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Abstract
Objectives The objective of the current study was to examine
whether the nanoindentation parameters can assess the alter-
ation of bone quality resulting from different degrees of bone
remodeling between bone tissue ages around the dental im-
plant interface with different treatments and healing periods.
Materials and methods Dental implants were placed in man-
dibles of six male dogs. Treatment groups included: resorba-
ble blast media-treated titanium (Ti) implants, alumina-blasted
zirconia implants (ATZ), alumina-blasted zirconia implants
applied with demineralized bone matrix (ATZ-D), and
alumina-blasted zirconia implants applied with rhBMP-2
(ATZ-B). Nanoindentation modulus (E), hardness (H), viscos-
ity (η), and viscoelastic creep (Creep/Pmax) were measured for
new and old bone tissues adjacent to the implants at 3 and
6 weeks of post-implantation. A total of 945 indentations were
conducted for 32 implant systems.
Results Significantly lower E,H, and η but higher Creep/Pmax

were measured for new bone tissues than old bone tissues,
independent of treatments at both healing periods
(p < 0.001). All nanoindentation parameters were not

significantly different between healing periods (p > 0.568).
ATZ-D and ATZ-B implants had the stiffer slope of correla-
tion between E and Creep/Pmax of the new bone tissue than Ti
implant (p < 0.039).
Conclusions Current results indicated that, in addition to elas-
tic modulus and plastic hardness, measurement of viscoelastic
properties of bone tissue surrounding the implant can provide
more detailed information to understand mechanical behavior
of an implant system.
Clinical relevance Ability of energy absorption in the interfa-
cial bone tissue can play a significant role in the long-term
success of a dental implant system.

Keywords Interfacial bone quality . Nanoindentation .

Implant interface . Bonemorphogenetic protein-2 . Bone
remodeling

Introduction

Mechanical stability of a dental implant system is a
critical factor in maintaining its high success rate during
post-implantation healing and under functional mastica-
tory loading [1–6]. Bone tissue surrounding the implant
is inevitably damaged in the intensive surgical process
of implantation. Active bone remodeling triggered by
the surgical damage removes the pre-existing bone tis-
sue and forms new bone tissue adjacent to the implant
during post-implantation healing [4, 7]. Investigations
on bone around dental implants retrieved from patients
after a few weeks to 20 years or more in function in-
dicated that active interfacial bone remodeling continued
up to 5 years as stimulated by masticatory loading fol-
lowing post-implantation healing [6, 8]. It has been well
accepted that the active bone remodeling alters bone
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quantity (bone area and bone-implant contact) and qual-
ity that can be determined by contents and distribution
of collagen and mineral components of bone tissue
around the implant, influencing the mechanical stability
of implant system [4, 8–13].

It has been indicated that many factors including implant
materials and bone growth agent treatment can alter quantity
and quality of the regenerated bone tissue at the implant inter-
face. For example, zirconium implants produced higher or
comparable bone quantity adjacent to the implant as commer-
cially pure titanium implants that have been most widely used
in clinical practice [7, 14, 15]. It was also observed that the
implant systems treated with demineralized bone matrix
(DBM) and bonemorphogenetic protein (BMP) have an effect
on bone regeneration surrounding the implant [7, 16–19]. On
the other hand, degree of tissue mineralization, as an indicator
of bone quality, revealed strong correlations with the mechan-
ical properties of bone [20–24]. As the newly formed bone
tissue is not fully mineralized, the mechanical properties of
new bone tissue resulting from the active bone remodeling
adjacent to the implant are anticipated to be different from
those of more mineralized, pre-existing old bone tissue away
from the implant. However, there is a lack of studies that
directly examined the tissue level properties of bone surround-
ing the implant because traditional mechanical testing devices
were not able to precisely characterize the interfacial bone at
the tissue level.

Nanoindentation has been widely utilized to measure me-
chanical properties of bone tissue at the submicron level [25,
26]. This technique has been also utilized to assess the bone
quality at the narrow bone region around the implant interface
[6, 11, 12]. These studies focused on assessment of the elastic
modulus and hardness as the conventional parameters that are
determined mostly by tissue mineral contents at the indenta-
tion site of bone. Recently, it was shown that time-dependent
viscoelastic properties (viscosity and viscoelastic creep of
bone tissue) can also be measured at the same indentation site
and have significantly correlations with the elastic modulus
and plastic hardness [27–29]. Collagen components, which
are the main materials of bone tissue, control the viscoelastic
properties [13, 21, 27]. Collagen consists of protein fibrils that
show time-dependent deformation under loading. Minerals
progressively arrange in collagen fibrils during the process
of bone tissue mineralization determining the mechanical in-
tegrity of the mineral-collagen composite. As such, the alter-
ation of bone tissue composition resulting from bone remod-
eling likely changes the combination of elastic, plastic, and
viscoelastic characteristics of bone tissue. However, the vis-
coelastic property of bone around the implant has not been
fully investigated.

Based on the recent findings, we hypothesized that the
measures of nanoindentation parameters can distinguish dif-
ferences of peri-implant bone quality between implant

systems, which, in addition to bone quantity, can play an im-
portant role in determining mechanical stability of an implant
system. Thus, the objective of the current study was to exam-
ine whether the nanoindentation parameters can assess alter-
ation of bone quality resulting from different degrees of bone
remodeling between bone tissue ages around the dental im-
plant interface with different treatments and healing periods.

Materials and methods

Specimen preparation

Six beagle dogs (10 to 15 kg) were obtained following
experimental protocol approval by the Institutional
Animal Care and Use Committee (IACUC approval
number: SNU-090502-2) of School of Dentistry, Seoul
National University, Korea. All mandibular premolars
and first molars were extracted. After a healing period
of 12 weeks, four groups of implant system were placed
as described in Table 1. Oxytetracycline hydrochloride
(Merck, Amsterdam, The Netherlands; 20 mg/kg SQ),
xylenol orange (Sigma, Zwijdrecht, The Netherlands;
90 mg/kg SQ), and calcein blue (Sigma; 90 mg/kg
SQ) were administered at week 2, 4, and 5 after implant
installation in order to label newly formed bone tissues
at the corresponding weeks. Three dogs were sacrificed
for each week 3 and 6 after implantation. Constructs
including implants and adjacent alveolar bone were dis-
sected and immediately fixed in 4 % neutral formalde-
hyde. Then, the constructs were embedded in light-
curing resin (Technovit 7200 VLC; Kultzer, Wehrheim,
Germany) and sectioned in the buccolingual direction
using cutting–grinding technique (EXAKT Apparatebau,
Norderstedt, Germany) up to a thickness of approxi-
mately 50 μm to expose the bone-implant interface
(Fig. 1). The sectioned specimens were further polished
with 1 μm diamond paste using a low-speed polisher
for nanoindentation. Quality of the polished surfaces

Table 1 Description of the implant interfaces

Interfaces Description

Ti Titanium implant

ATZ-N Alumina-toughened yttria and niobia co-doped
tetragonal zirconia polycrystalline (ATZ) implant

ATZ-D ATZ implant with demineralized bone matrix
(DBM) gel

ATZ-B ATZ implant with recombinant human bone
morphogenetic protein-2 (rhBMP-2) in DBM gel
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was conf i rmed by inves t igat ion under a l ight
microscope.

The polished bone-implant interface specimens were
mounted on a nanoindenter (Nano-XP, MTS, Oakridge,
TN). Indentation regions were determined by comparing be-
tween histologic and nanoindenter microscopic images
(Fig. 1). Newly formed bone tissues (New) adjacent the im-
plant were identified by hematoxylin and eosin staining and
fluorescent bone markers including oxytetracycline (yellow),
xylenol orange (red), and calcein blue (blue).

Nanoindentation

In this study, nanoindentation was utilized to measure elastic
modulus, plastic hardness, viscosity, and viscoelastic creep,
which represent the capacity to resist elastic, plastic, and
time-dependent viscous deformation and to sustain viscous
deformation, respectively. Thus, the viscosity and viscoelastic
creep have a reverse trend. Indentations were conducted under
load control with the corresponding displacement rate of
10 nm/s up to indentation depth equivalent to 500 nm (Fig. 2).

Fig. 1 Images at the bone-
implant interface (ATZ-B at week
6) by comparing between a
histologic (hematoxylin and eosin
stain), b fluorescent, and c
nanoindentation microscopic
images. The borderlines (blue
dotted line) between new and old
bone tissues were clearly
identified. The dimension of
indentation sites is also shown for
estimation
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A plastic hardness was obtained by the conventional Eq. 1
[30].

H ¼ Pmax

A
ð1Þ

where Pmax is the peak indenting load and A is the indenter
contact area (A).

A constant peak loading produces a viscoelastic displace-
ment (creep) during the 30-s hold period (Fig. 2b). Voigt mod-
el (Eq. 2) fits the displacement-time curve of creep.

h2 tð Þ ¼ π
2
Pmaxcotα

1

E2
1−e

−tE2

.
η

 !" #
ð2Þ

where h(t) is a time function of creep (nm), α is 65.27° as the
face angle of the Berkovich indenter [31], and E2 is an elastic
component (GPa). Thus, the E2 and η (viscosity) (GPaS) can
be computed by the creep-time curve fitting. The Eq. 2 shows
the reverse terms between the viscosity and viscoelastic creep.
The applied peak load corresponding to the same loading
depth (500 nm) varied between indentation sites because the
intrinsic material properties of bone tissue are not homoge-
neous. In order to compare the effects of the intrinsic bone
properties on creep independent of the different loading levels
between indentation sites, it was valid to normalize the
amount of creep by the peak load (Creep/Pmax).

After the 30-s hold period, the indenter was unloaded with
the same corresponding displacement rate of 10 nm/s.
Nanoindentation elastic modulus (E) was computed using
the conventional Eq. 3 [30].

1

Er
¼ 1−v2s
� �
Es

þ 1−v2i
� �
Ei

ð3Þ

The slope of unloading displacement-force curve was used
to obtain Er (reduced modulus). For the diamond Berkovich
indenter, values of Ei = 1141 GPa and poisson’s ratio
(νi) = 0.07 are typically used. As νs for bone was assumed to
be 0.3 following a previous study [32], the elastic modulus
(Es) of bone tissue specimen could be computed.

Statistical analysis

A total of 32 implant sites (4 for each Ti, ATZ-N, ATZ-D,
and ATZ-B at week 3 and 6) were analyzed, only if its
nanoindentation elastic modulus value was higher than
5 GPa to confirm mineralized bone tissues as measured
in many nanoindentation studies for bone tissue obtained
from various animals and human [21, 25, 32, 33]. In
addition, measures containing errors in the process of
searching for indentation surface and statistical outliers
were removed as indicated in the previous studies [28,
34], Thus, the nanoindentation data obtained from a total

Table 2 Measures of nanoindentation parameters (E; elastic modulus,
H; hardness, η; viscosity, and Creep/Pmax; normalized creep) for the bone
tissue ages (newly formed (New) and pre-existing old (Old) bone tissues)

of four bone-implant interfaces (Ti, ATZ-N, ATZ-D, and ATZ-B) at week
3 and 6 after implantation

Groups Weeks Regions E (GPa) H (GPa) η (GPaS) Creep/Pmax (nm/mN)

Ti 3 New 11.191 ± 3.269 0.457 ± 0.266 27,199.706 ± 11,516.740 16.955 ± 5.403

Old 16.428 ± 2.269 0.648 ± 0.072 43,561.074 ± 6665.778 9.259 ± 1.940

6 New 11.295 ± 0.837 0.411 ± 0.061 21,362.019 ± 3399.218 18.470 ± 3.084

Old 15.143 ± 2.395 0.511 ± 0.087 32,831.966 ± 6488.893 12.350 ± 2.295

ATZ-N 3 New 12.411 ± 1.521 0.466 ± 0.069 27,194.189 ± 6694.703 14.847 ± 3.041

Old 20.356 ± 1.396 0.784 ± 0.057 52,011.964 ± 3213.343 7.413 ± 0.777

6 New 11.801 ± 1.679 0.436 ± 0.018 23,214.163 ± 965.535 15.686 ± 0.750

Old 13.055 ± 4.578 0.484 ± 0.043 28,524.366 ± 5955.835 13.889 ± 2.214

ATZ-D 3 New 10.235 ± 0.744 0.349 ± 0.063 18,155.151 ± 4005.543 20.752 ± 4.431

Old 18.031 ± 1.813 0.629 ± 0.043 37,695.012 ± 2758.584 9.530 ± 0.604

6 New 11.420 ± 2.063 0.409 ± 0.069 22,398.314 ± 3594.587 16.674 ± 2.903

Old 14.450 ± 5.063 0.528 ± 0.202 30,251.161 ± 13,898.564 15.013 ± 9.497

ATZ- B 3 New 11.170 ± 1.472 0.390 ± 0.090 20,792.378 ± 5960.974 18.755 ± 4.726

Old 18.410 ± 3.893 0.729 ± 0.112 47,895.024 ± 7237.547 8.072 ± 1.695

6 New 11.751 ± 2.227 0.410 ± 0.093 21,290.677 ± 6649.207 17.929 ± 5.611

Old 15.559 ± 3.501 0.655 ± 0.125 39,537.787 ± 8410.914 9.756 ± 2.630

Data are presented as mean ± standard deviation for each parameter
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number of 945 indents, 472 indents from week 3 speci-
mens (221 from the newly formed bone tissues (New)
and 251 from the pre-existing old bone tissues (Old))
and 473 indents from week 6 specimens (235 from the
New group and 238 from the Old group), were included
for the current analysis.

Mixed model repeated measures analysis of variance
(SPSS, IBM), followed by Sidax post hoc test, was
conducted to analyze the effects of the healing periods
and implants on differences of the nanoindentation pa-
rameters (E; elastic modulus, H; plastic hardness, η;
viscosity, and Creep/Pmax; viscoelastic normalized creep)
between the New and Old groups. Then, multivariate
analysis of variance was utilized to compare the nano-
indentation parameters between the effective factors.
Correlations of the elastic modulus with other nanoin-
dentation parameters were examined using Pearson’s
correlation tests. Analysis of covariance (ANCOVA)
was used to investigate whether those correlations are
different between the tissue age groups (New and Old)
and the new bone tissue of implant treatment groups
(Ti, ATZ-N, ATZ-D, and ATZ-B), which is anticipated
to have active bone remodeling resulting from those
treatments. Significance was set at p < 0.05.

Results

A clear border between the pre-existing bone and the newly
formed bone was observed in histologic, fluorescent, and
nanoindentation microscopic images (blue dotted lines,
Fig. 1). The indentation sites were identified by comparing
between those images that showed the relatively new bone
tissues within the borderline approximately between the im-
plant threads (New) from the relatively old pre-existing bone
tissues away from the border (Old) (Fig. 1). A typical inden-
tation curve was obtained for all indent sites (Fig. 2a).
Excellent fittings were observed for all indentation creep
curves using the Voigt model (r2 > 0.97, p < 0.001).

The new bone tissue group had significantly lower mean
values of elastic modulus (E), plastic hardness (H), and vis-
cosity (η) but higher mean values of viscoelastic normalized
creep (Creep/Pmax) than the old bone tissue group (p < 0.001)
(Table 2). The healing periods (3 and 6 weeks) had significant
effects on the differences of the mean values of all nanoinden-
tation parameters between new and old tissue groups
(p < 0.012), while the implant groups (Ti, ATZ-N, ATZ-D,
and ATZ-B) did not have any effect (p > 0.119). The new bone
tissue group did not have significantly different mean values
of all nanoindentation parameters between the healing periods

Fig. 3 Significant correlations of
elastic modulus (E) with a plastic
hardness (H), b viscosity (η), and
c normalized creep (Creep/Pmax)
for the New and Old groups
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(p > 0.568), while the old tissue group significantly changed
during healing periods (p < 0.004).

The elastic modulus (E) had strong positive correlations
with plastic hardness (H) and viscosity (η), but a strong neg-
ative correlation with viscoelastic normalized creep (Creep/
Pmax) for the pooled groups (r > 0.807, p < 0.001) (Fig. 3
and Table 3). The new bone tissue group had a significantly
stiffer correlation slope of E with Creep/Pmax than the old
bone tissue group (ANCOVA, p = 0.043), while those with
other parameters were not significantly different (ANCOVA,
p > 0.351) (Fig. 3). The correlation slope ofEwith Creep/Pmax

for the new bone tissue at the Ti implant interface was signif-
icantly different from those at the ATZ-D and ATZ-B implant
interfaces (ANCOVA, p < 0.039), while those with other pa-
rameters were not significantly different between the implant
interfaces (ANCOVA, p > 0.108) (Fig. 4).

Discussion

The lower elastic modulus (E), plastic hardness (H),
viscosity (η), and higher normalized creep (Creep/Pmax)
of the newly formed bone tissue provide lower capacity
to resist elastic, plastic, and time-dependent viscous de-
formation but higher ability to absorb energy in sustain-
ing viscous deformation than those of the pre-existing
old bone tissue. This can help the implant interface to
bear constant static occlusion and time-dependent dy-
namic impact of masticatory loading. These compliant
properties of the newly formed bone tissue adjacent to

the implant consistently maintained at the longer healing
period, while those of the pre-existing old bone tissue
away from the implant changed. This observation indi-
cates that the interfacial bone continuously remodeled
during the healing periods, producing the less mineral-
ized new bone tissue. The newly formed interfacial
bone tissue had the stiffer correlation slope of E with
Creep/Pmax than the pre-existing old bone tissue.
Similarly, the new bone tissue at ATZ implant interfaces
with DBM and rhBMP-2 had the stiffer slope of corre-
lation between E and Creep/Pmax than new bone tissue
at the untreated Ti implant interface. These results indi-
cate that, given the same level of elastic modulus, the
interfacial bone tissues of DBM and rhBMP-2 treated
implant systems could provide higher ability of energy
absorption than those of untreated Ti implant system as
occurred at the new interfacial bone region than at the
old pre-existing bone region.

The newly formed bone tissues around the ATZ-N interface
had the comparable values of mechanical properties with
those at the Ti interface at each healing period. This finding
is consistent with the previous observation that showed the
similar histological measures of the ATZ-N as those of Ti
implant systems [7]. These results suggested that the implant
materials may not have a substantial effect on determining the
quantity and quality of interfacial bone at the early healing
stage.

The mechanical properties of bone tissue around the dental
implant have been measured focusing on its modulus and
hardness [10–12]. As bone is a viscoelastic material, it shows

Table 3 Correlations of elastic
modulus (E) with plastic hardness
(H), viscosity (η), and viscoelastic
normalized creep (Creep/Pmax)
for interfacial bone tissue ages
(New, n = 456 and Old, n = 489)
and for the bone-implant
interfaces of New group. All
correlations were significant
(p < 0.001)

X Y Group Correlations r

E H New Y = 0.037X − 0.004 0.744

Old Y = 0.035X + 0.044 0.781

New Ti Y = 0.034X + 0.047 0.699

ATZ-N Y = 0.040X − 0.042 0.735

ATZ-D Y = 0.040X − 0.047 0.792

ATZ-B Y = 0.043X − 0.085 0.850

E η New Y = 2359.325X − 3839.677 0.703

Old Y = 2378.659X − 29.786 0.717

New Ti Y = 2189.525X − 541.926 0.676

ATZ-N Y = 2693.674X − 7577.598 0.665

ATZ-D Y = 2473.046X − 6279.078 0.772

ATZ-B Y = 2391.950X − 6102.327 0.805

log E log Creep/Pmax New Y = −1.132X + 2.391 0.829

Old Y = −1.035X + 2.236 0.828

New Ti Y = −1.023X + 2.263 0.812

ATZ-N Y = −1.190X + 2.450 0.770

ATZ-D Y = −1.245X + 2.523 0.853

ATZ-B Y = −1.320X + 2.610 0.914
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time-dependent response in absorbing and dissipating energy
under mechanical loading [28, 35, 36]. Recently, the tradition-
al viscoelastic Voigt model has been introduced for
nanoindentation-basedmeasurement of viscoelastic properties
of bone tissue [27, 28]. Following these previous works, the
current study demonstrated that the viscosity and viscoelastic
creep can be successfully assessed along with the elastic mod-
ulus and plastic hardness by a cycle of indentation at the same
site of bone tissue around the implant interface during healing
periods. It should be noted that the viscosity accounts for
resistance against viscous deformation and the viscoelastic
creep is determined depending on the ability of a material to
sustain viscous deformation in a given time period. As such,
the reverse behavior is usually observed between those prop-
erties as assessed in the current study.

It has been well observed that damages to bone at the pro-
cess of vigorous implantation surgery stimulate active bone
remodeling adjacent to the implant [4, 9]. The damaged bone
tissue is resorbed and new bone tissue is formed and then
continuously matured by a long-term mineralization. As such,
the newly formed bone tissue has less mineral than the pre-
existing old bone tissue [24]. Many studies measured lower
nanoindentation modulus, hardness, and viscosity but more
viscoelastic properties at the less mineralized bone tissue than

the more mineralized bone tissue [21–23, 27, 28, 37, 38]. It
was indicated that the lower viscosity but higher creep mea-
sured in the less mineralized bone tissue help to dissipate and
absorb loading energy compromising increase in the risk of
tissue damage due to its lower modulus and hardness [28, 39].
These previous observations supported the current findings
that less mineralization of the newly formed bone tissue adja-
cent to the implant provided more viscoelastic properties than
the pre-existing old bone tissue away from the implant.
During normal mastication, a high impact energy from masti-
catory loading on teeth is absorbed through the highly visco-
elastic periodontal ligament [5, 40, 41]. For the successfully
osseointegrated dental implant system, the masticatory load-
ing directly transmitted to the adjacent interfacial bone should
be efficiently absorbed by the newly formed bone tissue
around the dental implant interface. Previous studies using
dental implant system retrieved from human patients have
indicated that active bone remodeling is continuously stimu-
lated by dynamic masticatory loading for years following
post-implantation healing periods producing new bone tissues
around the implant [6, 8, 42]. Those retrieved implant systems
also maintain a high bone-implant contact percentage. Taken
together, these findings can provide an insight into how the
less mineralized new bone tissue resulting from the active

Fig. 4 Significant correlations of
elastic modulus (E) with a plastic
hardness (H), b viscosity (η), and
c normalized creep (Creep/Pmax)
for the implant interfaces of New
group
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bone remodeling adjacent to the implant is able to bear the
high impact energy of masticatory loading directly transmitted
from the implant without the periodontal ligament. This ener-
gy absorption capability of the interfacial bone tissue sur-
rounding the implant likely plays a significant role in the
long-term success of a dental implant system.

It was observed that the nanoindentation modulus and
hardness have strong positive relationships with degree of
mineralization [22, 23]. The current results showed that the
correlation slopes of modulus with the hardness and viscosity
were the same between the new and old interfacial bone tis-
sues. These findings indicate that the same mechanism of
tissue mineralization controls the plastic hardness and viscos-
ity of the new and old bone tissues. On the other hand, the
normalized viscoelastic creep of the new bone tissue had
stiffer slopes of correlation with the elastic modulus than that
of the old bone tissue. This finding indicates that the less
mineralized new interfacial bone can obtain a better viscoelas-
tic mechanical stability of the implant system by providing
more energy absorption even if the same level of elastic de-
formation is engaged, compared to the more mineralized old
bone tissue.

No significant effects of DBM and rhBMP-2 treatments
on the absolute values of nanoindentation parameters were
found. In contrast, the zirconia implant with DBM (ATZ-
D) and rhBMP-2 (ATZ-B) had significantly stiffer correla-
tion slopes between modulus and creep of the new bone
tissue than Ti implant. Again, this result indicates that the
ATZ-D and ATZ-B implant systems would have more ad-
vantage to absorb the loading energy than the Ti implant
system when the same level of E, which is proportion to
tissue mineralization, exists between those implant sys-
tems. This observation suggests that there may be other
mechanism responsible for controlling these treatment-
dependent correlations than the different levels of tissue
mineralization. It was postulated that the progressive ar-
rangement of minerals in collagen fibrils, which is orga-
nized during the process of bone tissue mineralization, is
responsible for the mechanical integrity of mineral/
collagen composite [43, 44]. More bone turnover stimulat-
ed by the DBM or rhBMP-2 could produce more immature
bone tissue that consists of less organized bone mineral
and collagen while maintaining the same level of mineral-
ization. Further studies are needed to clarify this
mechanism.

A limitation of the current study was that the bone-implant
specimens were not fresh but dry and embalmed to prepare the
slices for histology and nanoindentation. This is an inevitable
step to prevent decay of bone tissue during a long curing time
of resin to hold the bone-implant construct for dissection and
grinding. Thus, all of the previous studies provided valuable
results based on nanoindentation for the dry embalmed bone-
implant construct embedded in resin [11, 12, 45]. However, it

was indicated that the drying and embalming could alter the
measures of modulus, hardness, and viscoelastic properties of
bone tissue [33, 46]. The current value of modulus was mea-
sured at the comparable range of the modulus (10.70 to
16.54 GPa) measured from the previous study that conducted
nanoindentation on fresh mandibular alveolar bone specimens
of dog [32]. In addition, the significant correlations of modu-
lus with hardness, viscosity, and normalized creep found in the
current study were consistent with those in the previous nano-
indentation study using the fresh dog femur specimens [28].
These observations can validate the current findings.

In conclusion, the nanoindentation parameters including
the elastic modulus, plastic hardness, viscosity, and viscoelas-
tic creep were successfully assessed by a cycle of indentation
at the same site of bone tissue surrounding the implant. The
active bone remodeling adjacent to the implant regenerates the
new bone tissue that has lower ability to resist elastic, plastic,
and viscous deformation but higher viscoelastic capacity to
absorb deformation energy than the old pre-existing bone tis-
sue. Continuous remodeling at the new bone tissue produces
the same levels of nanoindentation measures between differ-
ent durations of post-implantation healing and treatments.
However, the viscoelastic mechanical response at the same
level of elastic modulus varied between the new peri-implant
bone tissues with different treatments. The current findings
suggest that, in addition to the conventional elastic and plastic
properties, viscoelastic properties of bone tissue surrounding
the implant should be considered as important mechanical
characteristics to understand the working mechanism of a suc-
cessful implant system.
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