the observed biomechanics.
Based on similar conducted studies, nanotopographical features may ini-
tialize acceleration of bone healing at earlier times and have less impact



Fig. 7.Gene expression levels of selectedmarkers quantified via real-time RT-PCR. The osteogenicmarkers, COL-1 (a), RUNX-2 (b), osterix (c), OPN (d), OCN (e), andALP (f)were analyzed.
Note that the number of asterisks depicts specific p-values (*p b 0.05, **p b 0.01, and ***p b 0.001).
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on extended healing periods [27,42,43]. We hypothesized that the gene
expression would significantly differ between different groups at the
early stages of bone formation. When also considering the innate
healing time frames of the rodent model, we focused in particular
on the evaluation of the gene expression at 1 and 2 weeks, as both
BIC and rank hardness/modulus showed higher values for the MB
surface as early as 1 and 2 weeks in vivo.

The interaction between cells and microtopographies has been ex-
tensively studied. It has been suggested that microtopographies can
promote bone-to-implant contact via such mechanisms as mechanical
interlocking [44] and enhancement of osteoblast functions by these
microtopographies [45]. Nanotopographies have function in promoting
cell and tissue growth [46]. Because of the above reasons, some of
developed technologies using microtopographies including micro/
nano-textured surface topographies have been commercially used
to be beneficial for implant osseointegration [47,48]. One of the most
important features for enhancement of osseointegration is to balance
the relationship between cell proliferation and cell differentiation,
simoutaneously stimulating both events [49]. Faster cell differentia-
tion may result in faster bone maturation around the implant and
offer more promise in bone implant bonding (probably inducing better
osseointegration). Furthermore, gene expression is controlled at local
levels of implant surface, which may, in part, explain different bone for-
mation profiles on different surface topographies and up-regulated ex-
pression of osteogenesis- and extracellular-related genes has been seen
during bone healingwith titanium implants [50]. A similar genemodula-
tion was found when osteoblasts were cultured on titanium substrates
with various microtorographies [51]. In the present study, we demon-
strated that MB significantly induced expression of osteogenesis-
related genes compared to AA, in the early healing periods 1–2 weeks.
This may suggest that MB significantly enhanced cell proliferation and
cell differentiation of osteogenesis-related cells compared to AA.

During the osseointegration cascades in bone, a sufficient recruit-
ment of osteogenic cells to the implant surface is the first essential
step to initiate a favorable bone healing process in the interfacial zone
between bone and implant [52]. Both the resident osteoprogenitor
cells in the peri-implant bone tissue and exogenous mesenchymal
cells newly recruited to the implant surface via the local circulation par-
ticipate in thebonehealing of implants in bone [53]. Thus, enhancement
in the migration, spreading, and ultimately osteoblast differentiation of
osteoprogenitor cells on the implant surface are essential prerequisities
for achieving favorable osseointegration. In previous studies, Sr-
incorporated Ti oxide surface notably up-regulated mRNA expression
of osteoblast genes (Runx2, Osterix, BSP, and OC) in the peri-implant
bone tissue at 2 weeks of healing [54]. Also, it was found that the
osteogenesis-related gene expressions promoting osteogenesis and
relating to osseointegration of COL-1, ALP, and OC were remarkably
up-regulated on nanoroughened surfaces at 1 and 2 weeks [55]. Simi-
larly, the present study showed that gene expression levels of osteogen-
ic markers significantly increased in MB at 1 and 2 weeks compared
to AA though there was no difference in gene expression between
both groups at 4 and 8 weeks. At 1 week, the tissue surrounding the
MB peri-implant surface displayed significantly higher expression of
COL-1, RUNX-2, OPN, OCN, and ALP relative to the tissue around the
control groups. These results indicate that MB surfaces promoted great-
er osteoprogenitor activity and provided sufficient indication of early
bone formation. At 2 weeks, the expression levels of COL-1, RUNX-2,
osterix, and OCN were significantly higher for the MB group than for
the controls. The up-regulation of COL-1 and osterix indicates osteoblast
differentiation andof OCNdoes indicatemineralization of the surround-
ing bone tissue [30,56–58]. In particular, osterix expressionwas notably
higher for the MB group at 2 weeks compared to the other groups; this
is a strong sign of osteoblast differentiation being significantly influ-
enced by the nanostructures. Moreover, the temporal expression and
maturation of extracellular matrix proteins, i.e. fibronectin are essential
processes for mineralization [59]. In combination with osteocalcin as a
strong indicator of late stage of osteoblast differentiation and minerali-
zation [60,61], these results suggest the acceleration of bone formation
and mineralization for the MB group. RUNX-2 is known as a vital tran-
scription factor in osteoblast differentiation [62] and is located up-
stream to osterix [63], OPN, and OCN [64]. ALP is known to be a
regulatory factor for matrix mineralization, and is expressed at the
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early stages of osteogenesis [65,66]. The gene expression results of the
current study are in accordance with a report by Zhao et al. [48],
which demonstrated that surfaces with only microtextures suppressed
the expression of markers related to proliferation, intracellular total
protein synthesis, alkaline phosphatase (ALP) activity, extracellular
matrix deposition and mineralization, whereas hierarchical micro- and
nanotextured surfaces caused significant up-regulation of the these
factors.

In summary, this study demonstrates significant osteogenic gene
up-regulation of the mineralization process that was also detected
with BIC histometric measurements and bone mechanical property
assessment through nanoindentation. The conventional techniques
such as the removal torque testing can be affected not only by the
micro-features, but also by themacro-features of the implant (for exam-
ple, the cutting edge, or the thread shape). Although this is a compre-
hensive mode of analysis to evaluate the binding between the implant
and the supporting tissue, several studies show that the evaluation of
the nano-features can be difficult, since other factors have amuch larger
effect on the reverse torque [29,67]. It can be said that the nanomechan-
ical characterization provides a possibility to purely evaluate the bone
mechanical properties in the reduced scale level without the distur-
bance of other influential factors.

It is evident that thedegree ofmineralization (hardness andmodulus)
of the bone in the proximity of the implantwas significantly enhanced for
theMB surface group at the early in vivo time points. Interestingly, while
significant differences in gene expression levelswere observed at the two
earlier time-points, no differences in gene expression were observed be-
tween MB and AA surfaces at 4 and 8 weeks in vivo, suggesting that the
overall higher (not necessarily significant at all instances) BIC and BAFO
values observed for the MB relative to the AA surface at 4 and 8 weeks
in vivo possibly resulted from the wound healing pathway alteration
tracked by gene expression at earlier implantation times. Altogether,
these results suggest that this may be an important influential factor for
the mineralization of the surrounding bone. At longer healing periods,
remodeling procedures may be more prominent than osteogenesis [68].
Since remodeling is regulated by both local and systemic factors, investi-
gating the gene expression of regulatory factors such as insulin-like
growth factor 1, transforming growth factor β, or interleukins may pro-
vide further information concerning gene expression characteristics
over longer healing periods [68].

Conclusion

Microblasted implant surfaces possessing hierarchical micro- and
nanotextures have been reported in biomechanical and histomor-
phometric studies to positively influence early healing and mechanical
fixation within the host model. In order to compensate or avoid the
inherent insensitivity of current evaluation techniques, this study com-
bined the nanomechanical characterization, qualitative histology, and
gene expression properties of specific osteogenic markers to further
characterize the proper relationship between bone response and sur-
face topographical or chemical features. The combination of these tech-
niques revealed some of the more intricate biochemical relationships
and corresponding nanomechanical responses for the enhanced osteo-
blastic activity and de novo bone formation seen on the MB surface at
early healing periods. Future studies considering alternative osteoblas-
tic and osteoclasticmarkers with nanoindentation analysis of additional
time-points are warranted.
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